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Monoaminergic levels at the 
forebrain and diencephalon signal 
for the occurrence of mutualistic 
and conspecific engagement in 
client reef fish
Murilo S. Abreu1, João P. M. Messias   2, Per-Ove Thörnqvist3, Svante Winberg3 &  
Marta C. Soares2

Social interactions are commonly found among fish as in mammals and birds. While most animals 
interact socially with conspecifics some however are also frequently and repeatedly observed to 
interact with other species (i.e. mutualistic interactions). This is the case of the (so-called) fish clients 
that seek to be cleaned by other fish (the cleaners). Clients face an interesting challenge: they raise 
enough motivation to suspend their daily activities as to selectively visit and engage in interactions with 
cleaners. Here we aimed, for the first time, to investigate the region-specific brain monoaminergic level 
differences arising from individual client fish when facing a cleaner (interspecific context) compared 
to those introduced to another conspecific (socio-conspecific context). We show that monoaminergic 
activity differences occurring at two main brain regions, the diencephalon and the forebrain, are 
associated with fish clients’ social and mutualistic activities. Our results are the first demonstration 
that monoaminergic mechanisms underlie client fish mutualistic engagement with cleanerfish. These 
pathways should function as a pre-requisite for cleaning to occur, providing to clients the cognitive and 
physiological tools to seek to be cleaned.

The monoamines, serotonin (5-HT) and dopamine (DA), are essential neurotransmitters in the central nervous 
system. The vertebrate serotonergic system is characterized by well-defined nuclei, comprised of the raphe nuclei, 
and extends projections to the preoptic area and the basal hypothalamus1–3. In teleost fish, serotonergic fibers 
present similar projections, including the innervation of areas such as the telencephali, diencephalon, preoptic 
nucleus, pituitary gland, thalamus, and other regions4. The vertebrate dopaminergic system is comprised of pro-
jections that originate in the posterior tubercular orthopedia-dependent neurons, which include the individual 
somata integrating the ascending DA system, the descending diencephalospinal, as well as the endohypothalamic, 
circuitry5. These monoamines (5-HT and DA) are found in practically all brain regions6,7, and in individuals from 
all major species’ groups (e.g., mollusks8,9, teleost fish10,11 and humans12,13).

Monoamines are crucially involved in the orchestration of behaviour in vertebrates and invertebrates14–17, 
from simple to more complex social outputs that require coordination between two or more individuals18,19. 
5-HT is best known to be responsible for the regulation of social motivation or mood in vertebrates, includ-
ing humans20–22, however, variation in levels may also be associated with antisocial (impulsive) behaviours and 
aggressive responses23,24. DA is highly involved in the modulation of cognition25,26, decision making and reward 
processing27,28, as it is key to associative learning29. Moreover, effects of 5-HT on social behaviour have repeatedly 
been observed in fish. For instance, because zebrafish individuals form tight groups, isolation can be harmful; 
in cases of chronic social isolation (long-term social deprivation) these individuals seem to decrease serotonin 
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levels30. Acute exposure to fluoxetine has also been demonstrated to decrease social interaction in zebrafish31. 
In addition, dyadic agonistic interactions in zebrafish have been shown to cause elevated brain serotonergic 
activity in subordinate zebrafish, as indicated by a rise of hindbrain serotonin ratios (5-hydroxyindolacetic acid 
(5-HIAA)/5-HT) ratios)32. However, knowledge concerning the role of monoaminergic action in specific brain 
regions during non-aggressive or non-sexual social behaviour, and most notably, cooperative behaviour between 
fish is still quite limited.

Social interactions are commonly found among fish, such as in mammals and birds. A classic example of fish 
sociality is the case of schooling behaviour, where fish need to coordinate position and movement within school 
to gain benefits related to predatory escape or foraging opportunities33. Most frequently, fish are observed to 
interact with other conspecifics during mating (male-female interactions) or in situations of between-male con-
tests (aggressive behaviour)34. Notably, incidents of social interspecific interactions have also been reported, such 
as interspecific shoals35, events of foraging in mixed-species parties36, hunting with interspecific partners37 and 
finally, engaging in cooperative interactions (e.g., interspecific cleaning38,39). Indeed, during interspecific clean-
ing interactions, specialized fish known as cleaners receive the visit of other fish (known as clients), to inspect 
the body surface or gill chambers in search of ectoparasites, mucus and dead or diseased tissues40–42. One the 
best-known species of cleaner fish is the Indo-Pacific cleaner wrasse, Labroides dimidiatus, which undertakes 
interspecific cooperative interactions as means to secure energy. In this system, simple foraging has been replaced 
by a series of cognitive sophisticated behaviours that include: individual recognition of clients, manipulation of 
client decisions (on distinct levels of action), reconciliation, punishment, advertising of their cleaning services, 
tactical deception and indirect reciprocity based on image scoring (reviewed by43).

On the proximate level, these complex relationships are influenced by brain monoaminergic systems, with 
elevated serotonin causing increases in cleaner predisposition to interact and to provide more physical contact 
to clients (tactile stimulation)44. Interestingly, shifts in the perception of reward occur via blockage of dopamine 
receptors (D1 and D2 like), which induce cleaners to initiate more interactions and to provide greater amounts of 
physical contact to their partners45,46. The modulation of learning in the context of interspecific sociality seems 
also to be strongly associated with the increase in signaling of the dopamine D1 receptor47,48, and the attribution 
of motivational salience to cue-signals49.

