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® Zebrafish were exposed to different fighting experiences: winning, losing and mirror-fighting.
e Winners show higher serotonergic and dopaminergic activity in the telencephalon.

® Losers show higher serotonergic in the optic tectum.

® No significant changes in monoamine activity were observed in mirror fighters.

® Monoamines are differentially regulated by social interactions in different brain regions.
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In social species animals tend to adjust their social behaviour according to the available social informa-
tion in the group, in order to optimize and improve their one social status. This changing environment
requires for rapid and transient behavioural changes that relies primarily on biochemical switching of
existing neural networks. Monoamines and neuropeptides are the two major candidates to mediate these
changes in brain states underlying socially behavioural flexibility. In the current study we used zebrafish
(Danio rerio) males to study the effects of acute social interactions on rapid regional changes in brain
levels of monoamines (serotonin and dopamine). A behavioural paradigm under which male zebrafish
consistently express fighting behaviour was used to investigate the effects of different social experiences:
winning the interaction, losing the interaction, or fighting an unsolved interaction (mirror image). We
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Serotonin found that serotonergic activity is significantly higher in the telencephalon of winners and in the optic
Dopamine tectum of losers, and no significant changes were observed in mirror fighters suggesting that serotonergic
Zebrafish activity is differentially regulated in different brain regions by social interactions. Dopaminergic activity

it was also significantly higher in the telencephalon of winners which may be representative of social
reward. Together our data suggests that acute social interactions elicit rapid and differential changes in
serotonergic and dopaminergic activity across different brain regions.

© 2013 Elsevier B.V. All rights reserved.

expected to rely on socially driven biochemical switching of exist-
ing neural networks, rather than on structural rewiring of neural

1. Introduction

In order to optimize the benefits of group living and to min-
imize its costs, social animals need to adjust the expression of
their social behaviour according to daily changes in their social
environment. This ability of an individual to optimize its social
behaviour depending on available social information (aka social
competence, [1]), depends primarily on mechanisms that allow for
rapid and transient behavioural changes. Given the speed and lia-
bility of this type of behavioural flexibility, such mechanisms are
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circuits [2]. In recent years evidence accumulated showing how
neuromodulators can change the activity and even the connec-
tivity of neural circuits in a way that each structural circuit, as
represented by its connectome, may include multiple functional
circuits, with some of them active and some others latent at a
given moment in time [3]. Different neuromodulatory agents may
interact with specific circuits and alter their functional proper-
ties, promoting either excitatory or inhibitory states. Monoamines
and neuropeptides are considered the two major classes of neu-
romodulators, and the action of both on social behaviour as well
as their sensitivity to environmental factors, have been extensively
documented [4,5], which makes them major candidates to medi-
ate changes in brain states underlying socially driven behavioural
flexibility.
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Monoamines have been implicated in the regulation of moti-
vated behaviours and among them the role of the serotonergic
system on the control of aggressive motivation has been demon-
strated both in vertebrate and in invertebrate species [6,7].
Interestingly the effects of serotonin (5-hydroxytryptamine, 5-HT)
on aggressive behaviour are to some extent paradoxical. While sev-
eral studies have pointed out that pharmacological manipulations
that increase 5-HT inhibit aggression in a wide range of verte-
brates, from fish to humans [8], other studies, in contrast, have
showed increased serotonergic activity in specific brain regions
during the expression of aggressive behaviour [8-10]. Moreover,
the 5-HTq4 and 5-HT;p receptors exert functionally opposing roles
invarious behavioural and physiological processes such as appetite,
sexual libido, motor activity, and thus it is reasonable to consider
that this divergence may also be present in aggressive behaviour
[11-13]. Therefore, the role of 5-HT on the regulation of social
behaviour cannot be put simply in terms of pure inhibition or pure
facilitation of aggression, but rather as a function of environmen-
tal context. The effects of dopamine (DA) on aggression are also
paradoxical. For example in mammals, while D1 and D2 dopamine
receptor antagonists reduce aggression [14], D2 receptors in the
medial preoptic area (mPOA) and anterior hypothalamus facilitate
affective defense behaviour [15]. On the other hand, the meso-
corticolimbic dopamine system has been shown to be involved in
the preparation and execution of aggressive acts [16-20]. These
neurochemical studies link elevated dopamine and its metabo-
lites in prefrontal cortex and nucleus accumbens not only to the
initiation of attacks and threats, but also to defensive and submis-
sive responses in reaction of being attacked [19,21]. The transition
between behavioural states (e.g. inhibition or promotion of aggres-
sive behaviours) in both monoaminergic systems appears to be
sensitivity to different social contexts, which make these neuro-
modulators tremendously important in the regulation of social
interactions.

