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This thesis investigates if boldness is reflected in the function of brain histaminergic system in
zebrafish (Danio rerio). Moreover, behavioural differences in AB line, spiegeldanio (spd) line
and wild caught strain of zebrafish have also been explored apart from the winner-loser effect
in AB and spd fish. This thesis also includes studies on the effect of progestins on reproductive
behaviour in zebrafish and regulation of leptinergic system on sexual maturation in male Atlantic
salmon (Salmo salar L.).

Boldness is reflected in higher expression of histamine receptor 1 (hrh1) in the telencephalon
and diencephalon of male zebrafish and dominance by an elevated expression of hrh1 in the
optic tectum. In female zebrafish boldness is also associated with lower expression of histamine
receptor 3 (hrh3) in the optic tectum and dominance by lower expression of hrh3 in the
telencephalon. Comparison of behavioural traits of zebrafish of AB, spd and wild type shows
that wild type strain is most shy and shows no gender difference. AB is bolder than spd in the
open field test while spd is bolder AB in the novel tank dive test. Similarly results for aggression
are also test dependent since the spd is more aggressive than AB in the mirror test, however
no difference is measured during dyadic fight test. A typical loser effect and activation of
serotonergic system is observed in both AB and spd fish. Further, both levonorgestrel (LNG) and
progesterone (P4) cause an early puberty in male zebrafish. However only levonorgestrel causes
males biased population at environmental concentrations. In male Atlantic salmon, during early
spring, both leptin paralogues, lepa1 and lepa2 in the liver and leptin receptor (lepr) in the brain
are downregulated in non-maturing control group. At final maturational stage both hepatic lepa1
and lepa2 are upregulated 7.7 times and 49 times respectively in maturing control males. A
significant upregulation of lepr is also measured from mid to late spermatogenesis. 

This thesis elucidates that an elevated brain histaminergic tone is associated with boldness and
dominance and in both sexes changes at gene level are orchestrated by different brain region.
Boldness is a contextual trait as it depends on strain, line, sex and test. The loser effect after
losing a fight is present in both AB and spd line, however it has been shown for the first time in
spd line here. Only androgenic progestin causes male biased population but both androgenic and
anti androgenic progestin cause early puberty in zebrafish. The expression of leptinergic system
is significantly affected during early sexual maturation in parr stage of salmon. Moreover,
depleted fat stores are associated with low leptin levels and feed restriction is association with
an elevated leptinergic tone in liver and pituitary. This thesis not only emphasizes that strain
vs line difference exists and should be an important criterion before designing any experiment,
but it also indicates an important role histaminergic system, progestins and leptinergic system
in divergent behaviour profiles, puberty and sexual maturation, respectively of teleosts and
contributes to our understanding of it.
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Abbreviations  

HA  Histamine 
hrh1  Histamine receptor 1 
hrh2  Histamine receptor 2 
hrh3  Histamine receptor 3 
DA  Dopamine 
DOPAC  3,4 dihydroxyphenlacetic acid 
drd1  Dopamine receptor 1 
drd 2 Dopamine receptor 2 
drd3   Dopamine receptor 3 
drd4a   Dopamine receptor 4a 
drd4b   Dopamine receptor 4b 
drd4rs  Dopamine receptor 4 receptor subtype 
DAT/SLC6A3  Dopamine transporter 
dao Diamine oxidase 
elf1a  Elongation factor 1a 
rpl  Ribosomal protein L 
tbp  Tata Binding Protein 
b2m  beta 2 microglobulin 
18s   18s ribosomal subunit 
ppia   Peptidylprolyl Isomerase A  
β-actin  Beta actin 
tuba1b  tubulin alpha 1b 
hprt  Hypoxanthine Phosphoribosyltransferase  
5-HT Serotonin (5-hydroxytryptamine) 
5-HIAA  5-hydroxyindole acetic acid 
dpf  days post fertilization  
mya  million years ago 
HR High Responsive 
LR Low Responsive 



 

OFT  Open Field Test 
ST Shelter Test 
NT Novel Tank Dive Test 
SC Scototaxis 
PET  Positron emission tomography 
LNG Levonorgestrel 
P4 Progesterone 
LH -β Leutinizing hormone (zebrafish) 
FSH -β Follicle stimulating hormone (zebrafish) 
lh -β Leutinizing hormone (salmon) 
fsh -β Follicle stimulating hormone (salmon) 
lhr Leutinizing hormone receptor (salmon) 
fshr Follicle stimulating hormone receptor 

(salmon) 
EDC Endocrine Disrupting Chemical 
LNG Levenorgestrel 
P4           Progesterone 
amh           anti Müllerian hormone 
MAPK           Mitogen activated protein kinase  
CYP11B           Cytochrome P450 11B 
CYP19a1a           Cytochrome P450 family 19,  
           subfamily a, polypeptide a 
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Introduction  

“Fitness of this species (Zebrafish) when kept under similar husbandry con-
dition is influenced by parental personality.” 

 
-(Vargas et al., 2018) 
 

Personality 
Individual differences in response to changes in the environment that reflect a 
consistent link between behavioural and physiological fitness is defined as 
personality. Personality exists across the animal kingdom, in invertebrates 
(Kralj-Fišer and Schuett, 2014; Riechert and Hedrick, 1993; Sinn et al., 2006) 
in mammals (Boon et al., 2007; Réale et al., 2009, 2000), birds (Both et al., 
2005; David et al., 2011; Dingemanse et al., 2004), reptiles (Stapley and 
Keogh, 2005), and fish (Gosling, 2001; Smith and Blumstein, 2008). From 
time to time in different areas of the world different terminologies have been 
used in literature for defining personality. It is known as behavioural syn-
dromes (Sih et al., 2004a, 2004b), temperaments (Clarke and Boinski, 1995; 
Francis, 1990; Réale et al., 2007), personality (Gosling, 2001) or coping styles 
(Koolhaas et al., 1999) in different animals.   
 
Interestingly, teleost are the only major taxa in which behaviour and behaviour 
syndromes have been studied meticulously between different populations. By 
definition behavioural syndromes refers to a suite of correlated behaviour 
which remains unchanged between individuals under different situations and 
finally becomes stable in life. Behavioural syndromes in fishes has been stud-
ied in context with five widely known main axes of animal personality: 1) 
boldness-shyness, 2) exploration - avoidance, 3) activity, 4) aggressiveness 
and 5) sociability.  
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Link between aggression and boldness 
 

 

 

 

 

 

Figure 1. Boldness and aggression: The spiegeldanio line is known to be both bold 
and aggressive 

 
Several studies have demonstrated that boldness and aggression are linked 
traits (Bell, 2005; Hedrick and Riechert, 1989; Huntingford, 1976; Johnson 
and Sih, 2005; Riechert and Hedrick, 1990). However, other studies argue 
against it. In stickleback boldness and aggression become coupled in cases of 
presence of perceptible danger in the surroundings, for example presence of a 
predator. In the study by  Bell (2007) there was no correlation between bold-
ness and aggression in absence of predator. Thus the existence of correlation 
between two personality traits is conditional and can be coupled - uncoupled 
according to different situations. 

The zebrafish 
The zebrafish (Danio rerio) is a tropical fresh water fish belonging to Cyprin-
idae family. It is an actively shoaling fish found in the Indian sub-continent 
and thrives well in silted-bottomed, well-vegetated pools and rice paddies 
(Engeszer et al., 2007) eats zooplanktons and insects  (Spence et al., 2008). A 
single pair can lay approximately 200 transparent eggs per spawning (Gerlai 
et al., 2000). It has a mean life span of 3.5 years and a maximum life span of 
over 5 years (Gerhard et al., 2002). It forms actively swimming mixed sex 
shoals  (Miller and Gerlai, 2011; Pritchard et al., 2001), which reflects its so-
cial nature. Sexual dimorphism is also seen in this species with males being 
more yellow than females and also having larger anal fins compared to fe-
males (Laale, 1977; Schilling, 2002). Females have more rounded morphol-
ogy (big belly) (Laale 1977, Schilling, 2002) as compared to males. 
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                                              Figure 2. The zebrafish 

Why zebrafish is a model organism? 
The zebrafish is a useful model organism. About 70% of it genes are homol-
ogous to human genes and 84% are homologous to genes which in humans 
are associated with many diseases (Howe et al., 2013). It is possible to main-
tain and breed zebrafish in captivity (Westerfield, 2000) and hence breeding 
them in labs becomes easier. Like other teleosts, zebrafish have undergone 
two rounds of genome duplication (Whole Genome Duplication, WGD) that 
occurred in the lineage leading to teleostean lineage about 250 mya (Amores 
et al., 1998; Jaillon et al., 2004; Kasahara et al., 2007). The recent discovery 
that the dopamine transporter gene, (DAT) is not found in reptiles and birds 
(Lovell et al., 2015) narrows down the choice to mammals and fish to study 
the vertebrate physiology of DAT and hence makes zebrafish even more im-
portant model organism for studies on the brain dopaminergic system. 
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The spiegeldanio (spd) 

 
                                          Figure 3. The spiegeldanio (spd) 

The spd fish has a recessive hypomorphic mutation in the fgfr1a (fibroblast 
growth factor receptor 1a) and hence shows reduction in fibroblast growth 
factor signalling in the brain. This mutant shows increases in aggression, bold-
ness and exploration which has been attributed to the mutations in fibroblast 
growth factor 1a. The fgfr1a belongs to the receptor tyrosine kinase (RTK) 
family. The fibroblast growth factors are a large family of secreted signalling 
molecules and are important for developmental processes (Thisse and Thisse, 
2005). 

The Atlantic salmon (Salmo salar) 
 

 
Figure 4. The “Hooknose” salmon and parr 
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The Atlantic salmon (Salmo salar), belongs to the order salmoniformes, fam-
ily Salmonidae. Family Salmonidae is further divided into Salmoniae (salm-
ons, trouts, charrs), Coregoninae (freshwater whitefishes) and Thymallinae 
(graylings) (Nelson, 2006). Though some authors recognize only two families 
Salmonidae (Salmoniae and Thymallinae) and Coregoninae (Johnson and Pat-
terson, 1996). The Atlantic salmon is an iteroparous species and spends its life 
cycle in both freshwater and marine water depending on the stage of its life 
cycle. Being anadromous it migrates from sea (marine water) to freshwater to 
spawn (October to November). During spawning pea sized orange eggs are 
layed on rocks, river beds and gravels. As the egg develops eyes of the devel-
oping salmon are visible through the semi - transparent membrane of eggs.  
 

 
      Figure 5. Sac fry stage of salmon (Alevin) 

 
The female salmon buries fertilized eggs in the gravels during autumn, after 
which development occurs during winters. Later on in the spring hatching 
takes place. The first stage post hatching is known as Alevin or sac fry stage 
where it is still perched on the yolk sac and feeds on it. Alevin are about 2 cm 
in length. However, they do not exceed the size of 1 inch in length. The next 
stage is the fry stage where the yolk has been consumed and fry´s emerge from 
gravel are ready to feed of microscopic life. A fry reaches a length of 5 to 8 
cm (or 2-3 inches) and stay in freshwater before transforming into parr. The 
parr stage has conspicuous vertical marks known as “parr marks” with a single 
red colour dots between the vertical marks. Depending upon the availability 
of food and water temperature the parr remains in freshwater for a time period 
ranging from 2 to 5-6 years. The parr transforms into smolt which are actually 
young salmon that are ready to migrate down to marine waters (sea). The 
smolt, has a length of 12 to 24 cm (4.7 – 9.5 inches). It transforms into smolt 
during spring time. The vertical parr marks gets replaced by a silvery sheen 
and physiological changes takes place in the body (e.g. ability to pump out 
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Na+ ions in cells of gills through Na+/K+ ATPase pumps) to be able to adapt 
to sea life. After spending few years in marine waters (sea) the adults (silvery 
in appearance) come back to their native site where they originated to spawn. 
Interestingly, male Atlantic salmon can spawn already at parr stage (also 
known as dwarf males) while still in freshwater (Fleming, 1996). These early 
maturing male parr are known as “sneakers” and interestingly, are responsible 
for about 40% fertilization of eggs (Fleming, 1996). The sneaker males have 
physiologically two fates in the following year. They either remature and may 
undergo smoltification and migrate to marine waters. Individuals that have 
returned to fresh water to spawn after spending few months in marine waters 
of sea are known as “jacks”, Individuals who have spent at least two years at 
sea and then return to freshwater to spawn are known as multi sea winter 
salmon/ “hooknose”. This includes both first stage spawners (i.e. new first 
time spawners) and previous spawners.  

Puberty 
 

“Timing is everything” - Garret Hedlund 
 
Puberty is a developmental period during which physiological changes take 
place in the hypothalamic-pituitary-gonad (HPG) axis. These changes help to 
reproduce for the first time. Before puberty onset occurs, the activation of the 
gonadotropin-releasing-hormone (GnRH) system and the pulsatile release of 
GnRH integrates the central, peripheral and surrounding environmental infor-
mation and conveys it to the pituitary via GnRH neurons (Ojeda et al., 2008, 
2006). At the time of onset of puberty an increase in gonadotropin secretion 
takes place with simultaneous maturation and function of  gonads (Ojeda et 
al., 2006). 
 
Puberty onset is characterized by the activation of HPG axis and depends on 
age, size, social factor, photoperiod, feed intake, temperature and growth. 
Presence of androgenic steroids and aromatase inhibitors (Bornestaf et al., 
1997) may cause a shift in timing of puberty. An early or delayed puberty can 
be a major sustainability and welfare problem.  In fish farming industry early 
puberty negatively affects growth and body weight of fish, fillet composition 
behaviour, health and longevity. Early puberty can also increase the risk of 
potential disease outbreaks, mortality and can genetically affect spawning. 
Late onset of puberty is also a problem since it causes complications in brood-
stock management.  
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Sexual maturation in zebrafish 
Like mammals, the teleost have two types of gonadotropins: FSH -β and LH -
β (Suzuki et al., 1988a, 1988b; Swanson et al., 1989). Gonadotropin are het-
erodimeric glycoprotein composed of a common α subunit linked to a β sub-
unit through a non-covalent bond. The β subunit confers specific biological 
activity and is responsible for hormonal role (Pierce and Parsons, 1981). All 
zebrafish develop initially develop as a female having an ovary like prototype 
as gonads. This ovary like prototype differentiates into fully matured ovary in 
females. But under normal conditions its can get transformed into a testis 
around day 45 post fertilization (Chen and Ge 2013).  
 
