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Abstract 

To understand the processes underpinning social decision-making, we need to determine how 

internal states respond to information gathered from the social environment. Brain monoamine 

neurotransmitters are key in the appraisal of the social environment and can reflect the internal 

state underlying behavioural responses to social stimuli. Here we determined the effects of 

conspecific partner cooperativeness during predator inspection on brain monoamine 

metabolic activity in Trinidadian guppies (Poecilia reticulata). We quantified the concentration 

of dopamine, serotonin and their metabolites across brain sections sampled immediately after 

ostensibly experiencing cooperation or defection from social partners whilst inspecting a 

predator model, using a familiar object as a control condition. Our results indicate 

dopaminergic and serotonergic activity differs with the cooperativeness experienced; these 

different neurotransmission profiles are likely to affect the expression and regulation of 

downstream behaviours that ultimately contribute to the patterning of cooperative interactions 

among individuals in a population. 
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1 Introduction 

Individuals continuously perform appraisals of their environment in order to assess social and 

asocial stimuli [1]. Such evaluation checks allow them to stay current with factors in their 

environment important to their survival and reproduction. Checks include gathering 

information on intrinsic valence, novelty, and violation of expectations, to assist with evaluating 

the valence (positive/negative) and salience (high/low) of both stimuli and the resources 

(including coping mechanisms) available to the individual for dealing with them [2,3]. This 

appraisal subsequently affects an individual’s internal state, or core-affect, as a function of 

their perception of the environment [4], and drives future behaviour [5]. Quantifying the 

appraisal-to-behavioural response pathway can thus provide us with insight into decision-

making processes and ultimately the rules and strategies that guide behavioural outputs [6]. 

Such an approach has great potential to understand the rules and strategies that govern 

decisions made in the context of real-world cooperative interactions, where appraisal of the 

social environment quite often is central, but such studies are rare.  

The existence of cooperation in populations where individuals cooperate with non-kin has 

received considerable scientific interest [7–9]. A number of rules and strategies guiding 

behavioural responses to the cooperative behaviour of others have been proposed in the 

theoretical literature to underpin its persistence, ranging from different forms of reciprocity of 

cooperative acts to rules of association and punishment of defectors  [9–12]. However, we 

currently have very little understanding of the individual decision-making processes that lead 

individuals to modify their behaviour according to information gleaned regarding the 

cooperativeness of others, such as the decision to reciprocate or not the behaviour of partners 

[e.g. 13,14] or to continue or not any particular social affiliation [e.g. 15,16]. Unravelling the 

mechanistic underpinnings of the appraisal of the social environment will provide insight into 

cooperative decision-making processes. 

Monoamine neurotransmitters, such as dopamine (DA), norepinephrine (NE) and serotonin 

(5-hydroxytryptamine, 5-HT), have been shown to modulate numerous behaviours and 

physiological functions, including attention [17,18], reward and risk assessment [19–21], 

stress responses [22,23], mood, emotion and fear [24,25]. In fish and other vertebrates 

monoaminergic neurotransmission has been directly implicated in social interaction and social 

stress [26–33] and in decision-making processes [34–36]. This may be due to the involvement 

of monoamine neurotransmitters in processes underlying stimulus appraisal and therefore in 

core affect or emotion-like states (i.e. the internal, emotion-like states of individuals [5]), 

including reward and prediction error, motivation, arousal, brain affect, emotional bias, and 



emotional memory [20,21,24,37–40]. Given these documented roles of monoaminergic 

neurotransmission, studies quantifying their involvement in social decision-making processes 

associated with cooperative interactions are well-warranted. To date, however, past research 

has focused on the effect of monoaminergic neurotransmission on the expression of 

cooperative behaviour and has been largely limited to investigations of heterospecific 

cooperation [36,41,42]. We currently have a gap in knowledge regarding the response of these 

systems to variation in conspecific cooperation. Consequently, we have only a limited 

understanding of the psychological processes triggered by these experiences and their 

downstream behavioural effects.  

In the current study, we use the Trinidadian guppy (Poecilia reticulata) as a model system to 

quantify how the cooperativeness of social partners affects brain neurotransmission. Guppies 

cooperate during predator inspection, a behaviour in which a small group of fish leave the 

relative safety of the shoal or other refuge to approach a potential predator and assess the 

level of threat posed; they then return to the shoal, where information gathered about the 

predator is thought to be transmitted to the remainder of the shoal (possibly through observing 

the inspector’s behaviour, although the manner of transmission remains unclear) [43–45]. 