Currently, our entire knowledge is derived from an approach to cleaners’ behaviour and monoaminergic 
response. From the clients’ perspective, studies have mostly focused on the benefits of reducing parasite infes-
tation in relation to interrenal response levels and immune function50,51 and the effect of physical contact52. 
However, clients also face challenges: they must raise enough motivation to temporarily suspend their daily activ-
ities and go visit cleaners. Clients need to learn to seek, recognize and interact with cleaners, which will happen 
if they associate cleaner fish cue-signals with reward gain during their early life stages. Monoaminergic systems 
should be relevantly involved in both conspecific and/or interspecific (cooperative) relationships. However, the 
putative effects of different social contexts on serotonin and dopamine levels at different brain regions of clients 
remain to be discovered. Here we aimed to investigate the region-specific brain monoaminergic differences in 
individual client fish that are exposed to a cleaner (interspecific context), with others in contact with a conspe-
cific (socio-conspecific context). We hypothesized that clients’ behavioural response to different social partners 
(experimental treatments) would associate with differences in brain 5-HT, DA levels and related metabolites.

Results
Client behaviour.  There were differences in the behavioural response of clients (Naso elegans; see the 
Methods section for further details) between our two experimental treatments: client with cleaner (L. dimidiatus) 
and client with conspecific (N. elegans). Behavioural interactions occurred in both treatments, but not equally: 
clients interacted more with cleaners than with conspecifics (see Table 1). To further confirm whether the dis-
tinction between these two treatments was consistently expressed, we compared each behavioural measure. The 
frequency of cleaning interactions was significantly higher when clients were exposed to a cleaner compared to 
those exposed to another conspecific, and the same occurred with the mean interaction time, the frequency of 
cleaning bites, the proportion of interactions with tactile stimulation and the proportion of time providing tactile 
stimulation, except for the incidence of chases which showed the opposite trend (Table 1). For the frequency of 
client jolts, no difference between contacting with a cleaner or conspecific was found (Table 1).

Client brain monoamines.  Four brain regions were included in our analysis (see the Methods section for 
further details): forebrain (FB) (which included olfactory bulbs and telencephalon), diencephalon (DL), optic 
tectum (OT) and the brain stem (BS). Regarding 5-HIAA brain levels, clients exposed to a cleaner had higher 
5-HIAA brain levels in the forebrain (Fig. 1 (A1)) and diencephalon (Fig. 1 (A2)), compared to clients in contact 
with a conspecific. No difference was found in 5-HIAA levels, 5-HT levels or 5-HIAA/5-HT ratios in any of the 
remaining brain regions analysed (Fig. 1).

Clients exposed to a cleaner have higher DOPAC levels in the brain stem than clients in contact with a con-
specific (Fig. 2 (A4)). In addition, clients exposed to a cleaner show higher DA concentrations in the forebrain 
compared to clients exposed to a conspecific (Fig. 2(B1)). On the other hand, clients in contact with a con-
specific revealed to have higher homovanillic (HVA) tissue levels in the forebrain than clients introduced to a 
cleaner (Fig. 2 (D1)). Finally, treatment had no significant effect on: a) DA levels (in any other brain region), b)  
3,4-dihydroxyphenylacetic acid (DOPAC) levels, c) HVA levels and d) DOPAC/DA ratios in all remaining 
brain regions analysed (Fig. 2). Finally, we analysed the relationships between clients’ behaviour and their brain 
5-HIAA/5-HT and DOPAC/DA ratios in all four brain regions, however all revealed to be non-significant after 
p-value adjustments (Tables 2 and 3).
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Discussion
In this study, we exposed clients to two different contexts: a conspecific and an interspecific situation. The results 
show that clients were mostly engaging in agonistic interactions when exposed to a conspecific, and mostly 
in cleaning interactions when kept with cleaners. However, interactions were most intense when clients were 
exposed to cleaners (see Table 1). We found 5-HIAA to be higher in the forebrain and diencephalon of clients 
exposed to cleaner, compared to those in a conspecific context. Regarding the dopaminergic system, DA was 
observed to be higher in the forebrain and DOPAC in the brain stem of fish exposed to a cleaner, compared to 
those in the conspecific situation; but showing an opposite tendency for forebrain HVA, with lower HVA levels 
in the clients exposed to a cleaner.

We observed that forebrain and diencephalic 5-HIAA concentrations were higher in clients interacting with 
a cleaner compared to clients interacting with a conspecific. Evidence is consistent with findings in other species 
of fish where the activation of the posterior tuberculum/hypothalamic 5-HT neuronal populations, and higher 
5-HT activity, was positively correlated with overt aggression (i.e. bites) in fish introduced to a real opponent 
situation53. Higher serotonergic activity in the diencephalon has also been reported in fish following the loss of 
a fight53, while the event of winning a fight seems to contribute to a reduction of 5-HIAA/5-HT ratio in resident 
fish54,55. Considering that the 5-HIAA/5-HT ratio is mostly an indicator of neurotransmitter use, representing 
its release and metabolism56–61, this would mean that in an interspecific context, clients would have a higher 

Behaviour

Experimental treatments

Cleaner 
(n = 7)

Conspecific 
(n = 7)

Mann-Whitney 
U test Cohen’s d

Number of interactions 5 ± 3.13 0 P = 0 1.38

Average interaction time (s) 1 ± 0.32 0 P = 0 1.84

Cleaning bites 5 ± 3.14 0 ± 0.7 P = 0.04 1.21

Proportion of interactions with tactile stimulation 0.4 ± 0.09 0 ± 0.02 P = 0.0 1.76

Proportion of time spent providing tactile stimulation 0.18 ± 0.19 0 ± 0.02 P = 0.02 0.9

Frequency of client jolts/100s 0 ± 0.3 0 P = 0.19 1.03

Frequency of chases 1 ± 0.53 21 ± 3.74 P = 0.01 2.12

Table 1.  Observed behavioural measures for each experimental treatment. Medians ± Standard Error (SEM) 
are provided for each behavioural measure.