The high diversity and plasticity of social behaviour among
teleost fish makes them excellent models for comparative studies
on the mechanisms of social plasticity [22]. In many fish species
social systems are characterized by reversible dominance hier-
archies, where animals have to adjust the expression of their
social behaviour to their perceived social status. In these social
systems rapid changes in behavioural output occur, driven by the

A

assessment that the animal does of the social interactions in which
it is involved.

In this paper we used zebrafish (Danio rerio) males to study
the effects of acute social interactions on rapid regional changes
in brain levels of monoamines. Zebrafish were chose as a model
species given their increasing use in behavioural neuroscience
research and their flexible social behaviour. Zebrafish is a group-
living species that in nature form shoals [23] but when allowed to
interact in pairs, form dominance hierarchies [24]. In this species
aggression is commonly used by dominant individuals to get access
to spawning sites and to protect their social status from competitors
[25]. Recently, our group developed a behavioural paradigm under
which male zebrafish consistently express fighting behaviour and
characterized the structure of these fights in male dyads [26]. Here
the same paradigm is used to investigate the effects of different
social experiences (i.e. individuals experiencing a victory, a defeat
or fighting an unsolved interaction) on serotonin and dopamine
levels in different brain regions.

2. Materials and methods
2.1. Animals and housing

All subjects used in this experiment were adult wild-type (AB) zebrafish breed
and held at Instituto Gulbenkian de Ciéncia (IGC, Oeiras, Portugal). Fish were kept
in a recirculating system (ZebraTec, 93 Tecniplast), at 28°C with a 14L:10D pho-
toperiod. Water system was monitored for nitrites (<0.2 ppm), nitrates (<50 ppm)
and ammonia (0.01-0.1 ppm), while pH and conductivity were maintained at 7 and
700 wSm respectively. Fish were fed twice a day with commercial food flakes in the
morning and Artemia salina in the afternoon, except on the day of the experiments.

2.2. Experimental design

In the present study a behavioural paradigm previously developed for the
study of zebrafish aggressive behaviour was used [26]. Thirty-two adult males
(8 in each experimental treatment) matched for standard length (mean 4 SEM:
2.81+0.026 cm) and body mass (mean=+SEM: 0.350+0.009g) were grouped in
dyads. There were three types of dyads: (1) real opponent fight: the fish fought
with a conspecific; (2) mirror fight: the fish fought with their own mirror image;
(3) no fight: the fish had no agonistic interaction (Fig. 1). From these three types
of dyads, came out four experimental conditions: winning the interaction, losing
the interaction, fighting an unsolved interaction, or experience no interaction (con-
trol group). Subjects were always tested in pairs, in order to give them access to
conspecific odours, which would otherwise only be present in real opponent dyads,
therefore avoiding confounding effects of putative chemical cues.

Fig. 1. Experimental procedure: (A) overnight isolation to elicit aggression. Each fish pair was placed in the experimental tank, and isolated visually, but not chemically, by
a removable opaque PVC partition; (B) real opponent interaction, fish fought with a conspecific; (C) mirror interaction, fish fought with their own mirror image (grey bars);

(D) control group, no agonistic interaction or mirror stimulation.



M.C. Teles et al. / Behavioural Brain Research 253 (2013) 17-24 19

Prior to the experiment, each pair was placed in the experimental tank
(20cm x 14.5cm x 12.5 cm)where they were kept overnight in visual isolation using
aremovable opaque PVC partition. Previous studies had established periods of social
isolation of 5 days [24] and 24 h [26] as effective to elicit aggressive behaviour. How-
ever, here we established that overnight isolation was sufficient to promote the
consistent expression of aggressive behaviour. After the isolation period, the opaque
divider was removed and the fish were allowed to interact for a period of 30 min.
Behavioural interactions were videotaped (JVC-Everio S Memory camcorder-GZ-
MS215) for subsequent behavioural analysis (see below).

2.3. Sampling

Inorder to avoid monoamine degradation during the brain macro-dissection and
to keep the time of sampling after the social interactions as homogeneous as possible
across dyads, only one fish from each dyad was used for monoamine quantification.
These fish were sacrificed immediately after the interaction with an overdose of
tricaine solution (MS222, Pharmaq; 500-1000 mg/L) and the spinal cord sectioned.
The brain was macrodissected under a stereoscope (Zeiss; Stemi 2000) into five
areas: Olfactory bulb and Telencephalon (OB/TL), Optic tectum (OT), Diencephalon
(DE), Cerebellum (CB), and Brain stem (BS). Immediately after collection the brain
tissue was placed on dry ice and stored at —80 °C until analysis.