 

 
 
         Figure 6. A pair of adult zebrafish: female (left) and male (right)   

 
Around 3 months, post fertilization, an adult zebrafish is obtained. As already 
mentioned puberty is a process where an immature animal becomes mature 
and acquires an ability to reproduce for the first time in life. Activation of the 
HPG axis and hence increased in circulating FSH -β (Follicle stimulating hor-
mone) and LH -β (Leutinizing hormone) in the pituitary mark puberty onset. 
The secretion of gonadotropins, FSH- β (Follicle stimulating hormone) and 
LH -β (Leutinizing hormone) from pituitary is modulated by GnRH (gonado-
tropin releasing hormone). The sex hormones regulate the secretion of GnRH 
through positive and negative feedback mechanisms and in this way contrib-
utes to the regulation of the BPG axis (Shao 2013). The initiation of puberty 
occurs around 45 dpf in female zebrafish and around 53-55 dpf in male 
zebrafish according to Chen and Ge (2012,2013). The amh (anti-müllerian 
hormone) and CYP11B (cytochrome P450 11B) are the two genes that are 
highly upregulated during differentiation of testis in male zebrafish (Wang 
Orban, 2007). The amh belong to transforming growth factor β (TGF- β) su-
perfamily (Cate et al., 1986). CYP11B belong to Cytochrome P450 family. 
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Sexual maturation in Atlantic salmon 
In salmonids, it has been shown that plasma levels of FSH in immature males 
is known to be low but in at the time of spermatogenesis a surge in FSH levels 
has been reported in many earlier studies. On the other hand, the plasma levels 
of LH increases sharply later on, at the time of spermiation. It is the FSH that 
is considered to play a vital role in modulating early gonadal development and 
spermatogenesis because it is already present in measureable amount in im-
mature fish and initiates steroidogenesis. At both life stages of salmonids (ju-
venile and adults) the steroidal feedback mechanism varies seasonally and de-
pends on the reproductive and maturational stage of the fish (Larsen and 
Swanson, 1997). The fsh -β and lh -β exert their action by binding to fshr and 
lhr that are located on gonads in teleost. 

GnRH 
The Gonadotropin releasing hormone (GnRH) helps in the release of gonado-
tropins. It is a decapeptide that is produced in brain and regulates the synthesis 
of pituitary gonadotropins. In Atlantic salmon, GnRH (known as sGnRH) is 
predominantly expressed in the olfactory bulb, telencephalon, hypothalamus, 
optic tegumentum and also in the pituitary, while the highly conserved chicken 
GnRH - II (cGnRH-II) is expressed in the cerebellum and medulla (Amano et 
al., 2003, 1997, 1993). It is the sGnRH that is involved in the synthesis of 
pituitary gonadotropin since cGnRH is not present in the pituitary.  
 
In zebrafish fish, two kinds of gonadotropin releasing hormones are found, 
GnRH2 and GnRH3 (Sherwood and Adams, 2005). The GnRH3 (equivalent 
to sGnRH), is important in regulating the functions of pituitary and is mainly 
found in olfactory bulb and telencephalon (Torgersen et al., 2002, Steven et 
al., 2003). Both GnRH2 and GnRH3, are known to be involved in early brain 
development in zebrafish (Wu et al., 2006), but it is only GnRH3, that has an 
important role in modulating the functions of pituitary, as already mentioned. 

Testes and spermatogenesis 
Atlantic salmon (and also zebrafish) have anastomosing tubular testis a character-
istic of basal teleosts (Parenti, 2004), (higher teleosts have lobular testis). In the 
germinal chambers of testes, germ cells known as spermatocytes are present. The 
spermatocytes are enclosed by Sertoli cell. In the interstitium, Leydig are present. 
Functionally the Leydig cells synthesize testosterone in response to luteinizing 
hormone from the pituitary whereas Sertoli cells are tuned by FSH to secrete an-
drogen binding protein. Testosterone facilitates the production of spermatozoa 
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and is also involved in the development of male secondary sexual characters, a 
process which is triggered at the onset of puberty. 
 
The spermatogenesis is a developmental process during which diploid sper-
matognial cells produce haploid spermatozoa. The process starts when sper-
matogia divided by mitotic division leading to formation of undifferentiated 
type A spermatogonia. The type A spermatogonia divides synchronously and 
form Type B spermatogonia. Subsequent meiosis in Type B Spermatogonia 
gives rise to secondary spermatocytes which undergo second meiotic division 
and forms spermatids (haploid). The spermatids then transform into sperma-
tozoa during spermiogenesis. Each spermatozoa contains: head with a con-
densed nucleus, middle piece and a tail. No connection between Sertoli cells 
and spermatozoa remains after the process of spermatogenesis is complete. In 
both teleosts and in mammals the number of Sertoli cells in testes is used as 
measure of the quantity of sperms produced (Berndtson and Thompson, 1990; 
Hess et al., 1993). Recently it has been shown in mouse testis that Sertoli cells 
number can be used as predictable measure to predicted the size of germ cells 
and Leydig cell population (Rebourcet et al., 2017).  

Steroidogenesis  
Steroidogenesis is the process that results in the formation of active steroids 
from cholesterol with the help of battery of oxidative enzymes located in mi-
tochondria and endoplasmic reticulum. Steroids have been mainly classified 
based on the receptors to which they bind. Major kind of naturally occurring 
steroids in the body include, glucocorticoids (cortisol), mineralocorticoids (al-
dosterone), androgens (testosterone), Estrogens (estradiol and estrone) and 
Progestogens or Progestins (progesterone). Synthesis of steroid takes place in 
testes, ovary, adrenal tissue, brain, blood and also in the head kidney in case 
of fish. 

Nature vs nurture (wild environment vs hatchery 
environment) 

 
“Wild and domestic represent earlier and later points in time of an evolution-
ary process and not a simple dichotomy” - (Larson and Burger, 2013). 
 
The environment experienced by animals reared in labs is different from that 
experienced by their wild type varieties. For example, the physical environ-
ment in hatchery is not only free of natural stimulus, but also there is less 
competition for mates.  This difference in the environment affects not only the 
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behaviour but also the genes and hormones. In one study, salmon that had 
been reared in hatchery showed higher expression of c-fos (immediate early 
gene) and bdnf (brain derived neurotrophic factor) than wild types, which 
means that artificial environment of hatcheries affects the neuronal activation 
in the brain (Mes et al., 2018). In hatcheries, the space is limited and no pred-
ators are present. Poor natural stimulus and high rearing densities affects the 
foraging behaviour and antipredatory skills (Huntingford, 2004) and favours 
the survival of almost all fish, irrespective of the fact that they are competent 
enough or not. But in nature, the fish that are not good at foraging and lack 
predator evasion skills, find hard to cope up with the environment. 
  
Studies on reproductive behaviour focused at improving breeding in fishes, 
especially salmonids are very important. Habitat destruction is one of the ma-
jor factors that affects the population of wild Atlantic salmon which has been 
declining throughout the world. Noticeably, the population has halved in last 
three decades (reviewed in Mes et al. 2018).  
 
The selection pressure acts differently in nature and in labs due to different 
reasons (e.g. domestication, genetic modification) and promotes a mix of be-
havioural phenotypes in populations. Currently the lab reared AB line of 
zebrafish is commonly used in research. Due to domestication effects the AB 
line is considered to be bolder and more explorative than the wild type strain 
of zebrafish. The wild strain of zebrafish is found in slow running stream and 
rice paddies mainly in northern India and is also used as a popular model or-
ganism in many studies.  
 
Differences within and among animals arise from differences in the personal-
ity. Bold and shy personalities have been reported in zebrafish. Individuals 
with explorative behavioural traits show willingness to take risks, to explore 
and are known as bold. The bold personality trait varies consistently between 
individuals and is also known as proactivity (Koolhaas et al., 2007). Boldness 
is known to be correlated with other behavioural traits like aggression and 
activity (Biro and Stamps, 2008; Coleman and Wilson, 1998; F.A. Hunting-
ford, 1976), though it might be conditional (Bell and Sih, 2007). Dahlbom et 
al. (2011) showed that boldness could predict the social status of fish indicat-
ing that a bold fish is more likely to achieve a dominant status than a shy fish. 
Shy individuals are slow, show low levels of activity, less aggression and do 
not take risks. Bold individuals are behaviourally less plastic and have an ad-
vantage in a stable and predictable environment because they form fixed rou-
tines (Benus et al., 1990; Coppens et al., 2010). For example, they might be 
quick to avoid predators. In a foraging context they might quickly gather all 
the available food but might not carefully think through about all the necessary 
intricate pieces of information (Chittka et al., 2003; Moiron et al., 2016; Sih 
and Del Giudice, 2012) Conversely shy animals are behaviourally more plas-
tic and may have an advantage in unstable, non-predictable environment.  
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                                       Figure 7. Which influences which? 

Sex and Personality  
 
 

 
The role of sex on zebrafish personality has been well documented but the 
reports are conflicting. The study by Dahlbom et al. (2011) showed that males 
are bolder than females. However, in contrast Oswald et al.  (2012) reported 
that females are bolder than males. Both these studies used domesticated ver-
sions of wild type fish, which had been held in the laboratory for 15 months 
in Dahlbom´s study and had been selected for boldness for two generations in 
Ostwald´s study.  Therefore, the results of these studies are difficult to com-
pare. Though social subordination is stressful for both males and females, the 



 24 

magnitude of stress is linked to sex since males experienced greater stress lev-
els than females as revealed by an elevated concentration of 5-HT metabolites 
(Dahlbom et al., 2012).  

Social interaction 
 

 
                       Figure 8. A pair of socially interacting zebrafish 

 
By interacting socially, animals can influence the distribution of resources 
among them. The dominant individuals have better access to food, shelter and 
mates, while the reverse is true for the subordinate animals. Repercussions of 
social defeat in subordinate individuals negatively affects reproductive behav-
iour (D’Amato, 1988; Perret, 1992) and appetite (Kramer et al., 1999; Meerlo 
et al., 1997; Montero et al., 2009; Øverli et al., 1998). Socially defeated ani-
mals show reduced aggression (Blanchard et al., 1995; Höglund et al., 2001). 
During the agonistic interaction the hypothalamus pituitary interrenal (HPI) 
axis becomes activated for both the dominant and subordinate individuals but 
it reverts to the baseline after the establishment of stable social hierarchy (Ø 
Øverli et al., 1999; Øyvind Øverli et al., 1999, (Ejike and Schreck, 1980). 
Plasma cortisol levels remain elevated chronically in subordinate individual 
even after the hierarchy is established (Schjolden et al., 2005b; Sloman et al., 
2001).  
 
Social defeat affects the dopaminergic system in many animals. For example, 
in male lizard (Anolis carolinensis), it has been shown that the central dopa-
minergic activity was influenced by visual signals during the dyadic contest 
(Korzan et al., 2006). The males that have achieved dominant status show an 
increase in DA and its metabolite DOPAC (Korzan et al., 2006). All males 
that came across with opponents that had black eyes spot become subordinates 
and had elevated levels of dopamine in the raphe, lateral amygdala and medial 
amygdala but decrease levels of dopamine in septum and locus coeruleus 
(LC). In contrast to this if males viewed opponents with concealed eyes spot 
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then they attained dominant status and had increased amount of dopamine in 
striatum, nucleus, hypothalamus and combined substantia nigra (ventral teg-
mental area).  

Dominance hierarchies in zebrafish 

Figure 9. Dominant subordinate relationships develop in zebrafish when kept at low 
densities.  

A very characteristic feature of zebrafish behaviour is that the fish gets 
stressed if housed alone or when kept at low densities and form dominance-
based hierarchies. Paired zebrafish (Oliveira et al., 2011) often develop clear 
dominance relationships within 30 minutes of dyadic interaction. Prior to es-
tablishing dominant/subordinate relationship, the signals of social importance 
are imparted through exchange of contextual cues between two fish, which is 
followed by biting, chasing and striking attacks by the dominant fish, that 
eventually forces the subordinate fish to flee.  

Figure 10. Agonistic interaction: During the agonistic interaction, the prospective 
dominant zebrafish chases and bites the prospective subordinate zebrafish. 

These aggressive interactions result in rapid activation of brain monoaminer-
gic neurotransmitters in several teleost species. Both male (Larson et al., 2006; 
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Pavlidis et al., 2011)) and female zebrafish (Dahlbom et al., 2011) form stable 
hierarchies. If the hierarchy is not stable then the “temporary” dominant indi-
vidual has to make more effort to strengthen their position (Sapolsky, 1992; 
Sapolsky et al., 1997). Subordinate animals (tree shrews) show decrease in 
locomotor capacity and decreased body weight upon being subjected to stress-
ful conditions (Isovich et al., 2000). The loser or “giving up” (social with-
drawal) kind of behaviour make them to: feed less, show reduced locomotion 
and exploratory activity (Abbott et al., 1985; (Albonetti and Farabollini, 1994; 
Franck and Ribowski, 1993; Meerlo et al., 1997; Raab et al., 1986; Winberg 
et al., 1993; Winberg and Nilsson, 1993). The levels of monoamines, mono-
amine metabolites and monoaminergic activity in the brain of dominant and 
subordinate fish also shows differences. An activation of serotonergic system 
in the brainstem and telencephalon of subordinate rainbow trout (Oncorhyn-
chus mykiss) has been reported under both acute and chronically stressed con-
ditions (Winberg and Lepage, 1998).  

Dominance in life stages of Atlantic salmon 
Sexual maturation affects agonistic interactions in salmonids (Fleming, 1996; 
Järvi, 1990). The competition between males for access to females and to fer-
tilize more eggs depends on size and age of the competitors. Those who suc-
ceed in staying closer to females and fertilizing eggs are dominants.  Domi-
nance is exhibited by changes in the secondary sexual characters likes pres-
ence of hook on jaw, bright colouration of skin, body size (Järvi, 1990; Tcher-
navin, 1944). It has been shown that hooknose male is dominant over sneaker 
males ((Järvi, 1990).  

Stress  
The term stress was first coined by Hans Seyle in 1936 for any “non - specific 
response of the body to any demand for change.” However, in modern context 
stress refers to external or internal stimuli that can disturb the homeostatic 
balance of an organism (Schreck, 2010; Schreck and Tort, 2016) and is regu-
lated by genetic, epigenetic, behavioural and neuroendocrine responses. Stress 
is not always negative as it is normally perceived. It is actually an adaptive 
and an evolutionary conserved process that helps to deal with adverse situa-
tions via combined action of neurotransmitters, peptides and hormones that 
act along the hypothalamus-pituitary-adrenocortical (HPA) axis and stimulate 
tissues to respond aptly to the stressful circumstances (McEven and Seeman, 
1999). The stress response in teleosts is mediated via activation of the sympa-
thetic chromaffin (SC) axis and the HPI axis (Barton, 2002; Mommsen et al., 
1999; Wendelaar Bonga, 1997). The HPI axis is the teleostean homologue of 
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the mammalian HPA axis (Mommsen et al. 1999).  Upon its activation the 
HPI axis releases cortisol which acts on different target tissues through spe-
cific receptors (Gorissen and Flik, 2016; Yada and Tort, 2016). 
 
Koolhaas et al. (1999) coined the terms “stress coping style” for a “coherent 
set of behavioural and physiological stress responses, which is consistent over 
time and which is characteristic to a certain group of individuals”. The impact 
of any kind of stress depends on its perception and coping ability of perceiver. 
Coping ability helps to channelize an effective response. The individual dif-
ferences in coping style are fairly conserved between fish and mammals (Cas-
tanheira et al., 2013; Catarina I.M. Martins et al., 2011; Catarina I. M. Martins 
et al., 2011; Øverli et al., 2007, 2005; Silva et al., 2010; Sørensen et al., 2013; 
Tudorache et al., 2013). Two types of coping strategies are known to exists, 
namely fight or flight (active coping strategy) response or conservation with-
drawal response (passive coping strategy) (Henry and Stephens, 1977, Engel 
and Schmale, 1972; Koolhaas et al., 1999). However, when animals are con-
fronted with a situation where their stress keeps on increasing with time then 
the animals with active response might start showing passive response as a 
means of adaptive coping strategy (Haller et al., 1998). The threshold point at 
which the coping styles switches from active to passive differs among indi-
vidual.  In other words, it reflects individual variation in a given population. 
Individuals with different coping abilities co-exist in a given population 
(Henry and Stephens, 1977; Engel and Schmale, 1972), and this is important 
for the stability of the population. 

