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H I G H L I G H T S
• In nature, cleaner ﬁsh need to invest in unrelated partners to yield current and future beneﬁts.
• We conﬁrm the importance of the AVT/AVP system as an agent affecting levels of cooperation.
• AVT offers a potential mechanistic pathway for the reported ﬂexible service quality.
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a b s t r a c t
Cooperation between unrelated individuals usually involves investments that often mean a decrease in immediate
payoffs, but ensure future beneﬁts. Here we investigated the potential role of the neuropeptides Arginine-vasotocin
(AVT) and Isotocin (IT) as proximate agents affecting individuals' cooperative levels in the Indo-paciﬁc bluestreak
cleaner wrasse Labroides dimidiatus. Their ‘client’ reef ﬁsh partners only beneﬁt from interacting if cleaners eat ectoparasites and refrain from gleaning preferred client mucus. Thus, cleaners must control their impulse to eat according to their preference, and eat less preferred items to maintain ongoing interactions and avoid clients' leaving or
punishing. We found that solely the experimental transient higher dosage of AVT led to a decrease of cleaners' willingness to feed against their preference, while IT and AVT antagonists had no signiﬁcant effects. The sole effect of
AVT on cleaner's performance may imply a link between AVT's inﬂuence and a potential activation of a stress
response. Our results conﬁrm the importance of the AVT/AVP system as an agent affecting levels of cooperation,
offering a potential mechanistic pathway for the reported ﬂexible service quality that cleaners provide their clients.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction
Cooperation between unrelated individuals often involves investments, which means a decrease in immediate payoffs (for the actor), in
order to contribute to the enhancement of beneﬁts in another individual
[1]. Evolutionary models usually focus on questions related to potential
strategies, which may ensure that investments yield future beneﬁts
and hence stabilise cooperation [1–3]. However, current models are agnostic about proximal mechanisms that need to be in place to enhance
the individuals' ability to decide whether or not to invest.
Knowledge on how changes in an individual's physiological/neurological state affect cooperative and social behaviour is needed [4,5], in
order to understand variation within and between individuals as well
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as between species. The neuropeptides arginine vasopressin (AVP)
and oxytocin (OT) are well known modulators of a diverse range of vertebrate social processes and emotions, including that of humans [6–8].
For example, within humans, experimental setups aiming to increase
OT levels have demonstrated that these mediate rises in prosociality,
which include trust [9,10] generosity [11,12], empathy [12], and social
memory [13], while behavioural manifestations of prosociality have
now been linked to individual differences in rs53576 genotype of the
OT receptor [14]. Partner support is also a good facilitator of increases
in OT plasma levels in both men and women [15]. Regarding AVP, studies have now examined its effects (via intranasal administration) on
human facial responses linked to social communication, revealing that
AVP inﬂuences the response to ambiguous social stimuli [16] and that
its effects are sex speciﬁc with respect to responses towards same-sex
faces, i.e. agonistic in men and afﬁliative in women [17]. Finally, in a recent study, Rilling and colleagues [18], demonstrate that intranasal AVT
and IT administration mediate biassed effects in human males and
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females interacting in a Prisioner's Dillemma task. Taken together, the
above studies suggest that these systems offer a general mechanistic
framework involved in the regulation of complex social processes.
The nonapeptides AVP and OT neural expression and gene regulation appear to be widely conserved across vertebrates and have peripheral (hormonal) as well as central (neuromodulator) actions [19].
Indeed, recent work in non-mammalian vertebrates indicates that the
social function of OT may be ancient in terms of its evolutionary framework [20]. However, both systems are highly pleiotropic, affecting a
wide range of behaviours across functional contexts (e.g. pair bonding,
parental care, anxiety, memory, recognition, communication and aggression; for reviews please see [21,22]). For example, in teleost ﬁsh,
studies have found a relation between IT and the increase of sociality
in goldﬁsh, Carrasius auratus [23], and with zebraﬁsh, Danio rerio [24],
while under the inﬂuence of AVT, Thompson and Walton [23] found
that exogenous administration of AVT inhibited approach behavior.
Regarding cooperative contexts, in meerkats (Suricata suricata), individuals treated with OT were observed to increase their investment in communal and cooperative activities [25], while in a cooperative breeding
ﬁsh (Neolamprogus pulcher), IT increased the response to social information, namely in increasing individual sensitivity to differences in
opponent size and aggressive feedback [26].
Here we use one of the best studied cooperative models, the Indopaciﬁc bluestreak cleaner wrasse Labroides dimidiatus, to investigate
how changes in individuals' neuropeptide levels (IT and AVT systems)
may be implicated in the mechanisms underlying the adjustment of individuals to the existence of partner control mechanisms in cooperative
interactions between unrelated individuals. The cleaners are visited by
the other reef ﬁsh species (so called clients) for ectoparasite removal
[27,28]. A conﬂict of interest occurs because cleaners prefer to eat client
mucus, which constitutes cheating [29]. As clients respond to noncooperative cleaners with attacking (punishing), leaving or avoidance
[30–32], cleaners need to adjust their feeding behaviour to feeding on
clients' ectoparasites (against their preference). The problem can easily
be abstracted in laboratory experiments involving plates and two types