2.4. Analysis of brain monoamines and metabolites

The frozen macroareas were homogenized in 4% (w/v) ice-cold perchloric acid
containing 100ng/ml 3,4-dihydroxybenzylamine (DHBA, the internal standard)
using a Sonifier cell disruptor B-30 (Branson Ultrasonics, Danbury, CT, USA) and
were immediately placed on dry ice. Subsequently, the homogenized samples
were thawed and centrifuged at 21,000 x g for 10 min at 4°C. The supernatant
was used for high performance liquid chromatography with electrochemical detec-
tion (HPLC-EC), analyzing the monoamines dopamine (DA) and serotonin (5-HT,
5-hydroxytryptamine) the DA metabolite DOPAC (3,4-dihydroxyphenylacetic acid)
and the 5-HT metabolite 5-HIAA (5-hydroxy indole acetic acid), as described by
Overli et al. [10]. In brief, the HPLC-EC system consisted of a solvent delivery as
system model 582 (ESA, Bedford, MA, USA), an auto injector Midas type 830 (Spark
Holland, Emmen, the Netherlands), a reverse phase column (Reprosil-Pur C18-AQ
3 m, 100mm x 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 —40 mV and
+320 mV. A guarding electrode with a potential of +450 mV was employed before
the analytical electrodes to oxidize any contaminants. The mobile phase consisted
of 75mM sodium phosphate, 1.4mM sodium octyl sulphate and 10 M EDTA in
deionized water containing 7% acetonitrile brought to pH 3.1 with phosphoric acid.
Samples were quantified by comparison with standard solutions of known con-
centrations. To correct for recovery DHBA was used as an internal standard using
HPLC software Clarity™ (DataApex Ltd., Prague, Czech Republic). The ratios of 5-
HIAA/5-HT and DOPAC/DA were calculated and used as an index of serotonergic
and dopaminergic activity, respectively.

For normalization of brain monoamine levels, brain protein weights were deter-
mined with Bicinchoninic acid protein determination (Sigma-Aldrich, Sweden)
according to the manufacturer’s instructions. The assay was read on Labsystems
multiskan 352 plate reader (Labsystems, Thermo Fisher Scientific) wavelength of
570 nm.

2.5. Behavioural observations

Video recordings were analyzed using a computerized multi-event recorder
(Observer XT, Noldus, Wageningen, The Netherlands). The zebrafish ethogram [26]
was used as a reference and the observed behaviours were divided into aggressive
(bite, chase and strike) and submissive (freeze and flee). As previously described in
[26] dyadic male fights have two distinct phases: the pre-resolution phase where
the fight is symmetric and both fish exhibit the same repertoire of behaviours (dis-
play, circle, and bite) and the post-resolution phase where all agonistic behaviours
are initiated by the winner whereas the loser only displays submissive behaviours.
Because we were only interested in the different output of the fights which gener-
ate different behavioural phenotypes (e.g. winner and loser) we only analyzed the
post-resolution phase (i.e. the last 5min of the 30 min interaction). We also mea-
sured the fight resolution time (time for the social hierarchy to be established) in
order to compare real opponent with mirror interactions.

2.6. Statistical analysis

Statistical analyses were performed with the software STATISTICA v.10 (Stat-
Soft, Inc., 2011). Parametric statistic was used given that the variables match the
parametric parameters. One loser and one control were removed from the analysis,
one because the output of its fight was not completely clear and the second because
most of the time it was trapped on the partition, resulting in a sample size of 7 for
losers and control groups, and 8 for winners and mirror groups. In the behaviour
analyses, one animal from the winner, loser and mirror groups was removed from
the analysis due to a problem with the video recordings which made the analysis

impossible. A T-test was used to access differences between types of interactions
(real opponent vs mirror) and fight resolution time. In the monoamines analysis,
four samples from the optic tectum were excluded due to problems during the sam-
ple preparation. Serotonin, dopamine levels and the respective metabolites, 5HIAA
and DOPAC, as well as the activity of both neurotransmitters as measured by the
ratios 5-HIAA/5-HT and DOPAC/DA, in brain macroareas were log transformed in
order to meet the assumption of normal distribution. A repeated measures ANOVA
(repeated factor: brain macroareas with 5 levels, independent factor: male status
with 4 levels, winner, loser, mirror, control) was used to identify the main effects
and the interaction between brain area and social status on the different monoamine
measures, followed by a post hoc tests and planned comparisons of least squares
means between the control group (isolation) and each of the different social status.
A PCA analysis was used to reduce the number of behaviour variables in the real
opponent paradigm. Correlations between behaviour and monoamine concentra-
tions were obtained with Pearson correlation coefficients. All tests were two-tailed
and statistical significance was set at p <0.05.