 

“What´s life without a little risk?” – J.K. Rowling 
 

Proactive animals are bold and show high levels of activity, aggression, 
greater risk taking ability. The response shown to any situation is based on 
prior experience rather than on the “real” demands of  the present situation in 
such animals (Benus et al., 1990; Bolhuis et al., 2004; Ruiz-Gomez et al., 
2011). The proactive personality trait is typically associated with higher sym-
pathetic reactivity and catecholamine release and lower HPA axis activity as 
compared to reactive animals. Proactive stress coping strategy might be costly 
due to unflexible and unchanging approach to respond to stress. Very much in 
line with this Haller et al. (1998) and Wingfield, (2003) have proposed that 
proactive behaviour is not adaptable  under repeated, uncontrollable or unpre-
dictable stress. In otherwords, willingness or flexibility to change with the en-
vironment may increase fitness and survival in a fluctuating environment. Un-
like proactive animals the reactive animals are more flexible to change their 
behaviour according to the needs of the environment and show higher levels 
of plasma cortisol or corticosterone (Koolhaas et al., 1999; Øverli et al., 2005). 
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Reactive animals show behavioural flexibility, are shy, low aggression (Kool-
haas et al., 1999) and depict avoidance behaviour, social withdrawal etc.  

Anxiety 
Anxiety is a “core health challenge" (Wittchen et al., 2011) and is most com-
mon health disorder in the world today. A number of factors like trauma, 
chronic diseases, addiction, vulnerability etc. cause anxiety in humans. Many 
of these factors can be studied, using zebrafish as a model organism. But, it is 
not possible to know accurately that “how much” anxiety is present in an ani-
mal.  
 
Anxiety is a “mental state” (condition) and it is difficult to measure it in any 
animal model, including fish. Often the terminology “anxiety like behaviour” 
is used to describe the response that results from behavioural despair. Anxiety 
could occur in response to drugs/pharmaceutical treatment but it could also be 
an innate trait. i.e. presence of anxiety as an innate personality trait. If anxiety 
is innately present, then it could affect the outcome of experiments where an-
imals are used. Therefore, studying personality of animal is most important 
before designing any experiment. Stress increases anxiety  like behaviour and 
is accompanied by increase in cortisol levels, increase in cardiac and respira-
tory rate in zebrafish (Kalueff et al., 2016). Anxious zebrafish show reduced 
aggression, stay immobile (freezing), or swim with fast rapid turns and spent 
more time at the bottom of the tank. Several anxiogenic drugs have been used 
from time to time to induce anxiety in zebrafish. Caffeine and chronic unpre-
dictable stress are also known to induce anxiety in zebrafish.  

The Histaminergic System (HS) 

Histamine  
Histamine was discovered by Sir Henry Hallett Dale in the year 1910 as a 
contaminant for ergot. It occurs extracellularly (Heidari et al., 2015) and me-
diates its function with the help of histamine receptors which are G protein 
coupled receptors (Hough, 2001). Histamine acts both peripherally (gastric 
acid secretion and inflammation) and centrally in the central nervous system 
(CNS). It is produced and stored in the mast cells, basophils and in the synaptic 
vesicles of histaminergic neurons (Heidari et al., 2015) and acts in the brain 
as a neurotransmitter through at least three G-protein coupled receptor sub-
types: “H1, H2 and H3” (Hill, 1990; Ruat et al., 1991). Histamine not only 
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functions to control the actions of histamine receptors but also N -methyl -D - 
aspartate receptors (Bekkers, 1993; Payne and Neuman, 1997) by interacting 
with the polyamine binding site (Burban et al., 2010). For all the histamine 
receptors, the endogenous ligand is histamine. Histamine and its receptors are 
important in sleep, cognition, locomotor functions and food intake.  

The Histamine Receptors 
There are 4 kinds of histamine receptors genes hrh1, hrh2, hrh3 and hrh4 
(Haas and Panula, 2003). Of these hrh4 has not been found in the brain and is 
expressed in more peripheral regions like bone marrow and leukocytes (Ngu-
yen et al., 2001). In case of zebrafish hrh4 is not found. The histaminergic 
system has been less studied as compared to the serotonergic and noradrener-
gic systems. It extends into many cerebral regions but originates in the tuber-
omammillary nucleus of the hypothalamus. Antagonists for histamine recep-
tor 1 and 2 inhibit the memory formation (Gianlorenço et al., 2014; Taati et 
al., 2014) 

Histamine Receptor 1 
The hrh1 belongs to metabotropic family of post synaptic receptor where 
movement of ions through a channel depends on one or more metabolic steps. 
These receptors do not form ion channels but instead they affect ion channels 
by the activation of G - proteins. It is transcribed by an intron-less gene and it 
is significantly found to be expressed in the cortex, hippocampus, amygdala, 
hypothalamus, thalamus, striatum and cerebellum (Dere et al., 2010). It is a 
post synaptic receptor and knocking out hrh1 gene in mice results in increased 
food intake and obesity and diurnal changes in feeding patterns and also a 
decrease in the uncoupling protein etc. Knock out of hrh1 in mice reduced 
hippocampus dependent spatial learning and memory as well as neurogenesis 
(Ambrée et al., 2014). The hrh1 deficient mice also show a decrease in DO-
PAC, a metabolite of dopamine, and lower concentrations of dopamine itself 
in cerebellum and a decrease in acetylcholinesterase activity in the hippocam-
pus (Dere et al., 2008). From a behavioural perspective the hrh1 deficient mice 
show reduced pain sensitivity on hot plate, tail flick, tail pressure, paw with-
drawal (Yanai et al., 2003). The hrh1 deficient mice also show a decrease in 
long term memory on rotarod and episodic like memory open field test (Dai 
et al., 2007). The hrh1 deficient mice show a decrease in the locomotor activ-
ity in response to social isolation. The hrh1 deficient mice also show de-
creased open field locomotor activity and disturbed circadian rhythm (Yanai 
et al., 1998).  
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Histamine Receptor 2  
In the year 1966, the histamine receptors were for the first time differentiated 
into H1(hrh1) and H2 (hrh2) types (Ash and Schild, 1966). This class of re-
ceptor stimulates adenylyl cyclase mediated cyclic AMP formation (Hill, 
1990, Hill et al., 1997), with the help of Gs protein (Haas & Panula, et al., 
2016). The mammalian Gq and Gs proteins are activated by the hrh2 receptor 
(Kühn et al., 1996; Leopoldt et al., 1997). Both hrh1 and hrh2 receptor defi-
cient mice show decrease in object recognition test, decrease in spatial learn-
ing in barns maze test, decrease in long term potentiation in long term poten-
tiation test, increase in auditory and contextual freezing (Dai et al., 2007).   

Histamine Receptor 3  
The histamine receptor 3 was discovered while studying inhibitory effect of 
histamine on its own release, in depolarized rat brain slices (Arrang et al., 
1983) using pharmacological approaches (Schwartz, 2011). It is known to reg-
ulate important activities like sleep-wakefulness, cognitive function, locomo-
tor activity, food intake, anxiety-like behaviours and seizures (Haas et al., 
2008; Panula and Nuutinen, 2013). Thus, it regulates food intake both through 
its control of histamine and its influence on other feeding pathways. It acti-
vates Gi/o proteins which results in the activation of MAPK pathways (Drutel 
et al., 2001; Giovannini et al., 2003). It is a pre synaptic autoreceptor that in-
hibits the synthesis and release of histamine and it also acts a heteroreceptor 
(Schwartz, 2011) that it inhibits other neurotransmitters such as serotonin, nor-
adrenaline, acetylcholine. It has also been shown to reduce glutamate release 
(Brown and Haas, 1999; Molina-Hernández et al., 2001).  It modulates its own 
activity and also the activity of hrh2.  It acts as an auto-receptor as it is sensi-
tive to neurotransmitters and hormones of the neurons where it sits. Mice 
treated with hrh3 antagonists show a reduction in behavioural despair (Pérez-
García et al., 1999). An antidepressant role of hrh3 antagonists has been con-
firmed by many other studies too (Bahi et al., 2014; Gao et al., 2013), but the 
mechanistic role hrh3 is poorly understood in context of depression. 

Histamine N- methyl transferase (hnmt)  
The two genes which help in metabolism of histamine are hnmt and dao (dia-
mine oxidase). For this study we have focused on hnmt. Histamine is inacti-
vated by hnmt in CNS (Central Nervous System), bronchus and kidney, 
(Ogasawara et al., 2006). Mutations in hnmt are reported to be associated with 
non-syndromic autosomal intellectual recessive ID (intellectual disability) 
(Heidari, 2015).   
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Serotonergic system  
Serotonin is a biogenic monoamine that is produced in two steps. In the first 
step tryptophan is hydroxylated to 5-hydroxytryptophan (5-HTP) via trypto-
phan hydroxylase and in the second step 5-HTP is decarboxylated to 5-Hy-
droxy tryptamine (5-HT, serotonin) by L aromatic amino acid decarboxylase. 
Tryptophan hydroxylase is considered to be the rate limiting enzyme in the 
synthesis of 5-HT (Clark et al., 1954). Serotonin is metabolized to 5-HIAA 
mainly in the liver by monoamine oxidase (mao), which is located on the outer 
mitochondrial membrane in pre-synaptic neurons.  
 
The 5-HT receptor family arose 750 million years ago and the three receptors 
types 5-HT1, 5-HT2 and 5-HT3 in this family share very little homology (only 
25%), which indicates that all the 3 receptors are functionally divergent 
(Peroutka and Howell, 1994). In the CNS 5-HT is re-leased into the synaptic 
cleft upon neuronal depolarization and binds to postsynaptic serotonin recep-
tors. In case, if it binds to autoreceptors that are located on the presynaptic 
membrane then, its further release into the synaptic cleft cannot proceed due 
to negative feedback mechanisms (Cerrito and Raiteri, 1979). The 5-HT re-
uptake transporter(SERT), which is located on the presynaptic membrane 
helps to remove 5-HT. Following re-uptake to the presynaptic neuron 5-HT is 
recycled back into the presynaptic vesicles or can be catabolized to 5-HIAA. 
In Anolis lizards, it has been shown that tendency to become more aggressive 
is related to lower serotonin activity in various brain regions (Summers et al., 
2005). Subordinate rainbow trout have also been shown to have higher sero-
tonin activity in the brainstem and telencephalon (Winberg and Lepage, 1998). 

Dopaminergic system  
In the year 1957 the role of dopamine (DA) as a neurotransmitter was discov-
ered by the Swedish scientist Arvid Carlsson for which he was awarded the 
Nobel Prize in Physiology in the year 2000. The dopaminergic cell groups in 
the brain were first mapped by Annica Dahlström and Kjell Fuxe in 1964 
(Dahlström and Fuxe, 1964). The direct precursor of dopamine, L-DOPA can 
be synthesized from phenylalanine (an essential amino acid) or tyrosine (a 
non-essential amino acid). The L-phenylalanine is converted into L-tyrosine 
by the enzyme phenylalanine hydroxylase with molecular oxygen and teter-
hydrobiopterin as cofactors (Musacchio, 2013). Further, the L-tyrosine is con-
verted into L-DOPA (with the help of an enzyme tyrosine hydroxylase with 
tetrahydrobiop-terin, oxygen and iron (Fe+2) as cofactors). Finally, L-DOPA 
gets con-verted to DA with the help of the enzyme L-aminoacid decarboxylase 
(also known as DOPA decarboxylase) with pyridoxal phosphate as the cofac-
tor. 
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In mammals there are five kinds of dopamine receptors that are known till date 
(Beaulieu and Gainetdinov, 2011). They are divided into two classes, D1 (do-
pamine receptor 1) and D2 (dopamine receptor 2) like receptors, based on their 
ability to stimulate cyclic-adenosine monophosphate (cAMP) production by 
adenylyl cyclase (AC) (Calne and Kebabian, 1979; Spano et al., 1978). The 
D1– class includes D1 and D5 (dopamine receptor 5) kinds of receptors that 
stimulates AC while the D2 class including D2 (dopamine receptor 2), D3 
(dopamine receptor 3), and D4 (dopamine receptor 4) inhibits AC. The D1 
receptors occurs pre- and post-synaptically on dopamine neurons and target 
cells respectively (Beaulieu and Gainetdinov, 2011).  
 
In total eight kinds of dopamine receptors have been cloned in zebrafish. The 
drd1 receptor is the homolog of the mammalian D1 like receptor while drd2, 
drd2b, drd2l, drd3, drd4a, drd4b, drd4rs are homologous to the mammalian 
D2-like receptor type. 

Leptinergic system 
Teleost have two variants of leptin gene, lepa and lepb, which is speculated to 
be a consequence of whole genome duplication in teleosts (Gorissen et al., 
2009; Kurokawa and Murashita, 2009). In Atlantic salmon, two paralogues of 
lepa (lepa1 and lepa2) have been identified (Rønnestad et al., 2010). Leptin is 
a small 16 kDa protein discovered by Jeff Friedman´s lab in 1994 (Zhang et 
al., 1994). The status of stored energy reserves is reflected in circulating leptin 
levels, though this it might also depend on other factors. For example it has 
been shown that for the same amount fat, females mice secrete twice as much 
leptin than males do (Frederich et al., 1995). In mammals, leptin is an adi-
postatic factor and is primarily made by adipocytes in response to total adipose 
mass. However, the fish and human leptins show very little homology. The 
salmonid leptin slepa1 shows 22.4% and slepa2 shows 24.1% similarity to 
human. Fugu leptin is only 13,2% similar to human leptin (Kurokawa et al., 
2005) and the leptins of European eel, leptin 1 and leptin 2 show 25.7% and 
23.7% similarity to human leptins. (Morini et al., 2015) 
 
The leptin receptor (lepr) is a class -1 cytokine receptor. In mammals 6 splice 
variants of leptin receptor have characterized but only the long form contains 
the intracellular domain that is necessary for signal transduction. The long 
form of leptin receptor has been found in many teleost including the Atlantic 
salmon (Rønnestad et al., 2010) and zebrafish (Liu et al., 2010). In zebrafish 
a mutation in leptin receptor has no significant effect on body size, weight, 
adiposity and feeding however it is known to effect glucose energy homeosta-
sis (Michel et al., 2016).  
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Teleosts vs mammals: Similarities  
The brain organization of zebrafish is very similar to that of the mammals. 
The dorsal and ventral telencephalic areas of zebrafish brain are mammalian 
homologue of amygdala and striatum. Both these regions are known to have 
an important role in anxiety in mammals (Lau et al., 2011). The habenula part 
of the brain is also well conserved between zebrafish and mammals and is 
composed of a group of nuclei in the epithalamus. From physiological per-
spective habenula is very important since it regulates the release of serotonin 
and dopamine (Mathuru and Jesuthasan, 2013). It is hyperactivated in individ-
uals that have depression in rodent model (Welberg, 2013) and in zebrafish 
that have been stressed. Interestingly, the zebrafish possess all the neurotrans-
mitter that are found in other mammals (Mueller et al., 2004; Panula et al., 
2006) and also shows a typical physiological stress response like increases in 
cortisol levels upon exposure to any stressor. 

Teleosts vs mammals: Differences  
There are many differences found between teleosts and mammals, but in con-
text with this thesis only a few of them have been listed below. 
 
