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Abstract
Dahlbom, S. J. 2013. Bully or Bullied?: The Zebrafish as a Model for Social Stress and
Depression. Uppsala universitet.  Digital Comprehensive Summaries of Uppsala Dissertations
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The zebrafish is evaluated as a model for social stress, depression and anxiety. I conclude that
it is suitable, especially for studies of sex differences. In humans, women are more prone to
depression but most animal studies are performed in males. A popular way to study depression
is by means of social stress, which is often a contributing factor to depression. However, social
stress in female rodents is difficult to study since female aggression is mostly limited to maternal
defence. Thus, there is a need for models to study depression and anxiety in females, as well
as sex differences in these disorders.

As personality is a risk factor for developing depression, I aimed at exploring correlated
behaviours that together characterise personalities. My work confirmed that zebrafish, as
numerous other species, show strong correlations between boldness and aggression on the one
hand, and neurobiological reactions to social stress on the other. In general, males were bolder
than females, but there were no differences in aggressive behaviours between the sexes. It was
also confirmed that both acute and chronic social stress activates the dopamine and serotonin
systems in the brain, and that subordinate individuals appear to be more stressed, based on
serotonergic activity.

Further, I studied the consequences of altered levels of serotonin during development, such
as would be the case when antidepressants are used during pregnancy. Zebrafish embryos were
treated with drugs that affect the serotonin system by increasing or decreasing serotonin levels.
Depletion of serotonin increased the expression of several serotonin-related genes but had no
effect on morphology. In contrast, increasing serotonin levels only showed small effects on
gene expression, but increased the length of the myotomes in the spinal cord. Together with
other studies, my results indicate that fluvoxamine might be a suitable choice for treatment of
depression during pregnancy.

In conclusion, my results show that the zebrafish is a valid model organism for studying social
stress, depression and anxiety disorders and it should therefore be considered when developing
new animal models for depression. It will especially be beneficial in studies of sex differences.

S Josefin Dahlbom, Uppsala University, Department of Neuroscience, Physiology, Box 593,
SE-751 24 Uppsala, Sweden.
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Introduction 

Do animals have personalities? 
Anyone who has had the pleasure of being around animals can confirm that 
pets can have very different personalities, although maybe not in the same 
way as humans. The first issue when comparing human and animal person-
alities is defining the concept. The oxford dictionary defines personality as 
“the combination of characteristics or qualities that form an individual’s 
distinctive character.” By this definition, personality in animals exists. In 
humans, personality can be categorised into dimensions with a five-factor 
model, which is often used in psychology [1]. These factors include 1) neu-
roticism vs. emotional stability, 2) extraversion vs. introversion, 3) openness 
vs. closedness, 4) agreeableness vs. antagonism and 5) conscientiousness vs. 
disinhibition. Different personality dimensions are often connected with 
different personality disorders. For example, people with obsessive compul-
sive disorders often score high in conscientiousness, together with low 
scores in openness [1], while depression is associated with high scores in 
neuroticism [2].  

In a meta-analysis study, Gosling and John argue for the presence of three 
of these personality dimensions in animals; neuroticism, extraversion and 
agreeableness [3]. According to their definitions, traits that are related to 
neuroticism involve fear, nervousness and emotional reactivity. Traits re-
lated to agreeableness include behaviours such as aggression and affection 
while the extraversion dimension involves traits such as sociability and 
boldness. In addition, Gosling and John suggested dominance as an addi-
tional dimension for animal personalities [3]. Nevertheless, the first three 
dimensions are important parts of the dominance dimension, which involves 
boldness, aggressiveness and low fearfulness [3]. Thus, an animal with a 
dominant personality would be bold, aggressive and show little fear. The 
correlation between these behaviours has been demonstrated multiple times 
in various species [4]. Huntingford pioneered this work by demonstrating 
that sticklebacks (Gasterosteus aculeatus) that were bold towards a predator 
were also more aggressive towards conspecifics [5]. Other studies demon-
strate correlations between activity and predator inspection [6], time to 
emerge from a shelter and inspection of a novel object [7], shoaling tendency 
and foraging latency [8], boldness and mating success [9]. The correlations 
between the different behaviours is thought to have a genetic component, as 
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selective breeding for one trait in the dominant personality dimension has 
revealed co-selection for other dominant behaviours as well [10]. For exam-
ple, in the two mouse (Mus domesticus) strains selected for short or long 
attack latency (SAL and LAL, respectively) against an intruder, the female 
SAL mice are bolder against a novel object and in an open field [11]. Fur-
ther, when male SAL mice are repeatedly exposed to a male intruder, they 
will learn to attack on routine. This habit is established to the extent that it 
will still attack when the intruder is a familiar female [12]. In contrast, LAL 
mice attack the male intruder but not the female. Thus, the SAL mice are 
more aggressive and prone to form routines that will make them impulsive, 
while LAL mice are more flexible in their behaviour and less aggressive.  

Social stress 
Group-living animals generally form hierarchies to establish who will access 
the best resources. Subordinate animals may be allowed less access to food, 
have higher risk of not mating and in some species, the subordinate risks 
physical injury caused by those that are higher ranked [13]. However, being 
of low rank in a group may be better than being alone, since there are more 
eyes on the lookout for predators, as well as for food resources.  

In order to become dominant, an animal needs to prove superior to the 
other individuals. Dominance can be indicated in several ways, such as size, 
tactile cues or coloration, but also by sounds or olfaction [14]. Nonetheless, a 
common way of establishing hierarchy is by fighting. In the beginning of an 
agonistic interaction, both animals react with an increased stress response. 
This is quickly diminished in the animal that becomes dominant while it 
persists in the subordinate [15,16]. In laboratory settings, where the possi-
bilities to escape are limited, fights can become so severe that the subordi-
nate animal dies from the stress [17,18]. However, in male zebrafish (Danio 
rerio), both dominants and subordinates have been shown to have higher 
levels of the stress hormone cortisol than controls after five days of social 
interaction [19]. This stress reaction in dominants has also been observed in 
other species, particularly when the hierarchy is unstable [13]. In stable hier-
archies, usually only the subordinate has increased levels of stress hormones 
[20].  

Subordination leads to several long-lasting changes. After being defeated 
for one hour on a single occasion, rats have increased body temperature and 
lower food intake, leading to reduced body weight [21]. Further, after a rest-
ing period of two days, they still show increased anxiety in a novel environ-
ment [21].  

Social stress occurs in humans too, for example as a result of socioeco-
nomic status, social anxiety or bullying. Although the benefits of being 
dominant among humans are not the same as among animals, maintenance 
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of power as well as protection from becoming harassed have been suggested 
as reasons for being a bully [22]. Bullies are often aggressive, impulsive and 
antisocial with little anxiety [23]. Thus, they share personality traits that are 
found in the aggressive SAL mice. The victims of bullies are often anxious, 
shy and ‘weak’ [23] and are, according to high-school students, thought to 
be predisposed to become victimized because they are different in appear-
ance or behaviour [22]. Victims of bullying often develop depression, low 
self-esteem and anxiety [24], but bullies, bully-victims (individuals that are 
both bullying others and being bullied themselves) and victims of bullies 
have all been shown to be at higher risk of psychosomatic problems com-
pared to uninvolved individuals [25]. 

Depression 
Depression is the leading cause of disability in the world and women are 
more likely to suffer from anxiety disorders and depression than men [26]. 
There are several risk factors for developing depression. Some of the most 
important include gender, previous episodes of depression, stressful life 
events, personality type and genetic factors [27].  

The neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) plays an 
important, albeit unclear, role in depression. One of the most studied genetic 
factors is the serotonin transporter (SERT), with low SERT binding being a 
risk factor for development of depression [27]. SERT is responsible for 
transporting synaptic serotonin back into the presynaptic neuron and a low 
SERT binding results in low re-uptake. Paradoxically, a commonly used 
class of antidepressant drugs are selective serotonin re-uptake inhibitors 
(SSRIs), which block SERT and thereby increase the prevalence of synaptic 
serotonin. Increased synaptic serotonin can also be achieved by inhibiting 
degradation of serotonin through monoamine oxidase (MAO) inhibitors. 
MAO inhibitors are used as antidepressants, though not as commonly as 
SSRIs. 

The serotonin system is well conserved across phyla and it is one of the 
most well studied neurotransmitters in affective disorders. Serotonin is a 
monoamine synthesised from the amino acid tryptophan via 5-
hydroxytryptophan (Figure 1). The rate-limiting factor in serotonin synthesis 
is the enzyme tryptophan hydroxylase (TPH1 and TPH2), whose activity 
depends on the prevalence of tryptophan. TPH1 is predominantly found in 
the peripheral nervous system while TPH2 is found in the raphe nucleus 
where serotonergic cell bodies are located [28]. Following release into the 
synapse, serotonin binds to G-protein coupled receptors (except for the 5-
HT3 which is a ligand-gated ion channel). The serotonin is transferred back 
into the presynaptic neuron by SERT and is either recycled into vesicles by 
the vesicular monoamine transporter or degraded to 5-hydroxyindoleacetic 
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acid (5-HIAA) by the enzyme MAO. The ratio 5-HIAA/5-HT can be used as 
a measurement of serotonergic activity [29].  

 
Figure 1. Schematic overview of a serotonergic synapse. Serotonin (5-HT) is syn-
thesised from the amino acid tryptophan by the enzyme tryptophan hydroxylase 
(TPH). After release into the synaptic cleft, serotonin binds to receptors (represented 
by 5-HT1A) and is then transported back into the presynaptic neuron by the serotonin 
transporter (SERT). The serotonin can be re-packaged into vesicles and re-used for 
signalling (not shown), or degraded by the enzyme monoamine oxidase (MAO) into 
5-hydroxyindoleacetic acid (5-HIAA). 