2.7. Ethics statement

The animal experimentation procedures used in this study followed the Asso-
ciation for the Study of Animal Behaviour and the Animal Behaviour Society
guidelines for the treatment of animals in behavioural research and teaching and
were approved by the internal Ethics Committee of the Gulbenkian Institute of Sci-
ence and by the National Veterinary Authority (Direcdo Geral de Alimentacdo e
Veterindria, Portugal; permit number 8954).

3. Results
3.1. Behaviour

In the real opponent paradigm all pairs except one, develop a
clear dominant/subordinate relationship. Social hierarchies were
stable and the behaviours exclusive for each phenotype. During
the post-resolution phase a winner never became a loser nor a
loser became a winner. The behaviours are stereotyped according
to social status, aggressive behaviours in winners and submissive
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Fig. 2. Behavioural results. (A) Mean number of aggressive acts performed in the
last 5min of the 30 min agonistic interaction; error bars represent the standard
error of the mean. (B) Fight resolution time, measured as the time needed for a
social hierarchy to be established in the fighting male dyads (counting from the first
bite to the post-resolution phase); error bars represent the standard error of the
mean (t-test: T=—6.39, p<0.0001).
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Fig. 3. Principal component (PC) analysis of aggressive and submissive behaviours in the real opponent paradigm. (A) Factor loadings of the behavioural variables and
variance explained by each PC. (B) Graphic representation of the extracted PC’s: PC1 represents aggressive behaviour and PC2 submissive behaviour, which can be further
divided in active submission (flee) on the positive quadrant and passive (freeze) on the negative quadrant.

behaviours in losers. On the other hand, in mirror interactions
because the fight is symmetric along time the resulting pheno-
type is not apparent, they never behave like losers or winners,
and aggressive levels are kept constant during the whole interac-
tion (Fig. 2). This difference is obvious in the fight resolution time
(T=-6.39,p<0.0001; Fig. 2B) where mirror fighters fight for 30 min
whereas in the real opponent interaction the fight is solved in
approximately 7 min, after which a post-resolution phase is estab-
lished.

In order to reduce the number of behavioural variables in
subsequent analyses in the real opponent paradigm, a Prin-
cipal Component Analysis (PCA) was performed. Two factors,
that together explain 83.1% of the total variance (Fig. 3A), were
extracted that show a clear separation between aggressive and
non-aggressive behaviours: PC1 has positive loadings for aggres-
sive behaviours and a negative load for submissive behaviour (flee)
and explains 65.4% of the variation; PC2 has positive loadings for
submissive behaviour and negative loadings for all the aggressive
behaviours (bite, chase, strike) and explains 17.7% of the varia-
tion (Fig. 3A). PC2 allows the subsequent division of submissive
behaviour into an active (flee, positive quadrant) and a passive
(freeze, negative quadrant) style (Fig. 3B). These results support the
separation of aggressive and submissive behaviour in the real oppo-
nent interaction. In the mirror interaction, because the behavioural

repertoire is restricted to two behaviours (bite, strike) no PCA was
performed.

3.2. Brain monoamines

Concentrations of serotonin (5-HT), dopamine (DA) and their
main metabolites (i.e. 5-HIAA and DOPAC, respectively) in the stud-
ied brain areas are given in Table 1.

There was a treatment and brain area main effect for both
5-HT (repeated measures ANOVA; social treatment: F35=7.86,
p<0.001; brain area: F4190 =79.39, p<0.0001, respectively) and 5-
HIAA (repeated measures ANOVA; social treatment: F34=8.55,
p<0.001; brain area: F496=50.36, p<0.0001). The post hoc anal-
yses revealed that social experience increased 5-HT and 5-HIAA
levels in animals that fought real opponents (W/L) and mirror
image when compared to control group. For serotonin, the con-
centration was higher in the diencephalon, followed by olfactory
bulb/telencephalon, optic tectum and brain stem and the lowest
concentration was found in the cerebellum. On the other hand, for
the metabolite 5-HIAA, olfactory bulb/telencephalon had the high-
est concentration, followed by diencephalon, optic tectum, brain
stem and finally cerebellum.

