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Bold zebraﬁsh (Danio rerio) express higher levels of delta opioid and
dopamine D2 receptors in the brain compared to shy ﬁsh
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Individual variation in coping with environmental challenges is a well-known phenomenon across vertebrates,
including teleost ﬁsh. Dopamine is the major transmitter in the brain reward networks, and important for
motivational processes and stress coping. Functions of the endogenous opioid system are not well studied in
teleosts. However, in mammals the activity in the brain reward networks is regulated by the endogenous opioid
system. This study aimed at investigating if there was a correlation between risk-taking behavior and the expression of dopamine and opioid receptors in the zebraﬁsh (Danio rerio) brain. Risk-taking behavior was assessed
in a novel tank diving test, and the most extreme high risk taking, i.e. bold, and low risk taking, i.e. shy, ﬁsh were
sampled for qPCR analysis of whole brain gene expression. The expression analysis showed a signiﬁcantly higher
expression of the dopamine D2 receptors (drd2a and drd2b) and the delta opioid receptor (DOR; oprd1b) in bold
compared to shy ﬁsh. Besides reward and reinforcing properties, DORs are also involved in emotional responses.
Dopamine D2 receptors are believed to be important for active stress coping in rodents, and taken together the
results of the current study suggest similar functions in zebraﬁsh. However, additional experiments are required
to clarify how dopamine and opioid receptor activation aﬀect behavior and stress coping in this species.

1. Introduction
Individual variation in coping with environmental challenges is a
well-known phenomenon across vertebrates, including teleost ﬁsh
[1,2]. Depending on how individuals react to and deal with challenges,
they can be categorized into distinct behavioral phenotypes, often
called behavioral syndromes or coping styles [1,3,4]. A genetic component is involved but the adult phenotype is also shaped by environmental factors, primarily social interaction [3]. Behavioral syndromes
are commonly deﬁned as individual diﬀerences in behavior that are
consistent over time and/or across context [4], where bold and shy
mainly refer to the willingness among individuals in taking risks,
especially in novel environments [5]. Shy individuals are characterized
by a passive response combined with low exploration, while bold individuals are explorative and risk taking [4]. A coping style is typically
deﬁned as a set of correlated behavioral and physiological responses to
stressful stimuli that are consistent over time [1,3]. Thus, although similarities between behavioral syndromes and coping styles exist, physiological measures are rarely included in descriptions of behavioral
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syndromes [3], and a recent study demonstrated that traits underlying
behavioral syndromes were not synonymous to traits underlying coping
styles [6].
The zebraﬁsh (Danio rerio), long restricted to the ﬁeld of developmental biology, is rapidly becoming a popular model organism within
neuroscience [7,8]. The fact that at least 70% of human protein coding
genes, including disease-associated genes, have orthologs in zebraﬁsh
[9] has contributed to the use of this species for studies of human pathogenesis. The basic structure of the central nervous system in zebraﬁsh, and other teleosts, has all the major domains found in the
mammalian brain with the same modulatory neurotransmitters
[10,11], including serotonergic [12,13], dopaminergic [14,15] and
opioidergic [16] systems.
The behavioral repertoire of the zebraﬁsh is complex, and the
number of tests for behavioral assessment is increasing [7,17]. The
novel tank diving test was developed to study risk-taking behavior [18],
and is now one of the most widely used behavioral tests in zebraﬁsh
[19]. When a zebraﬁsh is placed in a novel tank, the natural tendency is
to initially dive to the bottom, with a gradual increase in vertical

Corresponding author.
E-mail address: per-ove.thornqvist@neuro.uu.se (P.-O. Thörnqvist).
Shared senior authorship.

https://doi.org/10.1016/j.bbr.2018.06.017
Received 22 December 2017; Received in revised form 28 May 2018; Accepted 19 June 2018

Available online 20 June 2018
0166-4328/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

Behavioural Brain Research 359 (2019) 927–934

P.-O. Thörnqvist et al.