 
SSRIs inhibit the re-uptake of serotonin, thus increasing extracellular lev-

els of serotonin [30,31]. Initially, this activates presynaptic serotonin 1A 
auto-receptors (5-HT1A) which in turn inhibit serotonin signalling [32]. After 
two to three weeks the presynaptic auto-receptors are desensitised [33,34] 
while postsynaptic receptors are sensitised [32] and the extracellular sero-
tonin increases again [34]. 

Depressed individuals have lower levels of the serotonin metabolite 
5-HIAA in the cerebrospinal fluid, lower plasma levels of tryptophan and 
lower pre- and postsynaptic 5-HT1A binding as well as lower SERT binding 
in the brain [27]. Further, plasma levels of serotonin, 5-HIAA and the 
5-HIAA/5-HT ratio are increased in people suffering from depression, and 
there is a positive correlation between 5-HIAA levels and the severity of 
depression [35]. There are also sex differences in the serotonin system 
among depressed patients, with women having lower serotonin levels and 
higher 5-HIAA/5-HT in cerebrospinal fluid [36]. However, lower serotonin 
levels do not appear to cause depression, but rather increase the risk of low-
ering mood [27,37]. This can be illustrated by reducing serotonin levels by 
depleting the serotonin precursor tryptophan. In healthy individuals acute 
depletion has no effect on mood, while it lowers the mood in recovering 
depressed patients who still take antidepressants that act on the serotonin 
system [37]. 
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Since depression is more common in women, it is not surprising that 
pregnant women are also affected. In fact, as many as 37% of pregnant 
women have been reported to suffer from depression [38] and since medica-
tion with SSRIs are considered to not be harmful for the foetus, such drugs 
are often prescribed [39]. Still, infants prenatally exposed to SSRIs have 
been shown to be born shorter [40,41] and lighter at birth, and have a smaller 
head circumference [40]. In addition, there are hormonal effects of prenatal 
SSRI exposure, although the effects vary with the type of SSRI [40]. There 
are also reports that mice [42,43] as well as humans [41] are at higher risk of 
becoming anxious later in life after prenatal exposure to SSRIs. For example, 
treatment with fluoxetine (Prozac) at an early age results in decreased ex-
ploratory behaviour in mice when older [42,43]. However, untreated depres-
sion during pregnancy is also problematic, not only for the suffering mother, 
but it can lead to premature birth, lower birth weight, developmental delays 
as well as physical and mental health problems through life for the exposed 
child [44]. As there are many chemical changes in the body during stress and 
depression, it is difficult to identify which factors cause these problems. 

Although serotonin is central in depression, other monoamine systems, 
such as dopamine (DA) and noradrenalin, are also important targets of anti-
depressants. However, I am mainly focusing on serotonin and dopamine in 
this thesis.  

Monoamines in the dominance personality dimension 
Serotonin 
The serotonin system is activated immediately after the start of a resident-
intruder fight in the resident rats (usually the dominant animals) [45], but the 
adverse effects of social stress may be lowered by treatment with antidepres-
sant drugs. Chronic treatment with SSRI during social stress abolishes anxi-
ety-like behaviour in rats [46,47] and it reduces aggression in rainbow trout 
(Oncorhynchus mykiss) [48]. In contrast, in domestic chicken (Gallus do-
mesticus) a decrease in serotonin concentration, induced by injection with 
para-chlorophenylalanine (p-CPA, an inhibitor of TPH), increases the fre-
quency of aggressive acts for five days following injection, after which the 
effect is diminished [49]. Increased aggression as a result of p-CPA treat-
ment has also been shown in fish [50]. The conclusion from the pharmacol-
ogical studies is that aggression can be manipulated by serotonin levels, such 
that increased serotonin will lower the aggression. Summers et al. studied the 
propensity to be aggressive/dominant among male Anolis lizards (Anolis 
carolinensis) and found that those most likely to be aggressive had lower 
serotonin activity in several brain regions than the more timid ones [51]. 



 16 

Thus, there were differences in serotonin activity already before any social 
interaction had occurred.  

Dopamine  
Another monoamine that is gaining interest in stress research is dopamine. It 
is synthesised from tyrosine via 3,4-dihydroxyphenylalanin (L-DOPA). The 
first step is carried out by tyrosine hydroxylase and this is the rate-limiting 
step. In mammals, as with serotonin, dopamine is degraded by MAO, but in 
the zebrafish MAO appears to have relatively low affinity for dopamine and 
it is hypothesised that catechol-O-methyl transferase is more important in 
dopamine degradation [52]. Dopamine has three metabolites, two of which 
are commonly studied in stress research: homovanillic acid (HVA) and 
3,4-dihydroxyphenylacetic acid (DOPAC), the third being 3-methoxy-
tyramine. The ratio between metabolite and monoamine is used as an index 
of dopamine activity.  

Dopamine is involved in reward and motivation, with an increase in do-
pamine transmission leading to an increased feeling of reward [53]. Two of 
the symptoms in depression are anhedonia (inability to feel pleasure from 
previously enjoyable activities) and lack of motivation. It is therefore not 
surprising that decreased dopamine metabolites in plasma, brain and cere-
brospinal fluid have been found in depressed patients, although the results 
are not fully conclusive [35,54]. In fact, studies on dopamine involvement in 
stress and depression are often contradictory. Two explanations for this is 
that age is crucial in comparing groups and studies, as dopamine neurons are 
lost with age [54], and further, closely located areas of the brain can react in 
opposite directions [55,56].  

Studies on dopamine transmission in social stress are also inconclusive, 
but dominant animals have repeatedly been shown to have increased dopa-
mine activity following both acute and chronic interactions. For example, 
resident rats that are faced with an unknown intruder for 5 minutes show 
higher dopamine activity in the brain shortly after the interaction [45] while 
interaction for one month results in higher HVA concentrations and 
HVA/DA ratios in the telencephalon in dominant female Anolis lizards [57]. 
In addition, oral administration of L-DOPA, increases the chance of juvenile 
Arctic charr (Salvelinus alpinus) becoming dominant [58]. On the other 
hand, there are studies on juvenile and adult Arctic charr that have failed to 
see any effect in the dopamine system after aggressive encounters [59,60].  
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Translating animal research to humans – Modelling 
depression 
Animals and humans have different lifestyles and experiences, making it 
difficult to extrapolate animal behaviour to humans and to human research. 
However, animal models can increase our knowledge of, for example, neu-
rochemistry and effects of treatment, as long as the model is valid for its 
purpose. 

Three kinds of validity are often used in animal models of psychiatric 
disorders: face validity, construct validity and predictive validity. 1) Face 
validity is achieved if the model ‘looks like’ it is modelling what it is sup-
posed to, showing similar symptoms in animals as in humans. 2) Construct 
validity means that similar physiological factors are involved in the pathol-
ogy, while 3) predictive validity is shown if the animals used in the model 
respond to treatments in similar ways as humans do. 

There are several rodent models of depression and anxiety (the term ‘anx-
ious’ being used interchangeably with ‘shy’ in animal studies), both genetic 
and behavioural. Behavioural models often provide face validity by inducing 
a depressive-like state by exposing the animal to some kind of stress, such as 
chronic mild stress, social stress or learned helplessness [61]. The induced 
depressive-like state may be followed up by tests to measure anxiety.  

Some of the most commonly used anxiety tests on animals include open 
field, novel object, shelter seeking, light-dark box, and in zebrafish, novel 
tank diving test, which is considered to be comparable to the rodent open 
field test [7,62-64]. The behaviours measured include, amongst others, dis-
tance moved and duration, frequency or latency to occurrence [7,62-64] of a 
certain behaviour or position. Behaviours that are interpreted as signs of high 
anxiety include high thigmotaxis (preference to stay close to the walls of the 
test arena), freezing (immobility), erratic movement (rapid zigzag swim-
ming), reluctance to approach a novel object and low activity (which in fish 
is usually measured by distance moved (Figure 2), or when this cannot be 
measured automatically, the arena may be divided in to squared sections and 
activity is determined by the number of squares crossed). It is important to 
remember that in any animal behaviour model, this is what we can measure. 
Any label or diagnosis, such as ‘anxious’, ‘psychologically stressed’ or ‘de-
pressed’ will always be an anthropomorphic interpretation. This is a major 
concern in modelling mental disorders, as diagnosis of these rely on subjec-
tive perceptions.  
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Figure 2. An open field arena showing the path a zebrafish has swum during 15 
minutes (paper I, test 1, open field). (A) The path of a bolder animal that has ex-
plored the whole arena and moved a relatively long distance. (B) The path of a shy 
fish that has moved a very short distance. The centre zone is indicated by an ellipse 
and the square at the middle indicates the position for the novel object that was 
added as the final test in paper I. The shy animal has barely approached the centre 
zone while the bolder animal has explored this area several times. At the lower left 
corner in (B), the position of the roof used as test two in paper I is shown.  

The zebrafish 
The zebrafish is a fresh water cyprinid originating from India, Bangladesh 
and Nepal. It is a shoaling species found in shallow waters where it feeds 
primarily on zooplankton and insects [65]. Zebrafish are increasingly used as 
a model species in research. This is because of its many advantages, for in-
stance the small size. It reaches approximately 3 cm from the tip of the snout 
to the base of the caudal fin, with females being slightly larger than males. 
An additional benefit is that in captivity the zebrafish spawn all year round 
in frequent intervals of 1-6 days with clutch sizes of hundreds of eggs and a 
generation time of four months [66].  