Unlike in mammals, teleosts do not have hypothalamo hypophyseal portal sys-
tem for transport of neuropeptides to the adenohypophysis. (The adenohy-
pophysis contains cells that secrete: adrenocorticotropin, prolactin, thyrotro-
pin, somatotropin and gonadotropins).  

 
As the hypothalamo-hypophyseal portal system is not present in teleosts, it 
receives directs innervation from various parts of the central nervous system 
(Anglade et al., 1993; Peter et al., 1990).  

 
Unlike in mammals, the gonadotropins (FSH -β, LH -β) are synthesized in the 
same cells in teleosts (Naito et al., 1997, 1993; Schmitz et al., 2005). 

Open field test 
The open field test (OFT), has been commonly used to study explorative ten-
dency and other boldness related behaviour in fish (Budaev et al., 1999; 
Csányi and Gerlai, 1988; Gerlai et al., 1990; Miklósi et al., 1992; Warren and 
Callaghan, 1975; Schjolden et al., 2005a) and in other species also, like mice 
(Carola et al., 2002) primates (Ferguson and Bowman, 1990) and birds (Fred-
erick, 1976). The bold animals are more explorative in unfamiliar open field 
than shy animals. 
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Shelter test 
The shelter test (ST), has been used in previously to analyse the bold and shy 
behaviour in rainbow trout  (Sneddon, 2003) and also in zebrafish (Dahlbom 
et al., 2011). Shy animal is more shelter seeking and hence spend more time 
under the shelter than bolds and perceive it to be “safe”. 

Novel tank dive test 
The novel tank test (NT), is used for measuring anxiety in zebrafish (and also 
in other aquatic models also). It measures explorative tendency of fish in ver-
tical direction. The tank consists of a narrow tank that is divided into two zones 
a bottom and top zone (but sometimes based on the experimental requirement 
it can be divided into 3 zones, bottom, middle and top zones). Upon exposure 
to the tank the zebrafish exhibits geotactic response and dives to the bottom 
of the tank. This is also coupled with increase in anxiety like behaviour, freez-
ing, erratic movements and reduced exploration (Cachat et al., 2010). How-
ever, over time the after getting acclimated to the tank the anxiety like behav-
iour gets decreased (Wong et al., 2010).  

Scototaxis test 
In the scototaxis test (SC), an adult zebrafish shows preferences to spend more 
time towards the dark side of the tank rather than on the white side. This be-
havioural preference to stay on darker side is known as scototaxis and is also 
found in many other fish species also e.g.  goldfish, guppies, minnows, tilapia 
etc. (Cachat et al., 2013; Maximino et al., 2011; Stewart et al., 2011). Anxio-
lytics (chronic fluoxetine, acute benzodiazepine) are known to decrease scoto-
taxis ((Maximino et al., 2011). On the other hand anxiogenics  like caffeine, 
chronic unpredictable stress increase scototaxis (Chakravarty et al., 2013; 
Champagne, 2010; Maximino et al., 2011).  

MVDA (Multivariate data analysis) 
The multivariate data analysis is a technique that “simultaneously analyses 
multiple measurement on individual or objects” (Hair et al., 2014). Both PCA 
and PLS are multivariate data reduction techniques. In PCA summarization of 
big data sets is done without losing too much information to obtain a “few” 
linear combination in the data (Maitra and Yan, 2008) and correlation between 
the dependent variable and the independent variable is not taken in to consid-
eration. Hence, one drawback of this technique is that it is non supervised and 
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captures only the characteristics of the X vectors or the predictive variables 
and does not considers how much each predictive variable might be related to 
the dependent variable or target variable. However, this problem is overcome 
in PLS since it is a supervised data reduction technique in which the correla-
tion between dependent and independent variables is taken into account in 
PLS. It captures as much information as possible in the raw predictive variable 
and PCA on behaviour data were used in order to search for and visualize 
separation of groups, i.e. bold and shy fish as well as dominant and subordi-
nate fish. PLS-DA gives the relationship between the predictor (X) and the 
response variable (Y). 
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Material & Methods   

Experimental animals 
For Paper I, II and III, the AB line of zebrafish used in this study was cap-
tivity bred and obtained from the Scilife facility, Uppsala University. The an-
imals were housed in 9.5 L trapezoidal tanks at 27°C-28°C in an Aquaneering 
Zebrafish system at Uppsala University Biomedical Center and reared on a 
photoperiod of 14L:10D with lights on from 7.00 am until 9.00 pm was fol-
lowed. The water used in the fish tanks was Uppsala municipal tap water (pH 
7.2-7.6) of which 10% was exchanged daily. Feeding was done twice a day 
with tropical energy food (Aquatic Nature, Belgium) and hatched brine shrimp 
eggs (Artemia cysts) (Platinum Grade 0, Argentemia, Argent, Aquaculture, 
Redmond, USA). In Paper II, the wild type strain of zebrafish was collected 
from eight different ponds in the Northwestern part of India (courtesy Profes-
sor Allan Kalueff, Southwest University, China). In Paper II and Paper III, 
the spiegeldanio (spd) line of zebrafish were obtained from European Molec-
ular Biology Laboratory, Heidelberg, Germany (courtesy Professor Darren 
Gilmour) as embryos and reared at the Biomedical Center, Uppsala Univer-
sity. The use of animals in Paper I, II and III was approved by the Uppsala 
Animal Ethical Committee (permit Dnr 55/13) and followed guidelines of the 
Swedish Legislation on Animal Experimentation (Animal Welfare Act 
SFS1998:56), and the European Union Directive on the Protection of Animals 
Used for Scientific Purposes (Directive 2010/63/EU). Animals for Paper IV, 
were obtained as embryos from the Scilife zebrafish facility at the evolution-
ary biology center, Uppsala, Sweden and were housed in 21 L plastic aquaria 
(Ferplast. Castelgomberto, Italy) which was filled with 18 L of Uppsala tap 
water. A constant temperature of 28°C and a photoperiod of 16L: 8D of light 
dark cycle was maintained. Animals were fed 3 times a day with live artemia 
(A. fransiscana) on 9 -15 dpf and A. naupliii on the 16 -36 dpf. From 0 to 19 
dpf half of the aquarium water was exchanged daily and after this period whole 
water was exchanged each day. The use of animals was approved by Uppsala 
Ethical Committee on Animal Research. For Paper V, 1-year-old male Atlan-
tic salmon parr were got from SLU (Sveriges lantbruksuniversitet) fish re-
search station at Älvkarleby hatchery in Uppsala län. The fish were housed in 
1 m3 tanks and kept on a natural photoperiod, at ambient temperature (see, 
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Paper V for details). The use of all the animals in this experiment was ap-
proved by the local committee of the Swedish Board for Laboratory Animals 
(No. C130/10). 

Experiment design (Paper I) 
Total 98 males and 67 females (165 animals in total) were used for this study.  
Out of this a total of 30 males and 18 females were maintained separated in 
socially isolated condition. First, all the animals were subjected to open field 
test (OFT) and shelter test (ST) to test for boldness. Different parameters of 
the OFT and ST were taken into account to rank the fish as bold or shy. All 
parameters from OFT and ST were ranked separately in both sexes. The indi-
vidual with highest values for a given parameter was given first rank, second 
highest value was given second rank and so on. Finally, the ranks from all the 
parameters were summed up to yield a final rank for each fish based on its 
performances in two tests. After ranking the number of fishes were divided 
into three groups (tertiary split). Therefore, out of 64 socially interacting 
males, we obtained 21 bold, 22 intermediates and 21 shy individuals. We did 
not consider 4 fishes for further analysis due to technical reasons. Out of the 
30 isolated males 10 bold, 10 intermediate and 10 shy individuals were ob-
tained. Similarly, for socially interacting females we got 16 bold, 17 interme-
diates and 16 shy individuals and for socially non interacting (i.e. isolated) 
females we got 6 bold, 6 intermediates and 6 shy individuals. Intermediate 
group was not taken into further analysis since we wanted to analyse ex-
tremely bold and extremely shy animals only.  

 
The fishes were then paired against each other and were allowed to interact in 
dyads for 4 days. A clear dominant subordinate relationship was established 
within 30 minutes of dyadic interaction and it did not change over time. On 
the fourth day brains were sampled after the final dyadic fight observation. 

Experiment design (Paper II) 
A total of 54 animals were tested in this study. Three types of zebrafish were 
used: AB line (9 males and 9 females), spd line (9 males and 9 females) and 
wild caught stain (9 males and 9 females). All the animals were first screened 
in the shelter test (ST) followed by a novel tank dive test (NT) and scototaxis 
(SC). The movement of individual fish was tracked with the help of the etho-
vision software Ethovision® XT 12.0 (Noldus Information Technology, Wa-
geningen, The Netherlands) and all important behavioural parameters were 
registered (see, material and methods, paper II). Data analysis was carried out 
as described under data analysis section.  
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Experiment design (Paper III) 
Two experiments were performed in this paper. The interacting pairs in the 
first experiment consisted of 10 pairs of spd males and in the second experi-
ment consisted of 14 pairs of AB - spd males. The fish were netted out and 
transferred to individual compartments of dyadic fight arena and allowed to 
acclimate overnight. The slide covering the mirrors were removed which al-
lowed each fish to interact with their own mirror image for 10 minutes. Then 
the mirror was covered and the middle partition separating the fish was lifted 
and dyadic interaction was allowed in each pair. The first observation of dy-
adic interaction was done after the fish had been interacting with each other 
for 30 minutes. The second observation was made in the afternoon and the 
pairs were left interacting (fighting) with each other overnight. Next morning 
a third observation of dyadic interaction was made and then fish were sepa-
rated again from each by placing in the partition. Then the fish was allowed 
to interact with the mirror by removing the slide covering the mirror and a 
second observation for the mirror test was made. The mirror then was covered 
again and the partition in the middle separating the two fishes was removed 
again and the pair were allowed to interact for 30 minutes and the fourth (final) 
dyadic interaction was recorded. After this the fish was sacrificed and sampled 
for brain parts. The brain tissues from second experiment (AB-spd pairs) were 
used for the neurochemical analysis. 

Experiment design (Paper IV) 
In total 150 zebrafish eggs were allocated to fourteen 21 L plastic aquaria. 
Rearing was done as described under section, “Experimental animals” (mate-
rials and methods). The treatment groups were exposed to progestins (see, 
“Exposure to progestins”). The animals were sampled (as described under, 
“Sampling”) and gene expression analysis was carried out for amh, CYP11B, 
CYP19a1a, FSH-β, LH-β, GH, 40s, EF1- α in the target tissues. The analysis 
of LNG and P4 in the water samples was carried out as described under “Anal-
ysis of LNG and P4” and further histological analysis was carried on whole 
larvae and trunk sections to detect the maturational stage of gonads (see, “His-
tological analysis”). 

Experimental design Paper V 
Total 400 fishes were randomly distributed into two tanks on April 12th and 
were given two different kinds of feeds (high fat diet and low fat diet) to make 
sure that there is a good amount of fat deposition in high fat diet and less fat 
deposition in feed restricted group. The high fat diet contained 20% fat (Aller 
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performa MM, Aller Aqua, Denmark) ad libitum (control group). The low fat 
diet consisted of only 9% fat (Aller Performa-oil, Aller Aqua, Denmark). If 
the number of fish decreased due to mortality or escaping, then the feed levels 
were adjusted accordingly. In the beginning of the experiment all the fishes 
were immature juvenile males but over the spring the males had two fates, 
they either started to mature or remained immature. In the month of May males 
could be identified as maturing based on the levels of fsh -β expression in the 
pituitary. From June onwards, it was quite straightforward to identify males 
and females based on gonadal morphology. Therefore, from May onward 
there are two groups present within each treatment group from May onwards 
(immature control, mature control, immature restricted and mature restricted). 

Tagging with nylon thread and nail enamel (Paper I) 
In order to keep track of individual animals throughout the experiment, each 
fish was tagged according to the procedure described by Dahlbom et al. 
(2011). Briefly, each fish was anaesthetized (MS222 168mg/ml) and a nylon 
thread was passed through the musculature under the dorsal fin and the ends 
of the nylon thread were sealed and painted with a coloured (green or red) nail 
enamel (Dahlbom et al., 2011).  

Measuring boldness (Paper I) 
Open field tests (OFT) and shelter tests (ST) were carried out to measure bold-
ness. A gap period of 20 minutes was given between the two test and in that 
time fish were placed in a holding arena of same dimension as that of OFT 
and ST. The test arena was placed on an IR board and behavioural recording 
was done with the help of IR sensitive camera (JVC, TK-C9510E). All the 
tests were conducted between 09:00 - 16:00 to avoid any unwanted effects of 
circadian rhythm. Tracking was done with the help of ethovision software 
Ethovision® XT 12.0 (Noldus Information Technology, Wageningen, The 
Netherlands).  

Open field test (Paper I) 
Four circular arenas of dimension 19cm X 8 cm (diameter x height) were 
placed on IR board next to each other and filled with 300 ml of Uppsala mu-
nicipal tap water (28oC). The walls of the arena were opaque to prevent visual 
contact between the fish. The base was transparent through which IR light 
could pass and movements of fish could be tracked. Fish were netted out from 
the holding tank (home tank) and placed in the middle zone of the arena and 
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the behavioural recording was done for 20 minutes. For analytical purpose the 
arena was divided into three zones: centre (7 cm in diameter), middle (3 cm 
in width) and outer zone (3 cm in width). Behavioural parameters like number 
of visits, latency (s) to first visit, total time spent (s), duration per visit (s), total 
distance covered (cm) were registered and analysed.  

Shelter test (Paper I & II) 
The shelter test (ST) was conducted in a similar manner like OFT but in this 
case half of the arena was covered with an opaque black lid (IR transparent, 
made up poly methyl metha acrylate). For analytical purpose the arena was 
divided into shelter and non-shelter zone and following parameters were reg-
istered and analysed: distance the distance (cm), mean velocity (cm/s), fre-
quency, duration (s) and duration per visit (s) in the sheltered and non-shel-
tered zone, as well as mean velocity (cm/s) and total distance travelled (cm) 
in the arena. 

Novel tank diving test (Paper II) 
The novel tank diving test arena consisted of a clear cuboidal tank of dimen-
sion 25 x 20 x 5 cm (length x height x width). Prior to the start of the experi-
ment the arena was filled with 1500 ml of Uppsala municipal water maintained 
at 27-28 °C. Each fish was given 6 minutes to explore the arena and the move-
ment was recorded. For analytical purpose the tank was divided into three 
zone of equal sizes (3 cm): bottom, middle, top (Paper II). 