of food, where cleaner wrasses but not closely related species can learn
to eat against their preference if that allows them to continue to forage
[33,34]. This experimental paradigm has been used successfully in the
last few years, having resulted in over a dozen published studies focusing on cleaner wrasses [29,30,33–44] and captures the essence of
cleaning interactions as demonstrations of key results have been
reproduced in experiments with real cleaner–client interactions [32].
We made use of the experimental design to test how the AVT and IT systems inﬂuence the cleaners' ability to feed against preference in order to
prolong their foraging interactions.
Nonapeptides seem to be good candidates to modulate cleaner
wrasses' decision-making, related to cleaning behaviour. In a ﬁrst
study concerning this system, Soares and colleagues [45] found that
AVT administration caused a decrease on interspeciﬁc cleaning interactions, while its V1a receptor antagonist (Manning compound) had
opposite effects in mediating a rise in cleaners' dishonesty via central effects on the V1a-type receptors. More recently, further support for the
involvement of AVT on cleaning behaviour was provided by a comparative neuroanatomical study, where an association between AVT
gigantocellular preoptic area (gPOA) neurons and the expression of
cleaning behaviour in cleaning wrasses was found [46]. However,
given AVT's overall effects regarding our system [45], it was still unclear
how it would directly inﬂuence cleaners' predisposition to eat against
preference and hence how it may contribute to conditional cooperative
outcomes. Thus, we expect to ﬁnd differences in the extent of neuropeptide inﬂuence to affect cleaner wrasses foraging decisions, namely that
the blocking of AVT effects (via the V1a receptor antagonist Manning
compound) should promote a decrease in cooperative levels (more eating according to preference, as it was mentioned in [45]) while the
opposite should be observed by the agonist (AVT injection). Regarding
IT, we predict that by exogenously increasing its levels, we may observe
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an enhancement of cleaners' ability to identify and properly respond to
social stimuli, which should have a direct inﬂuence on their levels of
feeding against preference. Nevertheless, concerning IT, few relevant
results have been found so far, during previous manipulations in the
wild [45].
2. Methods
2.1. Experiments
Experiments were conducted at the ﬁsh housing facilities of the
Oceanário de Lisboa (Lisbon, Portugal). We used 9 wild caught cleaner
wrasses that originated in Maldives and were directly imported to
Portugal by a local distributor. The ﬁsh were kept in individual aquaria
(100 × 40 × 40 cm) combined in a ﬂow through system that pumped
water from a larger cleaning tank (150 × 50 × 40 cm) that served as a
natural ﬁlter. Each tank contained an air supply and a commercial
aquarium heater (125 W, Eheim, Jäger). Small PVC pipes (10–15 cm
long; 2.5 cm diameter) served as shelter for the ﬁsh. Nitrite concentration was kept to a minimum (always below 0.3 mg/l). Fishes were fed
daily with mashed prawn ﬂesh or a mixture of mashed prawn ﬂesh
and ﬁsh ﬂakes spread on plastic (Plexiglas) plates [47].
2.2. Learning against preference task
We followed Bshary and Gruter [33] protocol, with some minor modiﬁcations. Cleaners learned to feed from the plates within 1–3 days of
exposure. The plates had a variety of patterns (Fig. 1) and each cleaner
was exposed to all different protocol steps (plaque pattern) as to become
accustomed to the presentation of unfamiliar stimuli (to avoid potentially
neophobic cleaners). The experiments began after the ﬁsh had been in
captivity for at least 15 days. The “learning against preference task”
consisted of three phases, namely: (a) an initial preference test;
(b) learning phase; and (c) foraging test without any hormonal treatment. The plates used in the experiment were attached to a 40 cm long
lever that allowed the experimenter to simulate the behaviour of the
client ﬁshes (ﬂeeing, or just calmly leaving after the cleaner ﬁnished
foraging).
In the initial preference test we offered the cleaners an unfamiliar
plate with three prawn items and three ﬂake items (Fig. 1). The sequence
of the 6 items (prawn or ﬂake) placed in the grid cells was determined by
using tables of random sequences of 0 and 1, where 0 represented prawn
and 1 represented ﬂake. The cleaners could eat all items but plates were
removed once a cleaner stopped feeding with items still remaining.
After three trials that allowed cleaners to become familiar with the plates,
we conducted the initial preference test. We then offered the plate three
times to each cleaner and scored the ﬁrst three items eaten. This meant
that we could possibly ﬁnd a 100% preference for either prawn or ﬂakes.
In the learning phase each cleaner was subjected to six learning trials.
Cleaners were trained such that eating the less preferred food items (ﬁsh
ﬂakes) had no consequences, while eating a preferred item led to the immediate removal of the plate (‘ﬂeeing’). In each trial, the plate was offered
to the ﬁsh again after 60 s until the cleaner ate a second preferred food
item. There were two parts in this phase: the ﬁrst where we used a
plate with 12 ﬂakes and 2 prawns; and a second where we used a plate
with 3 ﬂakes and 3 prawns (equal number of the 2 different items).
In the foraging experiment each cleaner was allowed to interact
once with the plate that did not respond to the cleaner's foraging behaviour. In other words, eating a preferred food item had no negative
consequences. We scored the ﬁrst 3 items eaten, allowing the possibility
of a 100% bias for either food.
2.3. Neuropeptide treatment
This part consisted of the ﬁnal foraging experiment but this time each
cleaner was sequentially and haphazardly treated (intramuscularly) with
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Fig. 1. Plate patterns during the different phases of the experiment. Each item is represented by one letter: F — ﬁsh ﬂake and P — prawn.