The zebrafish genome is fully sequenced, which gives this species an ad-
vantage to many other fish regarding molecular analyses and genetic ma-
nipulation. Although the serotonin system is well conserved, the genes cod-
ing for different proteins in serotonin signalling differ between fish and 
mammals. Due to a genome duplication 350 million years ago, fish often 
present paralogous genes. While mammals possess one copy of 5-HT1A and 
SERT, zebrafish has two of each of these, often expressed in a complemen-
tary fashion [67]. In neurons where TPH1 synthesise serotonin, the serotonin 
transporter b (SERTb) is expressed, while neurons where TPH2 synthesise 
serotonin express serotonin transporter a (SERTa) [67]. The receptors 
5-HT1AA and 5-HT1AB are co-expressed as well as expressed in a comple-
mentary fashion, depending on brain area [67]. In contrast, mammals have 
two MAO (MAO-A and MAO-B), while zebrafish only have one copy of 
this gene, which appears to resemble MAO-A [52]. 
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Further, zebrafish are particularly suitable for pharmacological studies, as 
drugs can be dissolved in the water and invasive treatment can be avoided. 
Treatment of embryos can be made relatively easy and to a reasonable cost 
since many embryos can be treated within the same petri dish, which further 
reduces the variability between individuals. In addition, since embryo treat-
ment in zebrafish is made through the water (ex utero), there will be no in-
fluence of maternal environment, thereby allowing studies of a single chemi-
cal at a time. 
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Materials and methods 

Animals  
In papers I, II and III, adult, striped, short-finned zebrafish (Danio rerio) 
were used. In paper I, these were wild-caught from North Bengal, India 
(from here on referred to as wild-caught) and in paper II, they were bought 
from a commercial supplier (from here on referred to as CS). In papers I and 
II, both female and male fish were used. In paper III, male fish from the 
laboratory strain AB were used, and in paper IV, embryos from the AB 
strain were used. For the imaging analysis (paper IV), homozygote 
Tg(-3.2pet1:eGFP)ne0214 transgenic embryos were used. The pet1 is a tran-
scription factor specific for TPH2 neurons in the raphe [68]. Thus the 
Tg(-3.2pet1:eGFP)ne0214 fish have an enhanced green fluorescent protein 
inserted down-stream to pet1, resulting in fluorescent marking of serotonin-
specific cells in the zebrafish raphe. 

Tagging zebrafish (papers I and II) 
To be able to distinguish between individuals during social interactions, 
anaesthetised fish were tagged by pushing a needle with a nylon monofila-
ment through the dorsal muscle, just posterior to the dorsal fin. The needle 
was then removed, leaving the filament, melting the ends with a lighter and 
painting the buds with nail-polish in different colours (Figure 3). After tag-
ging, fish were kept in isolation for at least one week prior to behavioural 
tests (paper I) or social interaction (paper II). 

In paper III, the fish were identified with fin-clips. However, this is not 
feasible in experiments lasting for five days, as the fins quickly grow back. 
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Figure 3. To distinguish between the individuals used in experiments in papers I and 
II, zebrafish were tagged with a nylon monofilament, which was painted with nail-
polish. This fish is tagged with pink on the left side and black on the right side. 

Screening for boldness (paper I) 
Three tests were performed consecutively, each lasting for 15 minutes: open 
field, roof and novel object (Figure 2). The arena used for the experiments 
was 29×19×2 cm (L×W×D). The fish was released into a black circular en-
closure, which was removed after a habituation time of 30 seconds, at which 
time the open field test started. After 15 minutes, a roof was placed in a cor-
ner on the water surface as a shelter. After 15 minutes in this test, the roof 
was removed and a novel object consisting of a white Lego® brick was 
placed at the centre of the arena. Following behavioural tests, fish were iso-
lated for at least one week before start of social interaction. 

In all tests the distance moved in cm was tracked using the software 
Ethovision 3.0 (Noldus, The Netherlands). In the open field and novel object 
tests, time spent in the centre was recorded, while in the roof test the time 
spent under the roof was recorded. For analyses, each test was divided into 
three 5-minute sections. 

Social interaction (papers I, II and III) 
Size-matched fish were paired with another individual of the same sex. Dur-
ing social interaction, the rank was noted daily (paper I), or determined 
based on video recordings of behaviour (papers II and III). Dominance was 
defined as performing the highest frequency of aggressive acts and patrolling 
of the tank. 

In paper I, a tournament consisting of two rounds was performed. In the 
first round, fish interacted for three days after which they were paired with a 
new competitor (round two). This new competitor was of the same rank as 
determined in round one, and was of same sex and of similar weight. After 
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three more days, eight individuals had become dominant twice and, as one 
female died during the second round, seven had become subordinate twice. 
These 15 individuals were used for analyses of correlations between bold-
ness and social rank or sex.  

In paper II, chronic social stress was induced by housing two fish together 
for five days, during which video recordings were made daily. From these 
recordings, the number of aggressive acts (attacks and chases) was regis-
tered. 

In paper III, acute social stress was studied. Fish interacted for 30 minutes 
with a conspecific or a mirror image. Thus there were three different out-
comes in this study: winner (dominant), loser (subordinate) and unresolved 
fight (mirror). The dominant behaviours that were scored were number of 
chases, strikes and bites, while subordinate behaviours were fleeing and 
freezing. 

Sampling and analysis of brain monoamines (papers II 
and III) 
Dominant, subordinate and isolated controls were removed from the aquaria 
and immediately killed. The brain was removed and cut into forebrain and 
hindbrain, keeping the diencephalon with the forebrain (paper II) (Figure 4), 
or into brainstem, diencephalon, telencephalon including olfactory bulb, 
optic tectum and cerebellum (paper III) (Figure 4). The brains were immedi-
ately frozen on dry-ice and subsequently stored in -80 oC until quantification 
of monoamine concentrations. 

To prepare for monoamine analysis, samples were homogenised in 4% 
(weight/volume) ice-cold perchloric acid containing 100 ng/ml 3, 4-
dihydroxybenzylamine (DHBA). Perchloric acid precipitates the proteins 
from the homogenate and DHBA was used as an internal standard to correct 
for potential degradation. The samples were centrifuged and the supernatant 
used for analysis of brain monoamines with high performance liquid chro-
matography with electrochemical detection (HPLC-EC). Brain protein 
weight was used for normalisation of monoamine and metabolite concentra-
tions.  

In HPLC-EC, substances are first separated on a non-polar column (in 
papers II and III a reversed phase C18 column was used) from which polar 
substances elute early, while non-polar substances take longer to pass 
through the column. After the separation, each substance is oxidised and the 
current emitted during the chemical reaction is measured. A chromatogram 
with retention time and voltage is created and the area under the curve is 
proportional to the amount of the substance. To quantify the amount of the 
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substance in a sample, the area is compared to a standard of known concen-
tration.  

Concentrations of the monoamines dopamine and serotonin, as well as the 
dopamine metabolite DOPAC and the serotonin metabolite 5-HIAA were 
analysed by comparison to standard solutions of known concentrations. As a 
measurement of activity the ratio of metabolite/monoamine was used [29].  

 
Figure 4. Lateral view of the zebrafish brain with main areas dissected in paper III 
indicated. Telencephalon (T), diencephalon (D), optic tectum (OT), cerebellum (C), 
brain stem (BS). The dashed line shows the dissection point used in paper II, divid-
ing the brain into forebrain (left) and hindbrain (right). 

Drug administration to embryos (paper IV) 
At 3 hours post fertilisation (hpf) zebrafish eggs were treated with either 100 
µM deprenyl hydrochloride (Sigma-Aldrich, Sweden), 0.5 µM fluvoxamine 
(Sigma-Aldrich, Sweden) or 25 µM para-chlorophenylalanine (p-CPA) 
(Sigma-Aldrich, Sweden) dissolved in the embryo medium. Controls were 
handled the same way as the treated eggs, but without any drugs added to the 
embryo medium. At 24 hpf, eggs were dechorinated. The treatment solutions 
were exchanged daily.  

In paper IV, treatment was terminated at 3 days post fertilisation (dpf), at 
which time the embryos were killed. In the study of adult behaviour follow-
ing embryonal treatment, fluvoxamine treatment was terminated at 5 dpf. 

Anxiety in embryonically fluvoxamine treated adults 
To model behaviour of adult humans neonatally exposed to antidepressants, 
we studied adult fish (five months) that had been treated with antidepressants 
from 3 hpf to 5 dpf. 

Open field tests were performed for 10 minutes, using the same arena as 
in paper I, measuring distance moved and time in the centre zone. In this 
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test, a start box was added to one of the long sides of the arena. The fish was 
released into this start box and after a habituation time of 1 minute a door 
was opened and the fish was released into the arena. The opening of the start 
box was fairly close to the edge of the central zone and therefore the results 
cannot be compared directly with paper I. 

Morphology (paper IV) 
Embryos were anaesthetized in tricaine methane sulfonate (MS-222, 0.02%) 
and embedded in 1.7% agarose and photographed with a LSM 710 confocal 
microscope (Zeiss) using a W Plan-Apochromat 20x/1.0 M27 75 mm objec-
tive. Confocal images were taken in transverse plane of the brain and in sag-
ittal plane of the tail. Sections were 2 µm thick. Because the cells in the ra-
phe were difficult to separate visually, the volume of the raphe was meas-
ured instead of counting the cells. The volume of raphe was analysed with 
Imaris 7.4 (Bitplane AG, Zurich, Switzerland). Analysis of the spine was 
made with ImageJ 1.46r (Research Service Branch, National Institutes of 
Health, USA). The serotonin cells in the spinal cord were counted and the 
average length of the 4-5 most anterior myotomes was measured. 

Gene expression analysis (paper IV) 
To study several parts of the serotonin system, seven genes were chosen for 
quantitative analysis: the serotonin synthesising enzymes TPH1 and TPH2, 
the receptors 5-HT1AA and 5-HT1AB, the transporters SERTa and SERTb and 
the serotonin degrading enzyme MAO. 

At 3 dpf, 8-14 embryos were pooled in a tube and frozen at -80 oC. The 
pooled samples were homogenised and total RNA was extracted and DNase-
treated to remove remnants of contaminating genomic DNA. Total RNA was 
then transcribed into complimentary DNA (cDNA). 