Figure 1.  Serotonergic levels across clients’ brain areas exposed to a cleaner (Labroides dimidiatus) or a 
conspecific (Naso elegans). 5-hydroxyindoleacetic acid (5-HIAA) in the (A1) forebrain (FB) area (U = 8; 
p = 0.04; η2 = 0.32), (A2) diencephalon (DL) area (U = 6; p = 0.02; η2 = 0.27), (A3) optic tectum (OT) area 
(U = 23; p = 0.87; η2 = 0.01), (A4) brain stem (BS) area (U = 23; p = 0.87; η2 < 0.01). Serotonin (5-HT) in 
the (B1) FB area (U = 18; p = 0.45; η2 = 0.1), (B2) DL area (U = 16; p = 0.3; η2 = 0.12), (B3) OT area (U = 20; 
p = 0.6; η2 = 0.03), (B4) BS area (U = 16; p = 0.52; η2 = 0.01). 5-HIAA/5-HT ratio in the (C1) FB area (U = 11; 
p = 0.09; η2 = 0.29), (C2) DL area (U = 20; p = 0.6; η2 < 0.01), (C3) OT area (U = 23; p = 0.87; η2 = 0.01), (C4) 
BS area (U = 15; p = 0.43; η2 = 0.08). Medians and interquartile ranges are shown. Significant values from 
Mann-Whitney U tests are shown above bars: *<0.05.
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serotonergic activity in the diencephalon, similar to what occurs with fish after the loss of a contest. Otherwise, 
the lower levels of 5-HIAA concentrations observed for clients exposed to a conspecific, may be associated with 
lower interrenal activity (i.e. lower cortisol levels), since stressed fish elevate serotonin levels at the hypothalamus, 
telencephalon and medulla oblongata62. Previous studies of the client’s perspective have focused on finding the 
physiological effects of interacting with cleaners, which have so far provided indications for stress reduction and 
immune benefits arising from client-cleaner interactions50,51. In fact, cleaners have not only been acknowledged 
to reduce client cortisol (stress) levels, by removing ectoparasites, but also by the simple provision of physical 
contact52. Thus, at this point, all evidence suggests that client-cleaner interactions can reduce client stress levels. 
Whether instances of poor cleaning service, i.e. bouts with lower amounts of physical stimulation, with lots of 
mucus gleaning and bites instead of parasite removal, will aggravate client mood and with its acute stress levels, 
is yet to be determined.

Similarly, clients in the interspecific treatment had significantly higher DA in the forebrain, which should 
mostly relate to cleaning engagement. The fact that these clients were introduced to a novel cleaner may have 
contributed to further stimulation of the DA system, considering that the response to novelty is also modulated by 
the DA system49. For instance, DA levels have also been reported to show a negative correlation in the zebrafish’s 
diencephalon in response to aggressive behaviour53. Furthermore, matrinxã (Brycon amazonicus) subjected to a 
social challenge (introduction of an intruder to their territory) showed lower hypothalamic DOPAC/DA ratios 
during fights54.

Clients exposed to a cleaner had higher DOPAC levels in the brain stem than clients exposed to a conspecific, 
which may be linked to the actual pursuit of cleaners and to all the coordination movements that these cleaning 
interactions require, such as getting close to cleaners and display-solicit (known as posing) for cleaners’ attention 
and then respond to cleaners’ service variations (to jolt and leave if necessary). Indeed, the mesencephalic loco-
motor region (MLR), an area of the brain stem, plays a crucial role in locomotor control: stimulation of the MLR 
elicits an increase of movement63.

Figure 2.  Dopaminergic and HVA levels across clients’ brain areas exposed to a cleaner (Labroides dimidiatus) 
or a conspecific (Naso elegans). 3,4-dihydroxyphenylacetic acid (DOPAC) in the (A1) forebrain (FB) area 
(U = 11; p = 0.1; η2 = 0.30), (A2) DL area (U = 11; p = 0.08; η2 = 0.2), (A3) optic tectum (OT) area (U = 10; 
p = 0.07; η2 = 0.37), (A4) brain stem (BS) area (U = 8; p = 0.04; η2 = 0.27). Dopamine (DA) in the (B1) FB 
area (U = 5; p = 0.01; η2 = 0.39), (B2) DL area (U = 9; p = 0.05; η2 = 0.3), (B3) OT area (U = 18; p = 0.45; 
η2 < 0.01), (B4) BS area (U = 14; p = 0.2; η2 = 0.13). DOPAC/DA ratio in the (C1) FB area (U = 15; p = 0.26; 
η2 = 0.05), (C2) DL area (U = 8; p = 0.57; η2 = 0.12), (C3) OT area (U = 15; p = 0.26; η2 = 0.28), (C4) BS area 
(U = 17; p = 0.38; η2 = 0.02). Homovanillic acid (HVA) in the (D1) FB area (U = 1; p < 0.01; η2 = 0.65), (D2) 
DL area (U = 13; p = 0.17; η2 = 0.17), (D3) OT area (U = 21; p = 0.69; η2 = 0.02), (D4) BS area (U = 20; p = 0.6; 
η2 = 0.01). Medians and interquartile ranges are shown. Significant values from Mann-Whitney U tests are 
shown above bars: *<0.05, **<0.01.
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The lower forebrain HVA levels of clients interacting with a cleaner, showed the opposite trend observed 
for DA levels, and may be explained by a reduction dopaminergic activity, which would be a consequence of a 
lower-release of HVA. On the other hand, the intensity of the conspecific challenge seems to have demanded 
of clients a boost of neurotransmission signalling, potentially contributing for an improvement of cognitive 
performance. For instance, treatment with Olea europaea oil increases HVA concentration in rats64, inducing 
exploratory activity and enhancing learning and memory65. It is perhaps the slowing down of the DA neural 
pathways (increase of DA and DOPAC production, decrease of HVA levels) at the diencephalon and brain stem 
of clients introduced to a cleaner that functions as a pre-requisite for cleaning to occur, providing to clients the 
physiological background that creates the motivation to seek to be cleaned. Clients’ perception of benefit is then 
further achieved with a reduction of their stress response52. The relationship between clients’ more specific behav-
iour and their brain 5-HIAA/5-HT and DOPAC/DA ratios, across studied regions, did not reveal any significant 
differences.