Scototaxis test (Paper II) 
The scototaxis test arena consisted of rectangular box of dimensions 55 x 15 
x 15 cm (length x height x width), made up of poly methyl methacrylate plas-
tic. The tank was divided into three compartments with two equal sized anal-
ogous end compartment (dimensions 22.5 x 15 x 15 cm), one of which was 
black and the other was white in colour. A smaller central half black and half 
white compartment (dimension 10 x 15 x 15 cm) constituted the third com-
partment. For conducting the experiment, the arena was filled with 1500 ml 
of Uppsala municipal water (temperature, 27-28° C). The fish was released 
into the small central compartment and allowed to habituate for 3 minutes. 
Following habituation, the two walls of central compartment were taken away 
gently and fish were given 15 minutes to explore the arena. For the analytical 
purpose the arena was divided into black and white zones corresponding to 
black and white compartments respectively. 
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Measuring dominance (Paper I) 
Tagged fish (bold-bold, shy-shy and bold-shy combinations) were transferred 
to two individual compartments of dimension 29 x 7.5 x 20 cm (length x 
breadth x height) in the experimental tanks used for dyadic interaction and 
given an acclimation period of seven days was given to recover. The experi-
mental tanks were (made up of poly methyl methacrylate plastic) was 
equipped with a submerged pump with filter (Eheim pick-up 45, article num-
ber 2006020, EHEIM GmbH & Co KG, Germany), a heater (Sera aquarium 
heather thermostat 25, Sera, Germany) and an air stone (Sera, Germany). Fifty 
percent of water was exchanged daily and the temperature of the water was 
maintained at 28°C. A constant photoperiod of 14L:10D was maintained 
throughout the experiments with lights turning on from 7.00 am until 9.00 pm. 
On the 8th day the partition separating the two individual compartments were 
removed and the fish were allowed to interact in pairs. The dyadic interaction 
was filmed for 30 min just after removing the partition and for 10 min twice a 
day, morning and afternoon (day 2, 3 and 4). Dominant and subordinate social 
status of individual fish was determined from analysis of video recordings 
which was carried out on freeware VLC media player 1.01 (VideoLAN, 
www.video.org). The number of aggressive acts were counted for 10 minutes 
for the last fight on day 4 just before sacrificing the fish. The number of bites 
and chases performed constituted an aggressive act.  

Sampling  
For sampling purpose in Paper I and III, each fish was  anaesthetized  by  plac-
ing it in a tank containing 1 L of water in which an euthanizing dose of MS222 
had been added (300 mg/ml). The fish were then placed on ice before pro-
ceeding for separating head and trunk with help of a stainless steel sharp blade 
and brain parts were dissected using forceps, pins, soft brush, and scissors.  
The brains were divided into the five parts: olfactory bulb together with telen-
cephalon, optic tectum, diencephalon, cerebellum and brain stem for Papers 
I (Fig. 11) and into three parts for Paper III, (Fig. 11) forebrain (telencepha-
lon and diencephalon) midbrain (optic tectum) and hindbrain (cerebellum and 
the brain stem). In Paper IV and Paper V, intact brain was taken without di-
viding it into parts. For fish sampling in Paper IV, fish were anaesthetised in 
500 mg/L of benzocaine and sacrificed on the following days, 23,44, 50, 55 
and 80 post fertilization. Whole larvae were sampled at 23 dpf. At 44 dpf only 
trunk was collected from each fish after removing the head and tail. At 44, 55, 
80 dpf single pituitary was sampled from each of 10 fish in control and 100 
ngL-1 exposed group. At 23 and 44 dpf 18 fish were sampled for gonadal gene 
transcript levels in control and exposed groups. Also, at 40 dpf and 50 dpf fish 
in each exposure group was sampled for histological evaluation of sex and 
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gonadal maturation. Further, the trunk sections were fixed in PBS (Phosphate 
buffer saline). For Paper V, sampling of fish was carried out every month 
starting from April onwards (April 12th, May 19th, June 10th, July 12th, August 
12th and September 21st) till September. About 1 day before sampling fish 
were devoid of any food. Anaesthesia was carried out using metomidate hy-
drochloride (Aquacalm, Syndel Co., Vancouver, Canada). Fishes were sexed 
and body mass and length was recorded. Condition factor (CF) was calculated 
for each individual. (CF = body weight/length3 * 100). Weight of testes was 
also recorded and GSI (Gonadosomatic Index) was calculated (GSI = gonad 
weight/body weight * 100).  The fish were sacrificed by decapitating. Liver, 
brain, testes and pituitary were collected in RNAlater solution (Ambion, Aus-
tin, TX, USA) and incubated at 4oC overnight before saving it in -20oC. The 
bodies were saved at - 80 o C.  

Figure 11. For Paper I, the brain was divided into five parts (Telencephalon, includ-
ing the olfactory bulb (T), diencephalon (DC), optic tectum (OT), cerebellum (CB), 
Brain stem (BS). For Paper III, the brain was divided into three parts. First part that 
is referred as forebrain in the text included olfactory bulb (OB), telencephalon (T) 
and diencephalon (DC). The second part referred as midbrain in the text included 
optic tectum (OT) and third part referred as hindbrain in the text included cerebel-
lum (CB) + brain stem (BS). The optic nerve (ON) was incised and not taken for 
analysis.  

RNA extraction, cDNA synthesis and qPCR 
For Paper I, RNA was extracted according to the instructions setup by the 
company in the GenElute Mammalian Total RNA Miniprep kit (Sigma. 
RTN70-1KT). Only the last step in the protocol given by the company was 
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modified where during elution step the column was dried by maximum cen-
trifuge speed for 5 minutes and the binding column was transferred to a fresh 
collection tube and 15 µl of elution solution was added followed by an incu-
bation period of 10 minutes at room temperature and then again centrifuged 
for 1 minute at maximum speed. The RNA purity and quantity was checked 
by spectrophotometer (Nandrop, Thermo Scientific) and cDNA synthesis was 
done according to the Maxima First strand cDNA synthesis kit (#K1642 for 
RT-qPCR Thermo Scientific). After cDNA synthesis the reaction volume was 
diluted to 800 µl and divided into aliquot. Finally, 4µl of diluted cDNA was 
used in each qPCR reaction and each sample was run in triplicates. The ther-
mal profile of the qPCR reaction was as follows: Stage 1. 2 minutes at 50oC, 
Stage 2. 10 minutes at 95oC, Stage 3. 40 cycles of 15 seconds at 95oC, 30 
seconds at 60oC and 30 seconds at 72oC; and finally Stage 4. the dissociation 
curve. 
 
For Paper IV, The RNA extraction was done from whole larvae/trunk sec-
tions and pituitary samples using Pure Link DNase (Invitrogen, Carlsbad, CA, 
USA) and TURBO DNA-free kit (Ambion, Austin, Texas, USA) respectively. 
RNA purity and quantity was check on (NanoDrop Technologies, Wilming-
ton, DE, USA) and the quality of RNA was checked on agarose gel electro-
phoresis. Reverse transcription was performed using iScript cDNA synthesis 
Kit (Bio Rad Laboratories Inc. Hercules, CA, USA) on the whole larva and 
trunk samples using random primers, NTPs and Superscript III reverse tran-
scriptase (Invitrogen USA). The qPCR for genes was performed with the help 
of Rotor Gene 6000 DNA amplification system (Qiagen Hilden, Germany) 
using the iQ SYBR Green Supermix kit (Bio-Rad Laboratories Inc. Hercules, 
CA, USA) and for pituitary genes qPCR was conducted on an Mx3000P® real 
time PCR machine (Stratagene, La Jolla, CA, USA) using the brilliant III Ultra 
fast SYBR® Green QPCR Master Mix (Agilent Technologies, Stratagene). 
Relative transcript levels of gonadal genes were calculated with the help of 
Pfaffl mehod (Pfaffl 2001). Relative transcript levels of the gonadotropin were 
calculated from the standard curve of each gene using MxPro software version 
4.10 (Stratagene, La, Jolla, CA, USA).  
 
For Paper V, the extraction of RNA from all tissues was done with the help 
of TRIzol RNA isolation reagent (Invitrogen, Carlsbad, California, USA) as 
per the protocol provided by the company. The quantity and quality of RNA 
was checked with the help of nanodrop like in Paper IV. The cDNA was syn-
thesized with the help of reverse transcription (SuperScriptTM III Reverse 
Transcriptase, Invitrogen) and random primers. Real time quantitative PCR 
machine (Stratagene, La Jolla, CA, USA) was measure the relative gene ex-
pression using brilliant III Ultrafast Syber® green qPCR master mix (Agilent 
technologies, Stratagene). Gene specific primers were designed with the help 
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of Primer 3 software. cDNA samples were pooled together to generate a stand-
ard curve. For all the genes the R2 values were greater than 0.98 and efficiency 
was greater than 93%. All the samples were run in duplicates. Simultaneously 
a no template control was run for each gene. The 18s rRNA was used as the 
housekeeping genes for the relative gene expression data normalization.  

Primers designing 
Primers were either designed using NCBI’s primer blast tool or manually in 
such a manner that they were exon-exon spanning. The amplicon size was 
100-170 base pairs. Primer length was 20-26 nucleotides and melting temper-
ature was 60-62oC (Paper I & IV). For Paper V primers were designed with
the help of Primer 3 software.

Reference (Housekeeping) Genes (Paper I, II, III, IV 
and V) 
GeNorm (Vandesompele et al. 2002) was used to find the best housekeeping 
genes. For (Paper I), a total 9 reference genes were tested: rpl (ribosomal 
protein L 13a), b2m (beta 2 microglobulin), elf1a (elongation factor 1 α), 
tub1b (tubulin 1b), ppiA (peptidylpropyl isomerase A), hprt (hypoxanthine 
phosphoribosyltransferase), tbp (tata binding protein), 18s (18 s ribosomal 
RNA), β-actin (Beta actin), tuba1b (tubulin alpha 1 b). For Paper IV elonga-
tion factor 1 α (EF1- α) was used as the reference gene for whole fish and 
trunk sections and 40s was used as a reference gene for pituitary samples. For 
Paper V, 18s rRNA was used as a reference gene for all the tissues. 

Quantification of the aggressive behaviour (Paper III) 
For the quantification of aggressive behaviour, the behaviour of fish was rec-
orded by filming its interaction with the mirror. The number of aggressive acts 
and time spent near the mirror were analysed. The dyadic interaction was 
filmed 4 times, 2 times each (morning and afternoon) on day 1 and day 2 in 
recording session that lasted for 10 minutes each. Aggressive acts used for 
quantification of aggression during dyadic interaction were according to the 
standard guidelines (Oliveira et al., 2011). The video analysis was done with 
the freeware VLC media plater 1.01 (VideoLAN, www.videolan.org). 
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Neurotransmitter analysis (Paper III) 
The brain from each fish was dissected into three parts, forebrain, midbrain 
and hindbrain and immediately frozen on dry ice. Homogenisation of frozen 
brain tissue was carried out in 4 % (w/v) ice-cold perchloric acid containing 
100 ng/ml 3, 4-dihydroxybenzylamine (DHBA, the internal standard) using a 
Sonifier cell disruptor B-30 (Branson Ultrasonics, Danbury, CT, USA). The 
samples were immediately placed on dry ice. Next, the thawed homogenized 
samples were centrifuged at 15,000 rpm for 10 min at 4oC. The supernatant 
was collected in a fresh tube and used for high performance liquid chromatog-
raphy with electrochemical detection (HPLC-EC) for the analysis of mono-
amines and monoamine metabolites as described by (Øyvind Øverli et al., 
1999a). Briefly, the HPLC-EC system comprised of a solvent delivery system 
model 582 (ESA, Bedford, MA, USA), an autoinjector Midas type 830 (Spark 
Holland, Emmen, the Netherlands), a reverse phase column (Reprosil-Pur 
C18-AQ 3 µm, 100 mm × 4 mm column, Dr. Maisch HPLC GmbH, Ammer-
buch-Entringen, Germany) kept at 40° C and an ESA 5200 Coulochem II EC 
detector (ESA, Bedford, MA, USA) with two electrodes at reducing oxidizing 
potentials of -40 mV and +320 mV. The mobile phase consisted of 75 mM 
sodium phosphate, 1.4 mM sodium octyl sulphate and 10 µM EDTA dissolved 
in deionised water which also contained 7 % acetonitrile brought to pH 3.1 
with phosphoric acid. Additionally, a guarding electrode (+450 Mv) was em-
ployed before the analytical electrodes to oxidize any contaminants. For quan-
tification the samples were compared with the standards of known concentra-
tions. In order to correct for recovery with the help of HPLC software Clari-
tyTM (Data Apex Ltd, Czech Republic) DHBA was used as an internal stand-
ard. The normalisation of brain monoamines was carried out with respect to 
brain weight. Brain weight were determined with the of Bicinchoncinic acid 
protein determination kit (Sigma Aldrich, Sweden). A wavelength of 570 nm 
was used to read the assay with the help of a plate reader (Labsystems mul-
tiskan 352, Labsystems Thermo Fisher Scientific). Monoaminergic activity 
was calculated by taking a ratio between monoamine metabolite and parent 
monoamine transmitter (serotonergic activity (5-HIAA/5-HT) and dopamin-
ergic activity DOPAC/DA respectively.  

Exposure to progestins (Paper IV) 
Exposure to LNG and P4 was done from 20 to 80 dpf and simultaneously a 
control (acetone expose) was maintained. All the experiments were performed 
in duplicate aquarium. Renewal of exposure was done daily by replenishing 
90 µl of LNG and P4. Check of water quality was done twice a week. The 
quality of water was stable across different aquaria.  
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Histological analysis (Paper IV)  
Dehydration of whole fish and trunk sections was done in increasing concen-
tration of ethanol and embedding was done in hydroxyethyl methacrylate. To-
luidine blue was used to stain the sections which were 2 µm in thickness. The 
image was photographed with the help of Leica DMRXE light microscope 
with an attached Leica DFC550 camera (Leica Microsystems, Switzerland). 
Image analysis was done with the help of Adobe Photoshop CS6 version 13.0 
(Adobe systems Inc.). Fish histopathology guide (Johnson et al., 2009) was 
used to study the maturational stage of gonads.  

Analysis of LNG and P4 (Paper IV) 
Linberg´s et al. (2014) protocol was followed to analyse LNG and P4. Briefly 
10 mL of water was mixed with isotopically labelled internal standards and 
filtered with the help of 0.45 µm syringe. Subsequently liquid – liquid extract 
was done with the help of toluene, Finally the analysis of samples was carried 
out using in line solid phase extraction system (Oasis HLB column) connect 
to an atmospheric pressure photo ionization triple quadruple tandem mass 
spectrometer. 

Body lipid content (Paper V) 
For the determination of body lipid contents all the viscera were excluded 
from analysis. The Miris DMA instrument (Miris AB, Uppsala, Sweden) was 
caliberated specifically for fish and lipid content was measured with the help 
of infrared transmission (MIT) spectroscopy technique (Elvingson and 
Sjaunja 1992). 

Data analysis and statistics 
For Paper 1, A two-way ANOVA was performed on the gene expression data 
with boldness and social status as factors followed by Tukey´s HSD post hoc 
test where needed.  All the statistical analyse were done with SPSS software, 
version 22 (IBM Corp.). Results were considered significant at p < 0.05. To 
investigate the difference between non socially interacting bold and shy 
groups of socially isolated fish an independent sample t test was performed. 
The data was log transformed to get normal distribution where required. The 
principal component analysis (PCA) and partial least squares to latent struc-
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tures discriminant analysis (PLS-DA) were also used in addition to conven-
tional statistics (two-way ANOVA, t-tests). All the Multivariate data analyses 
were performed with the help of SIMCA-P+ 14.0 (Umetrics, Sweden). 
 