Quantitative polymerase chain reaction (qPCR) is used for quantitative 
analyses of mRNA gene expression in contrast to PCR, which is mainly used 
for qualitative analyses of DNA. qPCR is a development of PCR and works 
similarly. However, a fluorescent dye (SYBR green in paper IV) binds to the 
newly formed double stranded DNA that is synthesised every cycle and the 
amount of bound dye is measured in every cycle. The starting amount can be 
calculated by a comparison to a standard curve, but it is often enough to 
know the relative change between treatments (as in paper IV) rather than 
change in absolute values. To correct for errors during preparation steps, the 
expression of the gene of interest (GOI) is normalised against a reference 
gene. This reference gene should be unaffected by outer and inner physio-
logical changes. We chose elongation factor 1a (EF1a) as reference gene, as 
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it has been shown to be stable over development, tissue types and hormonal 
and toxicant treatments [69,70]. For primer sequences see table 1, paper IV. 
The relative gene expression was calculated as 2-(CT(GOI)-CT(EF1a)) where 2 is 
the theoretical amplification for each cycle and CT is the number of cycles 
needed to reach a certain amount of fluorescence. 

Statistical analysis 
Multivariate data analyses were used in papers I, III and IV, as they are ideal 
for data sets that are common in biological research: with few replicates and 
many, often correlated, variables being measured. One of the most well-
known multivariate methods is principal component analysis (PCA), which 
aims at getting an overview of groupings of observations or variables and 
explore if variables are correlated. Correlated variables can be transformed 
to a new (latent) variable, thus the PCA is used for variable reduction [71]. 
The PCA finds a vector (component) that explains the most variance in the 
data set and then, orthogonal to this component, extracts a new component 
that in turn explains the most of the variance that is left after the first com-
ponent has been extracted [71]. This was used in the real-opponent groups in 
paper III, to study which behaviours that correlated strongly, thereby com-
bining them into latent variables, thus reducing the number of variables.  

In papers I and IV, we used projection to latent structures by means of 
partial least squares (PLS), which is a regression extension of PCA [72]. 
PLS uses two matrices, X and Y, and makes a PCA-like model on each ma-
trix [73]. The first components of the PCAs are then modelled together so 
that the variance in Y is best explained by the variance in X [73]. In papers I 
and IV, the Y-matrix consisted of binary variables (see below), which makes 
the method equal to a discriminant analysis (PLS-DA). Two analyses of the 
PLS-DA were of particular interest; variable importance on projection (VIP) 
and loadings. VIP shows which variables contribute the most to the model 
with regards to both the X- and the Y-matrix. VIP=1 is the average and 
therefore variables with VIP>1 are the most important for determining the 
model [74]. Loadings show the variable importance and correlation structure 
in the X-matrix. After selecting the variables most affected by treatment 
(VIP>1), significant differences were established with univariate statistics. 

In paper I, we explored relationships between behaviour and social status 
and used the variables ‘dominant’ and ‘subordinate’ as the binary Y-matrix 
and behaviours as X-matrix. In the analysis of relationship between behav-
iour and sex, the Y-matrix consisted of ‘male’ and ‘female’ as the binary 
variables with behavioural variables as the X-matrix. The model from the 
PLS-DA is also useful for predictions of Y based on the knowledge of X 
[73]. Thus, if behavioural syndromes exist, a good model would be able to 
predict an animal’s social status already before social interaction, based on 
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the animal’s behaviour in the boldness tests. In paper I, behaviour was ana-
lysed using unpaired t-tests, comparing dominant and subordinate ranks, or 
females and males.  

In papers II and III, monoamine and metabolite concentrations, as well as 
ratios thereof, were log-transformed in those cases where the assumption of 
normal distribution was not fulfilled.  

In paper II, behaviour was analysed with ANOVA with repeated meas-
ures to explore differences in aggressive behaviour between dominants and 
subordinates, as well as to explore if the amount of aggression changed over 
time (time was used as repeated factor). Effects of sex and social rank (in-
cluding controls) on monoamines, metabolites and ratios thereof, were ana-
lysed with two-way ANOVA.  

In paper III, the latent variables from the PCA were analysed with t-tests 
to compare aggressive and submissive behaviours between winners and los-
ers. A repeated measures ANOVA (brain area as repeated factor) was used 
to identify effects and interactions between brain area and social status on 
monoaminergic activity. To follow up the repeated measures ANOVA a 
contrast analysis on each brain area was performed. Correlations between 
behaviours and monoamine concentrations were analysed with Pearson’s 
correlation coefficients.  

In paper IV, PLS-DA was used with treatment as the binary Y-matrix and 
gene expressions as X-matrix. In paper IV, differences in gene expression 
between treatments were analysed with t-tests or, when the assumption of 
normal distribution was not fulfilled, Mann Whitney’s U-test. In the study of 
adult behaviour following embryonal treatment with fluvoxamine, the time 
spent in the centre zone was log-transformed, as it did not fulfil the assump-
tion of normal distribution. Differences between the sexes, treatments and 
the interaction effect were analysed with two-way ANOVA. 

PCA and PLS-DA were performed using the software Simca-P+ 12.0 
(Umetrics, Umeå, Sweden) (papers I and IV) or STATISTICA v.10 (paper 
III). Univariate analyses were performed with the software PASW Statistics 
18.0 (papers I and II), STATISTICA v.10 (paper III) or Graphpad Prism 
(paper IV).  
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Results and discussion 

Screening for boldness/anxiety (paper I) 
Adult zebrafish were screened for boldness through a series of tests: open 
field, roof (shelter seeking) and novel object. To study correlations between 
boldness and social status or sex, only fish that twice had become dominant 
or twice subordinate was included in the analysis. By only including the 
extremes, personalities may be more apparent, as two fish with highly ag-
gressive personalities may by chance be paired together. As all pairs devel-
oped hierarchies, this would force one of the highly aggressive animals into 
the group of the less aggressive subordinates, thus biasing the personality 
analysis.  

Males are bolder than females 
In the behavioural tests, the PLS-DA showed that males were characterised 
by being more active during the first period (first 5 minutes) of each test 
compared to females. The strongest difference between the sexes was the 
timing of behaviours. Males spent more time in the centre of the open field 
test during the first period while females spent more time in the centre in the 
third period (Figure 5). Thus, it appears that males acted bolder during the 
first period while females became bolder after habituation to the arena. Still, 
in the third period females spent significantly more time under the roof com-
pared to males.  

Sex differences in boldness have been found in rodents as well, but the di-
rection of the differences vary with the type of test [75]. In accordance with 
our results, Brown et al. reported that male bishop fish (Brachyrhaphis epis-
copi) tended to leave a shelter sooner than females [7]. Moretz et al. found 
indications that male zebrafish were bolder than females, but that the differ-
ences were small and varied with strain [6]. Other studies report female ze-
brafish to be bolder than males [76,77]. Still, there seems to be a selection 
for the more dominant personality among male fish, as female guppies 
(Poecilia reticulata) have been shown to prefer males that are bolder [78] 
and female zebrafish have been shown to prefer dominant males [79]. How-
ever, sex differences in boldness are also affected by social surroundings. 
For example, male guppies that are in a group with only males are bolder 
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than females that are in a group with only females, but there are no differ-
ences in boldness between the sexes when they are in mixed-sex groups [80].  

 
Figure 5. Scatter plot of loadings of the first two components in the PLS-DA with 
male and female as Y-matrix and behaviours as X-matrix. Variables that are plotted 
close together illustrate a stronger positive correlation. Males were more active dur-
ing the first period in every test, while females were more active in the third period. 
Abbreviations: OD; distance moved in open field test, OC; time spent in the centre 
zone in the open field test, RD; distance moved in the roof test, RT; time spent un-
derneath the roof in the roof test, ND; distance moved in the novel object test, NC; 
time spent in the centre zone in the novel object test. 1-3 denotes the three consecu-
tive 5-minute periods 1-3. (Paper I, Figure 2.) 

Individuals becoming dominant are bolder than those becoming 
subordinate 
In our study, time spent in the centre of the open field was the most impor-
tant variable for distinguishing between dominant and subordinate animals, 
as indicated in the first component of the PLS-DA. This showed a very close 
association between being dominant and spending more time in the centre of 
the open field in period 2 and 3 (Figure 6). When comparing the social rank 
actually achieved, with the rank that the model predicted each animal to have 
based on its behaviour in the boldness test, there was a complete separation 
between the ranks already in the first component (Figure 7). This shows that 
even before experiencing social dominance or subordination, the animals 
expressed different behaviours, thus supporting the theory of personalities in 
zebrafish.  
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Figure 6. Loadings scatter plot of the first two components from the PLS-DA with 
behaviours as X-matrix and dominant and subordinate as Y-matrix. Variables plot-
ted close together illustrate a stronger positive correlation, thus dominant animals 
spent more time in the centre of the open field in the second and third period of the 
behavioural tests. For abbreviations see figure 5. (Paper I, Figure 3.) 

 
Figure 7. Scatter plot over the animals’ social status achieved after two fights (Y-
axis) and the social status the PLS-DA predicted each animal to obtain, based on its 
behaviour in a boldness test performed prior to the fights. The complete separation 
between the predicted social statuses indicates that dominants and subordinates 
behaved differently prior to the social interaction. (Paper I, Figure 4.) 
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Problems with measuring boldness 
One common measure of boldness/anxiety in zebrafish is physical activity, 
as exploratory behaviour is considered to indicate higher boldness [62,64]. 
Still, in my study the only measured activity that appeared to be characteris-
ing for either rank or sex (in this case for sex), was the distance moved in the 
roof test in the third period. Other behaviours that are indicative of zebrafish 
anxiety are increased erratic movement and freezing [62,64]. Both of these 
will obviously affect the distance moved, but in opposite directions. It can 
therefore be debated if activity, at least when measured as distance moved or 
number of squares crossed, is suitable for screening for anxiety in zebrafish.  