Overall, we demonstrate that monoaminergic activity differences occur at two main brain regions, the dien-
cephalon and the forebrain of fish clients engaging in social and mutualistic activities (Fig. 3). The generally 
higher forebrain and diencephalic function, in the case of 5-HIAA and DA levels, as well as higher brain stem 
DOPAC levels and lower HVA in the diencephalon occur solely when clients are in contact with cleaners and not 
during conspecific engagement.

Methods
Animals and housing.  Experiments were conducted at the fish housing facilities of the Oceanário de Lisboa 
(Lisbon, Portugal). The specimens used in this study were adult blond naso tang N. elegans (family Acanthuridae, 
aka clients), and the Indo-Pacific bluestreak cleaner wrasse L. dimidiatus, all imported to Portugal by a local dis-
tributor (Tropical Marine centre, Lisbon, Portugal). Total length (TL) and total weight (TW) of tang N. elegans 
ranged from 8.4 to 15.5 cm (mean ± SD: 11.6 ± 1.93 cm) and 10.21 to 49.61 g (25.22 ± 12.44 g). Tangs were kept 
in stock aquaria of 100 × 40 × 40 cm and cleaner wrasses were kept alone in 50 × 40 × 40 cm aquaria. All aquaria 
were combined in a flow through system that pumped water from a larger sump (150 × 50 × 40 cm) that served 
as a mechanical and biological filter. Nitrite concentration was kept to very low levels (always below 0.3 mg/l). 
Each tank contained an air supply and a commercial aquarium heater (125 W, Eheim, Jäger). PVC pipes (15–
20 cm long; 20 cm diameter) served as shelter for the fish. Experiments were carried out in the individual smaller 

Behaviour

Brain Macro-areas

Forebrain Diencephalon Optic Tectum Brain Stem

  Cleaner N = 7

Number of interactions
r = −0.38 r = 0.49 r = −0.44 r = 0.44

P = 0.35 P = 0.28 P = 0.28 P = 0.35

Average interaction time (s)
r = −0.27 r = 0.13 r = −0.27 r = 0.13

P = 0.28 P > 0.99 P = 0.28 P > 0.99

Cleaning bites
r = −0.38 r = 0.49 r = −0.44 r = 0.44

P = 0.35 P = 0.28 P = 0.28 P = 0.35

Proportion of interactions with tactile stimulation
r = 0.18 r = 0.36 r = 0.21 r = 0.46

P = 0.71 P = 0.44 P = 0.66 P = 0.3

Proportion of time spent providing tactile stimulation
r = 0.18 r = 0.36 r = 0.21 r = 0.46

P = 0.71 P = 0.44 P = 0.66 P = 0.3

Frequency of client jolts/100s
r = −0.35 r = 0.6 r = −0.6 r = 0.24

P = 0.28 P = 0.17 P = 0.09 P = 0.63

Frequency of chases
r = −0.11 r = 0.5 r = −0.15 r = 0.69

P = 0.7 P = 0.26 P = 0.64 P = 0.11

  Conspecific N = 7

Number of interactions — — — —

Average interaction time (s) — — — —

Cleaning bites
r = −0.53 r = 0.13 r = −0.44 r = −0.13

P = 0.09 P = 0.8 P = 0.14 P = 0.6

Proportion of interactions with tactile stimulation
r = 0.4 r = −0.49 r = 0.75 r = 0.65

P = 0.43 P = 0.09 P = 0.09 P = 0.33

Proportion of time spent providing tactile stimulation
r = 0.4 r = −0.49 r = 0.75 r = 0.65

P = 0.43 P = 0.09 P = 0.09 P = 0.33

Frequency of client jolts/100s — — — —

Frequency of chases
r = −0.23 r = 0.36 r = 0.2 r = 0.38

P = 0.58 P = 0.43 P = 0.67 P = 0.47

Table 2.  Correlations (Spearman correlation coefficients) between each behavioural measure and serotonin 
levels in different brain macro-areas for the two experimental treatments: client exposed to a cleaner (Labroides 
dimidiatus) or a conspecific (Naso elegans). There were no statistically significant correlations.
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tanks (50 × 40 × 40 cm). The methods protocol was carried out in accordance to the approved guidelines by the 
Oceanário de Lisboa (fish housing facilities), where the experiments were then developed. Animal procedures 
used in this study were also approved by the Portuguese Veterinary Office (Direcção Geral de Veterinária, license 
#0420/000/000/2009).

Behaviour

Brain Macro-areas

Forebrain Diencephalon Optic Tectum Brain Stem

  Cleaner N = 7

Number of interactions
r = −0.49 r = 0.06 r = 0.44 r = −0.22

P = 0.23 P = 0.93 P = 0.35 P = 0.58

Average interaction time (s)
r = −0.4 r = 0 r = 0.67 r = −0.4

P = 0.14 P = 0.57 P = 0.14 P = 0.14

Cleaning bites
r = −0.49 r = 0.06 r = 0.44 r = −0.22

P = 0.23 P = 0.92 P = 0.35 P = 0.58

Proportion of interactions with tactile stimulation
r = −0.18 r = −0.08 r = 0.71 r = 0.32

P = 0.71 P = 0.7 P = 0.09 P = 0.5

Proportion of time spent providing tactile stimulation
r = −0.18 r = −0.08 r = 0.71 r = 0.32

