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A B S T R A C T

Zebrafish which carries a mutation in the fibroblast growth factor receptor 1A (fgfr1a), also known as spie-
geldanio (spd), has previously been reported to be bolder and more aggressive than wildtype (AB) zebrafish.
However, in previous studies aggression has been quantified in mirror tests. In dyadic fights the behavior of the
combatants is modified by the behavior of their opponent, and fighting a mirror has been reported to have
different effects on brain gene expression and brain monoaminergic systems. In the present study aggression was
quantified in fgfr1a mutants and AB zebrafish using a mirror test after which the fish were allowed to interact in
pairs, either consisting of two fgfr1a mutants or one AB and one fgfr1a mutant fish. Following dyadic interaction
aggressive behavior was again quantified in individual fish in a second mirror test after which the fish were
sacrificed and brain tissue analyzed for monoamines and monoamine metabolites. The results confirm that fgfr1a
mutants are more aggressive than AB zebrafish in mirror tests. However, fgfr1a mutant fish did not have any
advantage in fights for social dominance, and agonistic behavior of fgfr1a mutants did not differ from that of AB
fish during dyadic interactions. Moreover, as the AB fish, fgfr1a mutant fish losing dyadic interactions showed a
typical loser effect and social subordination resulted in an activation of the brain serotonergic system in fgfr1a
mutants as well as in AB fish. Overall the effects of dyadic interaction were similar in fgfr1a mutant fish and
zebrafish of the AB strain.

1. Introduction

The zebrafish (Danio rerio) is a shoaling species but when kept at
low densities they are highly aggressive and develop dominance based
social hierarchies [1–3]. Fights for social dominance is stressful for both
winners and losers, and both show an activation of brain mono-
aminergic systems during the initial phase of a dyadic interaction [4].
However, in winners brain monoaminergic activity rapidly returns to
baseline levels as the dominance relationship gets firmly established,
and as long as the dominance relationships remain stable the dominant
fish show no signs of stress [2,4]. By contrast, fish losing fights for social
dominance and becoming subordinate are subjected to chronic social
stress and show elevated cortisol along with an activation of the brain
serotonergic system [2,4]. Subordinate fish also show a general beha-
vioral inhibition, including a suppression of aggressive behavior. Ser-
otonin (5-hydroxytryptamine, 5-HT) is known to have an inhibitory
effect on aggressive behavior [5,6] and the behavioral inhibition in
subordinate fish appear to be related to the chronic activation of the

brain serotonergic system in these individuals [7,8]. As a result of an
inhibition of aggressive behavior in losers, the outcome of a fight for
social dominance will affect the outcome of future interactions; losers
will continue to lose whereas winners will increase their probability of
winning future encounters. This phenomenon has been referred to as
the winner/loser effect [9] and has been demonstrated in zebrafish
[10].

Spiegeldanio (spd), which has been suggested as a model for studies
on aggressive behavior in zebrafish [11], has a mutation in the fibro-
blast growth factor receptor 1A (fgfr1a) gene. Norton et al. [11] showed
that fgfr1a mutants are bolder and more aggressive than wild type
zebrafish of the Tübingen strain. Moreover, it was suggested that these
effects on boldness and aggressive behavior were a result of lower brain
histamine levels in the fgfr1a mutant fish, and they were able to restore
normal behavior by pharmacological stimulation of the brain histami-
nergic system [11].

However, in the study by Norton et al. [11] aggression was quan-
tified in a mirror test, i.e. the test fish fighting its own mirror image.
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This is an often used test for studies on aggressive behavior in fish
[12–15]. However, fighting a mirror is very different to fighting a real
opponent, a difference mainly related to the behavioral response
evoked in the opponent, i.e. the behavioral response experienced by the
aggressor. Mirror fights are unsolved fights and the opponent never
responds with submissive behavior. In fact, fighting a real opponent in a
dyadic interaction has been shown to result in different effects on brain
neurochemistry and gene expression as compared to mirror fighting
[16].