For DA and DOPAC there was also a main effect for treatment
and brain area. Social experience also increased DA [F334=5.03,
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Monoamine and metabolites concentrations (mean + SEM) in different brain areas, and different treatments. Asterisk (*) in the mean indicates significative differences on
specific treatments when compared to control group (repeated measures ANOVA, *p <0.05).

Brain region Monoamines and Treatment
metabolites Control Mirror fighter Winner Loser Statistics
Telencepahlon 5-HT 3.83 +£ 1.02 6.40 + 0.85* 6.15 + 1.6 5.61 + 0.74 F(12,100)=2.48; p<0.01
5-HIAA 5.26 + 1.67 9.06 +1.66* 9.98 + 1.64* 9.05 + 1.28* F(1206)=1.17; p=0.32
DA 2.08 + 0.57 291 £ 0.54 2.57 + 0.53 2.28 +£0.31 F(1296)=3.11; p<0.001
DOPAC 0.46 + 0.16 0.78 £ 0.20 0.68 + 0.08 0.54 £ 0.11 F(12,100)=3.55; p<0.001
Diencephalon 5-HT 8.86 + 1.43 9.26 + 0.75 8.19 + 0.95 10.54 + 0.92 F(12,100)=2.48; p<0.01
5-HIAA 444 + 0.71 4.99 + 045 4.22 +£0.33 5.86 + 0.36* F(1206)=1.17; p=0.32
DA 6.25 + 0.72 6.23 + 0.52 5.01 + 0.68 6.93 + 0.65 F(1206)=3.11; p<0.001
DOPAC 0.53 + 0.08 0.67 + 0.06 0.52 + 0.04 0.83 + 0.09* F(12,100)=3.55; p<0.001
Optic tectum 5-HT 419 +£0.34 411 + 0.36 4.04 +0.22 3.55 +0.28 F(12,100)=2.48; p<0.01
5-HIAA 2.374+0.25 2.11+0.39 2.69 + 0.26 2.87 £ 0.26 F(1206)=1.17; p=0.32
DA 0.92 + 0.07 1.13 £ 0.17 1.01 + 0.06 0.83 + 0.08 F(1296)=3.11; p<0.001
DOPAC 0.18 + 0.01 0.41 £ 0.03* 0.28 £ 0.02* 0.33 £+ 0.05* F(12,100)=3.55; p<0.001
Cerebellum 5-HT 0.32 + 0.06 1.72 + 0.51* 1.47 + 0.25* 1.08 + 0.26* F(12,100)=2.48; p<0.01
5-HIAA 0.92 + 049 2.17 + 0.60* 1.47 + 0.60* 1.75 + 0.42* F(1206)=1.17; p=0.32
DA 0.20 + 0.02 1.63 + 0.63* 1.02 £ 0.17* 0.72 £ 0.17* F(1206)=3.11; p<0.001
DOPAC 0.04 + 0.01 0.30 + 0.09* 0.15 + 0.04* 0.18 + 0.05* F(12,100)=3.55; p<0.001
Brain stem 5-HT 3.62 + 0.56 3.39 £ 040 6.51 £+ 1.18* 443 +1.43 F(12,100)=2.48; p<0.01
5-HIAA 237 £ 032 2.26 +£0.18 3.15 + 0.36 3.03 + 0.38 F(1206)=1.17; p=0.32
DA 2.63 + 041 2.23 +£0.21 4.23 + 0.66* 3.21 + 0.86 F(12,06)=3.11; p<0.001
DOPAC 0.27 + 0.06 0.35 £+ 0.03* 0.46 £ 0.04* 0.41 £ 0.08* F(12,100)=3.55; p<0.001

p<0.01)] and DOPAC levels [F3,5=8.31, p<0.001] in winners,
losers and mirror fighters suggesting an activation of both sys-
tems in acute interactions. DA [F4 96 = 85.68, p <0.0001] distribution
across the brain was distinct, with elevated concentrations in the
diencephalon, then olfactory bulb/telencephalon and brain stem,
and lastly optic tectum and cerebellum. For DOPAC [F4 100 =39.09,
p<0.0001] olfactory bulb/telencephalon and diencephalon exhibit
the highest concentration, optic tectum and brain stem were after
and cerebellum showed the lowest.