activity over time. This initial preference for the bottom of the novel
tank has been compared to thigmotaxis in rodents [19], and the degree
of ‘bottom dwelling’ can therefore be used as a measure of risk-taking
behavior.
Dopamine is known to have multiple behavioral eﬀects, e.g. stimulate aggression, impulsivity and active behavioral responses [20,21].
Moreover, the brain dopaminergic system is well known for its role in
reward and reinforcement [22] but it is also activated by stress [23].
For instance, the dopaminergic system is activated in both winners and
losers during dyadic ﬁghts for social dominance in rainbow trout (Oncorhynchus mykiss) [24]. In mammals, enhanced nucleus accumbens
release of dopamine is observed in response to acute, controllable
stress, whereas chronic uncontrollable stressors, associated with behavioral inhibition, have the opposite eﬀect on dopamine release in this
brain area [23]. It has been suggested that elevated dopamine release is
typical of active stress coping shown by bold, proactive animals,
whereas the passive stress response displayed by shy, reactive animals,
appear more associated with an inhibition of dopamine release [23].
Thus, the dopaminergic system could form an important part of the
mechanisms controlling intra-speciﬁc divergence in stress coping styles
and behavior.
The mesolimbic dopamine system is believed to be highly important
for evaluating environmental stimuli in order to generate an adaptive
behavioral response. Thus, not surprisingly these functions appear to
have been highly conserved across the vertebrate subphylum. Even
though teleost ﬁsh lack midbrain dopaminergic cells, there is evidence
that suggest that forebrain dopaminergic cells have homologous functions to the mammalian mesolimbic system [25]. The mesolimibic dopamine system is interconnected to another neuronal network that has
been described as the social behavior network [14], and interaction
between these systems are likely to be important for generating intraspeciﬁc divergence in behavioral phenotypes.
Functions of the endogenous opioid system are not well studied in
teleosts. However, in mammals the activity in the mesolimbic dopamine system is regulated by the endogenous opioid system, where endogenous opioids contribute to the release of dopamine in the nucleus
accumbens, partly through disinhibition of the of dopaminergic neurons in the ventral tegmental area [26,27]. Individual diﬀerences in
these processes are important for physiological processes as well as in
vulnerability for substance use disorders [27–29], but the mechanisms
behind individual diﬀerences are far from well understood.
The aim of the present study was to investigate the association between risk-taking behavior and the expression of dopamine and opioid
receptors in zebraﬁsh. Zebraﬁsh were separated based on the overall
time spent in the bottom zone of the novel tank diving test; ﬁsh with
short and long duration at the bottom were considered high, i.e. bold,
and low, i.e. shy, risk taking, respectively. The most extreme bold and
shy ﬁsh were sampled for qPCR analysis of gene expression of dopamine and opioid receptors in the brain.

Fig. 1. (A) The novel tank diving test arena with the deﬁned zones, and (B) the
setup with the four tanks that enabled simultaneous recording of four ﬁsh. To
avoid interaction and disturbance between the ﬁsh, duct tape was used to cover
the side headed towards another tank. The red lines represent the tracking of
movement of selected ﬁsh (Ethovision XT 9.0). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article).

San) and Artemia. The zebraﬁsh were sorted by sex and a total of 131
males were moved into 4 tanks of 9.4 l, with 24–37 ﬁsh in each tank.
The reason to focus on males for this study was that previous results
suggest that males are more divergent in boldness than females [30].
The ﬁsh were left between 5–9 days to acclimatize to their tank prior to
testing.
2.2. Novel tank diving test

2. Material & methods

Each zebraﬁsh was transferred to a 250 ml beaker and then immediately released in a 1.99 l experimental tank (length; 24.2 × height;
19.6 × width; 4.2 cm), maximally ﬁlled with housing water. Every
arena (tank) was divided into 3 equal zones; bottom, middle and top
(Fig. 1A). Four tanks were placed next to each other and therefore 4 ﬁsh
were tested at the same time (Fig. 1B). To avoid interaction and disturbance between the ﬁsh, duct tape was used to cover the side headed
towards another tank. An infrared light board (Noldus, Wageningen,
the Netherlands) was placed behind the arenas and an infrared camera
(JVC SuperLoLux, Yokohoma, Japan) attached to a computer recorded
the activity of the ﬁsh. The ﬁsh were recorded for 15 min, starting after
45 s, which was the time necessary for the experimenter to exit the
room and leave the ﬁsh completely undisturbed. Between each ﬁsh, the
tanks were ﬁrst rinsed with tap water and cleaned with 90% ethanol
and then rinsed with housing water. The swimming behavior was recorded and analyzed by Ethovision XT 9 (Noldus Inc., Wageningen, the