In the present study aggressive behavior of fgfr1a mutant fish was
quantified in mirror tests prior to and following dyadic interactions.
Moreover, the behavior and brain monoaminergic activity of winning
and losing fgfr1a mutants were compared to that of zebrafish of the AB
strain. The results confirm that fgfr1a mutant fish is more aggressive
than AB fish in mirror tests but clearly shows that this is not the case if
the fish is fighting a real opponent. Instead, experience of dyadic fights
appears to have similar effects in fgfr1a mutant and AB zebrafish.

2. Material and methods

2.1. Fish

Zebrafish of the AB strain were obtained from the SciLife Lab facility
at Uppsala University, Uppsala, Sweden (www.scilifelab.se).
Spiegeldanio (spd) are zebrafish carrying a mutation of the fibroblast
growth factor receptor 1a (fgfr1a) and these fish, which were homo-
zygote for the mutation (fgfr1at3R705H/t3R705H), were offspring of fgfr1a
mutant fish obtained from the lab of Professor Darren Gilmour,
European Molecular Biology Laboratory, Heidelberg, Germany. All the
fish were adult males of similar body mass, length and age.

The fish were housed in 9.5 l trapezoidal tanks at 27–28 °C in an
Aquaneering zebrafish rearing system at Uppsala University Biomedical
Center. The animals were kept on a 14L:10D photoperiod with lights on
at 07:00 am. Fish tanks were supplied with recirculating Uppsala mu-
nicipal tap water (pH 7.2–7.6) of which 10% was exchanged daily. Fish
were fed twice daily with Tropical energy food (Aquatic Nature,
Belgium) and Artemia (Platinum Grade 0, Argentemia, Argent,
Aquaculture, Redmond, USA).

The use of animals was approved by the Uppsala Regional Animal
Ethical Committee (permit C55/13) and followed the guidelines of the
Swedish Legislation on Animal Experimentation (Animal Welfare Act
SFS1998:56), and the European Union Directive on the Protection of
Animals Used for Scientific Purposes (Directive 2010/63/EU).

2.2. Experimental tanks

The fish pairs were transferred to individual compartments of di-
mension 29×7.5×20 cm (length x width x height) in experimental
tanks used for dyadic interaction. These tanks were made from poly
methyl methacrylate plastic and each tank was equipped with a sub-
merged pump with filter (Eheim pick-up 45, article number 2006020,
Eheim GmbH & Co KG, Germany), a heater (Sera aquarium heather
thermostat 25, Sera, Germany) and an air stone (Sera, Germany) all of
which were placed at the back of the tank separated from the fish by a
white perforated PVC screen. The two compartments of each experi-
mental tank were separated by a removable partition and each com-
partment was equipped with a mirror (19.5×9.5 cm) covered by a
sliding cover. The tanks were filled with Uppsala municipal tap water
kept at 28 °C. The photoperiod was 14L:10D with lights on at 07:00 am.

2.3. Experimental design

Two experiments were performed. The first experiment consisted of
9 pairs of fgfr1a mutant males whereas in the second experiment, in
which fgfr1a mutant male fish were paired with AB males, consisted of
14 pairs. In the second experiment brain tissue was sampled for

neurochemical analysis.
The experiments were carried out in the following sequence: (1) the

fish were transferred to individual compartments and allowed to ac-
climate overnight, (2) the slide covers covering the mirrors were re-
moved and the fish were allowed to interact with their own mirror
image for 10min, (3) the mirrors were covered and the partitions se-
parating the compartments were removed and the fish were allowed to
interact in pairs, (4) the partitions separating compartments were re-
placed, (5) the fish were given 6min to recover after which the mirrors
were exposed and the fish were allowed to interact with their mirror
image for 10min, (6) the mirrors were covered and the partitions se-
parating compartments were again removed allowing the fish to in-
teract in pairs for another 30min after which they were sacrificed and
in experiment 2 brain tissue was sampled.