P = 0.71 P = 0.7 P = 0.09 P = 0.5

Frequency of client jolts/100s
r = −0.66 r = −0.1 r = 0.42 r = −0.18

P = 0.08 P = 0.28 P = 0.4 P = 0.55

Frequency of chases
r = −0.15 r = 0 r = 0.27 r = 0.23

P = 0.64 P = 0.83 P = 0.56 P = 0.64

  Conspecific N = 7

Number of interactions — — — —

Average interaction time (s) — — — —

Cleaning bites
r = −0.49 r = 0.53 r = 0.44 r = −0.4

P = 0.1 P = 0.24 P = 0.71 P = 0.14

Proportion of interactions with tactile stimulation
r = 0.13 r = −0.08 r = −0.27 r = 0.75

P = 0.81 P = 0.48 P = 0.28 P = 0.09

Proportion of time spent providing tactile stimulation
r = 0.13 r = −0.08 r = −0.27 r = 0.75

P = 0.81 P = 0.48 P = 0.28 P = 0.09

Frequency of client jolts/100s — — — —

Frequency of chases
r = −0.72 r = −0.32 r = 0.56 r = 0.04

P = 0.07 P = 0.46 P = 0.2 P = 0.95

Table 3.  Correlations (Spearman correlation coefficients) between each behavioural measure and dopamine 
levels in different brain macro-areas for the two experimental treatments: client introduced to a cleaner 
(Labroides dimidiatus) or to a conspecific (Naso elegans). There were no statistically significant correlations.

Figure 3.  Monoaminergic brain activity in interspecific and conspecific contexts. Labroides dimidiatus and 
Naso elegans partial images were adapted from photos taken by MCS.
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Experimental design and sampling.  Our subject clients (N. elegans) were allocated to one of two treat-
ment groups: (A) sympatric cleaner (L. dimidiatus) or (B) conspecific (N. elegans); n = 7 each. The focal clients 
were housed in the experimental tank for a minimum of two days before the stimulus client or cleaner fish was 
carefully introduced to the tank. Experimental aquaria were also divided by opaque partitions that prevented sub-
ject client fish from observing other individuals (inside other aquaria) during experiments. Behaviour was then 
videotaped for the next 60 minutes while the experimenter left the room (see section behavioural analyses below). 
At the end of experiments, each tang was rapidly captured and sacrificed with an overdose of tricaine solution, 
a powerful anesthetic (MS222, Pharmaq; 1000 mg/L) and the spinal cord sectioned (both methods aimed to 
reduce fish suffering). The brain was immediately dissected under a stereoscope (Zeiss; Stemi 2000) into four 
macro-areas: forebrain (includes olfactive bulbs and telencephalon), diencephalon, optic tectum and the brain 
stem. The cerebellum was also collected but was not included in the analysis due to a laboratorial incident which 
ruined the samples. Brain macroareas were stored at −80 °C.

Quantification of monoamines by high performance liquid chromatography with electrochemical detection 
(HPLC-EC).

The macroareas were homogenized in 4% (w/v) ice-cold perchloric acid containing 100 ng/ml 
3,4-dihydroxybenzylamine (DHBA, the internal standard) using a Sonifier cell disruptor B-30 (Branson 
Ultrasonics, Danbury, CT, USA) and were immediately placed on dry ice. Subsequently, the homogenized sam-
ples were thawed and centrifuged at 21,000 × g for 10 min 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-HT, 5-hydroxytryptamine) the DA metabolite DOPAC (3,4-dihydroxyphenylacetic acid), 5-HT 
metabolite 5-HIAA (5-hydroxyindoleacetic acid), and homovanillic acid (HVA), as described by Overli et al.66. 
In brief, the HPLC–EC system consisted of a solvent delivery assystem model 582 (ESA, Bedford, MA, USA), an 
auto injector Midas type 830 (SparkHolland, Emmen, the Netherlands), a reverse phase column (Reprosil-Pur 
C18-AQ 3 µm, 100 mm × 4 mm 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 75 mM sodium phos-
phate, 1.4 mM sodium octyl sulphate and 10 µM EDTA indeionized 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 ClarityTM 
(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 monoam-
ine levels, brain protein levels were determined 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.

Behavioural analyses.  During each video analysis, we recorded: (a) the number and duration (in seconds) 
of a cleaning inspection toward each client or cleaner fish, (b) the frequency and duration of tactile stimulation 
provided (where a cleaner touches, with fins, the body of the client and no feeding is involved67); (c) the number 
of jolts by clients (cleaners sometimes take bites to which the clients respond with a short body jolt that usually is a 
behaviour associated with cheating by cleaner fish68,69; (d) number and duration of chases where the subject (focal 
individual) rapidly advanced toward the other fish (in seconds); and finally (e) number of bites. In the conspecific 
context, although we tried to match the sizes of the individuals, this was not always possible. Thus, the incidence 
of chases by the subject may be due to size differences (aka intruder is larger than the resident or vice-versa), 
which we could not control for.

Statistical analyses.  Data were analysed using non-parametric tests because the assumptions for paramet-
ric testing were not met. Mann-Whitney U tests were performed to detect differences between treatments (two 
groups: client with a cleaner, and client with a conspecific) for each brain area and behavioural measures. The 
effect size was calculated using eta squared (η2) for Cohen’s d was used for U test comparisons. Finally, relation-
ships within and between behavioural measures and clients brain monoaminergic levels were examined by using 
Spearman correlation coefficients. We proceed to correct our p values by applying the Benjamini-Hochberg false 
discovery rate correction70 reporting in the text just the correlations that remained significant. In Tables 2 and 3 
all p values are reported.

References
	 1.	 Lillesaar, C. The serotonergic system in fish. J Chem Neuroanat. 41, 294–308 (2011).
	 2.	 López, J. M. & González, A. A. Organization of the serotonergic system in the central nervous system of two basal actinopterygian 

fishes: thecladistians Polypterus senegalus and Erpetoichthys calabaricus. Brain Behav Evol 83, 54–76 (2014).
	 3.	 Maximino, C. et al. The serotonergic system of zebrafish: genomics, neuroanatomy and neuropharmacology. In: Hall FS, editor. 