In order to avoid misinterpretation of erratic movement as a bold and ac-
tive animal, all recordings were analysed manually for occurrence of erratic 
movement and freezing. Freezing is a lesser problem than erratic movement 
as both freezing and a short distance moved indicate anxiety. No erratic 
movement could be identified in our study, but there were possible episodes 
of freezing. An additional problem arises in defining freezing: how can we 
separate a sensible visual screening of the environment before swimming 
into potential danger, from freezing out of fear? Is it a matter of time, or the 
distance the fish has drifted? This problem remains when taking time spent 
in the centre as a measurement of boldness, but it may be less pronounced. If 
the arena is big enough, an anxious animal is unlikely to explore or freeze in 
the centre, as the edge of an arena is a more protected area. In addition, an 
animal moving erratically is likely to cross the centre of the arena, but will 
do so during a very short time, while a calmer and bolder animal is likely to 
spend more time in the centre, should it explore this area at all. This is also 
supported by the finding that time spent in the centre in the open field 
proved important in predicting sex as well as social rank. 

Social interaction (papers I, II and III) 
Three studies were performed to examine acute and chronic social stress 
caused by being paired with a conspecific of the same sex, or acute stress in 
an unresolved fight against a mirror image. Clear dominant-subordinate rela-
tionships developed during the paired interactions already on the first day in 
paper I and II, and within 30 minutes in paper III. In all studies, the domi-
nant individual swam freely throughout the tank and performed aggressive 
acts towards the subordinate. In the subordinates however, the behaviour 
differed between the strains. In the wild-caught and AB fish (papers I and III 
respectively), the subordinates often lay on the bottom or froze at the sur-
face. In lab environments where there are no possibilities to flee, this is a 
common behaviour for subordinate fish of other species as well [81,82]. In 
contrast, the subordinates among the CS fish were more active and swam 



 31

throughout the tank, but the hierarchy was still clear through maintenance of 
bites and chases.  

In the CS fish, there was no difference in the number of performed ag-
gressive acts between the sexes, but the aggression changed over time. In 
contrast to previous findings [18,19,79], the dominant males steadily in-
creased the number of aggressive acts for every recording. This indicates 
that the dominant males in our study were challenged by the subordinates. 
This is supported by the continued aggressive acts performed throughout the 
experiment by the male subordinates, which never completely gave up fight-
ing (Figure 8).  

 
Figure 8. Aggressive acts performed during 10 minutes in zebrafish paired with one 
fish of the same sex, at different times after start of social interaction. 
N(females)=10, N(males)=9 except at 48 hours where N=8. Number of aggressive 
acts is presented as mean and SEM. (Paper II, Figure 2.) 

 
As in previous studies [79], females increased the aggressiveness during 

the first four days. However, Paull et al. finished their study on the fourth 
day, which is unfortunate, since we found that on the fifth day the level of 
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aggression decreased to levels similar to those on the first day. Opposite to 
subordinate males, subordinate females tended to decrease the amount of 
aggression over time and 48 hours after the start of interaction the mean 
number of aggressive acts was less than 0.5 per 10 minutes. This could be 
the reason for the decreased aggression in the dominant females on the last 
day, as they had not been challenged at all in the last three days. Longer-
running experiments would be needed to explore whether this was a tempo-
rary dip, or if females accepted the established hierarchy quicker than males. 
The relatively low variance in the last recording suggests that the latter is 
more likely. 

In study III, paired fish established a stable hierarchy after approximately 
7 minutes. In contrast, mirror fighters could not resolve the fight, which was 
confirmed by the continuous aggressive behaviour for the full 30 minutes of 
the study. Thus, they behaved like dominant animals but received visual 
information as if they were subordinate. This may therefore be an interesting 
model for studies of bully-victims. 

Brain monoamines following social interaction (papers 
II and III) 
To study the effects of agonistic social interaction on the concentrations of 
the monoamines dopamine and serotonin, as well as their metabolites 
DOPAC and 5-HIAA, respectively, monoamines and metabolites were 
measured with HPLC-EC.  

Are males more stressed by social interaction? 
In study II, which was a study of chronic social stress, there was no interac-
tion between sex and social rank in any of the monoamine or metabolite 
concentrations, nor in 5-HIAA/5-HT or DOPAC/DA ratios. This means that 
social status affected the serotonin and dopamine systems in a similar way in 
males and females.  

Males had higher 5-HIAA/5-HT in the forebrain than females and the 
subordinate males had almost twice the ratio as control females, thus bring-
ing a lot of power to this sex difference (Figure 9). Among the females, all 
groups showed similar levels of 5-HIAA/5-HT and these were lower than 
any of the groups in the males. Compared to control females, control males 
also showed tendencies to have higher concentrations of serotonin (Mann-
Whitney’s U-test, p=0.055) and 5-HIAA (Mann-Whitney’s U-test, p=0.090) 
in the hindbrain, but the 5-HIAA/5-HT ratios were similar between the sexes 
(Figure 10). Thus, it appears that a sex difference exists already at baseline 
levels in the serotonin system. Support for this is found in the sex-changing 
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bluebanded goby (Lythrypnus dalli), a species where a dominant female 
becomes male. In this species, higher brain concentrations of serotonin, 
5-HIAA and 5-HIAA/5-HT ratio have been shown to be associated with 
being male [83]. Thus, if males have higher baseline levels, the increased 
activity may not be an indication of increased stress. 

 
Figure 9. Forebrain 5-HIAA/5-HT ratios in male and female zebrafish following 
five days of dyadic social interaction in uni-sex pairs. Ratios are presented as mean 
and SEM. ** indicates p<0.01. (Paper II, Figure 4.) 

 
Figure 10. Hindbrain levels of serotonin (5-HT), 5-HIAA and the ratio 
5-HIAA/5-HT in control females (N=7) and males (N=9). Levels are presented as 
mean and SEM. (Paper II.) 
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Females had higher concentrations of dopamine in the forebrain com-
pared to males (Figure 11). Similar results have been seen in rats following 
electrical stimulation [84] and after restraint stress [85], while sex differ-
ences during control conditions are contradictory [85,86]. However, dopa-
mine has an important role in reproduction [87,88], thus, it cannot be ex-
cluded that the difference in dopamine seen in our study is related to repro-
duction, rather than stress. 

 
Figure 11. Dopamine levels in the forebrain after a social interaction or isolation for 
five days. Levels are shown as mean and SEM, *p<0.05 (Paper II, Figure 3.) 

Acute and chronic social stress activate monoamine systems 
In the study of acute social stress in male zebrafish (paper III), brain area as 
well as social experience affected both of the monoamines as well as their 
metabolites, with increased levels in all social groups compared to controls 
kept individually. Further, there was a main effect of which brain area that 
was sampled, but not of social experience on 5-HIAA/5-HT and 
DOPAC/DA, meaning that there were greater differences between brain 
areas than between the social groups. This indicates that both the serotonin 
and the dopamine systems are activated during social interaction, but the 
increase in monoamine is proportional to the increase in metabolite, resulting 
in unchanged ratios between the social groups. Because there were effects on 
brain area, each area was analysed separately to explore differences between 
the social groups (see sections ‘Serotonin’ and ‘Dopamine’ below). 

While some neurochemical reactions were common for winners, losers 
and mirror fighters, others were specific for one or two groups (Table 1, 
paper III). Altogether, the neurochemistry in the mirror fighters was slightly 
more similar to the losers than to the winners (Table I, paper III, and Figure 
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12). Fighting a mirror could be a model for studies of bully-victims (indi-
viduals that bully others as well as being bullied themselves) since, as previ-
ously stated, they get visual input as if they were subordinate (comparable to 
being bullied) but act as if dominant (comparable to being a bully). The find-
ing that the monoaminergic systems in mirror fighters are more similar to the 
subordinates is important, as bullied individuals and bully-victims are at 
higher risk for psychosomatic problems than bullies and uninvolved indi-
viduals [25]. Today there are no models for studies of bully-victims. 

Serotonin 
In telencephalon (paper III), losers, winners and mirror fighters all showed 
increased levels of 5-HIAA, and winners also showed increased 
5-HIAA/5-HT ratios. After 3 hours of fighting, subordinate as well as domi-
nant rainbow trout also have higher 5-HIAA/5-HT ratios in telencephalon 
compared to controls [15]. However, one day after the start of fighting, this 
elevation is only seen in the subordinates [15,82] and it lasts for at least two 
weeks [81]. This rapid activation of the monoaminergic system in both sub-
ordinate and dominant animals is found in several species, but the elevated 
serotonin activity becomes chronic in the less aggressive individual [14,20]. 
This was also demonstrated in paper II, where subordinate animals had 
higher hindbrain 5-HIAA/5-HT ratios compared to dominant animals 
(Figure 13). The results from the higher-resolution study, paper III, indicated 
that this increase may originate from the optic tectum, as this was the only 
brain area where losing the fight had any effect on 5-HIAA/5-HT. Winberg 
and Lepage found that brainstem and telencephalic serotonin activity was 
increased in subordinates in both acute and chronic social stress [82], thus 
suggesting that the same regions may be active irrespectively of whether the 
stress is acute or chronic.  
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Figure 12. Monoaminergic activity in different brain regions following 30 minutes 
of social stress against a conspecific or a mirror image. (A) Serotonergic activity. 
(B) Dopaminergic activity. A repeated measures ANOVA (brain area as repeated 
factor) showed that there was an effect of brain area but not of social status. The 
significant differences shown in the figure is from a follow-up contrast analysis, 
comparing each social rank with the controls. Levels are shown as mean and error 
bars as SEM. *p<0.05, **p<0.01 (Paper III, Figure 4.) 
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Figure 13. Hindbrain levels of serotonergic activity, measured as the ratio 
5-HIAA/5-HT following a paired interaction for five days. Levels are shown as 
mean and SEM, *p<0.05 (Paper II, Figure 5.) 

 
The chronic elevation of brain serotonergic activity displayed by subordi-

nate animals is believed to be one factor mediating the behavioural inhibition 
shown by these animals [14,20]. In a study on goldfish (Carassius auratus) 
the optic tectum was found to have a pre-motor function in addition to its 
role as a centre for vision [89]. It is possible that this dual role coordinates 
the visual information about the opponent and then inhibits an action of 
movement in subordinates. 