2.4. Quantification of aggressive behavior

The fish were video recorded during the mirror tests and time (s)
interacting with the mirror was quantified from the video recordings.
During dyadic interaction the fish were video recorded during 4 ob-
servation sessions of 10min each; the first directly after pairing the fish,
the second after 5–7 h of dyadic interaction, the third after 23–25 h of
dyadic interaction, just before separating the fish for the second mirror
test, and finally after performing the second mirror test, i.e. after
26–27 h of dyadic interaction. The following behavioral acts were
quantified during dyadic interaction: number of strikes, bites, and
chases [10]. The video analysis was done with the freeware VLC media
plater 1.01 (VideoLAN, www.videolan.org).

2.5. Brain dissection and analysis of monoamines and monoamine
metabolites

Brains were divided in forebrain (olfactory bulb, telencephalon and
diencephalon), midbrain (optic tectum) and the hindbrain (cerebellum
and brain stem) and immediately frozen on dry ice, as previously de-
scribed [2,16]. The frozen brain tissue samples were homogenized in
250 μl 4% (w/v) ice-cold perchloric acid containing 100 ng/ml 3, 4-
dihydroxybenzylamine (DHBA, the internal standard) using a Sonifier
cell disruptor B-30 (Branson Ultrasonics, Danbury, CT, USA) and were
immediately put on dry ice. Subsequently, the homogenized samples
were thawed and centrifuged at 15,000 rpm for 10min at 4 °C. The
supernatant was used for high performance liquid chromatography
with electrochemical detection (HPLC-EC), analyzing the monoamines
dopamine (DA) and serotonin (5-hydroxytryptamine, 5-HT) as well as
the DA metabolite 3, 4-dihydroxyphenylacetic acid (DOPAC) and the 5-
HT metabolite 5-hydroxyindoleacetic acid (5-HIAA), as previously de-
scribed [2,4,16]. In short, the HPLC-EC system consisted of a solvent
delivery system model 582 (ESA, Bedford, MA, USA), an autoinjector
Midas type 830 (Spark Holland, Emmen, the Netherlands), a reverse
phase column (Reprosil-Pur C18-AQ 3 μm, 100mm×4mm column,
Dr. Maisch HPLC GmbH, Ammerbuch-Entringen, Germany) kept at
40 °C and an ESA 5200 Coulochem II EC detector (ESA, Bedford, MA,
USA) with two electrodes at reducing and oxidizing potentials of
−40mV and +320mV. A guarding electrode with a potential of
+450mV was employed before the analytical electrodes to oxidize any
contaminants. The mobile phase consisted of 75mM sodium phosphate,
1.4 mM sodium octyl sulphate and 10 μM EDTA in deionized water
containing 7% acetonitrile brought to pH 3.1 with phosphoric acid. The
quantification of samples was done by comparing it with standard so-
lutions of known concentrations. DHBA was used as an internal stan-
dard to correct for recovery with the help of HPLC software ClarityTM
(Data Apex Ltd, Czech Republic). The serotonergic and dopaminergic
activity was measured as the ratio of 5-HIAA/5-HT and DOPAC/DA
respectively. The brain monoamines were normalized with respect to
brain protein weights which were determined with Bicinchoncinic acid
protein determination kit (Sigma Aldrich, Sweden). The assay was read
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at a wavelength of 570 nm with the help of a plate reader (Labsystems
multiskan 352, Labsystems Thermo Fisher Scientific). The pellets ob-
tained after sonication and centrifugation of the brain tissue samples
were re-suspended in 200 μl 0.1M PBS (pH 7.2) and used for protein
analysis.

2.6. Statistical analyses

In the second mirror test in experiment 2, three fgfr1a mutant and
two AB fish were lost due to recording problems leaving 11 fgfr1a
mutant and 12 AB fish for the statistical analysis. Five forebrain samples
were lost during the HPLC analysis leaving the following numbers for
statistical analysis, AB winner (n=5), AB loser (n=8), fgfr1a mutant
winner (n=6), fgfr1a mutant loser (n=4).

For all statistical analyses the SPSS software, version 22 (IBM Corp.)
was used. For the fgfr1a mutant dyads, Wilcoxon signed rank test was
used to compare the behavior of winner and loser fish during the four
observations of dyadic fight. This test was also used to compare the
time spent in interacting with the mirror by individual fish before and
after the dyadic fight during the mirror test 1 and mirror test 2.