The use of animals was approved by the Uppsala Animal Ethical
Committee 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).
2.1. Zebraﬁsh
Captivity bred adult AB-line zebraﬁsh (Danio rerio) were housed at
27 °C in an Aquaneering Zebraﬁsh system at Uppsala University
Biomedical Center. The animals were kept at a 14:10-h light/dark cycle,
with lights on from 7.00 a.m. until 9.00 p.m. The water used in the ﬁsh
tanks was Uppsala municipal tap water (pH 7.2–7.6) of which 15% was
exchanged daily. Fish were fed once daily with Tropical ﬂake food (Sera
928

Behavioural Brain Research 359 (2019) 927–934

P.-O. Thörnqvist et al.

version 13.0 (Umetrics AB, Sweden), was used to visualize and select
shy and bold zebraﬁsh for further analysis. Behavioral parameters in
shy and bold ﬁsh were analyzed using the non-parametric Mann
Whitney U test, while the gene expression data were analyzed with the
t-test. A Spearman rank correlation analysis with the parameter duration at bottom was done with the quantity of the gene expression from
each individual. The genes that were signiﬁcantly diﬀerent between
bold and shy ﬁsh were further analyzed by Spearman rank correlation
analysis with the variables latency to top, total time moving and distance moved. The statistical analyses were carried out in R 3.2.3 [32]
and Statistica version13.2 (Dell Inc., Tulsa, OK, USA). Tests were considered signiﬁcant at p < 0.05.

Netherlands), and the latency (s), frequency and duration (s) in each
zone, and total time moving (s), total time not moving (s), mean velocity (cm/s) and total distance moved (cm) was analyzed. Following
the novel tank diving test ﬁsh were isolated in individual tanks (1.8 L,
Aquaneering ZT180).
2.3. Sampling and analysis of brain gene expression using quantitative PCR
(qPCR)
After 15 days of isolation after the novel tank diving test, the ﬁsh
were transferred to a beaker containing ice-cold housing water for a
quick euthanasia upon decapitation. Whole brains were quickly removed and immediately put on dry ice and stored at −80 °C.
RNA extraction from individual brains was performed using
GenElute mammalian total RNA miniprepkit (Sigma, RTN70-1KT) followed by Turbo DNA-free Kit (Ambion, Life Technology) for DNAse
treatment, protocols according to the manufacturer instructions. For
quality and quantity measures, the total RNA was analyzed by spectrophotometry (Nanodrop, Thermo Scientiﬁc) and cDNA synthesized
from 0.6 μg total RNA (Maxima First Strand cDNA Synthesis Kit for RTqPCR, K1641, Thermo Scientiﬁc) according to manufacturer instructions. After cDNA synthesis, the reaction volume of 20 μl was diluted to
800 μl, divided into aliquots, and 4 μl of diluted cDNA was used in each
qPCR reaction. The RT-qPCR was performed with a 384-well plate
(Corning Incorporated, Corning, NY, USA) in a 7900 H T Fast Real-Time
PCR System (Applied Biosystems, USA). The reaction volume was
10 μL, 5 μl of Maxima SYBR Green/ROX qPCR Master Mix (x2) (Thermo
Scientiﬁc, USA), 1 μl of forward and reverse primer pair working solution and 4 μl of template. The thermal proﬁle was 5 min at 95 °C,
followed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C.
Based on the results from a previous pilot study, ten genes were
selected for expression studies and primers were 19–22 nucleotides in
length with melting point around 60 °C and formed products in the
range of 79–249 bp (Table 1). From an original set of seven reference
genes, four genes that displayed the smallest variation across treatment
were selected, peptidylprolyl isomerase A (ppia, Accession number
(ACCN; Genebank, NCBI), NM_212758.1 forward primer GTTTTTCGA
TCTGACCGCCG reverse primer CACCTCCCTGGCACATGAAA), elongation factor 1 α (ef1α, ACCN, NM_131263.1 forward primer CCCATGT
GTGTGGAGAGCTT reverse primer CTTTGTGACCTTGCCAGCAC), hypoxanthine phosphoribosyltransferase 1 (hprt1 ACCN, NM_212986.1
forward primer ATGGACCGAACTGAACGTCT reverse primer CTGTCA
TGGGAATGGAGCGA), ribosomal protein L13a (rpl13a ACCN, NM_
212784.1 forward primer TGACAAGAGAAAGCGCATGGT reverse
primer CTCTTCTCCTCCAGTGTGGC), and used for subsequent normalization of qPCR data using geNorm [31].