Serotonin Biosynthesis, Regul Heal Implic. New York, NY: Nova Science; 53–67 (2013).
	 4.	 Corio, M., Peute, J. & Steinbusch, H. W. M. Distribution of Serotonin- and Dopamine-lmmunoreactivity in the Brain of the Teleost 

Clarias gariepinus. Journal of Chemical Neuroanatomy 4, 79–95 (1991).
	 5.	 Tay, T. L. et al. Comprehensive catecholaminergic projectome analysis reveals single-neuron integration of zebrafish ascending and 

descending dopaminergic systems. Nature Communications 4, 171 (2011).
	 6.	 Trowbridge, S., Narboux-Neme, N. & Gaspar, P. Genetic models of serotonin (5- HT) depletion: what do they tell us about the 

developmental role of 5-HT? Anat. Rec. (Hoboken) 94(10), 1615–23 (2010).
	 7.	 Yamaguchi, Y., Lee, Y. A. & Goto, Y. The Roles of Dopamine D1 Receptor on the Social Hierarchy of Rodents and Non-human 

Primates. https://doi.org/10.1093/ijnp/pyw106 (2016).
	 8.	 Hay-Schmidt, A. The evolution of the serotonergic nervous system. Proc. Biol. Sci. 267(1448), 1071–1079 (2000).

http://dx.doi.org/10.1093/ijnp/pyw106


www.nature.com/scientificreports/

8SCIentIfIC REPOrTS |  (2018) 8:7346  | DOI:10.1038/s41598-018-25513-6

	 9.	 Frank, D. M., Deaton, L., Holohan, B. A. & Ward, J. E. Modulation of pumping rate by two species of marine bivalve molluscs in 
response to neurotransmitters: Comparison of in vitro and in vivo results. Comp Biochem Physiol A Mol Integr Physiol. 185, 150–8 
(2015).

	10.	 Adrio, F., Anadon, R. & Rodriguez-Moldes, I. Distribution of serotonin (5HT)- immunoreactive structures in the central nervous 
system of two chondrostean species (Acipenser baeri and Huso huso). J. Comp. Neurol. 407(3), 333–348 (1999).

	11.	 Karoubi, N., Segev, R. & Wullimann, M. F. The Brain of the Archerfish Toxotes chatareus: A Nissl-Based Neuroanatomical Atlas and 
Catecholaminergic/Cholinergic Systems. Front Neuroanat. 10, 106 (2016).

	12.	 Azmitia, E. C. Serotonin and bra evolution neuroplasticity homeostasis. Int. Rev. Neurobiol. 77, 31–56 (2007).
	13.	 Leslie, L., Iversen, L. L., Iversen, S. D. & Dunnett, S. B. Dopamine handbook. 615 (Oxford University Press, New York, 2010).
	14.	 Chen, Y. L., Hung, Y. S. & Yang, E. C. Biogenic amine levels change in the brains of stressed honeybees. Arch Insect Biochem Physiol 

68, 241–50 (2008).
	15.	 Stevenson, P. A., Dyakonova, V., Rillich, J. & Schildberger, K. Octopamine and experience-dependent modulation of aggression in 

crickets. J Neurosci. 25(6), 1431–41 (2005).
	16.	 Summers, C. H. et al. Does serotonin influence aggression? Comparing regional activity before and during social interaction. Physiol 

Biochem Zool. 78, 679–94 (2005).
	17.	 Nichols, C. D. Drosophila melanogaster neurobiology, neuropharmacology, and how the fly can inform central nervous system drug 

discovery. Pharmacol Therap. 112, 677–700 (2006).
	18.	 Phillips-Silver, J., Aktipis, C. A. & Bryant, G. A. The ecology of entrainment: Foundations of coordinated rhythmic movement. Music 

Percept. 28(1), 3–14 (2010).
	19.	 Duboscq, J., Romano, V., Macintosh, A. & Sueur, C. Social Information Transmission in Animals: Lessons from Studies of Diffusion. 

Front Psychol. 7, 1147 (2016).
	20.	 Fox, E., Ridgewell, A. & Ashwin, C. Looking on the bright side: biased attention and the human serotonin transporter gene. Proc R 

Soc B. 1663, 1747–1751 (2009).
	21.	 Raleigh, M. J., McGuire, M. T., Brammer, G. L., Pollack, D. B. & Yuwiler, A. Serotonergic mechanisms promote dominance 

acquisition in adult male vervet monkeys. Brain Res. 559, 181–190 (1991).
	22.	 Winberg, S., Carter, C., McCarthy, I., Nilsson, G. E. & Houlihan, D. F. Feeding rank and brain serotonergic activity in rainbow trout 

Oncorhynchus mykiss. J Exp Biol. 211, 197–211 (1993).
	23.	 Booij, L. et al. Brain serotonin synthesis in adult males characterized by physical aggression during childhood: a 21-year longitudinal 

study. PLoS One 5, e11255 (2010).
	24.	 Coccaro, E. F., Lee, R. & Kavoussi, R. J. Aggression, suicidality, and intermittent explosive disorder: serotonergic correlates in 

personality disorder and healthy control subjects. Neuropsychopharmacology 35, 435–444 (2010).
	25.	 Soares, M. C. et al. Hormonal mechanisms of cooperative behaviour. Proc. R. Soc. Lond. B 365, 2737–2750 (2010).
	26.	 Goodson, J. L. The vertebrate social behavior network: evolutionary themes and variations. Horm. Behav. 48, 11–22 (2005).
	27.	 Salamone, J. D. & Correa, M. The mysterious motivational functions of mesolimbic dopamine. Neuron 76, 470–485 (2012).
	28.	 Schultz, W. Predictive reward signal of dopamine neurons. J. Neurophysiol. 80, 1–27 (1998).
	29.	 DeWitt, E. E. J. Neuroeconomics: a formal test of dopamine’s role in reinforcement learning. Curr. Biol. 24, 321–324 (2014).
	30.	 Shams, S., Chatterjee, D. & Gerlai, R. Chronic social isolation affects thigmotaxis and whole-brain serotonin levels in adult zebrafish. 