Predator inspection is considered a model for the study of cooperation [46], as all shoal 

members benefit from the information gathered, irrespective of whether they inspected or not 

and inspectors face an increased risk of predation [47,48]. Previous work suggests that brain 

nonapeptide production [49] and downstream behaviours [16,50] are measurably affected by 

the previous experience of the cooperative acts of others. Here we experimentally manipulated 

the ostensible experience of “cooperation” (being joined by a social partner) or “defection” (not 

being joined by a social partner) during the inspection of a predator, and then measured the 

brain levels of DA, 5-HT and their metabolites. In this way we could explore whether such 

experiences affected monoaminergic activity in a manner indicative of changes in internal 

state that could mediate the downstream effects of experiencing cooperation or defection.  

2 Materials and methods 

2.1 Study subjects 

One hundred and twenty juvenile (sexually immature) Trinidadian guppies, descendants of 

wild-caught fish from a high predation site of the Aripo River on the island of Trinidad 

(10°39′27N, 61°13′34W), were collected from mixed-generation pools in the University of 

Exeter, Department of Psychology fish laboratory facilities for rearing in a standardized 

environment [tank dimensions: 80x30x40 cm; 12h light: 12h dark cycle]. The fish were fed with 



commercial flake and live food (Artemia sp.) twice a day and were kept in a constant room 

temperature of 25oC. Immature fish were kept in the same tank, and males, who mature faster 

than females, were removed upon the first signs of sexual maturation (body coloration and/or 

gonopodium formation, on average 4-8 weeks post-parturition [51,52]). Females were thus 

considered virgin as they had not been in contact with sexually mature males at the time of or 

after reaching sexual maturity. A month after reaching sexual maturity 56 females were tested. 

Stimulus fish originated from the same population and were kept in the same conditions as 

focal fish. 

All experiments were undertaken under a U.K. Home Office project licence (P5786D4EA) 

and a personal licence (I002BDF3F) and were in accordance with the UK Animals (Scientific 

Procedures) Act, 1986 and the ARRIVE guidelines. 

2.2 The cooperation paradigm 

Experience of the behaviour of social partners in a cooperative context was manipulated in 

female Trinidadian guppies (N=56; 8 fish were excluded from the study because, due to 

unexpected visual obstructions, the position of those individuals could not be accurately 

determined for the whole duration of the video recording; these were distributed across 

experimental conditions) using a predator inspection paradigm similar to those commonly 

used for small freshwater fish [47,53–55]. For our experimental condition this entailed 

presenting free-swimming focal individuals with a predatory stimulus (a realistic model of a 

pike cichlid, Crenicichla frenata) at the end of an inspection lane (Fig. S1) and allowing them 

to inspect it. During control trials, focal fish were presented with a plastic aquarium plant (see 

below for rationale for the two conditions). Fish were tested singly, but were provided with a 

same-sex, visually size-matched shoal of 4 conspecifics, who were constrained behind a 

transparent, perforated Perspex barrier for visual and olfactory contact with the focal 

individual, but could not perform an inspection themselves. To simulate cooperation (joining 

by social partners) one side of each inspection lane was lined with a mirror, allowing the focal 

individual to inspect with their mirror image [55]. Defection (not joining by social partners) was 

simulated with an opaque surface lining the inspection lane. The side of presentation of the 

mirror (or the opaque surface in the case of defection trials) was alternated between left and 

right in a semi-random manner. The simulation of cooperation and defection through the use 

of mirrors in this paradigm has been widely used in this species [46,53,54,56] and it has been 

recently demonstrated that the cooperative behaviour of guppies in this context is highly 

correlated with individual cooperativeness measured in predator inspection trials with live 



partners [55]. In addition, this experimental approach has been recently used to look at the 

effects of the manipulation of neurotransmission on cooperative behaviour [57].   