3. Results
3.1. Novel tank diving test
The ﬁsh were divided by a tertiary split according to their total
duration spent in the bottom zone of the tank. The groups with the
longest and shortest duration were selected for further analysis. A
principal component analysis (PCA) was used to visualize the individuals in the respective group (Fig. 2A) based on the variables
duration at bottom, duration at top, latency to top, total time moving,
total time not moving, velocity and distance moved (Fig. 2B). Two
principal components explained 82% of the variance (R2X
(cum) = 0.823, Q2X(cum) = 0.609). Based on the result of the PCA, the
12 most extreme bold and the 12 most extreme shy individuals (Fig. 2C)
were selected for analysis of gene expression. As evident from the selection criteria, the selected bold ﬁsh had a signiﬁcantly shorter duration at the bottom (Table 2). In the PCA, activity parameters (e.g.
duration moving, distance moved and velocity) loaded on the ﬁrst
component whereas the parameters on which the ﬁsh were selected
(e.g. duration in the bottom zone) loaded more heavily on the second
component (Fig. 2B). Still, ﬁsh selected as bold were more active and
explorative than shy ﬁsh, as evident by longer duration spent moving,
shorter duration spent not moving, longer distance moved, higher velocity, and more visits to the middle and top zone, respectively
(Table 2).
3.2. Gene expression
The results from the qPCR revealed diﬀerences between the selected
bold and shy ﬁsh in whole brain gene expression. Bold ﬁsh had higher
relative expression of dopamine receptor D2a (drd2a, p < 0.05), dopamine receptor D2b (drd2b, p < 0.01) and opioid receptor delta 1b
(oprd1b, p < 0.05) relative to shy ﬁsh (Fig. 3), while no diﬀerences
were found in expression of dopamine receptor D3 (drd3), dopamine
receptor D4a (drd4a), dopamine receptor D4b (drd4b), tyrosine hydroxylase 1 (th1), opioid receptor delta 1a (oprd1a), opioid receptor
kappa 1 (oprk1) or opioid receptor mu 1 (oprm1) mRNAs.

2.4. Statistical analyses
A principal component analysis (PCA) analysis, performed in Simca

Table 1
Gene name in Genebank (NCBI) with accession number and sequences of primers applied for qPCR analysis of gene expression.
Gene name

Accession no

Forward

Reverse

drd2a
drd2b
drd3
drd4a
drd4b
oprd1a
oprd1b
oprk1
oprm1
th1

NM_183068.1
NM_197936.1
NM_183067.1
NM_001012616.3
AY750153
NM_131258.4
NM_212755.2
NM_182886.1
NM_131707.2
BC163630.1

TGTGATTGCGAATCCTGCCT
TCTCCGTTGTTTGGGTGCTT
TCCCGCAAAAGGGTTTCAGT
AACGGCAGAGAGAGGAAAGC
GGTTACTCTCACCACCGACGA
TCCCGACGACGTTTTGAGTT
TCAGCGATTTTTCCGAGCG
TCAGACGAACAATGGCACGA
CGAGCTGTGCAAGATTGTGA
GCCATCTGAACATGCCGAAT