For Paper II, all the statistical analyses were done using Statistica 13.2 (Dell 
Inc., Tulsa, OK, USA). Since parameters did not show a normal distribution 
(Shapiro-Wilk’s W test) therefore non-parametric statistics were used. Within 
respective line sex differences were investigated using the Mann-Whitney U-
test with continuity correction. Between line differences (male vs male & fe-
male vs female) was analyzed using the Kruskal-Wallis ANOVA by ranks 
followed by the Mann-Whitney U-test with continuity correction wherever 
needed. Results was considered statistically significant at p<0.05. To further 
support our results a partial least squares to latent structures discriminant anal-
ysis (PLS-DA) was used to visualize the separation between the groups and to 
investigate which behavioural parameters were the most important. All the 
multivariate data analyses were performed using SIMCA-P+ 15.0 (Umetrics, 
Sweden). 
 
For Paper III, a Wilcoxon signed ranked test was used to compared the be-
haviour of winner and loser fish during the dyadic interactions and to com-
pared the time spent in interacting with the mirror before and after dyadic fight 
during mirror test 1 and mirror test 2. All the statistical analysis was performed 
on SPSS software, version 22 (IBM Corp.) A Mann Whitney U test was used 
to compare the difference between winner AB and spd and loser AB and spd. 
The monoamines (DA, 5-HT), monoamine metabolites (DOPAC, 5-HIAA) 
and the monoaminergic activity (i.e. ratios between metabolites and original 
monoamines (DOPAC/DA, 5-HIAA/5-HT) in different brain arena of winner 
and loser fish were also analysed using a Mann Whitney U test. 

 
For Paper IV, all the statistical analysis was made in graph pad prism version 
5.01 (GraphPad Software Inc. CA, USA). The Kruskal Wallis test was used 
to study the difference in the mean transcript levels followed by Dunn Post 
hoc test. Further the difference in sex ratio was calculated using Chi square 
test followed by Fisher´s exact test with Benjamini Hochberg corrections for 
multiple corrections. 

 
For Paper V, A Student´s t-test was used to determine the differences between 
the maturing and immature males. The data was transformed wherever re-
quired. A Mann-Whitney U-test was used to measure the differences between 
developmental stages. In immature fish a two-way ANOVA was used to de-
termine significant effects between treatment (control vs restricted feeding 
condition) and seasonal effects. Tukey´s HSD test was used for post-hoc anal-
ysis. Persons correlational analysis was carried out to determine correlations.  
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Aims 

Overall the aim of thesis was to investigate if boldness is reflected in the 
changes in brain histaminergic system in zebrafish (Danio rerio) and to do a 
comparative study of behaviour in AB, spiegeldanio (spd) and wild caught 
zebrafish. Additional aims were to look at the effects of progestins on repro-
ductive behaviour in zebrafish and to explore the regulation of leptinergic sys-
tem on sexual maturation in male Atlantic salmon (Salmo salar L.). The  spe-
cific aims of this thesis were to: 
 
• To explore the role of histaminergic system in boldness and social inter-

action in zebrafish (Danio rerio) (Paper I). 
 

• To empirically compare the behavioural differences between AB, spd and 
wild type strain (Paper II). 

 
• To investigate the winner and loser effect in AB and spd fish (Paper III). 

 
• To clarify the role of progestins on reproductive behaviour in zebrafish 

(Paper IV). 
 

• To measure the changes in the leptinergic system in male Atlantic salmon 
(Salmo salar L.) during sexual maturation (Paper V). 
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Results  

Paper I 
In this study the brain histaminergic system was studied in socially interacting 
bold and shy zebrafish.  
 
Gene expression analysis showed that there were more effects of boldness 
than social status. Compared to shy males socially interacting bold males had 
higher expression levels of hrh1 in the telencephalon (p = 0.03) and dienceph-
alon (p = 0.007), (Fig. 12B & 12D, respectively). But an opposite expression 
pattern was measured in optic tectum (p = 0.03) and cerebellum (p = 0.013), 
(Fig. 12F & 12H, respectively). where it was higher in socially interacting shy 
males as compared to bold males. In the optic tectum, the dominant males had 
higher expression of hrh1 than subordinates (p = 0.01). Dominant females had 
lower expression of telencephalic hrh3 as compared to subordinate (p = 0.04). 
Bold females showed lower expression levels of hrh3 as compared to subor-
dinates (p = 0.049) (Fig. 12I) The hnmt showed divergent expression pattern 
since it was higher in bold females as compared to shy (p = 0.02). But was 
lower in bold males as compared to shy males (p = 0.01). 

 
The multivariate data analysis (MVDA) revealed a clear separation between 
bold and shy groups based on the analysis conducted on behavioural parame-
ters in males (Fig. 13) and females (Fig.14) separately. 

 
 
 
 
 
 
 
 
 



 50 

Females, telencephalon, hrh1

re
la

tiv
e 

ex
pr

es
si

on
 le

ve
l

Bold Shy
0.0

0.5

1.0

1.5

N = 16
N = 12

Males, telencephalon, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5 *
N = 15

N = 17

Females, diencephalon, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5

N = 10 N = 13

Males, diencephalon, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5 **
N = 18 N = 20

Females, optic tectum, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5

N = 14
N = 15

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5 *
Males, optic tectum, hrh1

N = 15

N = 18

A B

C D

I J

Females, cerebellum, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold 
Shy

0.0

0.5

1.0

1.5

N = 16

N = 15

Males, cerebellum, hrh1

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5

2.0 *

N = 18

N = 18

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5
Males, optic tectum, hrh3

N = 15
N = 18

Females, optic tectum, hrh3

re
la

tiv
e 

ex
pr

es
si

on

Bold Shy
0.0

0.5

1.0

1.5 *
N = 14

N = 15

G

F

H

E

 
  



 51

Figure 12. Effect of boldness in socially interacting zebrafish. Relative expression of 
histamine receptor 1 (hrh1) in the telencephalon, diencephalon, optic tectum and 
cerebellum of female (A, C, E, G) and male (B, D, F, H) zebrafish, and relative ex-
pression of histamine receptor 3 (hrh3) in the optic tectum of shy female (I) and 
male (J). Values are mean±S.E.M. *p<0.05, **p<0.01. 
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Figure 13. Principal Component Analysis (PCA) with selected behavioural parame-
ters in socially interacting bold and shy males. The score plot (A) shows the separa-
tion of bold (green circles) and shy group (blue circles). The loading plot (B) illus-
trates the behavioural parameters that were used for assigning fish into bold or shy 
groups. Abbreviations: Open Field Test (OFT), Shelter Test (ST), Cumulative dura-
tion (CD), Frequency (F), Velocity (V), Total activity (ACT), Distance (D), Outside 
Shelter zone (OS), Outer Centre zone (OC), Centre zone (C). (Figure 1, Paper I). 
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Figure 14. Principal Component Analysis (PCA) with selected behavioural parame-
ters in socially interacting bold and shy females. The score plot (A) shows the sepa-
ration of bold (green circles) and shy group (blue circles). The loading plot (B) illus-
trates the behavioural parameters that were used for assigning fish into bold or shy 
groups. Abbreviations: Open Field Test (OFT), Shelter Test (ST), Cumulative dura-
tion (CD), Frequency (F), Velocity (V), Total activity (ACT), Distance (D), Outside 
Shelter zone (OS), Outer Centre zone (OC), Centre zone (C). (Figure 2, Paper I). 
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Paper II  
 
A comparative study of the behaviour of AB, spd and wild caught zebrafish 
was done in this paper and results indicate that behavioural variations exist 
both within and across the strains and lines. Boldness is a complex trait which 
depends on strain, line, sex and test. 
 
In the shelter test, sex differences were found within the AB line (Fig. 15A). 
Within the respective sex, differences were found between AB vs wild and 
Spd vs wild. The results were supported by PLS-DA analysis also.  

 
In the novel object test, sex differences were found within the spd line (Fig. 
15B). Both sexes of AB and spd fish showed significant differences from wild 
caught fish.  Only few wild caught fish visited the top zone. These results were 
further supported by PLS-DA also. 

 
In the scototaxis test, no pronounced sex differences were found within or 
between lines (Fig. 15C) and this was further confirmed by PLS-DA analysis 
in which there was no distinct separation between the groups. However, AB 
females were active in the white compartment and occurred separately from 
the other groups. 
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Figure 15. Total activity in the shelter test, novel tank diving test and scoto-
taxis in males and female of wild caught, AB and spd fish. wp<0.05, wwp<0.01, 
wwwp<0.001, wwwwp<0.0001 compared to wild zebrafish within the respective 
sex; aap<0.01 compared to AB fish within the respective sex; *p<0.05, 
****p<0.0001 compared to females within the respective line (Mann-Whitney 
U-test), (Figure 1, Paper II). 
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Figure 16. Shelter Test: Percentage duration of time spent in the open and sheltered 
zones by male and female zebrafish of wild caught, AB and spd types (Figure 2, Pa-
per II). 
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Figure 17. Novel tank dive test. Percentage duration of time spent in bottom, middle 
and top zone by wild, AB and spd fish. (Figure 3, Paper II). 
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Figure 18. Scototaxis Test: Percentage duration of time spent in white and black 
compartment by wild type, AB and spd fish, (Figure 4, Paper II). 
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Paper III 
 
Winner and loser effect was studied in this study with the help of mirror test 
and dyadic fight test.  
 
For part 1 of the experiment, where the dyadic interaction was conducted be-
tween spd - spd pairs, a mirror test was performed prior to the dyadic interac-
tion to check which fish spends more time in front of the mirror. No significant 
differences were measured. Following this a dyadic interaction was allowed 
but the results were not significant, i.e. no difference between winner and 
loser. But after 5-7 hours of fight a clear winner and loser were obtained for 
all pairs (Fig. 19). The dominant fish performed higher number of aggressive 
acts as compared to the subordinate. The subordinate fish depicted a typical 
loser behaviour with drooping tails and folded fins which was further sup-
ported by its interaction with the second mirror where it interacted for a sig-
nificantly shorter time (p = 0.021, one tailed) (Fig. 20). However, there was 
no effect on winners as they interacted with the mirror for almost the same 
time as they did before winning (p = 0.110, one tailed). 
 
For part 2 of the experiment, where dyadic interaction was conducted between 
AB - spd pairs, the spd fish interacted for longer duration (p = 0.010) with the 
mirror than the AB fish. During the first observation of dyadic interaction, no 
clear winner or loser was obtained. But during the observation 2 when fish 
had been interacting for 5-7 hours, a clear winner and loser were obtained in 
all pairs and this relationship remained same throughout the experiment. The 
spd fish were dominant and were winners in 9 out of 14 cases (64.3% cases). 
Both AB and spd winners did not differed much in behaviour with only one 
exception in observation 1, where the number of bites inflicted by AB upon 
spd were significantly higher (p < 0.05). In the second mirror test, AB winners 
interacted with the mirror for significantly more time than AB losers (p = 
0.034, one tailed). A significant loser effects was observed in AB, as AB losers 
interacted with the mirror for shorter time (p = 0.025). The spd loser, also 
interacted with mirror for significantly shorter time (p = 0.035). For spd win-
ners no winner effect was observed (Fig. 21). 
 
The neurochemical analysis showed that, serotonergic activity (5-HIAA/5-
HT) and levels of 5-HIAA was significantly higher in losers of both AB and 
spd (More detailed results in the manuscript). 
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Figure 19. Mean number of aggressive acts performed by spd fish (winners and los-
ers) during dyadic interaction. Number of fish (n). Values are presented as mean ± 
SEM. *p < 0.05, **p < 0.01 (Wilcoxon signed ranked test), (Figure 2, Paper III).  

 
 
 
 

 
Figure 20. Time interacting with the mirror for spd fish winning (n=9) and losing 
(n=9) dyadic interactions. *p < 0.05 compared to M1 (Wilcoxon signed ranked test, 
one tailed), (Figure 3, Paper III).  
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Figure 21. Time interacting with the mirror for AB fish, winner (A) and loser (B), 
and spd fish, winner (C) and loser (D), (winner and loser relationship was formed 
during the dyadic interactions). Values are presented as mean ± SEM. *p < 0.05 
compared to M1 (Wilcoxon signed ranked test, one tailed), (Figure 3, Paper III). 
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Paper IV 
 
The effects of progestin (levonorgestrel and progesterone) on puberty onset 
and reproductive maturation was measured in this study. At 23 dpf, the mRNA 
expression levels of amh was higher in whole larvae in LNG exposed group 
as compared to the control group. However, no significant effect on the ex-
pression levels of CYP11B was measured in the LNG exposed group. But at 
44 dpf, both amh and CYP11B were higher in the trunk sections of the group 
that had been exposed to LNG as compared to the control group.   
 
Interestingly, at 23 dpf, no significant effect on the expression levels of 
CYP19a1a was measured in the group that had been exposed to LNG. But at 
44 dpf, the LNG exposed groups had lower expression levels of CYP19a1a as 
compared to the control group.  
Again, at 23 dpf, the transcript levels of amh/CYP19a1a showed tighter clus-
ters of comparable magnitude in all three groups (i.e. control, LNG exposed 
and P4 exposed groups) but on the other hand, at 44 dpf, the expression levels 
of amh/CYP19a1a occurred in two distinct clusters for control group and P4 
exposed groups. The individuals in the top clusters corresponded with the in-
dividuals in the LNG exposed groups, which means they were already in pu-
berty. The lower cluster denoted that sexual differentiation in those fishes was 
well under the way but was not as advanced as in individuals in the top clus-
ters. According to a report by Wang and Orban (2007), in zebrafish, the ex-
pression levels of amh is higher in males and CYP19a1a is higher in female. 
Thus a high ratio of amh:CYP19a1a is indicative of male sex and a low ratio 
is indicative of female sex). 
 
Exposure to LNG and P4 caused a shift in the timing of puberty and made it 
to occur early. This effect was confirmed by an early increase in pituitary gon-
adotropins as well as early maturation of gonads. In the control group there 
was an increase in gonadotropin secretion from 44 dpf to 55 dpf. But in the 
LNG exposed group the levels were already higher at 44 dpf as compared to 
55 dpf, meaning that puberty and it associated processes had already been 
triggered at that time point. Unlike the observation made with LNG, P4 treat-
ment did not lead to the masculinization of population at 50 dpf.  
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Paper V 
 
Role of the leptinergic system in reproduction, sexual maturation and energy 
balance was explored in this study. 
 
In the non-maturing control males, both paralogues of hepatic leptin-a genes 
(lepa1 and lepa2) and lepr in brain were downregulated in the early spring. 
On the other hand, in maturing control males, the hepatic leptin expression 
increased during mid spermatogenesis (July) and this increase continued till 
the final stage of sexual maturation had been achieved in September. An in-
crease in the gonadal growth was associated with simultaneous increase in 
pituitary gonadotropin, fsh-β. This was followed by upregulation of lepa1 and 
lepa2 expression levels by 7.7 and 49 times, respectively, in September. The 
surge in lh -β coincided with increased expression levels of lepa. No signifi-
cant difference was observed in brain and pituitary for lepr however there was 
an increase in its expression in testes. 
 