There was a significant main effect of brain area but not of
social status in the ratios of both 5-HIAA/5-HT (repeated meas-
ures ANOVA, brain area main effect: F4 gg =83.38, p<0.0001; social
status main effect: F33;=1.27, p=0.31) and DOPAC/DA (brain
area main effect: F463=28.53, p<0.00001; social status main
effect: F317=2.17, p=0.13). The post hoc analyses revealed that
5-HIAA/5-HT ratios were significantly higher in the olfactory
bulb/telencephalon, followed by the cerebellum, then optic tectum
and brain stem and lastly by the diencephalon. DOPAC/DA ratios
were significantly higher in the optic tectum, followed by olfactory
bulb/telencephalon, then cerebellum, and diencephalon and lastly
in the brain stem. Contrast analysis of 5-HIAA/5-HT and DOPAC/DA
activity of an area by area basis revealed that 5-HIAA/5-HT levels
were significantly higher in winners’ olfactory bulb/telencephalon
(F=18.43, p<0.001), and losers optic tectum (F=9.92, p<0.01;
Fig. 4A). Regarding the DOPAC/DA, winners had higher activity
levels in the olfactory bulb/telencephalon (F=6.32, p<0.05), and
mirror and losers in the optic tectum (F=12.05,p <0.01 and F=6.67,
p<0.05 respectively; Fig. 4B). There was also a marginally non-
significant tendency for losers to have increased DOPAC/DA ratios
in the cerebellum (F=3.96, p=0.06).

3.3. Relationship between monoamines and behaviour

Correlations analyses between behaviour and monoamine in
different brain areas revealed that in the real opponent paradigm
there were negative correlations between 5-HIAA levels (r=—-0.70,
N=12, p<0.05) and DOPAC levels in the diencephalon (r=-0.58,
N=13,p<0.05) and aggressive behaviour, and between 5HIAA/5HT
ratio in the diencephalon and submissive behaviour (r=-0.69,
N=12, p<0.05). Positive correlations were found between DA

levels in the diencephalon and submissive behaviour (r=0.60,
N=13, p<0.05) and DA levels in the cerebellum and aggressive
behaviour (r=0.76, N=12, p<0.01).

In the mirror fighting treatment there were positive correla-
tions between bite frequency and 5-HIAA levels in the optic tectum
(r=0.81, N=7, p<0.05), the 5HIAA/5HT ratios in the diencephalon
(r=0.90, N=7, p<0.01) and optic tectum (r=0.83, N=7, p<0.05)
and DOPAC/DA ratio in the diencephalon (r=0.76, N=7, p<0.05).
Strike frequency was negatively correlated with 5-HT and DOPAC
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Fig. 4. Monoaminergic activity in different brain areas following an acute social
interaction: (A) HIAA/5-HT ratio; (B) DOPAC/DA ratio. Error bars represent the
standard error of the mean (repeated measures ANOVA, *p<0.05 and **p<0.01).
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levels in the cerebellum (r=-0.79, N=7, p<0.05; r=-0.79, N=7,
p<0.05)and positively correlated in the optic tectum with DA levels
(r=0.77, N=7, p<0.05). All other correlations were non significant.

4. Discussion

In the current study it is shown that following an acute ago-
nistic encounter zebrafish males express two distinct behaviour
profiles depending on the social status achieved: losers exhibit
exclusively submissive behaviours, whereas winners express only
aggressive behaviours (Fig. 2A). After the relative fighting abil-
ity has been established, the different behavioural repertoires for
each social status are stable over time (at least up to 5 days,
R.F. Oliveira and co-workers, unpublished data). For animals that
fought their own mirror image only aggressive behaviours were
observed, with a frequency that was not significantly different from
that observed in winners of real opponent fights (T-test: T=—0.84,
p=0.42). However, a major difference between winners and mirror
fighters is present, not on their behavioural output, but rather on
the behaviour observed in the opponent, since in mirror fights the
opponent (i.e. own image on the mirror) never displays submissive
behaviours. As a consequence mirror fights were unsolved fights,
as can be demonstrated by the fact that the expression of aggres-
sive behaviour typical of the pre-resolution phase lasted for the
whole duration of the trial (30 min), whereas in real opponent fights
the encounter was resolved in approximately 7 min (after which
post-resolution behavioural profiles were observed). Therefore, the
experimental design used successfully produced four types of social
phenotypes: winners, losers, individuals that expressed aggressive
behaviour but did not experience either a win or a loss (i.e. mir-
ror fighters), and individuals that did not express or perceived any
social behaviour (control = social isolation). Therefore, the compar-
ison of monoamine levels in regions of interest in the brain across
these four social phenotypes allows the investigation of the short-
term effects of acute social interactions depending on perceived
outcome by the participants.