CGGGATGGGTGCATTTCTTT
CCATCCCGTGTAGCTGTGTT
GGGAATTTCGCAGTCTTCGC
GGGAATTTCGCAGTCTTCGC
GTCCTGTATGAGGCCGATGG
TTGGTGTATCTGACCACCCC
CGTGTACCTGACCACTCCG
AACGCTCTTGAGACGCAGAA
TGATGCCATTCGAGTGCAGAT
TCAAACACGATCTGCTCGCT

Gene names: drd2a, dopamine receptor D2a; drd2b, dopamine receptor D2b; drd3, dopamine receptor D3; drd4a, dopamine receptor D4a; drd4b, dopamine receptor
D4b; oprd1a, opioid receptor delta 1a; oprd1b, opioid receptor delta 1b; oprk1, opioid receptor kappa 1; oprm1, opioid receptor mu 1; th1, tyrosine hydroxylase 1.
929

Behavioural Brain Research 359 (2019) 927–934

P.-O. Thörnqvist et al.

Fig. 2. The principal component analysis
(PCA) based on data from the novel tank diving
test in male AB zebraﬁsh. Two principal components explained 82% of the variance (R2X
(cum) = 0.823, Q2X(cum) = 0.609). (A) The
score plot shows the 25 individuals in each
group that spent the shortest (blue squares)
and the longest (green circles) duration, respectively, in the bottom zone of the tank. (B)
The loading plot showing the descriptive variables from the novel tank diving test that were
included in the analysis. Variables that are located further away from the origin are the most
important for diﬀerentiation between the
groups. (C) The score plot showing the individuals that were selected as the most extreme ones and used for analysis of gene expression. The blue circles represent the 12 most
extreme shy individuals, whilst the red circles
represent the 12 most bold individuals. The
individuals marked in grey were not further
used in the experiment.
Abbreviations: D, duration (s); L, latency (s).
(For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to
the web version of this article).
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Dopamine has a wide range of physiological functions and is implicated in the control of locomotion, cognition, emotion, neuroendocrine secretion, and reward and reinforcement processes [33,34]. Dopaminergic receptors are expressed in the central nervous system of
vertebrates including zebraﬁsh [10,11,33]. However, the distribution of
dopaminergic neurons in zebraﬁsh diﬀer from that of mammals; zebraﬁsh have some extra telencephalic and diencephalic dopaminergic
nuclei, whereas dopaminergic neurons are absent in the mesencephalon
[35]. Moreover, while ﬁve dopamine receptor subtypes have been
identiﬁed in mammals, eight dopamine receptor subtypes have been
reported in zebraﬁsh. drd1 is the homolog of the mammalian D1-like
receptor type, and drd2a, drd2b, drd2c, drd3, drd4a, drd4b and drd4c are
homologous to the mammalian D2-like receptor type [10,11].
The ﬁnding herein of higher relative expression of dopamine D2
receptors (drd2a and drd2b) in ﬁsh with higher risk-taking behavior and
locomotor activity, i.e. bold relative to shy ﬁsh, are in line with previous ﬁndings in rats. Risk-assessment behavior was correlated with
inherent dopamine activity in the dorsal striatum. This eﬀect was
suggested to be of importance for inhibitory control and decisionmaking [36]. Moreover, rats with increased novelty-induced locomotion had higher D2/D3 receptor binding in the dorsal striatum and the
nucleus accumbens shell, and these rats were also found to be dominant
[37]. In a study by Dahlbom et al. [30], a multivariate data analysis
showed that zebraﬁsh males were bolder than females, and that the
behaviors displayed could be used to predict which individual ﬁsh that
later would become dominant or subordinate in a dyadic contest. Thus,
the conclusion was that bold behavior is positively correlated to dominance in zebraﬁsh [30]. When non-human primates were housed individually, no diﬀerence in D2-receptor binding was found between
dominant and subordinate monkeys, while social housing resulted in
higher D2 receptor expression in the basal ganglia in dominant compared to subordinate monkeys [38]. In the current experiment ﬁsh were
kept isolated for 15 days and, even though they had visual contact with
neighboring ﬁsh, they could not interact and form dominance hierarchies. Still, experimental ﬁsh were adults raised in groups. Thus, we
do not know if the diﬀerences in the expression of D2 dopamine