The 5-HIAA/5-HT ratio in the diencephalon correlated negatively with 
submissive behaviour (flee and freeze) against a true opponent, and posi-
tively with the number of bites against the mirror (paper III). Thus, it appears 
that a more dominant behaviour would increase the serotonin activity, which 
is also an indication of increased stress. Elofsson et al. found similar results 
in Arctic charr where the number of aggressive acts performed by the subor-
dinate during the first day of interaction correlated positively with 
5-HIAA/5-HT levels in the hypothalamus [60]. A possible reason for this 
could be that an individual that accepts its subordinate rank may be less 
stressed than an individual that is subordinate but is not accepting it. Thus, 
acceptance may give a perception of control over the situation. Having con-
trol over an aversive stimuli is less stressful than the same stimuli without 
being able to control it, as measured by number and size of ulcers, plasma 
corticosterone levels and body temperature [90]. Similar results have been 
shown in the serotonin system, as rats exposed to unpredictable tail-shock 
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exhibit more pronounced and longer lasting increases of 5-HIAA/5-HT than 
animals exposed to predictable tail-shock [91]. 

The cerebellum proved important for any acute social interaction as all 
groups had increased levels of both of the monoamines and their metabolites 
compared to isolated controls. The cerebellum is mainly involved in motion 
and coordination of movement [53]. As dopamine and serotonin are also 
involved in motion [53], the increased levels in these systems may be in-
volved in motor function. The most obvious difference between being 
housed isolated or in pairs, when it comes to movement, is that in a pair you 
have to adjust your movement around another individual, or you will collide. 

Dopamine 
Social rank did not affect the dopamine system after chronic social stress 
(paper II). In contrast, after 30 minutes of social interaction all social experi-
ences increased the levels of DOPAC in the optic tectum and brain stem 
compared to controls (paper III). Further, DOPAC/DA was higher in the 
optic tectum in losers and mirror fighters while winners had higher ratio in 
the telencephalon. Previous studies report contradictory results. In juvenile 
rainbow trout that interact for 24 hours, subordinates have higher 
DOPAC/DA levels in both brainstem and hypothalamus [15], while in long-
term studies of juvenile Arctic charr, dominants have higher levels of telen-
cephalic HVA [81] and dominant rainbow trout have higher whole-brain 
dopamine [92]. In contrast, other studies on juvenile [59] and sexually ma-
ture Arctic charr [60] have failed to see effects in the dopamine system after 
agonistic interaction.  

Dopamine is involved in many processes, for example in reward, motiva-
tion and motion [53]. Further, the dopamine system’s role in social stress is 
far less studied and understood than for example the serotonin system. It is 
therefore difficult to interpret the contradictory results. It appears that dopa-
mine may occur in different levels within closely located anatomical areas, 
such as the nucleus accumbens, which shows different activation patterns in 
the core and shell compartments after foot-shock stress in rats [56]. If such 
high resolution is needed, it may very well lead to contradictory results be-
tween studies, due to how a dissection of the brain is performed.  

Effects of embryonal treatment with serotonin-altering 
drugs (paper IV) 
Choice of concentrations and unexpected side effects 
To explore possible effects of altered serotonin levels during development, 
zebrafish embryos were treated with the drugs deprenyl, fluvoxamine or 
p-CPA, all of which affect the serotonin system in different ways.  
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Deprenyl increases the synaptic serotonin by inhibiting the serotonin 
deaminating enzyme MAO. The concentration used (100 µM) was chosen 
from Sallinen et al., who found effects on behaviour and heart rate as well as 
levels of serotonin in zebrafish embryos [52].  

Fluvoxamine is a SSRI that increases the extracellular serotonin by block-
ing the re-uptake of serotonin into the presynaptic neuron. The concentration 
of fluvoxamine was also chosen based on Sallinen et al., who treated zebraf-
ish larvae with 10 µM 0-5 dpf or 100 µM for 2 hours at age 5 dpf [52]. Un-
fortunately, Sallinen et al. do not specify how soon after fertilisation treat-
ment started. In our pilot study, treatment started at 3 hpf and was continued 
for five days. However, with concentrations of 10 µM or higher, mortality 
was 100% at 5 dpf. Decreasing the dose to 5 µM resulted in deformation of 
the jaw, such that the fish could not close the mouth (Figure 14A-B). We 
therefore settled for 0.5 µM. Interestingly, one individual treated with this 
concentration showed a jaw deformation, such that it could not close its 
mouth, but still survived to adulthood (Figure 14C). This fish was tested for 
anxiety and did not show any abnormal behaviour compared to the other 
treated animals.  

The reason behind the severe effects of the higher concentrations in our 
pilot studies and why Sallinen et al. did not see such effects can only be 
speculated. One possibility is that the starting time of treatment is crucial. At 
approximately 30 hpf, cells expressing GFP are clearly visible in untreated 
zebrafish Tg(-3.2pet1:eGFP)ne0214 embryos, and serotonergic neurons are 
visible in in situ labelling a couple of hours later [68]. An onset of treatment 
at 3 hpf is likely to have a stronger effect on the development than an onset 
at 24 hpf.  

In contrast to the other tested drugs, p-CPA depletes serotonin availability 
by blocking the serotonin synthesising enzyme TPH. The concentration 25 
µM p-CPA was chosen from Airhart et al., who saw effects on serotonin 
concentrations, swimming ability, gene expression and morphology [93]. 
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Figure 14. Zebrafish treated with fluvoxamine from 3 hpf to 5 dpf showing defor-
mations of the jaw. (A) Control at 5 dpf. (B) Fluvoxamine-treated with 5 µM at 5 
dpf. (C) One larvae treated with 0.5 µM fluvoxamine for five days survived into 
adulthood even though the jaw was deformed. 

Embryonic treatment with fluvoxamine does not affect adult 
anxiety 
To model anxiety in adults after being embryonically exposed to SSRIs, 
zebrafish larvae were treated with 0.5 µM fluvoxamine for five days and at 
age five months an open field test was performed.  

In the study of adult behaviour following embryonal fluvoxamine treat-
ment, there was no difference in anxious behaviour between the sexes or the 
treatments (two-way ANOVA, time spent in centre zone; treatment: 
F(1,29)=0.243 p=0.626, sex: F(1,29)=0.661 p=0.423; total distance moved; 
treatment: F(1,29)=0.020 p=0.889, sex: F(1,29)=2.28 p=0.142). Neither was 
there any interaction effect of sex and treatment (two-way ANOVA; time 
spent in centre zone: treatment×sex: F(1,29)=0.382 p=0.541); total distance 
moved: treatment×sex: F(1,29)=0.192 p=0.665) (Figure 15). There are at least 
three explanations for this. First, it is possible that fluvoxamine did in fact 
not affect the larvae. This hypothesis can never be answer completely, as we 
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can only tell what we have observed in this study. Second, it is possible that 
there were behavioural effects, but that those could not be detected in the 
open field test. This theory can be further explored with complementing 
tests, such as novel tank diving tests, social interaction studies, avoidance 
behaviour or addictive behaviour, to name a few. Third, fish have a remark-
able ability for neurogenesis all over the brain and they can even replace 
injured neurons, a capacity not seen in mammals [94]. Thus, if high sero-
tonin levels induced neural death or harm, it is possible that this was re-
paired. However, increased synaptic serotonin levels may not have depleted 
the neurons, but altered connections between them, for example through 
changes in numbers or capacity of receptors, transporters or metabolism. If 
the fluvoxamine treatment did in fact affect neural connections, but this was 
repaired, it may be possible to find effects at an early age. We therefore 
chose to focus on this third hypothesis. Hence, we repeated drug administra-
tion with serotonin-altering drugs for three days and studied morphology and 
gene expression in whole embryos at 3 dpf (paper IV).  

 
Figure 15. Behaviour in open field test in adult zebrafish, treated as embryos with 
0.5 µM fluvoxamine for five days. (A) Time spent in the centre of the arena during 
10 minutes. (B) Total distance moved in the arena during 10 minutes. Data are rep-
resented as mean and SEM, N is given below each bar.  

Morphology 
Fluvoxamine and p-CPA did not affect the length of the myotomes while 
deprenyl treatment increased the average length of the 4-5 most anterior ones 
(Figure 16A-B). Airhart et al. found that p-CPA decreased the length, but not 
the numbers of myotomes [93]. The reason why we could not see any effects 
on myotome length following p-CPA treatment is not clear, but the duration 
of treatment could be the cause (3 days starting at 3 hpf in our study vs. 24 
hours starting at 24 hpf in the study performed by Airhart et al.) Since our 
treatment started earlier it could have allowed for compensatory mechanisms 
leading to myotomes of normal length. It is interesting that Airhart et al. 
found that a depletion of serotonin led to decreased length, while in our 
study, an increase in synaptic serotonin led to an increase in length. This is 
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in agreement with a recent in vitro study that showed that increased sero-
tonin levels enhance skeletal muscle growth [95]. The number of serotoner-
gic cells in the spine was unaffected by all treatments (Figure 16C-D).  

Deprenyl, fluvoxamine or p-CPA treatment for three days did not affect 
the volume of the superior or inferior raphe (Figure 16E-G). This indicates 
that the morphology of the serotonergic cells in the brain were resistant to 
changes in serotonin levels during development. In a previous study of 
p-CPA treatment, Airhart et al. found a complete depletion of serotonin lev-
els in the brain [93]. As p-CPA affects TPH, which is downstream of the 
transcription factor pet1, it is possible that we have the same reduction in 
serotonin levels, but that this is not visible in the Tg(-3.2pet1:eGFP)ne0214 
transgenic fish, as this only labels the neurons. In this study, we did not 
quantify levels of serotonin or 5-HIAA, but this will be interesting for the 
future. 