To compare the difference between winner AB and fgfr1a mutants
and loser AB and fgfr1a mutants, a Mann-Whitney U test was per-
formed. Further, the Wilcoxon signed rank test was used to compare the
time spent interacting with the mirror by individual fish before and
after the dyadic fight during the mirror test 1 and mirror test 2.

A Mann-Whitney U test was also used to compare brain levels of
monoamines (DA, 5-HT), monoamine metabolites (DOPAC, 5-HIAA)
and the ratios between metabolites and parent transmitter (DOPAC/DA,
5-HIAA/5-HT) in different brain regions of winner and loser fish.

3. Results

3.1. Experiment 1: dyadic interaction in pairs of fgfr1a mutant fish

In the mirror test performed prior to dyadic interaction all fish in-
teracted with the mirror. However, there was no significant differences
between eventual winners and losers in the amount of time interacting
with their mirror image in mirror test 1 (p= 0.055; Fig. 1). Following
removal of the partitions allowing dyadic interaction, pairs of fish ra-
pidly initiated mutual display behavior. Aggression in the pairs esca-
lated rapidly to overt aggressive acts consisting of bites, strikes and
chases. During the first observation session fish eventually ending up as
winners and losers, respectively, did not differ in behavior (Fig. 2).
However, at observation session 2, following 5–7 h of dyadic interac-
tion, a clear winner and loser were apparent in all pairs. From ob-
servation session 2 and onwards the winner, the socially dominant fish,
performed significantly higher numbers of aggressive acts as compared
to the loser (Fig. 2). The subordinate pair member was fleeing, adopting

a submissive posture with head up, folded fins and dropping tail. In no
case did the dominance relationship observed at observation session 2
changed during the experiment.

Following 26–27 h of dyadic interaction a second mirror test was
performed. Subordinate fish interacted significantly shorter time
(p= 0.004, one tailed) with the mirror in this mirror test as compared
to mirror test 1, i.e. demonstrating a loser effect (Fig. 3). However,
winners did not interact for longer time with the mirror in mirror test 2
than in mirror test 1 (p=0.945 one tailed), i.e. no winner effect could
be demonstrated (Fig. 3).

There was no significant difference in body mass (winner
570.0 ± 46.3 mg and loser 519.0 ± 31.9 mg, p= 0.520) or total body
length (winner 40.0 ± 1.0mm and loser 39.0 ± 1.0mm, p= 0.488)
between winners and losers.

3.2. Experiment 2: dyadic interaction in pairs consisting of one fgfr1a
mutant and one AB fish

In mirror test 1, performed prior to dyadic interaction, fgfr1amutant
fish interacted for significantly longer time (p=0.010) with the mirror
than AB fish (Fig. 4). Again, when partitions were removed allowing
dyadic interaction, mutual display behavior were initiated more or less
instantly and escalating to overt aggressive acts within minutes. During
observation session 1, the first 10min of dyadic interaction, the fights
were not solved and no clear winners or losers could be observed.
However, at observation session 2 when pairs had been interacting for
5–7 h, clear winners and losers were observed in all cases, and in no
case did this dominance relationship change during the experiment. In
9 out of 14 cases fgfr1a mutant fish were the winners and became so-
cially dominant (p=0.424, binomial test). The winners, both AB and
fgfr1a mutants, remained highly aggressive throughout the experiment
and there were no differences in aggressive behavior between AB and
fgfr1a mutant winners (Fig. 5A), with the only exception in the ob-
servation 1 where number of bites inflicted by AB upon fgfr1a mutants
were significantly higher (p < 0.05). In losers, the frequency of ag-
gressive acts declined, especially from observation session 3 (Fig. 5B).
Neither in losers were there any significant differences in aggressive
behavior between fgfr1a mutants and AB males (Fig. 5B).