the following compounds: saline (0.9 NaCl; reference treatment); AVT
(V0130 — Sigma) at 0.5 μg/gbw (low dosage) and 2.5 μg/gbw (high dosage); IT (H-2520 — Bachem) at 0.5 μg/gbw (low dosage) and 2.5 μg/gbw
(high dosage); Manning compound (V2255 — Sigma- [b-Mercapto-b,b
cyclopentamethylenepropionyl1,O-me-Tyr2, Arg8]-Vasopressin) at 3.0
μg/gbw; .and Atosiban [Bachem: H-6722.0050 (50 mg) (Deamino-Cys1,
D-Tyr(Et)2,Thr4,Orn8)-Oxytocin(RWJ 22164)]) at 3.0 μg/gbw. Injections
were always given in the morning and on alternate days. Manning compound is a commonly used antagonist of the AVP type 1a receptors
(V1a), which in teleost ﬁsh include both subtypes V1a1 and V1a2, that
also have some afﬁnity with the OT receptors in mammals [48]. Atosiban
is an antagonist of the OT/IT receptors, but has also been referred to have
some afﬁnity for AVP/AVT receptors [48]. The use of these two antagonists
is a tentative to disentangle the route of action of any effects of the
nonapeptides. Each cleaner was weighed before the onset of the experiment so that the injection volume could be adjusted to body weight.
Each cleaner was injected with each compound in the adequate volumes
according to their weight (0.5 μl/gbw). After each injection, each cleaner
was allowed to interact once with the plate that did not respond to the
cleaner's foraging behaviour (similarly to part c of the “learning against
preference task”). We also scored the ﬁrst 3 items eaten, allowing the
possibility of a 100% bias for either food item.