 
Figure 16 (Following page). The effects of serotonin-altering drugs on the morphol-
ogy and numbers of serotonergic cells were studied in the Tg(-3.2pet1:eGFP)ne0214 
line. Zebrafish embryos were treated from 3 hpf to 3 dpf with deprenyl, fluvoxamine 
or p-CPA, which all alter the serotonin levels. Images were taken at 3 dpf. (A) Pic-
ture showing the tail structures, including the myotomes (marked). Scale bar=100 
μm. (B) Diagram showing the length of the myotomes. (C) Maximal intensity pro-
jection of a 92 μm confocal stack showing serotonergic cells and projections in the 
spinal cord in the same animal as depicted in (A). Scale bar=100 μm. (D) Diagram 
showing the number of serotonergic cells in the spinal cord. (E) Maximal intensity 
projection of a 120 μm confocal stack showing serotonergic cells in the raphe nu-
cleus. Superior raphe (SR) and inferior raphe (IR) are marked. Scale bar=100 μm. 
(F) Diagram showing the volumes of the superior raphe. (G) Diagram showing the 
volumes of the inferior raphe. Data is shown as mean and SEM. N is indicated be-
low each bar. *p<0.05, unpaired t-test. (Paper IV, Figure 1). 
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Gene expression 
Deprenyl does not alter gene expression 
The PLS-DA extracted a model with no significant component in the analy-
sis of gene expression after treatment with deprenyl. Further analyses of the 
genes most important for the model (the synthesising enzyme TPH2 and the 
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receptor 5-HT1AA, VIP and loading plots Figure 17) did not show any differ-
ences between the groups (Figure 18). 

There are relatively few studies on the effect of MAO inhibitors on ex-
pression of serotonin-related genes. Nonetheless, gene expression of SERT 
has been reported to be unchanged by the MAO inhibitor clorgyline [96]. It 
is important to remember that an absence of effect on mRNA expression 
does not mean that the system is unaffected. For example, clorgyline has 
been shown to increase serotonin levels without any corresponding effect on 
the gene expression of the transporter [97].  

 
Figure 17. The PLS-DA with control and deprenyl treatment as Y-matrix and genes 
as X-matrix resulted in a model with no significant component. (A) Variable impor-
tance on projection. Positive values in the loading plot (B) indicate up-regulations in 
the controls. Error bars=SEM, N=7 cross validation groups. (Paper IV, Figure 3.) 

Fluvoxamine affects the overall gene expression 
When the whole battery of genes was analysed using PLS-DA, one signifi-
cant component was extracted. This means that the system was affected by 
treatment. However, when the most important genes to determine the model 
(the transporter SERTb, the receptor 5-HT1AB and the synthesising enzyme 
TPH1 (VIP and loading plots, Figure 19)) were analysed separately, no indi-
vidual gene was significantly altered (Figure 18). This is one of the benefits 
with multivariate analysis, and one of the major drawbacks with classic sta-
tistics. If a battery of genes is studied and overall, the expressions are higher 
in one of the treatments, but this increase is too small to prove significant 
with classic statistics, the treatment will be dismissed as having no effect. 
However, when including all variables into a single analysis, the overall 
effect may become apparent, as it did in the present study. The loading plot 
showed that all genes, except for TPH2, were up-regulated after fluvoxamine 
treatment.  
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Figure 18. Fold changes in gene expression following treatment with deprenyl, 
fluvoxamine or p-CPA, compared to controls. Levels are presented as mean and 
SEM, N is indicated below each bar. *p<0.05 (Paper IV, Figure 2.) 

Airhart et al. found that the SSRI fluoxetine did not alter expression of 
5-HT1A or SERT in whole zebrafish embryos, but when the resolution was 
higher (forebrain/midbrain, hindbrain and spinal cord), both genes were ex-
pressed lower in the spinal cord in the treatment group, while the expression 
in the brains remained at control levels [98]. These results are both similar 
and contradictory to ours. Although neither study found any effect in whole 
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embryos, our study pointed to a general increase in gene expression, while 
the study with higher resolution found decreases. Still, because there is little 
available information, we chose to do a study with less resolution to screen 
for greater effects in more genes. There are at least two important possibili-
ties for the differences between our and the study performed by Airhart et al. 
First, zebrafish embryos develop quickly and this may have substantial im-
pact on the results  
since age at sampling (6 dpf in their study vs. 3 dpf in ours), age at start of 
treatment (5 dpf vs. 3 hpf) and duration of treatment (24 hours vs. 3 days), 
differed between the studies. Second, although both studies used SSRIs, 
there are differences between the drugs. Studies of mice have shown that 
prenatal treatment with fluoxetine or fluvoxamine have different effects on 
survival, heart morphology, SERT binding and behaviour [42]. Interestingly, 
Noorlander et al. found that fluvoxamine consistently had lower effects than 
fluoxetine [42]. The modest effects of fluvoxamine on gene expression and 
behaviour in zebrafish are a continuation to gain insight into possible effects 
of prenatal treatment with this antidepressant. 

 
Figure 19. The PLS-DA with control and fluvoxamine treatment as Y-matrix and 
genes as X-matrix resulted in a model with one significant component. (A) Variable 
importance on projection. Positive values in the loading plot (B) indicate up-
regulations in the controls. Error bars=SEM, N=7 cross validation groups. (Paper 
IV, Figure 4.) 

p-CPA increases the expression of several genes 
The PLS-DA with control and p-CPA treated animals as Y-matrix resulted in 
one significant component, showing that treatment with p-CPA changed the 
overall gene expression. The VIP plot (Figure 20A) showed that the trans-
porter SERTa, the receptor 5-HT1AB and the synthesising enzyme TPH1 
were the most important variables in determining the model, and the loading 
plot (Figure 20B) indicated that all genes except for TPH2 were up-regulated 
in the p-CPA group. In the follow-up analysis SERTa, 5-HT1AB and TPH1 
proved to be significantly increased after p-CPA treatment (Figure 18). 
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The effect of p-CPA on gene expression of SERT is both time-dependent 
and region-specific in adult rats, with decreased or unchanged mRNA ex-
pression one and two days after a single intraperitoneal injection, but in-
creased expression seven days after injection [99]. While we found SERTa 
to be up-regulated, Airhart et al. found SERT to be unchanged in the brain 
after a 24-hour treatment followed by a 24-hour washout period [93]. How-
ever, after an additional five-day rescue time SERT was up-regulated [93]. It 
is possible that the first decrease is adapted to the lower serotonin levels, 
while the increased SERT seen after the rescue time may be due to an over-
compensation, either to serotonin levels that are higher than normal, or to 
adjust the time serotonin is left in the synaptic cleft. Thus, the immediate 
increase in SERT that we found may also be an overcompensation, espe-
cially since the depletion in serotonin lasted longer than in the other studies.  

 
Figure 20. The PLS-DA with control and p-CPA as Y-matrix and genes as X-matrix 
resulted in a model with one significant component that showed that p-CPA affected 
the overall gene expression. (A) Variable importance on projection. Positive values 
in the loading plot (B) indicate up-regulations in the controls. Error bars=SEM, N=7 
cross validation groups. (Paper IV, Figure 5). 

 
Studies on 5-HT1A following treatment with p-CPA have shown that the 

effects are time-dependent. Treatment on gestational days 8-17 increase 
5-HT1A binding in rat pups one day after birth, but at day 15 and 30, treated 
pups show similar 5-HT1A binding as controls [100]. In contrast, p-CPA 
treatment during the last six days of gestation results in a decreased 5-HT1A 
expression in four-day-old rat pups [101]. In zebrafish embryos treated for 
24 hours with p-CPA followed by a 24-hour washout period, expression of 
5-HT1A is decreased, but unfortunately it is not specified whether this is 
5-HT1AA or 5-HT1AB [93]. The knock-out mouse TPH2-/- have more 5-HT1A 
binding than their wild-type or heterozygote siblings [102]. Thus, it appears 
that a more severe reduction of serotonin, where severity may be due to con-
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centration, duration of treatment, or possibly age at onset of treatment, may 
increase 5-HT1A expression and protein levels, while a less severe reduction 
has the opposite effect. Because p-CPA depletes serotonin, the up-regulation 
in 5-HT1AB that we found is likely postsynaptic, as this forwards signalling, 
while presynaptic auto-receptors inhibit further signalling.  

Increased levels of TPH is often seen short after p-CPA treatment 
[99,103,104]. This may be a compensatory mechanism to maintain the sero-
tonin levels when some of the TPH will be inhibited by p-CPA. This would 
explain why other studies have found increased TPH expression one and two 
days after a single injection of p-CPA in rats, but that this increase is no 
longer present at three to four days after injection [103,104], when all the 
p-CPA may be bound to TPH, and new TPH may be synthesised as normal. 
Since TPH1 has higher affinity for tryptophan than TPH2 has [28], it is pos-
sible that TPH1 also has a higher affinity for p-CPA, although this is not 
confirmed. A compensation for the reduced availability of TPH1 protein 
could therefore result in an increased expression of TPH1, while no such 
effect is seen in TPH2.  

Zebrafish as a model for depression 
There are several rodent models for depression, all with some benefits and 
some drawbacks. The zebrafish is becoming more and more popular for drug 
screening, which should increase the interest to use it as a model for psychi-
atric disorders.  

One genetic model that may be suitable for studies of depression has re-
cently been developed in zebrafish [105]. This model has a substitution mu-
tation in the glucocorticoid receptor (grs357), resulting in increased cortisol 
levels but impairment of further cortisol signalling [105]. The mutant fish 
show depressive symptoms, such as increased freezing in a novel tank and 
the animals fail to habituate after repeated trials. Interestingly, the mutant 
fish appear to avoid the walls rather than the centre, an effect that is reduced 
by fluoxetine [105]. A crucial difference between the study of the grs357 mu-
tant and our study is the size of the arena. While ours was 19×29 cm, theirs 
was only 10×20 cm. Thus, spending time at the centre in their test would, in 
cm from the wall, be equal to the outer zone in our test. So far, only males 
have been tested in the mutant strain [105].  

A common way to induce depressive-like states in rodents is through 
chronic unpredictable stress. This has been adapted to zebrafish, using 
stressors such as temperature change, housing density, restraint and lowering 
water levels to name a few. A protocol where the fish is subjected to two 
stressors per day for one or two weeks results in increased anxious behaviour 
[106,107], increased levels of cortisol and impaired long-term memory [106] 
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as well as increased shoaling cohesion [107]. So far, sex differences have not 
been investigated.  