Under restricted feeding, an increase in gene expression of both lepa pa-
ralogues in the liver and the lepr in the pituitary was observed in May, June 
and July. Though the increase in gonadal growth was slow and increase in the 
expression levels of lh - beta in pituitary was delayed. Higher levels of lepa1 
and lepa2 was measured in the maturing feed restricted males in August. As 
compared to feed restricted non mature males, the mature males had an upreg-
ulation of lepr gene expression in the testes. Further, the leptin-a paralogues 
in liver and lepr in pituitary negatively correlated with body lipid content. 
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Discussion  

In study I (Paper I), we investigated the brain histaminergic system (hrh1, 
hrh2, hrh3, hnmt) of socially interacting zebrafish which had been pre-se-
lected for boldness. We found divergent expression of these histamine related 
genes in different brain parts. Bold socially interacting males have hrh1 ex-
pression in telencephalon and diencephalon but lower in the optic tectum and 
cerebellum than shy males. As compared to the boldness the effects of domi-
nance are not so clear. Males of dominant group show higher expression hrh1 
in the optic tectum than subordinate group. Females of dominant group show 
lower telencephalic hrh3 than subordinates. Effect of boldness is also reflected 
in lower hrh3 expression in the optic tectum. Non socially interacting bold 
females have higher hnmt than shy. But the pattern was just opposite in males, 
with bold males showing lower hnmt levels than shy, reflecting it divergent 
expression profile in females and males. 

 
Aggression is an intrinsically driven trait and affects not only behaviour 
(Whithouse 1997; Rutte et al, 2006) but also physiology  (Øyvind Øverli et 
al., 1999b; Sneddon et al., 2000; Yeh et al., 1996). The dominant female fish 
in this study had lower levels of hrh2 in the brain stem as compared to subor-
dinates. Previous reports by Ray et al., 1981 in rats has shown that hrh2 has a 
facilitator role on aggression and another report by Filby et al., 2010 showed 
elevated levels of hrh2 expression in dominant as compared to subordinate 
zebrafish irrespective of their gender. In the present study a significant eleva-
tion of hrh2 in subordinates was observed in the brain stem part of the brain 
but in the previous study (2010) the brain stem analysed separately, but rather 
taken along with the rest of the cerebellum. Often minute changes in mRNA 
expression pattern are difficult to detect due to dilution of samples if entire 
brain is taken rather than individual parts. Also, this study and the previous 
study (Filby et al., 2010) differed in the number of conspecifics reared together 
for establishing dominance hierarchies. In Filby´s study two males and two 
females paired together but in our study we there was a single pair of animal 
for a dyadic interaction. This is important because zebrafish is social species 
and number of conspecifics are important contributor to the social status that 
it achieves, which in turn is intrinsically driven by changes at physiological 
level. 
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With regard to aggression the diencephalon is an important part of the brain. 
Socially interacting bold males show higher expression of hrh1 in the dien-
cephalon and also the dominant males have higher hrh1 in the optic tectum as 
compared to the subordinate ones. On the other hand, in females there is an 
interaction effect of boldness and dominance. In zebrafish the preoptic area 
(POA) of the anterior hypothalamus which is a part of diencephalon is associ-
ated with aggression and dominance (Larson et al., 2006). In another teleost, 
the bluegill (Lepomis macrochirus),  the paraventricular nuclei (PVN), which 
is also located in hypothalamus) has been shown to be involved in the control 
of aggressive interactions with the mirror (Demski and Knigge, 1971). Since 
there is no study available showing the direct involvement of hrh1 in boldness 
and aggression in zebrafish. However, in rodents hrh1 is important in aggres-
sion. For instance, histamine receptor 1 antagonists inhibit isolation induced 
aggression in mice (Barnett et al., 1971) and muricidal behaviour in rats (No-
guchi et al., 1992; Onodera and Ogura, 1984), suggesting that less hrh1 is 
associated with higher display of aggression and possibly boldness. In 
zebrafish boldness is a trait linked to aggression (Dahlbom et al., 2011). High 
aggression and low anxiety are behavioural traits which are associated with 
boldness (proactive coping style).  On the other hand, low aggression and high 
anxiety are associated shyness (reactive coping style). Taken together from 
this perspective it does makes sense that bold fish should show higher hrh1 
expression. 

 
In the study by Norton et al. (2011), the histamine receptor 3 agonist, sup-
pressed aggressive display and time spent near the novel object significantly 
in spd fish (fgrf1a mutants). Interestingly, in this study, we measure that shy 
female fish had higher hrh3 than bold, which tempts us to think that higher 
hrh3 in female zebrafish might be associated with shyness. Additionally, in 
another study  mice with depleted hrh3 levels due to knocking out of hrh3 
gene show an increase in  anxiety (a shy trait)  during startle response test 
(Rizk et al., 2004). This again points to a role of hrh3 in anxiety and boldness. 
However, the interpretation of anxiety is highly contextual also because in the 
same strain of mice during the elevated plus maze test and zero maze a de-
crease in anxiety was reported (Rizk et al., 2004).  
 
Interestingly, we observed effects on hnmt expression in in the optic tectim of 
males and females. But the effect is divergent as bold females have higher 
hnmt expression while bold males have lower hnmt expression in the optic 
tectum. Functionally, the hnmt curbs histaminergic signalling in the brain by 
converting HA to its metabolite N-methylhistamine (Haas et al., 2008). Taken 
together it means that elevated hnmt expression could be expected in response 
to elevated histamine release. Moreover, Norton et al. (2011) reported that 
fgrf1a mutant zebrafish show lower levels of brain histamine, and that these 
fish are bolder and more aggressive than wild type fish. In the same study it 
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was also shown that treatment with an hnmt inhibitor reduces boldness and 
aggression in mutants to levels similar to that of wild type fish. Thus, taken 
together the results from the current study and the previous study (Norton et 
al., 2011) give strong support for the hypothesis that an elevated histaminergic 
tone might be associated with boldness and dominance in zebrafish.  
 
The relationship between social rank and boldness may also work in the op-
posite direction as shown by (Frost et al., 2007) where a  shy-loser might de-
velop a bolder behavioural profile after successive defeat. In zebrafish males 
are considered to be bolder than females (Dahlbom et al., 2011; Moretz et al., 
2007). Taken together it could mean that females in zebrafish can switch their 
shy behaviour to bold after experiencing successive subordination Addition-
ally,  the hrh3 is a heteroreceptor and it can modulate the activity of dopamine 
and serotonin neurons (Haas et al., 2008), both of which have been implicated 
in gender difference in the brain of zebrafish (Dahlbom et al., 2012; Winberg 
et al., 1997). A possibility of cross talk of hrh3 with other pathways cannot be 
ruled out as hrh3 not only interacts with dopamine, serotonin but also modu-
lates the release of other neurotransmitters, like acetylcholine and glutamate, 
GABA (γ-aminobutyric acid). Hence, more integrated gender based studies 
combining several monoaminergic pathways should be taken into account to 
explore this. 
 
One of the drawbacks of doing multiple testing with a two-way ANOVA is 
that it gives Type 1 errors. Validation of a two-way ANOVA with PCA and 
PLS-DA is a good option if the compared groups are discreet. But in our case 
the situation is more complex because our groups are two extremes of a con-
tinuum, of not a very big population (only 165 fish). Moreover, both PCA and 
PLS-DA should always be validated with other statistical methods because 
sometimes the differences between the groups are present but seemingly the 
visual separation is questionable just by looking at the score plot (of PCA and 
PLS-DA). Unfortunately, there is no standard metric available to quantify the 
significant difference between the clusters in PCA and PLS. So it seems there 
is no perfect method to handle this kind of huge data sets. We leave it to the 
reader to judge our results.  
 
In study II (Paper II), comparison of the behaviour of AB, spd and wild 
caught fish was also done and we found that there exists behavioural variation 
both within and between the AB line, spd line and wild caught strain. Overall 
the wild caught strain is the shyest among the three, while both AB males (in 
the open field test) and the spd males (in the novel tank dive test) are bold. 
Also, there is an effect of gender in AB and spd line, males being bolder than 
females in both the cases. But in the wild type strain the result is counterintu-
itive with regards to gender as we do not see any effect of gender. It is im-
portant to mention that it is difficult to differentiate the genders in the wild 
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caught population as sexual dimorphism is usually meagre (Mustafa A, per-
sonal observation on over 400 wild caught fish).  
 
In study III (Paper III), the spd males are more aggressive than AB males in 
mirror test. However, spd males are not more aggressive and have no ad-
vantage in dyadic fights for social dominance with AB males. Both AB and 
spd males exhibit a typical loser effect and social subordination in both cases 
results in the activation of brain serotonergic system.  
 
The wild type strain is more prone to environmental variation and natural se-
lection and hence it shows a more variable behavioural profile as compared to 
AB and spd zebrafish. In the lab environment there are no predators and food 
is supplied. In natural environment (foothills of Himalayas) where the wild 
strain is naturally found there is an obvious exposure to huge number of con-
stantly varying environmental conditions. In order to survive in wild environ-
ment, group dependent behaviour is more common to avail the benefits of 
moving in groups, which is not usually the case with lab reared fish. The ru-
minating implications that this has in regards to the varying range of behaviour 
recorded, is that wild zebrafish, as a consequence of their genetic predisposi-
tion and interaction with the environment, are extremely shy in demeanour, a 
behaviour that is starkly juxtaposed to their dominant counterparts (AB and 
spd). This also accounts for the expansive range of behavioural profiles ob-
served in this study. The individual variation found in nature is heritable. Even 
though the wild fish used in this study are F1 generation of wild caught fish 
(F0) from India, which had been in lab for few months they still seemed to 
behave like their wild caught parents (F0 generation) (Mustafa A, unpublished 
data). This is an important side point explaining that boldness has a heritable 
component in zebrafish and variation in personality can be passed on to future 
generations. The interpretation of boldness is highly contextual and varies not 
only between individuals but also between tests (Burns, 2008; Ólafsdóttir and 
Magellan, 2016; Toms et al., 2010), which leads to variation in behavioural 
performance. This can explain why AB males were less bold than spd males 
in the novel tank dive test but spd males were bolder than AB in the sheltered 
open field test. Also it is hard to be sure if we are really measuring boldness 
in these tests. An explorative tendency in the sheltered open field might be 
related to individual likeness rather than risk taking ability and it might not 
give correct measurement of boldness. Similarly, in the novel object one can 
never be sure if the fish spends time around the novel object because of its 
likeness for it or because it is bold. In fact, in pumpkinseed sunfish Lepomis 
gibbosus it has been shown that an individual’s exploration does not predict 
its boldness (Coleman and Wilson, 1998). An apt solution deal with test to test 
variations would be to develop consistent set of behavioural tests that are re-
silient to the genotype of line/strain being used.  
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The genotype of a strain might serve as a blue print regulating the divergent 
behavioural profiles and inter-individual variation. The spd line used in this 
study showed an increased propensity to bite the mirror in the second mirror 
test that was conducted after the fish had been chronically fighting (1 day). On 
the other hand, there was no significant difference in the aggressive behaviour 
of ABs in the same mirror test (i.e. the second mirror test after 1 day of dyadic 
fight). The spd fish has a mutation in fgfr1a and it has been conjectured that 
this mutation is underlying basis of aggression boldness syndrome in fish 
(Norton et al., 2011). It would be interesting to conduct future studies to check 
if it is only the depleted fgfr1a signalling in spd which makes it aggressive or 
if it is more than that. Though Norton et al. (2011) showed an increased ex-
pression of Slc6a4a (5-HT transporter gene) in the dorsal raphe of spd mutants 
suggesting the involvement of 5-HT in the bold behavioural profile of spie-
geldanio. But in the same study it was also reported the fluoxetine (5-HT 
reuptake inhibitor) administration failed to blunt the increased aggression in 
spds as compared to ABs, though it reduced aggression in both AB and spd. 
Taken together it suggests that the serotonergic pathway might be only partly 
involved in aggression in spd and there might be many more players involved. 
In accordance with previous studies on effects of social subordination (Øverli 
et al., 1999a; Winberg and Lepage, 1998), we detect elevated brain sero-
tonergic tone following social subordination in both AB and spd males 
 
The effect of domestication on aggression and individual variation is not fully 
understood since the reports in the literature are conflicting. There are studies 
in showing that domestication over several generations tends to decrease  ag-
gression in fish (Berejikian, 1997; Fleming et al., 1996). However, there are 
some conflicting reports also showing that fish domestication can increase ag-
gression (Einum and Fleming, 1997; Metcalfe et al., 2003) or have no effect 
on aggression (Johnsson et al., 1996; Yamamoto and Reinhardt, 2003). Thus 
it is hard to comment on the directionality of aggression upon domestication 
in AB fish. Hence more studies are needed to address this question.  
 
Though there was a relatively equal level of variation found within and be-
tween the strains, but inter-strain male specific differences were the most 
abundant in this study. These results are in accordance with literature reports 
which surmises that sex differences within strain have lesser effect  than strain 
differences do (Wong et al., 2014) where it was suggested that sex-affiliated 
genes play a subsidiary role in effecting reactionary responses in zebrafish. 
(Moretz et al., 2007; Wong et al., 2014) 
 
Individual behavioural variation and personality traits evolve due to social in-
teraction. The chances of close social interaction with conspecifics in lab set-
tings are much higher than that in ponds and streams for fish. In labs the size 
of tanks is limited as compared to the natural habitat where these fishes are 
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found, so the possibility of social interaction and forming hierarchies is greater 
in lab than in nature. This could possibly explain why we did not measure any 
gender differences in the behaviour of wild zebrafish. It could also be due 
environmental effects, under natural circumstances both males and females 
need to be equally vigilant to be able to escape the predators or to find food 
but in lab there is no predator or competition for food. It is also interesting to 
mention that we do not report pronounced sexual dimorphism in the wild 
strain (personal observation). The study by Wilson et al. (2014) suggest that 
there is a loss of natural sex determinant loci in lab population of zebrafish 
unlike in wild type zebrafish. So if the natural population has the sex deter-
mining loci then why is it less dimorphic and also why does it not show sex-
ually dimorphic variation in behaviour?  
 
Strain dependent variation in stress coping style depends on the way individ-
uals deal with stressors. These inter individual variation and line/strain can 
possibly have confounding effect on studies that are meant for translation to 
humans. Hence it is important to take into consideration the individual vari-
ances within and between lines/strain. To resolve the problem on germ line 
and confounding effect zebrafish lines/strains should be outcrossed and cross-
bred in the lab based populations so as to maintain a heterogeneous population 
and capture maximum behavioural and genetic variation.  
 
In study IV (Paper IV), the effect of progestins, levonorgestrel (LNG) and 
progesterone (P4) was explored on the reproductive behaviour of zebrafish 
especially in context with the onset of puberty. The LNG caused masculiniza-
tion in all zebrafish populations at a very low concentration. On the other 
hand, P4 did not alter the sex ratio. Since the reproductive success and off-
spring production in many fish depends on females (that are available for eggs 
production) rather than males (Ospina-Álvarez and Piferrer, 2008), therefore 
male biased sex ratio is not good for aquaculture. Both LNG and P4 treatment, 
results in early onset of puberty.  However, functionally both P4 and LNG 
interact with different receptors. The LNG interacts with AR (androgen recep-
tor) but P4 has no affinity of AR. So the endocrine disrupting effect by P4 
might be mediated by PR (progesterone receptor). Notably, LNG has strong 
affinity for both PR and AR in mammals (Schindler et al., 2008). The AR 
agonists are known to  causes male sex biased population ratio and also facil-
itates gonadal maturation especially in  male fish (Baumann et al., 2013; 
Morthorst et al., 2010; Örn et al., 2003).  