Behav Brain Res. 292, 283–7 (2015).
	31.	 Giacomini, A. C. et al. Fluoxetine and diazepam acutely modulate stress induced-behavior. Behav Brain Res. 296, 301–10 (2016).
	32.	 Dahlbom, S. J., Backström, T., Lundstedt-Enkel, K. & Winberg, S. Aggression and monoamines: effects of sex and social rank in 

zebrafish (Danio rerio). Behav Brain Res. 228(2), 333–8 (2012).
	33.	 Butler, J. M. & Maruska, K. P. Mechanosensory signaling as a potential mode of communication during social interactions in fishes. 

J Exp Biol. 219, 2781–2789 (2016).
	34.	 Devigili, A., Evans, J. P., Di Nisio, A. & Pilastro, A. Multivariate selection drives concordant patterns of pre- and postcopulatory 

sexual selection in a livebearing fish. Nat Commun. 6, 8291 (2015).
	35.	 Bumann, D. & Krause, J. Front individuals lead in shoals of three-spined sticklebacks (Gasterosteus aculeatus) and juvenile roach 

(Rutilus rutilus). Behaviour 125, 189–198 (1993).
	36.	 Dugatkin, L. A. & Godin, J. G. J. Predator inspection, shoaling and foraging under predation hazard in the Trinidadian guppy, 

Poecilia reticulata. Environ Biol Fish 34, 265 (1992).
	37.	 Bshary, R. & Grutter, A. Image scoring and cooperation in a cleaner fish mutualism. Nature 441, 975–978 (2006).
	38.	 Feder, H. M. Cleaning symbiosis in the marine environment. In: Henry SM, editor. Symbiosis, New York, Academic Press; 327–380 

(1966).
	39.	 Côté, I. M. Evolution and ecology of cleaning symbioses in the sea. Oceanogr. Mar.Biol. 38, 311–355 (2000).
	40.	 Limbaugh, C. Cleaning symbiosis. Scient Amer. 205, 42–49 (1961).
	41.	 Gorlick, D. L., Atkins, P. D. & Losey, G. S. Effect of cleaning by Labroides dimidiatus (Labridae) on an ectoparasite population 

infecting Pomacentrus vaiuli (Pomacentridae) at Enewetak Atoll. Copeia 1987, 41–45 (1987).
	42.	 Losey, G. C., Grutter, A. S., Rosenquist, G., Mahon, J. L. & Zamzow, J. P. Cleaning symbiosis: a review. In: Almada V. C., Oliveira R. 

F., Goncalves E. J., editors. Behaviour and conservation of littoral fishes, Instituto Superior de Psicologia Aplicada, Lisbon; 379–395 
(1999).

	43.	 Bshary, R. & Côté, I. M. New perspectives on marine cleaning mutualism. In: Magnhagen C., Braithwaite V. A., Forsgren E., Kappor 
B., editors. Fish behaviour. Science Publishers; 563–592 (2008).

	44.	 Paula, J. R. et al. The role of serotonin in the modulation of cooperative behavior. Behav Ecol 26(4), 1005–1012 (2015).
	45.	 Messias, J. P. M. et al. Dopamine disruption increases negotiation for cooperative interactions in a fish. Scientific Reports 6, 20817 

(2016).
	46.	 Soares, M. C., Cardoso, S. C., Malato, J. T. & Messias, J. P. Can cleanerfish overcome temptation? A selective role for dopamine 

influence on cooperative-based decision making. Physiol Behav. 169, 124–129 (2017).
	47.	 Soares, M. C., Paula, J. R. & Bshary, R. Serotonin blockade delays learning performance in a cooperative fish. Anim Cogn. 5, 1027–30 

(2016).
	48.	 Messias, J. P. M., Santos, T. P., Pinto, M. & Soares, M. C. Stimulation of dopamine D1 receptor improves learning capacity in 

cooperating cleaner fish. Proc. R. Soc. B 283, 20152272 (2016).
	49.	 Soares, M. C., Santos, T. P. & Messias, J. P. M. Dopamine disruption increases cleanerfish cooperative investment to novel client 

partners. R. Soc. open sci. 4, 160609 (2017).
	50.	 Bshary, R., Oliveira, R. F., Oliveira, T. S. & Canário, A. V. M. Do cleaning organisms reduce the stress response of client reef fish? 

Front. Zool. 4, 21 (2007).
	51.	 Ros, A. F. et al. Does access to the bluestreak cleaner wrasse Labroides dimidiatus affect indicators of stress and health in resident reef 

fishes in the Red Sea? Horm. Behav. 59, 151–158 (2011).
	52.	 Soares, M. C., Oliveira, R. F., Ros, A. F. H., Grutter, A. S. & Bshary, R. Tactile stimulation lowers stress in fish. Nat. Commun. 2, 1–5 

(2011).
	53.	 Teles, M. C., Dahlbom, S. J., Winberg, S. & Oliveira, R. F. Social modulation of brain monoamine levels in zebrafish. Behavioural 

Brain Research 253, 17–24 (2013).



www.nature.com/scientificreports/

9SCIentIfIC REPOrTS |  (2018) 8:7346  | DOI:10.1038/s41598-018-25513-6

	54.	 Wolkers, C. P. B., Serra, M. & Urbinati, E. C. Social challenge increases cortisol and hypothalamic monoamine levels in matrinxã 
(Brycon amazonicus). Fish Physiol Biochem 41, 1501–1508 (2015).