saline treatment. We also used Wilcoxon matched pair tests (uncorrected) to compare each hormonal treatment with the reference (saline)
treatment. All tests were 2 tailed and were done in SPSS Statistics,
version 22.
3. Results
3.1. Initial preference test and learning against preference task
All 9 cleaners ate more prawn items than ﬂakes in the initial phase
preference test (80%, Fig. 2). Cleaners that had been exposed to the
plaques being removed after they had eaten prawn, ate signiﬁcantly
less prawn items after the learning against preference phase than during the initial preference tests (Wilcoxon-test, n = 9, Z = −2.67, p =
0,008, Fig. 2). The effect was still signiﬁcantly observed when cleaners
were injected with saline (n = 9, Z = − 2.31, p = 0.02, Fig. 2). There
were no signiﬁcant differences between the prawn eaten by the
cleaners after they learned to eat against their preference and when
they were treated with saline (n = 9, Z = −1.82, p = 0.069, Fig. 2).
3.2. Final foraging experiments with neuropeptide treatments

No ﬁsh suffered any detectable injury or mortality as a result of
the injections or behavioural testing. The methods for animal housing, handling and experimental protocols were assessed and approved by the Portuguese Veterinary Ofﬁce (Direcção Geral de
Veterinária, licence # 0420/000/000/2009) and adhere to the ASAB/
ABS Guidelines.

We found that only individuals treated with the high dosage of AVT
increased their preference for prawn compared with the saline group,
after they had successfully learned to eat against preference (n = 9,
Z = − 2.02, p = 0.04, Fig. 3). None of the remaining treatments produced signiﬁcant foraging differences (AVT 0.5 vs saline: n = 9, Z =
− 0.06, p = 0.95; IT 0.5 vs saline: n = 9, Z = − 1.61, p = 0.11; IT 2.5
vs saline: n = 9, Z = −1.02, p = 0.31; Manning compound vs saline:
n = 9, Z = − 1,12, p = 0.26 and Atosiban vs saline: n = 9, Z =
−0.71, p = 0.47, Fig. 3).

2.5. Statistical analysis

4. Discussion

We used a counterbalance sequence (between and within subjects)
in which each cleaner was used for all treatment compounds. Data were
analysed using non-parametric tests because the assumptions for parametric testing were not met. Wilcoxon matched pair tests were used to
evaluate whether each cleaner learned to eat against their preference,
comparing with the initial preference and also comparing with the

In this study we asked if AVT or IT were implicated in the regulation
of cleaner wrasse's decisions to feed against their preference, as they
have to do under natural conditions, in order to cooperatively eat ectoparasites instead of preferred mucus. In the ﬁrst part of our study, we
could replicate earlier studies which had shown that removal of a food
source in response to cleaners eating preferred food items leads to