Table 2
Results from the novel tank diving test in selected bold and shy zebraﬁsh
(n = 12/group). The ﬁsh were recorded for 15 min, starting after 45 s of acclimatization to the novel tank. Data are presented as median and min – max.
Parameters

Bold

Shy

Duration bottom
Frequency bottom
Duration middle
Frequency middle
Latency middle
Duration top
Frequency top
Latency top
Duration moving
Duration not moving
Velocity
Distance moved

196.9 (128.4 – 300.4)
86.0 (56.0 – 182.0)
244.3 (144.0 – 330.1)
229.0 (133.0 – 345.0)
2.4 (0.0 – 29.2)
424.5 (289.2 – 516.7)
142.5 (75.0 – 223.0)
12.3 (0.0 – 57.4)
848.3 (807.0 – 856.7)
21.7 (13.3 – 63.0)
10.1 (6.4 – 11.3)
8767.5 (5549.0 –
9819.1)

510.9 (455.6 – 643.0)
81.0 (46.0 – 124.0)
179.7 (115.0 – 245.6)
134.0 (90.0 – 184.0)
12.5 (0.0 – 107.7)
157.4 (38.0 – 276.0)
51.0 (34.0 – 85.0)
53.6 (0.0 – 148.5)
817.4 (797.0 – 842.0)
52.4 (28.0 – 72.8)
7.3 (6.1 – 9.0)
6344.5 (5338.6 –
7798.3)

***
n.s.
*
***
*
***
***
*
**
**
**
**

*p < 0.05, **p < 0.01, ***p < 0.001 Mann-Whitney U test.

The duration at the bottom in the novel tank and gene expression
was analyzed using Spearman correlation analyses (Table 3). The results revealed that the expression of drd2b and oprd1b, respectively, was
signiﬁcantly correlated with the time spent at the bottom of the tank
(Fig. 4). However, there were no such correlations for the expression of
any of the other genes studied (Table 3).

4. Discussion
In the present study, male zebraﬁsh of the AB line were classiﬁed as
bold and shy, respectively, based on activity and risk-taking behavior in
the novel tank diving test, and extreme bold and shy individuals were
selected for analysis of whole brain gene expression. The results revealed higher relative expression of dopamine D2 receptors (drd2a and
drd2b), and delta opioid receptors (oprd1b) in bold relative to shy ﬁsh.
The expression of drd2b and oprd1b was also correlated to the duration
spent at the bottom of the novel tank.

Fig. 3. Relative gene expression in zebraﬁsh males classiﬁed as
bold and shy. Values for shy zebraﬁsh has been set as 1. (A)
Dopamine receptor D2a (drd2a), D2b (drd2b), D3 (drd3), D4a
(drd4a), D4b (drd4b) and tyrosine hydroxylase 1 (th1). (B) Opioid
receptor delta 1a (oprd1a), delta 1b (oprd1b), kappa 1 (oprdk1)
and mu 1(oprdm1).
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dopamine metabolite concentrations, between dominant and subordinate zebraﬁsh following ﬁve days of social interaction in pairs [43].
The endogenous opioid system is important for many basal functions such as motivation, reproductive behavior, food and ﬂuid intake,
but also in analgesia, stress reactivity, learning and memory, reward
and reinforcement, motor function, and endocrine regulation
[27,44–46]. Opioid receptors are widely distributed in the central
nervous system of mammals [47,48]. The endogenous opioid system
has been characterized in zebraﬁsh [16,49], but the functional role of
this system is far less studied in zebraﬁsh than in rodents. However, due
to the shared evolutionary history across vertebrates [50] is it reasonable to assume that the opioid system has a similar function in zebraﬁsh
as in rodents and humans. The opioid receptors mu, delta and kappa,
that have been identiﬁed in mammals [47,50], have also been reported
in zebraﬁsh but with two copies of the gene for the delta opioid receptor, named oprd1a and oprd1b, as a result of the teleost tetraploidization [50].
The present results revealed higher expression of delta opioid receptors (oprd1b) in bold relative to shy ﬁsh. To the best of our knowledge, this study is the ﬁrst to relate opioid receptor gene expression to
behavior in zebraﬁsh. The delta opioid receptor has been implicated in
mood and emotional responses [51], and previous research has shown
that genetic deletion of the delta opioid receptor in mice is associated
with anxiety-like behavior [52,53]. Bottom-dwelling behavior, low levels of exploration and low activity in the novel tank diving test, often
used for interpretation about anxiety-like behavior in zebraﬁsh [7,19],
was a characteristic of the shy ﬁsh that also displayed lower expression
of delta opioid receptors (oprd1b). Moreover, rats exposed to early life
adverse experiences express increased exploration and risk-taking behavior in adulthood [54], accompanied by low immunoreactive levels
of Met-enkephalin-Arg6-Phe7, a marker of proenkephalin [55,56], and
increased expression of oprd1 [57], which is in line with the ﬁndings
herein of bold ﬁsh having higher expression of delta opioid receptors.
When interpreting the results from the current study it has to be
kept in mind that gene expression was analyzed in whole brains. This is
of course a limitation since the expression of a gene may vary between
brain areas. Future studies are therefore needed in order to elucidate
expression proﬁles of dopamine and opioid receptors in diﬀerent brain
regions of the zebraﬁsh brain in bold and shy ﬁsh.