 
In teleost reproduction is regulated by FSH -β (follicle stimulating hormone) 
and LH - β (leutinizing hormone), both of which are secreted by pituitary. The 
secretion of gonadotropins in turn is governed by gonadotropin releasing hor-
mone (GnRH) which is released from the hypothalamus. The HPG axis is reg-



 70 

ulated by feedback mechanisms from the sex hormones which inhibit (nega-
tive feedback) or induce (positive feedback) the secretion of GnRH and gon-
adotropins (Shao et al., 2013). In in the control group, the pituitary gonado-
tropins were low at 44 dpf but an increase was observed at 55 dpf. But in the 
fish that had been exposed to LNG and P4 there was an increase in the pitui-
tary gonadotropins at 44 dpf indicating that puberty had already initiated. It is 
important to re-mentioned that the process of puberty initiation occurs around 
45 dpf in female zebrafish and 53-55 dpf in male zebrafish (Chen and Ge, 
2012,2013). Taken together, it means that both LNG and P4 cause early pu-
berty. 
 
Noticeably, this effect of LNG and P4 treatment, which was observed in pitu-
itary gonadotropins was also reflected in the histological sections of gonads 
where testes were fully maturated at 50 dpf. P4 also affected gonadal matura-
tion but at comparatively higher concentration. Putting it all together, it means 
that as compared to P4, LNG has stronger masculinization effect on zebrafish 
population and this is confirmed by 1) Male biased sex ratio in groups that 
have been exposed to LNG, 2) Increase in pituitary gonadotropin in LNG ex-
posed group and not in the control group and 3) histological sections of gonad 
showing full sexual maturation at 50 dpf. 
 
In study V, (Paper V), the role of leptinergic system in energy balance and 
sexual maturation was explored. In the male Atlantic salmon, under fed nutri-
tional status, the expression of leptin gene decreased during the period of met-
abolic gain (i.e. increase in body mass and fat deposition). During fall the ju-
venile salmon conserves energy rather than investing it, since growth condi-
tions are not that favourable. But the expression of leptin receptor in brain 
seems to be independent of energy status (feeding or restricted feeding) of the 
fish. Similar studies by Rønnestad et al. (2010), in salmonids have also shown 
no effect on the expression of brain leptin receptor in fish during fully fed and 
feed restricted condition.  
 
Under feed restricted conditions the pituitary levels of lepr followed the same 
pattern as that of leptin 1 genes in liver. Upregulation of hepatic lepa1 and 
lepa2 observed upon food restricted has been previously reported in many 
other teleost (e.g. Artic Charr).  On the other hand, there are also a number of 
studies in fish depicting upregulation of plasma leptin levels during fasting or 
feed restricted condition (Fuentes et al., 2012; Johnsen et al., 2011; Kling et 
al., 2009; Trombley et al., 2012). Interestingly, this is opposite to what has 
been shown in mammals where it is downregulated upon fasting. This also 
points to dissimilar role of leptin between fish and mammals, which is not 
surprising since role of leptin as an adiposity signal is fish is questionable.  
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The liver is major organ associated with leptin in fish (Gorissen et al., 2009; 
Kurokawa and Murashita, 2009; Pfundt et al., 2009) but storage of fat occurs 
in tissues other than liver also which makes it even more unlikely that leptin 
is associated with adiposity in fish.  In mammals leptin is synthesized by adi-
pocytes (Masuzaki et al., 1995) but in fish liver is thought to be the main tissue 
for leptin synthesis. It is not surprising if the role of leptinergic system is not 
identical between fish and humans. Literature review shows very little simi-
larities between human leptin and fish leptin. Specifically, salmonid leptin, 
slepa1 and slepa2 shows 22.4% and 24.1 % only similarity with human as 
already mentioned in the introduction (Rønnestad et al., 2010). Thus, the func-
tional disparity between human and fish leptin is not surprising. 
 
The expression of lepr in pituitary was higher in May-June in both feed re-
stricted and fully fed groups. Interestingly, this increase in leptin receptor in 
pituitary corroborated with the period of metabolic gain and adiposity. Putting 
it together, it might mean that leptin receptor in pituitary is regulated by 
changes seasonal changes more than nutritional status. With regard to sexual 
maturation both hepatic lepa paralogues were higher in the immature males 
under fully feed conditions. Similar higher trend was measured for fsh-β. 
However, the trend for body lipid was opposite to that of lepa1, lepa2, fsh-β). 
This could be attributed to the redistribution and mobilization of body fat to 
meet the energy costs of sexual maturation in advanced stages of spermato-
genesis. In September, the expression levels of both lepa1 and lepa2 corrobo-
rated well with the expression lh-β in the pituitary. Taken together, it suggests 
that the changes in leptinergic system are closely associated with changed in 
sexual maturation, however regarding the role of leptin as an adiposity signal 
more studies are needed to be conducted to investigate it. 
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Conclusion and future perspectives 

Paper I  
In socially interacting zebrafish boldness and dominance are reflected in 
changes in the brain mRNA expression pattern of the genes of histaminergic 
system (hrh1, hrh2, hrh3, hnmt).  

 
Overall the expression pattern of histamine related genes appear more related 
to boldness than to social rank. An elevated expression of hrh1 in the dien-
cephalon and telencephalon is associated with boldness and an elevated hrh1 
in the optic tectum is associated with dominance in males. At the same time a 
downregulated telencephalic hrh3 in the dominants and a downregulated hrh3 
in optic tectum of bold females is also associated with boldness. Effects in 
both sexes are not identical. Isolated control males and females show a diver-
gent expression of hnmt, bold females have higher hnmt than shy females 
whereas, bold males have lower hnmt levels than shy males. 
 
The brain histaminergic system could be important in shaping divergent be-
havioural phenotypes, boldness and social dominance and the pattern of ex-
pression of different components of histaminergic system varies between dif-
ferent parts of the brain and sexes.  
 
The results are novel and explorative and more elaborate studies are needed 
to enhance our understanding of the role of histaminergic system in personal-
ity research. In humans nothing is known about role of histamine in personal-
ity. 

Paper II   
A comparative analysis of the behaviour of AB, spd and wild caught fish was 
done in this study and the results show that boldness is a context dependent 
trait which varies with strain/line, sex and test. Both within and across the 
strains behavioral variation exists in boldness. The wild type strain shows a 
typical shy and apprehensive kind of behaviour and there is no sex based dif-
ference in boldness. However, there exists gender difference in boldness in 
the AB and Spd fish where males are bolder than females. Between AB and 
spd, the AB males seems to be bolder and more active than spd males in the 
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open field test. However, in the novel tank dive test, the spd males seems to 
be bolder than AB males. The behaviour of both lab lines is more plastic as 
compared to wild caught strain.  
 
In future, it would be interesting to compare the differences between wild 
strain and lab lines at gene level, in addition to the behavioural comparisons. 
What is it (at molecular level) that makes the wild fish so shy? 

Paper III 
The behaviour of pairs of spd-spd and AB-spd males were compared in the 
mirror test and in dyadic fights, followed by a neurochemical analysis per-
formed on the brain samples of AB and spd fish. 
 
The spd seems to be more aggressive in the mirror test than AB in terms of 
duration spent close to the mirror. A difference not observed during dyadic 
fights. The fgrf1a mutation in spd seems to result in an increase in aggressive 
reactivity without affecting the outcome of dyadic fights. 
 
A typical loser effect is seen in both AB and spd males. Moreover, social sub-
ordination resulted in an activation of the brain serotonergic system in both 
spd and AB males, elevated serotonergic activity has been linked to behav-
ioural withdrawal.  
 
The behaviour of both AB and spd is plastic, like the wild type strain, and 
when fighting real opponents their behaviour is modified according to the 
fighting ability of the opponent. 

 
In the present study only the neurochemical analysis of AB - spd pairs was 
performed. In future it would be interesting to look at the differences in the 
monoaminergic system between winner and looser spd (i.e. spd - spd pairs). 
The spd fish have a great potential in behavioural research and it would be 
interesting to look at the operant conditioning and its effect on learning and 
cognition in these fish.  

Paper IV 
The LNG (and not P4) cause the development of all male population. But both 
P4 and LNG caused precocious puberty in males. However, at low concentra-
tion similar to that found in the environment only LNG cause precocious pu-
berty.  
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Since the pharmaceuticals contaminating the water bodies cannot be narrowed 
down to just one, therefore it would be more useful to test the effect of com-
binations of progestins on water bodies.  

Paper V 
Leptin has an important role in sexual maturation of male Atlantic salmon 
parr. At mid spermatogenesis there is an increase in anatomical structures and 
growth in the size of testes and increase in sexual maturation. Not only the 
expression of lepa1 and lepa2 but also the lepr expression is upregulated in 
the testes of early maturing male parr during mid spermatogenesis, which also 
synchronizes with the fsh -β expression in the pituitary. The increase in the 
expression of leptin gene observed during the mid-spermatogenesis extends 
to the late spermatogenesis. However, in late spermatogenesis, it coincides 
with the pituitary lh-β expression. Taken, together this study shows that sexual 
maturation is orchestrated by changes in energy balance and leptinergic has 
an important role to play in it. 

 
The leptinergic system seems to have divergent role in fish and mammals. In 
this study, restricted feeding led to considerable upregulation of hepatic lepa1, 
lepa2 and pituitary lepr. But in mammals, leptin is an adiposity signal and 
when there is sufficient fat stored in the body the leptin levels are high. Putting 
it together, it could be that leptin is not an adiposity signal in fish 
 
This study was conducted by taking an intact brain which limits the infor-
mation about the role of other parts. How is the expression regulated by dif-
ferent parts? Therefore, a more detailed study taking into consideration im-
portant brain regions like hypothalamus, amygdala etc. should be done to get 
a more detailed and accurate picture.  
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Swedish Summary – Svensk Sammanfattning 

Det histaminerga systemet är känt för att vara inblandat i att reglera matintag 
och matsmältning, ångest, allergiska reaktioner, lokomotion, kognition, epi-
leptiska anfall och sömn. Men inte mycket är känt angående rollen histami-
nerga system spelar vid reglering av personlighet i AB-linjen hos zebrafiskar 
eller ens hos människor. Histamin är en monoamin neurotransmittor som ver-
kar både centralt och perifert, och utövar sin funktion med hjälp av 4 typer av 
G-proteinkopplade receptorer: histaminreceptor 1 (hrh1), histaminreceptor 2 
(hrh2), histaminreceptor 3 (hrh3) och histaminreceptor 4 (hrh4). Dock är 
hrh4-receptorn frånvarande i zebrafiskar. hrh1, hrh2 och hrh3 finns i zebra-
fiskars hjärnor. Denna studie undersökte rollen som histaminerga system spe-
lar i socialt interagerande för djärva kontra blyga zebrafiskar. Resultaten indi-
kerar att djärvhet återspeglas i högre uttryck av hrh1 i telencephalon- och di-
encephalon-regionerna av hjärnan i socialt interagerande, djärva zebrafiskha-
nar. Högre nivåer av hrh1 hittades också i den optiska tektumregionen av 
hjärnan i dominanta zebrafiskhanar. Kategorin socialt interagerande djärva 
zebrafiskhonor hade lägre hrh3-nivåer i optiska tektum, och dominanta zeb-
rafiskhonor hade även lägre nivå av hrh3 i telencephalon. Resultat från denna 
studie kan tolkas som att djärvhet och dominans återspeglas i en förhöjd his-
taminerg ton. Detta tyder på att det histaminerga systemet kan vara involverat 
i att reglera skiftningar i personlighet. Mer utförliga försök bör genomföras 
för att ytterligare undersöka rollen som histaminerga system spelar i person-
lighetsforskning kring både fisk och människa. 
 
Jämförelser av zebrafiskar av AB, spd och vildfångad stam visar att djärvhets-
karaktär kan variera med påfrestning, linje, kön och även med test som an-
vänds för att mäta djärvhet. I aggressionstestet mellan AB-spd är spd-linjen 
mer aggressiv än AB i spegeltestet, men ingen skillnad mäts under agonistisk 
interaktion. Förlorareffekt finns i både AB och spd. Aktivering av hjärnans 
serotonerga system observeras i förloraren. Förlorareffekten rapporteras för 
första gången i spd-fisk i denna studie. Detta har aldrig tidigare observerats. 
Beteendevariationer mellan olika zebrafisk-linjer existerar och bör vara en 
viktig faktor när det gäller att besvara forskningsfrågor. Forskare bör ta detta 
i beräkning innan experiment utarbetas för att få exakta och tillförlitliga resul-
tat. 
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Progestiner är huvudingredienserna i p-piller. Den omfattande användningen 
av progestinbaserade droger leder till ackumulering av progestiner i vatten-
massor. Alla progestiner orsakar samma effekt i människokroppen som pro-
gesteron, men de progestiner som är baserade på det manliga könshormonet 
testosteron har androgen effekt. De progestiner med androgen minskade ägg-
produktionen i fiskar och andra vattenlevande varelser. I denna studie har ef-
fekterna av androgena progestiner (LNG) och icke-androgent progesteron 
(P4) testats på zebrafiskars reproduktion. Olika livsstadier av zebrafiskar, från 
larver (yngel) till vuxna, har blivit utsatta för dessa två progestiner i laborato-
riet och effekten har studerats. Resultaten visar att både levnorgestrel och pro-
gesteron orsakar tidig puberteten, men bara levonorgestrel orsakar fler hanar 
i populationen vid koncentration som liknar den som finns i den naturliga mil-
jön. Progestinföroreningar i sjöar och vattenddrag, särskilt sådan med andro-
gen effekt, är ett allvarligt hot mot fiskars reproduktion och kraftiga åtgärder 
bör vidtas för att kontrollera utsläppen. 
 
Leptin är ett peptidhormon som huvudsakligen produceras av adipocytceller i 
däggdjur. När mängden lagrat fett är stort är leptinnivåerna höga. Detta leder 
till en negativ feedback-mekanism i hypotalamus (aptitcentrum) som minskar 
matintaget och ökar ämnesomsättningen. Det leptinerga systemet verkar re-
glera HPG-axeln vid tidpunkten för sexuell mognad, såväl som vid början av 
puberteten och för att upprätthålla energihomeostas. Det är inte känt huruvida 
leptin är en adipositetssignal hos fiskar eller ej. I denna studie mättes effekten 
av foderbegränsning på det leptinerga systemet i 1-årig atlantisk laxparr under 
våren. Under våren är båda leptingenerna, lepa1 och lepa2, i levern och lep-
tinreceptorn (lepr) i hjärnan hos atlantiska laxhanar nedreglerade i omogna 
kontrollgrupper. Men i det slutliga mognadsstadiet är både lepa1 och lepa2 
uppreglerade 7,7 gånger respektive 49 gånger. Foderbegränsning minskar sex-
uell mognad med 53% och uppreglerar lever lep1a och lepa2 och hypofysens 
lepr. Resultaten av denna studie visar att leptin har en annan roll i däggdjur än 
i fisk. I däggdjur verkar leptin vara en adipositetssignal, men dess roll i fisk 
verkar vara den motsatta. Mer omfattande studier behövs för att verifiera detta. 
Sammantaget visar resultaten att det leptinerga systemet är mycket viktigt hos 
fisken för att upprätthålla energibalans och reproduktion, även om dess roll 
som adipositetssignal kan vara motsatt till vad vi observerar hos människa. 

 
Resultaten som presenteras i denna avhandling belyser vikten av histaminerga 
system i personlighetsforskning och också att beteendevariation förekommer 
i olika zebrafiskbefolkningar erhållna från olika resurser. Vidare visar det 
också effekter av progestiner och leptinerga system på fiskens reproduktions-
biologi. Resultaten är lovande och har stor potential för att vägleda framtida 
forskning inom fältet. 
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