2.4. Ethical note
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(Atosiban) had no measurable effects. It is possible that none of the
dosages used (for agonist and antagonist) was appropriate to result
in signiﬁcant effects. As for the lack of effects observed in the treatment with the V1a-type antagonist Manning compound, these
might also be underlined by its afﬁnity for OT/IT-type receptors
[48]. The sole effect of AVT highest dosage on cleaners performance
may imply a link between AVT's inﬂuence and a potential activation
of a stress response. We also explore the potential links between AVT
and IT effects in social memory and recognition and/or impulsive
choice control (absence or presence of self control) in the following
sections of the discussion.
4.1. Neuropeptide modulation of cleaners' stress levels

Fig. 2. The percentage of prawn items eaten in an initial preference test, after the individuals learned to eat against their preference and when treated with saline solution. Shown
are the medians and the interquartiles. Symbols above bars represent P values which refer
to Wilcoxon matched pair tests (*, p b 0.05). Sample sizes (number of individual cleaner
ﬁsh) are of n = 9 for all experimental phase groups.

cleaners selectively feeding against their preference [33]. All nine subjects
behaved accordingly. Then our main experiment tested how these neuropeptides affect their willingness to eat unpreferred food ﬁrst. Against our
predictions, the administration of AVT rather than the blocking of its V1atype receptors by the antagonist Manning compound, caused a decrease
of cleaners' levels of feeding against preference. IT and its antagonist

The effects of AVT on cleaner wrasses' behaviour may be produced via the activation of a stress response, since AVT inﬂuences
adrenocorticotropin (ACTH) production and thus cortisol secretion
[49,50]. For instance, Huffman and colleagues [50] have recently
shown that exogenous administration of AVT is able to produce
signiﬁcant rises in the circulating cortisol levels in both dominant
and subordinate individuals. When occurring naturally, changes in
cortisol concentration (allostatic load) may preclude a shift in
animal's energetic demands, which are sometimes associated with
predictable or unpredictable adaptations, resulting in more access
to mates, food sources or for instance shifts in social status [51]. For
cleaners, recent experiments demonstrate that elevations in cortisol
levels are responsible for the decrease of cooperative levels amongst
those cleaners that cheat more often (e.g. “biting” cleaners [52]).
Thus, in the cleaner ﬁsh system, the increase of circulating cortisol
levels does not lead to a reduction in activity levels (as shown by
Huffman and colleagues [50] for cichlids) but is otherwise associated
with signiﬁcant behavioural strategic changes [52]. Interestingly,

Fig. 3. The percentage of prawn items eaten in all treatment groups: saline, AVT (smaller dosage — SD), AVT (higher dosage — HD), Manning compound, IT (SD), IT (HD) and Atosiban. Light
grey bars represent a smaller dosage and dark grey bars represent a higher dosage of AVT and IT, while black bars represent its antagonists (Manning compound and Atosiban, respectively). Shown are the medians and the interquartiles. Symbols above bars represent P values which refer Wilcoxon to matched pair tests for each neuropeptide treatment against the reference (saline) group (*, p b 0.05). Sample sizes (number of individual cleaner ﬁsh) are of n = 9 for all groups of treatments.
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similarly to what is observed in the current study regarding the effect of antagonists Manning compound and Atosiban, the treatment
with glucocorticoid antagonist also did not produce signiﬁcant
changes on cleaners' cooperative levels [52]. It is thus quite possible
that the sole effects observed by AVT treatment (in its higher dosage)
are being produced via the activation of the hypothalamic–pituitary–
interrenal (HPI) axis, which causes an increase of available circulating cortisol [53] and facilitates a behavioural shift responsible for a
decrease of cleaners' levels of feeding against preference.
4.2. Neuropeptide modulation of cleaner ﬁsh social memory and recognition
There is experimental evidence that cleaners can recognise individual clients [54] and that cleaners adjust to past experience with them
[30,33]. Thus, memory and social recognition play a role on cleaners'
competence to interact with clientele. There is ample evidence that in
mammals, OT and AVP affect an individual's ability to remember individuals (usually conspeciﬁcs) [55]. In rodents, AVP is crucial for the
enhancement of social recognition and social memory [56–58] while
in humans it seems to affect social communication, demonstrating
biassed effects between genders [16–18]. Moreover, sex steroids and
glucocorticoids (as mentioned above) may interact with AVP and OT
in various ways [59–61]. For example, both peripheral injections and
chronic central infusions of AVP into castrate male rats reduce their social recognition skills towards juvenile conspeciﬁcs [62]. Castration
seems to reduce AVP expression in various limbic brain areas [63],
which are known to directly inﬂuence reward learning of social interactions [61]. For cleaner wrasses, elevation in the levels of AVT decrease
cleaners' propensity to engage in interspeciﬁc cleaning activities [45].
As cleaners are protogyneous hermaphrodites and our subjects are
most likely females, it is possible that AVT's inﬂuence in our system
may work similarly to how AVP affects castrated rats: due to a potential
short-term social recognition disruption, cleaners would then fail to
identify and anticipate the response of the clients, which leads to behaving freely according to their preferences.
The effects of the OT/IT system are also highly associated to the functions of social recognition [64]. The development of the OT knockout
mice further established the role of OT in social recognition [65–67].
While in rodent models, AVT facilitates social information consolidation,
the OT's major role is at the level of acquisition [68]. If IT in cleaner
wrasse was shown to similarly function at the level of acquisition, this
would explain why we did not ﬁnd signiﬁcant effects of IT and its antagonist in the current study or during previous manipulations in the wild
[45]. Another possibility is that signiﬁcant effects would only be
produced in more appropriate contexts, for instance if we had male–
female cleaner couples in our laboratorial conditions. Indeed, recent
data (Cardoso et al., unpublished data) has found a link between forebrain IT levels and cleaner wrasse's less cooperative behaviour however, it is dependent on variation in intra-pair relationship. This would
contribute to refute the importance of the chosen-dosage hypothesis
(above mentioned). Future testing is deﬁnitely needed so as to further
demonstrate the role of IT in this system.
4.3. Neuropeptide modulation of impulsive choice control
Lack of impulse control has been associated with reduced activity of
the serotonergic system [69]. For example, in humans impulsive violent
behaviour is indicative of low serotonin turnover rate [70,71], while
lower levels of serotonin have been demonstrated to result in stimuli response inhibition, leading to a rise in impulsivity and aggression [72].
Research mostly done in rodents has conﬁrmed that serotonin has a
key role in altering the secretion and release of AVP and OT [73],
which were supported by previous evidence that demonstrated direct
interactions between serotonin and the AVT/AVP systems (serotonin diminishes aggression by altering the activity of the AVP system [74]). For
instance, the treatment with ﬂuoxetine, a selective serotonin reuptake