Most animal models of depression induce a depressive state through 
physical stress. In humans, however, many stressful events are of social na-
ture [108]. Palanza therefore suggested that social stress may be more ap-
propriate for modelling depression [75]. In rodents this may be achieved 
through housing density, although males are more stressed by crowding, 
while females are more stressed by isolation [75]. Social stress through ag-
gressive interaction is generally not feasible in female rodents as they mainly 
show maternal aggression [109, but see 110]. This causes a problem as 
women are more prone to depression than men. Because of this, the zebraf-
ish may become useful as female zebrafish are actually aggressive, meaning 
that the popular model of social defeat or resident-intruder may be applicable 
to both sexes in zebrafish.  

The choice of strain is crucial when working with zebrafish, since differ-
ent strains often display diverse behaviour [6,111,112]. Generally, domesti-
cated fish are bolder than fish that are more recently derived from wild popu-
lations [6,76,113-115], thus it may be a good idea to use less inbred fish in 
studies of anxiety. Further, in our studies subordinates from the wild-caught 
and AB strains were more behaviourally inhibited than the CS strain, there-
fore the first two may provide stronger face validity for modelling depres-
sion and anxiety. In addition, construct validity was indicated in analysis of 
monoamines following social interaction, especially among subordinates. 
Predictive validity in social stress remains to be evaluated, but studies of the 
subject are ongoing in our lab. 
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Summary and conclusions 

Paper I 
Fish were screened for boldness and later paired with another fish of the 
same sex. Agonistic social interactions were performed in two rounds, such 
that a winner in the first round was paired with another winner, and a loser 
was paired with another loser. We found that males were bolder and that the 
sexes differed in their timing of behaviours, with males being more active 
early in the tests. Further, dominant animals were bolder prior to the social 
interaction, indicating that zebrafish have personalities similar to what has 
been found in other species. 

Paper II 
Chronic social stress was studied in zebrafish kept in pairs. Dominant males 
and females were equally aggressive, but subordinate males appeared to 
challenge their opponents more than the subordinate females did. Subordi-
nate animals had increased serotonergic activity in the brain, indicating in-
creased stress. Further, males had higher serotonergic activity, but this may 
have been due to higher basal levels rather than higher levels of stress. So-
cial interaction had no effect on the dopamine system. 

Paper III 
Acute social stress was studied in male zebrafish paired with a conspecific or 
with a mirror. Fights against a conspecific were resolved in approximately 7 
minutes, while the mirror fights lasted for the full 30 minutes. The serotonin 
and dopamine systems were quickly activated in all social groups, although 
there were greater differences between brain areas than between the social 
groups in the serotonergic and dopaminergic activity. 
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Paper IV 
The effects of altered serotonin levels during development, such as may oc-
cur during embryonal exposure to SSRIs, were studied. Zebrafish embryos 
were treated with the serotonin altering drugs deprenyl, fluvoxamine or 
p-CPA. Brain morphology was unaffected by treatment while the myotomes 
in the spinal cord were longer after deprenyl treatment. Deprenyl had no 
effect on gene expression, while fluvoxamine increased the overall gene 
expression. The strongest effects on gene expression were found after p-CPA 
treatment, as this increased the overall expression as well as TPH1, SERTa 
and 5-HT1AB specifically. 

 
The PLS-DA is a valuable analysis method, as it gives a clear picture of 
complex relations. It has been useful for several interesting findings in this 
thesis, such as prediction of social status based on behaviour, and the possi-
bility to study overall effects on a battery of gene expressions. In future stud-
ies, this analysis method could generate a greater understanding of complex 
situations. 

 
Altogether, the results have added validity to the zebrafish as a model organ-
ism within the field of neurobiology. While predictive validity of zebrafish 
as a model for social stress was not studied, face and construct validity was 
indicated. Although further validation is needed, these studies imply that the 
zebrafish may be a good model for studying effects of embryonal environ-
ment, social stress, anxiety and depression, as well as sex differences 
thereof. 
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Popular science summary in Swedish -  
Svensk populärvetenskaplig sammanfattning 

Depression och ångestsjukdomar är mycket vanligt förekommande i världen 
och flera faktorer påverkar risken för att drabbas. Bland annat spelar genetik 
och svåra livshändelser in, men även personligheten kan avgöra hur en indi-
vid hanterar situationer som kan leda till depression. Trots att dessa sjukdo-
mar är vanligare hos kvinnor än hos män så görs den mesta forskningen på 
djurmodeller med hankön. Ofta kan orsakerna till depression och ångest 
härröras till någon typ av social stress. En av flera populära djurmodeller är 
därför att utsätta djur för social stress, oftast genom att låta dem slåss. Den 
förlorande individen uppvisar då symptom som kan tolkas som depressiva. 
Ett problem med den här modellen är att råttor och möss av honkön sällan är 
aggressiva. Eftersom det därmed saknas modeller för social stress i honor 
använde jag mig av zebrafiskar för att undersöka möjligheten att använda 
dem för studier av depression i båda könen. 

I många djur, precis som i människor, är flera beteenden korrelerade och 
detta ger upphov till personligheter. Till exempel är aggressiva djur ofta 
djärvare i nya miljöer och de uppvisar en lägre hormonell stressrespons. I 
min första studie undersökte jag personligheter i zebrafisk genom att först 
studera tendenser till djärvhet/ängslan och sedan para ihop två fiskar av 
samma kön och låta dem slåss. Jag fann att korrelationen mellan aggression 
och djärvhet var så stark att utgången av ett slagsmål kunde förutsägas base-
rat på testet för djärvhet/ängslan som genomfördes innan slagsmålen. Dess-
utom var honor generellt ängsligare än hannar. 

I den andra studien undersökte jag hur en kronisk social stress, framkallad 
genom att hålla fiskar i par under fem dagar, påverkar signalsubstanserna 
serotonin och dopamin. Båda dessa substanser är involverade i depression, 
belöningssystem och beroende. Jag fann att, precis som i många andra djur-
arter, de underordnade fiskarna verkade mer stressade, baserat på den ökade 
serotoninaktiviteten i hjärnan. Honor och hannar var lika aggressiva mot sina 
motståndare, vilket gör zebrafisken till en möjlig modell för könsskillnader i 
social stress. Överlag hade hannar högre serotoninaktivitet än honor i fram-
hjärnan. Bland de djur som gick isolerade och användes som kontroller hade 
hannar högre serotoninnivåer i bakhjärnan. Dessa könsskillnader tyder därför 
på att hannar har högre basalnivåer av serotonin, snarare än att de påverkas 
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mer än honor av den sociala situationen. Dopaminsystemet var inte påverkat 
av den sociala interaktionen. 

Den tredje studien liknade den andra men nu pågick den sociala stressen 
endast 30 minuter och bara hannar användes. Därtill fick vissa fiskar slåss 
mot sin spegelbild istället för en riktig motståndare. I en sådan situation 
kommer ingen rangordning att fastställas, vilket kan vara frustrerande för 
fisken som aldrig får något gensvar. Dessutom kommer dessa fiskar att upp-
träda som aggressiva överordnade (vilket kan jämföras med mobbare) men 
de får samma synintryck som de underordnade djuren (vilket kan jämföras 
med att vara mobbad). I analyserna av serotonin och dopamin visade sig 
fiskarna som slogs mot spegeln vara mer lika de underordnade än de över-
ordnade. Det här är intressant eftersom barn som både mobbar och mobbas 
löper minst lika stor risk för psykiatriska problem som de som bara mobbas. 

I den fjärde studien ville jag göra en modell av ängslan hos barn och vux-
na där modern använt antidepressiva mediciner under graviditeten. Zebra-
fiskembryon behandlades med en antidepressiv medicin (fluvoxamin) och 
jag gjorde beteendetest då de blivit vuxna, men fann att de inte var mer ängs-
liga än de som inte varit behandlade som embryon. För att undersöka om de 
behandlade embryona hade varit påverkade, men reparerat eventuella ska-
dor, så upprepade jag försöket och använde dessutom två substanser till. 
Sammanlagt studerade jag två antidepressiva som ökar serotoninmängden 
(fluvoxamin och deprenyl), samt en substans som minskar serotoninmäng-
den men som inte används inom medicin (p-CPA). Jag fann att en ökning av 
serotonin med fluvoxamin ledde till en generell ökning i uttryck av gener 
som relaterar till serotoninsignalering, men ingen specifik gen var särskilt 
utmärkande. Dessutom blev muskelsegmenten i ryggen längre när serotonin-
nivåerna ökade till följd av deprenylbehandling. En minskning av serotonin-
nivåer med p-CPA ledde till att tre gener ökade i uttryck. Dessa relaterade 
till syntes av serotonin, återupptag till nervcellen efter signalering samt re-
ceptorer för serotoninsignalering. Sammantaget med tidigare studier verkar 
fluvoxamin ha relativt liten effekt på embryon, åtminstone i de avseenden 
som hittills är studerade. Därmed kan fluvoxamin eventuellt vara lämplig för 
behandling av depression under graviditet. 

Slutsatsen från dessa fyra studier är att zebrafisken är en adekvat modell 
för studier av social stress, depression och ångestsjukdomar, i synnerhet då 
könsskillnader studeras. 
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Corrections 

In paper I, in section 4.1 Statistical analysis, the correct references should be: 
 
[33] Wold S (1978) Cross-Validatory Estimation of the Number of Com-

ponents in Factor and Principal Components Models. Technometrics 
20: 397-405. 

[34] Lundstedt-Enkel, K., Asplund, L., Nylund, K., Bignert, A., Tysklind, 
M., Olsson, M. and Örberg, J. (2006). Multivariate data analysis of 
organochlorines and brominated flame retardants in Baltic Sea guil-
lemot (Uria aalge) egg and muscle. Chemosphere 65, 1591-1599. 

 
Following this section, the reference numbers are according to the reference 
list. 
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