The second mirror test which was performed following 26–27 h of
dyadic interaction showed a significant winner effect in AB (p=0.034,
one tailed), i.e. AB winners interacting with the mirror for longer time
in mirror test 2 as compared to mirror test 1 (Fig. 6A). Moreover, there
was a significant loser effects in AB (p=0.025, one tailed, Fig. 6B).
However, no significant loser effect could be observed in fgfr1a mu-
tants, though there was a tendency (p=0.07, one tailed, Fig. 6D). In
fgfr1a mutant winners there was no difference in time spent interacting
with the mirror in mirror test 1 and 2 (p= 0.118, one tailed), i.e. no
winner effect was demonstrated (Fig. 6C).

There was no significant difference in body mass (AB
432.9 ± 20.3 mg and fgfr1a mutants 480.0 ± 15.5 mg, p= 0.077) or
total body length (AB 39 ± 0.6mm and fgfr1a mutants 40 ± 0.6mm,
p=0.242) between AB and fgfr1a mutant fish. Neither did winner and
losers differ in terms of body mass (winner 457.1 ± 20.3mg and loser
455.7 ± 18.0 mg, p= 0.959) or total body length (winner
39 ± 0.6mm and loser 39 ± 0.5mm, p= 0.620)

3.3. Brain dopaminergic and serotonergic activity

In the forebrain, AB losers showed a significant (p=0.02) elevation
of the 5-HIAA/5-HT ratio as compared to AB winners, an effect which
was not observed in fgfr1amutant males (Fig. 7B). Forebrain levels of 5-
HT, 5-HIAA, DA and DOPAC did not differ between winners and losers,
neither in AB nor in fgfr1a mutants (Fig. 7A). Similarly, there was no
difference in forebrain DOPAC/DA ratio between winners and losers
neither in AB nor fgfr1a mutant fish (Fig. 7B).

In the midbrain, loser AB males showed significantly (p= 0.02)

Fig. 1. Time interacting with the mirror for individual fgfr1a mutant fish in a
mirror test performed prior to dyadic interaction (mirror test 1, see Materials
and methods for further details). Winners and losers refer to fish winning and
losing the subsequent dyadic interaction. Values are presented as
mean ± SEM.
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higher 5-HIAA levels as compared to winner AB males (Fig. 8A).
However, there was no significant difference in the 5-HIAA/5-HT ratio
(Fig. 8B, p= 0.61) since there was a non-significant (p=0.083) trend

towards elevated midbrain 5-HT levels in loser AB males (Fig. 8A). An
identical pattern was observed in fgfr1a mutant fish, losers showing
elevated midbrain 5-HIAA concentrations (Fig. 8A, p=0.029) as
compared to winners whereas the midbrain 5-HIAA/5-HT ratio did not
differ (p=0.298) between fgfr1a mutant winners and losers (Fig. 8B).
Again, midbrain 5-HT showed a non-significant trend (p= 0.060) to-
wards an increase in losers (Fig. 8A). There were no significant differ-
ences in midbrain DA concentrations between winners and losers in
either AB or fgfr1a mutant fish (Fig. 8A), and neither were there any
significant differences in midbrain DOPAC/DA ratios (Fig. 8B). How-
ever, in AB fish losers showed a significant elevation (p=0.019) of
midbrain DOPAC concentrations as compared to winners, an effect not
observed in fgfr1a mutant fish (Fig. 8B).

In the hindbrain there were no significant differences in 5-HT, 5-
HIAA, DA or DOPAC concentrations between winners and losers, nei-
ther in AB nor in fgfr1a mutant fish (Fig. 9A). Similarly, hindbrain 5-
HIAA/5-HT and DOPAC/DA ratios did not differ between winners and
losers either in AB or in fgfr1a mutant fish (Fig. 9B).

4. Discussion

The results of this study confirm that fgfr1a mutant males are more
aggressive than AB males in mirror tests. However, when fighting a real
opponent, the behavior of fgfr1a mutants did not differ from that of AB

Fig. 2. Mean number of aggressive acts performed by fgfr1a mutant fish winning and losing during dyadic interaction. The fish were observed during four ob-
servations of 10min each (see Materials and methods for further details). Values are presented as mean ± SEM. *p < 0.05, **p < 0.01 (Wilcoxon signed rank test).