inhibitor, seems to be responsible for a decrease of AVP brain levels
(in hamsters) and lowering of AVT mRNA abundances (in teleost ﬁsh)
[75–77]. On the contrary, a hyporeactive serotonin system may result
in enhanced AVP activity and aggression in both animals and humans
[78], which contributes to a rise in impulsive or reactive behaviour towards stimuli. Indeed, in humans, the temporary acute lowering of serotonin seems to lead to a reduction of punishment induced inhibition
without affecting motor response, while the magnitude of this inhibition is dose dependent [79]. These ﬁndings seem to correspond to our
observed cleaner wrasse behavioural response: only the higher dosage
of AVT increased cleaners' tendency to eat more preferred items (a response that contradicts what they had previously learned) and which
was probably sustained on an expectation of aversive outcome (plate
being removed from the aquarium).
4.4. Concluding remarks
Our results further conﬁrmed the importance of the AVT/AVP pathways for the regulation of interspeciﬁc cooperative behaviour. The
trade-off between payoffs at different points in time (inter-temporal
discount) is experienced by cleaner wrasses in the wild, which need
to overcome the tendency to gain immediate beneﬁts to achieve cooperative stability, as to secure the possibility of future interactions [29].
Considering the potential role of AVT pathways mediating stress
response and, in the regulation of impulse control or even in social
memory and recognition, we could expect that these effects may also
contribute in the assessment of clients' valence and also in the facilitation of the behavioural choice to apply in a following encounter. Future
studies employing controlled pharmacological experiments with other
compounds (such as serotonin or dopamine), brain region-speciﬁc
analyses and speciﬁcally, testing the value of future rewards, will be
necessary to better understand molecular pathways involved in cooperative interactions.
Funding statement
This study was ﬁnanced by Fundação para a Ciência e Tecnologia (FCT,
grant PTDC/MAR/105276/2008) to MCS. During this study SCC was supported by a FCT Ph.D. Fellowship. MCS is supported by the Project “Genomics and Evolutionary Biology”, co-ﬁnanced by North Portugal Regional
Operational Programme 2007/2013 (ON.2 — O Novo Norte), under the
National Strategic Reference Framework (NSRF), through the European
Regional Development Fund (ERDF). RB is supported by the Swiss National Foundation. RFO is supported by FCT strategic plan PEst-OE/MAR/
UI0331/2011.
Author contributions
MCS and RB designed the study. JRP and SCC collected the data. MCS
and SCC analysed the data. SCC, MSC, RFO and RB wrote the paper. All
authors discussed the results and commented on the manuscript.
Acknowledgments
We thank the principal curator of Oceanário de Lisboa (Núria
Baylina) and staff for logistical support. The animal procedures used in
this study have been approved by the Portuguese Veterinary Ofﬁce
(Direcção Geral de Veterinária, licence # 0420/000/000/2009).
References
[1] Bshary R, Bergmüller R. Distinguishing four fundamental approaches to the evolution of helping. J Evol Biol 2008;21:405–20.
[2] Lehmann L, Keller L. The evolution of cooperation and altruism — a general framework and a classiﬁcation of models. J Evol Biol 2006;19(5):1365–76.
[3] West SA, Grifﬁn AS, Gardner A. Social semantics: altruism, cooperation, mutualism,
strong reciprocity and group selection. J Evol Biol 2007;20:415–32.