For monoamines, we found that 5-HT levels are significantly
higher in the telencephalon of mirror fighters, in the brain stem
of winners and in the cerebellum of all experimental groups. The
increase in 5-HT brain levels in the telencephalon and brain stem
suggests that mirror fighters and winners are the groups where the
serotonergic system is first activated in response to a social interac-
tion and although they behave similarly, the brain areas activated
are distinct which may indicate different perception of the context.
We also found a brain area (i.e. cerebellum) that responds to acute
stress independent of the interactions type (i.e. an increase in all
groups was seen compared to controls).

For 5-HT metabolite (5-HIAA), significant increases were found
in the telencephalon and in the cerebellum of all treatments (win-
ner, losers, and mirror interaction), and in the diencephalon of
losers. Interestingly, 5-HIAA levels in the diencephalon were neg-
atively correlated with aggressive behaviour in the real opponent
paradigm supporting the diencephalon enrolment in the regulation
of aggressive behaviour. On the other hand, aggressive behaviour
(bite frequency) was positively correlated with 5-HIAA in the optic
tectum for mirror fighters. This later correlation may be primarily
associated with increased visual stimulation in mirror fighters.

Our results suggest that acute interaction activated serotoner-
gic system increasing 5-HT and 5-HIAA brain levels in response to
different social conditions.

Serotonergic activity in turn, is significantly higher in the tele-
ncephalon of winners and in the optic tectum of losers, and no sig-
nificant changes was observed in mirror fighters. Moreover, in real
opponent fights serotonergic activity in the diencephalon was neg-
atively correlated with submissive behaviour and in mirror fights

serotonergic activity both in the diencephalon and in the optic
tectum is positively correlated with overt aggression (i.e. bites).
Given that social interaction did not affect 5-HT levels in these brain
areas, 5-HT activity was mainly determined by metabolite levels.
These results suggest that serotonergic activity is differentially reg-
ulated in different brain regions by social interactions. In zebrafish
three clusters of serotonergic neurons have been described: the
raphe nuclei, the posterior tuberculum/hypothalamic populations
and the pretectal area. The telencephalon (including the olfactory
bulbs) receives projections from the dorsal cells of the superior
raphe [27,28]. Most of the 5-HT-ir fibres terminate in dorsolateral
parts of the rostral telencephalon and a minor part continues ven-
trally into the olfactory bulb [29]. Thus, the observed increase in
telencephalon and olfactory bulb serotonergic activity in winners
may reflect an activation of the superior raphe projections in this
social condition. Alternatively this increase in telencephalic sero-
tonergic activity may be due to pre-synaptic stimulation of the
terminal areas, which has been demonstrated, by disinhibition of
GABAergicinterneurons, increased glutamatergic local stimulation,
and glucocorticoid infusion [30,31].

Most of the serotonergic fibres in the optic tectum seem to
originate from serotonergic neurons of the pretectal cluster [29].
Pretectal nuclei, as well as the optic tectum, have been implicated
in the regulation of visual and motor behaviour, multimodal sen-
sory integration [32] and escape responses [33], which may explain
the significant increased in subordinates or loser conditions, as
observed in the present study. In mammals, avoidance responses
are obtained from stimulations in a region of the superior collicu-
lus that appears to represent the upper visual field [34]. Finally,
serotonergic activity in the diencephalon which must represent
the activation of the posterior tuberculum/hypothalamic 5-HT neu-
ronal populations was positively correlated with overt aggression
(i.e. bites) in the mirror fights and negatively correlated with sub-
missive behaviour in real opponent fights, suggesting a role for
these serotonergic populations in the balance between aggressive
and submissive behaviour.

The activation of the serotonergic system in response to social
interactions had been previously demonstrated for other species. In
early stages of hierarchy formation the serotonergic system appears
to be activated in both dominants and subordinates. For exam-
ple, 5-HT levels were elevated after 10 min of social interaction
in the limbic regions and in the locus coeruleus of dominant and
subordinate fighting lizard males (in Anolis carolinensis) [35]. In
rainbow trout (Oncorhynchus mykiss) both dominants and subordi-
nates increased 5-HT activity in the telencephalon and optic tectum
3 h after the interaction [10]. Similarly, in the bicolor damselfish
(Stegastes partitus), after a chronic interaction of 5d dominants as
well as subordinates showed higher levels of 5-HT activity in the
telencephalon [36]. Other studies have shown that serotonergic
activity has similar patterns in dominants and subordinates but
this pattern seems to be temporally advanced in dominants [35].
Our data does not allow such comparison since we only collect one
time point but we can speculate that the differences between social
status in the brain are due to a time line that is acting at different
speeds depending on social status, given that dominants and sub-
ordinates exhibit already differential patterns of 5-HT activation a
short time after the resolution of the fight.