	55.	 Winberg, S. & Thörnqvist, P. Role of brain serotonin in modulating fish behavior. Current Zoology 62, 317–323 (2016).
	56.	 Berman, M. The serotonin hypotesis of aggression revised. Clinical Psychology Review 6, 651–655 (1997).
	57.	 Edwards, D. H. & Kravitz, E. A. Serotonin, social status and aggression. Current Opinion in Neurobiology 7, 812–819 (1997).
	58.	 Øverli, Ø., Páll, M., Borg, B., Jobling, M. & Winberg, S. Effects of Schistocephalus solidus infection on brain monoaminergic activity 

in female three-spined sticklebacks Gasterosteus aculeatus. Proc R Soc Lond B 268, 1411–5 (2001).
	59.	 Lepage, O., Vilchez, I. M., Pottinger, T. G. & Winberg, S. Time-corse of the effect of dietary Ltryptophan on plasma cortisol levels in 

rainbow trout Oncorhynchus mykiss. The Journal of Biology 206, 3589–3599 (2003).
	60.	 Höglund, E., Bakke, M. J., Øverli, Ø., Winberg, S. & Nilsson, G. E. Supression of aggressive behavior in juvenile Atlantic cod (Gadus 

morhua) by L-tryptophan supplementation. Aquaculture 249, 525–531 (2005).
	61.	 Clotfelter, E. D., O’Hare, E. P., McNitt, M. M., Carpenter, R. E. & Summers, C. H. Serotonin decreases aggression via 5-HT1A 

receptors in the fighting fish Betta splendens. Pharmacology, Biochemistry and Behavior 87, 222–231 (2007).
	62.	 Gesto, M., López-Patiño, M. A., Hernández, J., Soengas, J. L. & Míguez, J. M. Gradation of the stress response in rainbow trout 

exposed to stressors of different severity: the role of brain serotonergic and dopaminergic systems. Journal of Neuroendocrinology 
27, 131–141 (2015).

	63.	 Ryczko, D. et al. Nigral glutamatergic neurons control the speed of locomotion. J. Neurosci. 10.1523, 1810–17 (2017).
	64.	 Perveen, T. et al. Role of monoaminergic system in the etiology of olive oil induced antidepressant and anxiolytic effects in rats. ISRN 

Pharmacol. https://doi.org/10.1155/2013/615685 (2013).
	65.	 Cheema, M. A. et al. Neurochemical and behavioral effects of Nigella sativa and Olea europaea oil in rats. Nutr Neurosci. 21, 1–10 

(2016).
	66.	 Overli, O., Harris, C. A. & Winberg, S. Short-term effects of fights for social domi-nance and the establishment of dominant-

subordinate relationships on brain monoamines and cortisol in rainbow trout. Brain Behav Evol 54, 263–75 (1999).
	67.	 Bshary, R. & Würth, M. Cleaner fish Labroides dimidiatus manipulate client reef fish by providing tactile stimulation. Proc R Soc 

Lond Ser B. 268, 1495–1501 (2001).
	68.	 Bshary, R. & Grutter, A. S. Asymmetric cheating opportunities and partner control in a cleaner fish mutualism. Anim. Behav. 63, 

547–555 (2002).
	69.	 Soares, M. C., Bshary, R., Cardoso, S. C. & Côté, I. M. The meaning of jolts by fish clients of cleaning gobies. Ethology 114, 209–214 

(2008).
	70.	 Benjamini, Y. & Hochberg, Y. Multiple Testing. Journal of the Royal Statistical Society. Series B (Methodological) 57, 289–300 (1995).

Acknowledgements
We thank the principal curator of Oceanário de Lisboa (Núria Baylina) and staff for logistical support. We 
also thank José Paula for assistance during the experiments and brain collections, and Sónia Cardoso for help 
in organizing the video samples. This study was supported by the Portuguese Foundation for Science and 
Technology-FCT (grant PTDC/MAR/105276/2008 given to M.C.S.). M.C.S. is currently supported by SFRH/
BPD/109433/2015. S.W. lab is supported by the Swedish research council (VR) and the Swedish research council 
FORMAS.

Author Contributions
M.C.S. designed the study. J.P.M.M. ran the experiments. P.O.T. and S.W. analysed the brain samples (HPLC-EC). 
M.S.A. analysed behavioural videos. M.S.A. analysed the data. M.C.S., M.S.A. and S.W. wrote the paper. All 
authors discussed results and commented on the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1155/2013/615685
http://creativecommons.org/licenses/by/4.0/

	Monoaminergic levels at the forebrain and diencephalon signal for the occurrence of mutualistic and conspecific engagement  ...
	Results

	Client behaviour. 
	Client brain monoamines. 

	Discussion

	Methods

	Animals and housing. 
	Experimental design and sampling. 
	Behavioural analyses. 
	Statistical analyses. 

	Acknowledgements

	Figure 1 Serotonergic levels across clients’ brain areas exposed to a cleaner (Labroides dimidiatus) or a conspecific (Naso elegans).
	Figure 2 Dopaminergic and HVA levels across clients’ brain areas exposed to a cleaner (Labroides dimidiatus) or a conspecific (Naso elegans).
	Figure 3 Monoaminergic brain activity in interspecific and conspecific contexts.
	Table 1 Observed behavioural measures for each experimental treatment.
	Table 2 Correlations (Spearman correlation coefficients) between each behavioural measure and serotonin levels in different brain macro-areas for the two experimental treatments: client exposed to a cleaner (Labroides dimidiatus) or a conspecific (Naso el
	Table 3 Correlations (Spearman correlation coefficients) between each behavioural measure and dopamine levels in different brain macro-areas for the two experimental treatments: client introduced to a cleaner (Labroides dimidiatus) or to a conspecific (Na