S.C. Cardoso et al. / Physiology & Behavior 139 (2015) 314–320
[4] Barta Z, McNamara JM, Huszár D, Taborsky M. Cooperation among non-relatives
evolves by state-dependent generalized reciprocity. Proc R Soc B 2011;278:843–8.
[5] Soares MC, Bshary R, Fusani L, Goymann W, Hau M, Hirschenhauser K, et al. Hormonal
mechanisms of cooperative behaviour. Philos Trans R Soc B 2010;365:2737–50.
[6] Goodson JL. Nonapeptides and the evolutionary patterning of sociality. Prog Brain
Res 2008;170:3–15.
[7] Ross HE, Young LJ. Oxytocin and the neural mechanisms regulating social cognition
and afﬁliative behaviour. Front Neuroendocrinol 2009;30:534–47.
[8] Goodson JL, Thompson RR. Nonapeptide mechanisms of social cognition, behaviour
and species-speciﬁc social systems. Curr Opin Neurobiol 2010;20:784–94.
[9] Kosfeld M, Heinrichs M, Zak PJ, Fischbacher U, Fehr E. Oxytocin increases trust in
humans. Nature 2005;435:673–6.
[10] Baumgartner T, Heinrichs M, Vonlanthen A, Fischbacher U, Fehr E. Oxytocin shapes
the neural circuitry of trust and trust adaptation in humans. Neuron 2008;58:
639–50.
[11] Zak PJ, Stanton AA, Ahmadi S. Oxytocin increases generosity in humans. PLoS One
2007;2:e1128.
[12] Barraza J, Zak P. Empathy toward strangers triggers oxytocin release and subsequent
generosity. Ann N Y Acad Sci 2009;1167:182-18.
[13] Rimmele U, Hediger K, Heinrichs M, Klaver P. Oxytocin makes a face in memory familiar. J Neurosci 2009;29:38–42.
[14] Kogan A, Saslow LR, Impett EA, Oveis C, Keltner D, Saturn SR. Thin-slicing study of
the oxytocin receptor (OXTR) gene and the evaluation and expression of the
prosocial disposition. Proc Natl Acad Sci U S A 2012;109:1–4.
[15] Grewen KM, Girdler SS, Amico J, Light KC. Effects of partner support on restring oxytocin, cortisol, norepinephrine and blood pressure before and after warm partner
contact. Psychosom Med 2005;67:531–8.
[16] Thompson R, Gupta S, Miller K, Mills S, Orr S. The effects of vasopressin on human facial
responses related to social communication. Psychoneuroendocrinology 2004;29:35–48.
[17] Thompson RR, George K, Walton JC, Orr SP, Benson J. Sex-speciﬁc inﬂuences of
vasopressin on human social communication. Proc Natl Acad Sci U S A 2006;103:
7889–94.
[18] Rilling JK, DeMarco AC, Hackett PD, Chen X, Gautam P, Stair S, et al. Sex differences in
the neural and behavioral response to intranasal oxytocin and vasopressin during
human social interaction. Psychoneuroendocrinology 2014;39:237–48.
[19] Gilligan P, Brenner S, Venkatesh B. Neurone-speciﬁc expression and regulation of the
pufferﬁsh isotocin and vasotocin genes in transgenic mice. J Neuroendocrinol 2003;
15:1027–36.
[20] Goodson JL, Schrock SE, Klatt JD, Kabelik D, Kingsbury MA. Mesotocin and
nonapeptide receptors promote estrildid ﬂocking behaviour. Science 2009;325:
862–6.
MacDonald
K, MacDonald TM. The peptide that binds: a systematic review of oxyto[21]
cin and its prosocial effects in humans. Harv Rev Psychiatry 2010;18:1–21.
[22] Albers HE. The regulation of social recognition, social communication and aggression: vasopressin in the social behavior neural network. Horm Behav 2012;61:
283–92.
[23] Thompson RR, Walton JC. Peptide effects on social behavior: effects of vasotocin and
isotocin on social approach behavior in male goldﬁsh (Carassius auratus). Behav
Neurosci 2004;118:620–6.
[24] Braida D, Donzelli A, Martucci R, Capurro V, Busnelli M, Chini B, et al. Neurohypophyseal hormones manipulation modulate social and anxiety related behaviour in
zebraﬁsh. Psychopharmacology (Berl) 2012;220:319–30.
[25] Madden JR, Clutton-Brock TH. Experimental peripheral administration of oxytocin
elevates a suite of cooperative behaviours in a wild social mammal. Proc R Soc B
2011;278:1189–94.
[26] Reddon AR, O'Connor CM, Marsh-Rollo SE, Balshine S. Effects of isotocin on social responses in a cooperatively breeding ﬁsh. Anim Behav 2012;84:753–60.
[27] Côté IM. Evolution and ecology of cleaning symbioses in the sea. Oceanogr Mar Biol
Annu Rev 2000;38:311–55.
[28] Bshary R, Cote IM. New perspectives on marine cleaning mutualism. In: Magnhagen
C, Braithwaite VA, Forsegren E, Kapoor BG, editors. Fish behaviour. Enﬁeld: Science
Publishers; 2008. p. 563–92.
[29] Grutter AS, Bshary R. Cleaner wrasse prefer client mucus: support for partner control
mechanisms in cleaning interactions. Proc R Soc B 2003;270:S242–4.
[30] Bshary R, Grutter AS. Asymmetric cheating opportunities and partner control in a
cleaner ﬁsh mutualism. Anim Behav 2002;63:547–55.
[31] Bshary R, Schäffer D. Choosy reef ﬁsh select cleaner ﬁsh that provide high-quality
service. Anim Behav 2002;63:557–64.
[32] Pinto A, Oates J, Grutter AS, Bshary R. Cleaner wrasses Labroides dimidiatus are more
cooperative in the presence of an audience. Curr Biol 2011;21:1140–4.
[33] Bshary R, Grutter AS. Punishment and partner switching cause cooperative behaviour in a cleaning mutualism. Biol Lett 2005;1:396–9.
[34] Gingins S, Werminghausen J, Johnstone RA, Grutter AS, Bshary R. Power and temptation cause shifts between exploitation and cooperation in a cleaner wrasse mutualism. Proc Biol Sci 2013;280 20130553.
[35] Wismer S, Pinto AI, Vail AL, Grutter AS, Bshary R. Variation in cleaner wrasse cooperation and cognition: inﬂuence of the developmental environment? Ethology
2014;2014(120):519–31.
[36] Raihani NJ, McAuliffe K, Brosnan SF, Bshary R. Are cleaner ﬁsh (Labroides dimidiatus)
inequity averse? Anim Behav 2012;84:665–74.
[37] Raihani NJ, Grutter AS, Bshary R. Female cleaner ﬁsh cooperate more with unfamiliar
males. Proc R Soc B 2012;279:2479–86.
[38] Raihani NJ, Pinto AI, Grutter AS, Wismer S, Bshary R. Male cleaner wrasses adjust punishment of female partners according to the stakes. Proc R Soc B 2012;279:365–70.
[39] Raihani NJ, Grutter AS, Bshary R. Punishers beneﬁt from third-party punishment in
ﬁsh. Science 2010;327:171.