In the dopaminergic system there was a significant increase in
DA levels in the cerebellum for all groups, and in the brain stem of
winners. In the real opponent paradigm DA levels were positively
correlated with aggressive behaviour in the cerebellum and in
the diencephalon with submissive behaviour. For DOPAC, there
was a significant increase for all groups in several brain areas;
optic tectum, cerebellum and brain stem and in the diencephalon
of losers. We also found a negative correlation of DOPAC in the
diencephalon with aggressive behaviour. These results point out
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the contribution of diencephalon in the regulation of submissive
behaviour. For mirror fighters DOPAC levels in the cerebellum
were positively correlated with strikes.

On the other hand, dopaminergic activity was significantly
higher in the telencephalon of winners and in the optic tectum of
both losers and mirror fighters and these increases were mainly
determined by the metabolite levels. Moreover, the expression of
aggressive behaviour was positively correlated with dopaminergic
activity in the diencephalon in mirror fights. Together these results
suggest an involvement of the diencephalic monoaminergic sys-
tem in the regulation of aggressive and submissive behaviours in
different social conditions. This hypothesis is further supported by
the known role of different diencephalic nuclei in the regulation
of species-specific behaviours across vertebrates. For example, in
the bluegill fish (Lepomis macrochirus) stimulation of the preop-
tic region inhibits aggressive behaviours and evoke courtship, and
stimulation of aregion surrounding the lateral recess elicits aggres-
sive behaviour and feeding [37]. Similarly, in golden hamsters and
rats, the anterior hypothalamus [38] and the nucleus accumbens
[16] respectively, have been implicated in the regulation of aggres-
sive behaviours, and in Syrian hamsters (Mesocricetus auratus) the
nucleus accumbens is involved in conditioned defeat [39].

Dopamine release appear to be affected also in other brain areas,
as the cerebellum and brain stem, but there were no significant dif-
ferences in DOPAC/DA ratios since both the neurotransmitter and
the metabolite levels increased in parallel indicating an increase in
monoaminergic activity.

The increased dopaminergic activity in the telencephalon when
males successfully achieve dominant status (i.e. winners) may
be representative of social reward. A similar pattern has been
previously observed in salmonids where dominant individuals
showed higher DA activity in telencephalon than subordinate fish
[40]. However, in contrast to amniotes, where the dopaminergic
mesolimbic reward system is located in the ventral tegmental area
(VTA), that project rostrally to the nucleus accumbens, amygdala
and cortical areas (e.g. prefrontal cortex in mammals), fish do not
present a midbrain dopaminergic population homologous to the
VTA [41]. In contrasts, in fish the DA inputs to the telencepha-
lon originate in a local subpallial DA system and in DA neurons
in the ventral diencephalon, in particular in the posterior tuber-
culum, that project towards the subpallium [42-44]. Therefore,
although evolutionary it cannot be considered as homologous to
the mammalian VTA DA neurons, in fish this ascending DA pathway
may be playing a similar role in reward behaviour as the mam-
malian mesostriatal DA pathway. On the other hand, the increased
DA activity observed in losers and mirror fighters must be a con-
sequence of the differential activation of another DA subsystem.
A pretectal DA cell group (alar plate of p1) is consistently found
in bony fishes, amphibians, and most amniotes except mammals
[41]. These pretectal neurons are projecting mostly on the optic
tectum, in a layer-specific fashion and they may play a role in the
modulation of the retino-tectal visual input [45]. In this regard it
is extremely interesting to note that the similar optic tetctum DA
activation in mirror fighters and losers, despite the dissimilarities
of their behavioural profile (i.e. mirror fighters are as aggressive as
winners, and losers in contrast, are submissive), suggests that what
is driving the DA activation in this region is the perception of the
interaction, which is similar in mirror fighters and losers (i.e. both
are exposed to an aggressive opponent), rather that the behavioural
output of the focal individual.

In summary the data presented here confirms that acute social
interactions elicit rapid and differential changes in serotoner-
gic and dopaminergic activity across different brain regions in
zebrafish. Further studies are needed to elucidate the specific
roles of different neuromodulatory subsystem in the regulation
of social behaviour. Finally, the ability of zebrafish reported here

to respond to experimental manipulations of its social environ-
ment, combined with the fact that it is a species that expresses
both gregarious (shoaling) and territorial behaviour, makes it a
promising model organism in social neuroscience. In comparison
to other established models in this field, such as cichlid fish (e.g.
Astatotilapia burtoni [46]), zebrafish has the added value of having
a large genetic tool box available that can be used to genetically
dissect the mechanisms involved in social decision-making.
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