Each focal individual was assigned to either an experimental (predator model) or a control 

(plastic plant) condition. The experimental condition ostensibly manipulated whether focals 

experienced their social partners as cooperating or defecting during predator inspection, while 

the control condition replicated aspects of the experimental environment that may have 

affected neurotransmission patterns outside of the cooperative context (i.e. inspection of a 

predator), including effects of having a mirrored or non-mirrored lane (e.g., perception of lane 

size). On the latter point, here we refer to the treatment where a social partner is simulated 

through the use of a mirror as ‘cooperation’ in the control condition, even though the approach 

toward the control stimulus is not necessarily a cooperative act, as there is no threat present, 

but could be construed as exploratory behaviour, which in some contexts has been shown to 

depend on group size and composition [58]. Instead of using live predators as inspection 

stimuli, we used realistic predator models of pike cichlids (total length: 12cm), a common 

predator of adult guppies in the wild [59,60]. Predator models are widely used for predator 

inspection studies in the literature [45,61,62] because they elicit an anti-predator response 

and offer standardized predator behaviour, thus eradicating confounds introduced by variation 

in the behaviour of live predator stimuli. Experimental and control conditions were the same 

in all aspects except for the inspection stimulus (predator model vs. plastic plant) 

A stimulus shoal consisting of 4 size-matched female conspecifics not previously encountered 

by focal fish was introduced in each stimulus shoal compartment. Size matching between the 

focal and stimulus individuals was estimated by visual approximation, in order to avoid any 

effects of handling stress on behaviour and/or neurotransmission (on average ±1-3mm). After 

a 20-minute time period, which allowed for the accumulation of olfactory cues [63] as well as 

the acclimation of the stimulus shoal, a focal fish was introduced in the testing compartment 

and was left for 10 minutes to acclimatise. The focal fish had visual and olfactory access to 

the stimulus shoal throughout this period. At the end of the 10 minutes, when the focal fish 

entered the refuge area of its own accord (if the focal individual was not in the refuge area at 

the end of the acclimation period, this was extended until it voluntarily entered the refuge area), 

two visual barriers were lifted, uncovering the mirror (or an opaque surface for the defection 

groups) and the inspection stimulus. This signified the start of the up to 5-minute long 

experimental trial, during which the focal individual was free to inspect the inspection stimulus. 

The trial ended after one inspection (which was defined as the fish approaching the inspection 

stimulus compartment within a distance less than 22 cm and then returning to the refuge area 

– this distance corresponds to a distance >30 cm from the stimulus shoal, which has previously 



been used as a standard distance for independent shoal association in binary shoal choice 

[e.g. 64], and based on pilot work using this specific setup, was found to be a reliable minimum 

distance to the predator for predicting close approach of the predator (i.e. a complete 

inspection) by focal individuals), or after a 5-minute period if no inspection occurred (data from 

individuals that did not perform an inspection were excluded from the analysis). At the end of 

the trial, the focal fish was removed from the tank, and rapidly euthanised using ice slurry 

(maximum temperature of 4oC). Their brain was subsequently removed and dissected into 

three macro-areas: fore-section (including the telencephalon and the preoptic area, excluding 

the olfactory bulbs and the hypothalamus) (N=45), mid-section (including the optic tectum, 

diencephalon, and the hypothalamus) (N=42) and hind-section (cerebellum and medulla 

oblongata) (N=41) (see Supplementary material, Fig. S2). These macro-areas were used 

rather than traditionally defined regions because we were not able to reliably section the 

hypothalamus in these traditional regions in our samples. Each brain sample was stored in a 

1.5 ml Eppendorf tube and instantly frozen at -80oC within 3 minutes of euthanasia. 

Trials were video recorded, and videos were manually analyzed using the Noldus Observer 

XT software (Wageningen, The Netherlands). The behavioural measures recorded were the 

distance of closest approach to the stimulus compartment (measured from the stimulus 

compartment, i.e. 0 cm correspond to the closest inspection) and the duration of an inspection 

(i.e. the time a focal individual spent inspecting the stimulus) (Supplementary Fig. S3). 

Individuals who did not leave the refuge area were excluded from subsequent analysis (N=2); 

the same was true for individuals that approached the stimulus compartment at a distance 

smaller than 22 cm but did not perform an inspection and were exhibiting escape behaviour 

(fast swimming alongside the tank wall) (N=1). 