319

[40] Salwiczek LH, Bshary R. Cleaner wrasses keep track of the ‘when’ and ‘what’ in a foraging task. Ethology 2011;117:939–48.
[41] Bshary R, Oliveria RF, Grutter AS. Short term variation in the level of cooperation in
the cleaner wrasse Labroides dimidiatus: implications for the role of potential
stressors. Ethology 2011;117:246–53.
[42] Danisman E, Bshary R, Bergmüller R. Do cleaner ﬁsh learn to feed against their preference in a reverse reward contingency task? Anim Cogn 2010;13:41–9.
[43] Bshary R, Grutter AS, Willener AST, Leimar O. Pairs of cooperating cleaner ﬁsh provide better service quality than singletons. Nature 2008;455:964–7.
[44] Bshary R, Grutter AS. Image scoring causes cooperation in a cleaning mutualism. Nature 2006;441:975–8.
[45] Soares MC, Bshary R, Mendonça R, Grutter AS, Oliveira RF. Neuropeptide modulation
of cooperative behaviour: arginine vasotocin decreases prosocial behaviour in cleaner ﬁsh. PLoS One 2012;7:e39583.
[46] Mendonça R, Soares MC, Bshary R, Oliveira RF. Arginine vasotocin neuronal phenotype and interspeciﬁc cooperative behavior. Brain Behav Evol 2013;82:166–76.
[47] Grutter AS, Bshary R. Cleaner ﬁsh, Labroides dimidiatus, diet preferences for different
types of mucus and parasitic gnathiid isopods. Anim Behav 2004;68:583–8.
[48] Manning M, Stoev S, Chini B, Durroux T, Mouillac B, Guillon G. Peptide and nonpeptide agonists and antagonists for the vasopressin and oxytocin V1a, V1b, V2
and OT receptors: research tools and potential therapeutic agents. Prog Brain Res
2008;170:473–512.
[49] Balment RJ, Lu W, Weybourne E, Warne JM. Arginine vasotocin a key hormone in
ﬁsh physiology and behaviour: a review with insights from mammalian models.
Gen Comp Endocrinol 2006;147:9–16.
[50] Huffman LS, Hinz FI, Wojcik S, Aubin-Horth N, Hofmann HA. Arginine vasotocin regulates social ascent in the African cichlid ﬁsh Astatotilapia burtoni. Gen Comp
Endocrinol 2014.
[51] Goymann W, Wingﬁeld JC. Allostatic load, social status and stress hormones: the
costs of social status matter. Anim Behav 2004;67:591–602.
[52] Soares MC, Cardoso SC, Grutter AS, Oliveira RF, Bshary R. Cortisol mediates cleaner
wrasse switch from cooperation to cheating and tactical deception. Horm Behav
2014;66(2014):346–50.
[53] Creel S, Dantzer B, Goymann W, Rubenstein DR. The ecology of stress: effects of the
social environment. Funct Ecol 2013;27:66–80.
[54] Tebbich S, Bshary R, Grutter AS. Cleaner ﬁsh, Labroides dimidiatus, recognise familiar
clients. Anim Cogn 2002;5:139–45.
[55] Winslow JT, Insel TR. Neuroendocrine basis of social recognition. Curr Opin
Neurobiol 2004;14:248–53.
[56] Young LJ, Wang Z. The neurobiology of pair bonding. Nat Neurosci 2004;7:1048–54.
[57] Bielsky IF, Hu SB, Ren X, Terwilliger EF, Young LJ. The V1a vasopressin receptor is
necessary and sufﬁcient for normal social recognition: a gene replacement study.
Neuron 2005;47:503–13.
[58] Feifel D, Mexal S, Melendez G, Liu PYT, Goldenberg JR, Shilling PD. The Brattleboro
rat displays a natural deﬁcit in social discrimination that is restored by clozapine
and a neurotensin analog. Neuropsychopharmacology 2009;34:2011–8.
[59] Goodson JL, Bass A. Social behaviour functions and related anatomical characteristics
of vasotocin/vasopressin systems in vertebrates. Brain Res Rev 2001;35:246–65.
[60] De Vries GJ, Simerly RB. Anatomy, development, and function of sexually dimorphic
neural circuits in the mammalian brain. In: Pfaff DW, Arnold AE, Etgen AM, Fahrbach
SE, Rubin RT, editors. Hormones, brain and behavior. San Diego, CA: Academic Press;
2002. p. 137–91.
[61] Choleris E, Clipperton-Allen AE, Phan A, Kavaliers M. Neuroendocrinology of social
information processing in rats and mice. Front Neuroendocrinol 2009;30:442–59.
[62] Bluthé RM, Dantzer R. Chronic intracerebral infusions of vasopressin and vasopressin antagonist modulate social recognition in rat. Brain Res 1992;572:261–4.
[63] Zhou L, Blaustein JD, De Vries GJ. Distribution of androgen receptor immunoreactivity in vasopressin and oxytocin immunoreactive neurons in the male rat brain. Endocrinology 1994;134:2622–7.
[64] Bielsky IF, Young LJ. Oxytocin, vasopressin, and social recognition in mammals. Peptides 2004;25:1565–74.
[65] Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, Winslow JT. Social amnesia in
mice lacking the oxytocin gene. Nat Genet 2000;25:284–8.
[66] Choleris E, Gustafsson J-A, Korach KS, Muglia LJ, Pfaff DW, Ogawa S. An estrogendependent four-gene micronet regulating social recognition: a study with oxytocin
and estrogen receptor- and -β knockout mice. Proc Natl Acad Sci U S A 2003;100:
6192–7.
[67] Crawley JN, Chen T, Puri A, Washburn R, Sullivan TL, Hill JM, et al. Social approach
behaviors in oxytocin knockout mice: comparison of two independent lines tested
in different laboratory environments. Neuropeptides 2007;41:145–63.
[68] Winslow JT, Insel TR. Neuroendocrine basis of social recognition. Curr Opin
Neurobiol 2004;14:248–53.
[69] Soubrie P. Reconciling the role of serotonin neurons in human and animal behaviour. Behav Brain Sci 1986;9:319–62.
[70] Linnoila M, Virkkunen M, Scheinin M, Nuutila A, Rimon R, Goodwin FK. Low cerebrospinal ﬂuid 5-hydroxyindoleacetic acid concentration differentiates impulsive from
nonimpulsive violent behavior. Life Sci 1983;33:2609–14.
[71] Virkkunen M, Goldman D, Nielsen DA, Linnoila M. Low brain serotonin turnover rate
(low CSF 5-HIAA) and impulsive violence. J Psychiatry Neurosci 1995;20:271–5.
[72] Young SN. The effect of raising and lowering tryptophan levels on human mood and
social behaviour. Phil Trans R Soc B 2013;368:1471–2970.
[73] Jørgensen H, Riis M, Knigge U, Kjær A, Warberg J. Serotonin receptors involved in vasopressin and oxytocin secretion. J Neuroendocrinol 2003;15:242–9.
[74] Ferris CF, Melloni JR, Koppel G, Perry KW, Fuller RW, Delville Y. Vasopressin/serotonin interactions in the anterior hypothalamus control aggressive behavior in golden
hamsters. J Neurosci 1997;17:4331–40.

320

S.C. Cardoso et al. / Physiology & Behavior 139 (2015) 314–320

[75] Ferris CF. Serotonin diminishes aggression by suppressing the activity of the vasopressin system. Ann N Y Acad Sci 1996;794:98–103.
[76] Perry AN, Grober MS. A model for social control of sex change: interactions of behavior, neuropeptides, glucocorticoids, and sex steroids. Horm Behav 2003;43:31–8.
[77] Semsar K, Perreault HA, Godwin J. Fluoxetine-treated male wrasses exhibit low AVT
expression. Brain Res 2004;1029:141–7.

[78] Ferris CF. Adolescent stress and neural plasticity in hamsters: a vasopressin serotonin model of inappropriate aggressive behaviour. Exp Physiol 2000;85S:85S–90S.
[79] Crockett MJ, Clark L, Robbins TW. Reconciling the role of serotonin in behavioral inhibition and aversion: acute tryptophan depletion abolishes punishment-induced
inhibition in humans. J Neurosci 2009;29:11993–9.