Table 3
Spearman rank correlation between the
duration at bottom in the novel tank diving
test and brain gene expression.
Gene

r-value

drd2a
drd2b
drd3a
drd4a
drd4b
oprd1a
oprd1b
oprk1
oprm1
th

−0.298
−0.453*
−0.038
−0.214
−0.205
0.212
−0.474*
−0.132
−0.023
−0.181

* p < 0.05.

receptors between bold and shy males develop through social interaction, or if these diﬀerences are innate, resulting in diﬀerent behavioral
traits that possibly predispose the ﬁsh for diﬀerent social positions.
Elevation of plasma glucocorticoids as well as a sympathetic activation are highly adaptive mechanisms allowing the individual to cope
in various situations [39]. Novelty-induced increase in locomotor activity, characterizing the bold ﬁsh herein, accompanied by elevated
glucocorticoids is a well-established indicative of dopamine release in
the nucleus accumbens. Notably, activation of dopamine D2 receptors
within the nucleus accumbens shell appear to be important for the
expression of an active stress response [40]. However, the diﬀerence in
dopamine D2 receptor expression observed in the current study are not
easily explained due to the complexity of the dopamine system. Most
studies on dopamine function have been performed on mammals, and
the fact that teleost and mammalian dopamine transmission diﬀers (ref
in [14]) further complicates the interpretation. However, a recent study
found lower baseline dopaminergic activity in the dorsomedial telencephalon, a region with homologous functions to amygdala in mammals, in isolated rainbow trout with a phenotype resembling proactive
stress coping styles [41]. Moreover, diﬀerences in brain dopamine D2
receptor expression between dominant and subordinate zebraﬁsh males
have been reported [42]. In their study, they found that following one
day of social interaction dominant males displayed a higher hypothalamic expression of drd2c than males losing ﬁghts and becoming subordinate. The dominants also showed higher expression of hypothalamic tyrosine hydroxylase whereas drd3 expression was elevated in the
telencephalon of subordinate males [42]. In juvenile salmonids, ﬁghts
for social dominance results in activation of the dopaminergic system
[24], and dominant ﬁsh in established hierarchies show higher telencephalic levels of the dopamine metabolite homovanillic acid [20].
However, Dahlbom et al. [43] did not ﬁnd diﬀerences in dopamine, or

5. Conclusion
The results of the current study show that boldness is associated
with higher gene expression of drd2a, drd2b and oprd1b in zebraﬁsh
males. The results are correlational and additional experiments are
needed to clarify the causal role of these receptors in zebraﬁsh behavior.

Fig. 4. The relationship between the expression of dopamine receptor D2b (drd2b; rs=−0.45, p < 0.05) and opioid receptor delta 1b (oprd1b; rs=−0.47,
p < 0.05), and the duration at bottom in the novel tank diving test in bold and shy zebraﬁsh males.
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