Fig. 3. Time interacting with the mirror for fgfr1a mutant fish winning (A) and losing (B) dyadic interactions. Mirror test 1 (M1) was performed just prior to, and
mirror test 2 (M2) directly following dyadic interaction. Values are presented as mean ± SEM. **p < 0.01 compared to M1 (Wilcoxon signed rank test, one tailed).

Fig. 4. Time interacting with the mirror for individual AB (n=12) and fgfr1a
mutant (n= 11) fish in a mirror test performed prior to dyadic interaction
(mirror test 1, see Materials and methods for further details). Values are pre-
sented as mean ± SEM. **p < 0.01 (Mann-Whitney U test).
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fish, and when fighting AB males of equal size fgfr1a mutant males did
not attain social dominance more often than their AB opponents.
Moreover, in the present study the outcome of dyadic interactions could
not be predicted by the level of aggression quantified in the mirror test
performed prior to the interaction.

Way et al. (2015) reported high repeatability of aggression when
comparing fighting a mirror image and a live opponent. However, in
their study the live opponent used as stimulus was kept behind a
transparent partition. Thus, there was no actual fight and no winner or
loser [17]. During agonistic interactions the internal state and fighting
ability of an individual is likely to be affected by its own behavioral
output as well as by the behavioral response of its opponent [18]. Such
mechanisms are important for group living animals to be able to express
different behavioral profiles depending on their social status, i.e. al-
lowing one genotype to develop multiple divergent behavioral pheno-
types [19,20]. Mechanisms allowing animals to rapidly switch between

different behavioral phenotypes in response to opportunities and
changing social status is likely to include effects on brain gene ex-
pression and rapid changes in the release of various neurotransmitters.
In zebrafish it has been shown that agonistic interactions result in
specific effects on brain gene expression, and these effects differ be-
tween winners and losers [18,21]. Moreover, it was shown that the
expression pattern observed in winners of agonistic interactions clearly
differed from that observed in fish fighting their mirror image, even
though both expressed equal levels of aggressive behavior [18,21]. Si-
milar results were obtained when comparing brain levels of the neu-
ropeptides, arginine vasotocin (AVT) and isotocin (IT), in zebrafish
winning or losing dyadic interactions and fish fighting a mirror [21].

Monoamines are another group of neurotransmitters important for
mediating behavioral flexibility in response to social stimuli. As for
brain levels of AVT and IT, Teles et al. (2013) showed that agonistic
interactions as well as mirror fighting resulted in rapid regional changes

Fig. 5. Mean number of aggressive acts performed during dyadic interaction by AB and fgfr1a mutant fish winning (A) and losing (B) interactions. The fish were
observed during four observations of 10min each (see Materials and methods for further details). Values are presented as mean ± SEM.*p < 0.05 (Mann-Whitney
U test).

Fig. 6. Time interacting with the mirror for AB
fish winning (A) and losing (B), and fgfr1a
mutant fish winning (C) and losing (D) dyadic
interactions. Mirror test 1 (M1) was performed
just prior to, and mirror test 2 (M2) directly
following dyadic interaction. Dyads consisted
of one fgfr1a mutant and one AB fish (see
Materials and methods for further details).
Values are presented as mean ± SEM.
*p < 0.05 compared to M1 (Wilcoxon signed
rank test, one tailed).
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in brain dopaminergic and serotonergic activity, with different effects
in winners and losers, and again effects in mirror fighters differing from
those of winners in dyadic interactions, even though both displayed
similar levels of aggression [16]. Social interaction has repeatedly been
shown to result in a rapid activation of brain monoaminergic systems in
teleost fish [22] as well as in other vertebrates (reviewed by [7,8]).
During the initial phase of dyadic interaction both winners and losers
show elevated brain dopaminergic and serotonergic activity but as the
dominance relationship gets established the dopaminergic and ser-
otonergic activity of dominant fish returns to baseline levels whereas
subordinates continue to show elevated brain serotonergic activity even
after long-term social interaction [2,4]. The chronic activation of the

brain serotonergic system in subordinates appear to be part of a me-
chanisms mediating the behavioral inhibition observed in these in-
dividuals [7,8]

Norton et al. (2011) showed that the expression of the 5-HT re-
uptake transporter is reduced in fgfr1a mutants as compared to wild
type fish [11]. Thus, in addition to affecting the brain histaminergic
system the fgfr1a mutation also seem to affect the development of the
brain 5-HT system. Still, in the current study we observed similar effects
of social subordination on brain serotonergic activity in AB and fgfr1a
mutant males. In both cases, subordination resulted in elevated mid-
brain 5-HIAA concentrations along with a trend towards elevated 5-HT
levels. However, in subordinate AB males we also observed an elevation

Fig. 7. Forebrain concentrations of DA, 5-HT, 5-HIAA and DOPAC (A), and 5-HIAA/5-HT and DOPAC/DA ratios (B) in AB and fgfr1a mutant fish winning or losing
dyadic interactions. Data are presented as mean ± SEM. AB winner (n= 5), AB loser (n=8), fgfr1a mutant winner (n=6), fgfr1a mutant loser (n=4) *p < 0.05
(Mann-Whitney U test).
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of forebrain 5-HIAA/5-HT ratios and midbrain DOPAC concentrations,
effects not observed in subordinate fgfr1a mutant males. Thus, even
though the overall effects of social interaction on brain monoaminergic
activity were similar in AB and fgfr1a mutant males, our results could
suggest divergent effects of social subordination on forebrain ser-
otonergic and midbrain dopaminergic transmission in AB and fgfr1a
mutant zebrafish males. Similarly, behavioral effects of social interac-
tion were also similar in AB and fgfr1a mutant males, with social sub-
ordination resulting in an inhibition of aggressive behavior as

determined in the second mirror test following dyadic interaction.
However, one striking difference being that no winner effect was ob-
served in dominant fgfr1a mutant males, i.e. fgfr1a mutant winners did
not increase their interaction with the mirror in the second mirror test.
Thus, possibly fgfr1a mutant males, who initially interacted more with
their mirror image than AB males, were unable to up-regulate aggres-
sion when becoming socially dominant. This could suggest that AB and
fgfr1a mutant fish differ in emotional processing.

In addition, to being more aggressive, fgfr1a mutants have been

Fig. 8. Midbrain concentrations of DA, 5-HT, 5-HIAA and DOPAC (A), and 5-HIAA/5-HT and DOPAC/DA ratios (B) in AB and fgfr1a mutant fish winning or losing
dyadic interactions. Data are presented as mean ± SEM. AB winner (n= 5), AB loser (n=9), fgfr1a mutant winner (n=9), fgfr1a mutant loser (n= 5). *p < 0.05
(Mann-Whitney U test).
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reported to be bolder than wild type zebrafish. Norton et al. (2011) and
Dahlbom et al. (2011) reported that boldness as determined prior to
dyadic interaction strongly predicted the outcome of fights for social
dominance with bold fish having a clear advantage when fighting less
bold individuals [3,11]. In the present study we did not screen the fish
for boldness and in the study by Norton et al. (2011) fgfr1a mutant fish
were compared to zebrafish of the Tübingen strain [11]. Both Tübingen
and AB strains are highly domesticated and domestication may result in
increased boldness and aggression [23–25], but to our knowledge the
behavioral profile of Tübingen and AB zebrafish has not been com-
pared. However, we recently obtained results suggesting that AB and
fgfr1a mutant fish do not differ in boldness whereas both fgfr1a mutants
and AB are bolder than offspring from wild-caught zebrafish [26].

In conclusion, the results of this study show that in mirror tests

fgfr1a mutant fish are more aggressive than wild type zebrafish of the
AB strain. Still, in dyadic interactions the behavior of fgfr1a mutant
males did not differ from that of AB males, and fgfr1a mutant males did
not have an advantage over AB males in fights for social dominance.
The effects of social subordination in AB and fgfr1a mutant males are
similar, resulting in an activation of the brain serotonergic system along
with a behavioral inhibition. However, one striking difference being
that fgfr1a mutant males winning staged dyadic interactions show no
winner effect. Thus, possibly fgfr1a mutant fish are less plastic in their
behavior than wild type zebrafish when fighting real opponents.
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