2.3 Analysis of brain monoamines and protein content 

Brain levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA), DA and DA 

metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), as well as 

NE were analysed using high performance liquid chromatography with electrochemical 

detection (HPLC-EC), using the same protocol as Thörnqvist, Höglund, and Winberg [65]. In 

brief, the frozen sectioned brain samples were homogenised in 4% (w/v) ice-cold perchloric 

acid, containing 10ng/ml 3,4-dihydroxybenzylamine (DHBA, internal standard), with the use of 

a Sonifier cell distributor B-30 (Branson Ultrasonic, Danbury, CT, USA) and were subsequently 

centrifuged at 21,000g for 10 minutes at 4oC. The supernatant was used for HPLC-EC in order 

to analyse the monoamine content of the samples, while the pellet was stored at -20oC for 

analysis of the protein content. The HPLC-EC system consisted of a solvent delivery system 



model 582 (ESA, Bedford, MA, USA), an autoinjector Midas type 830 (Spark Holland, Emmen, 

The Netherlands), a reverse phase column (Reprosil-Pur C18-AQ 3 μm, 100x4 mm column, 

Dr Maisch HPLC GmbH, Ammerburch-Entrigen, Germany) kept at 40oC and an ESA 5200 

Coulochem II EC detector (ESA, Bedford, MA, USA) with two electrodes at reducing and 

oxidising potentials of -40 and +320 mV. In order to oxidise any contaminants, a guarding 

electrode with a potential of +450 mV was employed before the analytical electrodes. The 

mobile phase consisted of 75 mmol/l sodium phosphate, 1.4 mmol/l sodium ocyl sulphate and 

10 μmol/l Ethylenediaminetetraacetic acid (EDTA) in deionised water containing 7% 

acetonitrile (pH 3.1, using phosphoric acid). The monoamine content of each sample was 

quantified by comparison with standard solutions of known concentrations. Correction for 

recovery was made with the use of DHBA as the internal standard, with the use of the HPLC 

software Clarity™ (DataEpex Ltd, Prague, Czech Republic). For normalisation of brain 

monoamine levels, the concentration of total protein in the brain sample was used. 

To assess protein content, the pellets of the centrifuged, homogenised brain sections were 

diluted in 100 μl of Tris(hydroxymethyl)aminomethane (Tris) buffer, using a Sonifier cell 

distributor B-30 (Branson Ultrasonic) to ensure full dilution of the pellet. A QuBit 2.0 

Fluorometer (InVitrogen, Carlsbad, CA) was used to analyse the protein concentration, by 

measuring absorbance at 280nm. The concentration of monoamines and their metabolites 

was expressed as ng per mg of protein [66]. The ratio of the concentration of the metabolite 

to that of the parent monoamine in the tissue was used for all subsequent analysis, as it is 

found to be a good indicator of neural activity (higher metabolite-to-monoamine ratios show 

increased release and turnover rates of the corresponding neurotransmitters) [66,67]. The 

turnover ratio of norepinephrine could not be calculated because of technical difficulties at 

detecting its metabolites with the methodology used. Samples where the quantity of 

neurotransmitters and/or metabolites could not be confidently calculated were excluded from 

the analysis (fore-section: N= 3, mid-section: N= 4; hind-section: N=2). 

The analysis of brain monoamines and protein content took place at the Department of 

Neuroscience of the University of Uppsala (Biomedical Center). 

2.4 Statistical analysis 

Brain monoamine turnover rates (concentration of metabolite/concentration of parent 

monoamine) were analysed by fitting linear models for DOPAC/DA and 5-HIAA/5-HT turnover 

ratios after logarithmic transformation. HVA/DA turnover rates were analysed using beta 

regression in the 'betareg' v3.0-5 R package [68]. Beta regression allows statistical modelling 



of continuous, restricted to the unit interval (0,1), non-transformed data [69], and was found to 

produce better fitting models for HVA/DA turnover rates (as these values were within the unit 

interval), allowing for the analysis of these values without transformation. All models met their 

assumptions and were validated through diagnostic plots. Effects of factors were calculated 

using conditional F-tests (function: anova). All statistical analyses were carried out in R v3.2 

[70]. To control for effects of the inspection behaviour of the focal individual on monoamine 

activity, the distance of closest approach to the stimulus and the time spent inspecting the 

stimulus were included in the model. In all cases the full model included Standard body length 

(continuous, in cm) + Distance of closest approach during inspection (continuous, in cm) + 

Duration of stimulus inspection (continuous, in seconds) + Social Environment (factor, 

Cooperation/Defection) + Inspection stimulus (factor, Control/Predator) + Social Environment* 

Inspection stimulus. We tested for an effect of the side of presentation of the mirror on 

neurotransmission by analysing data for each neurotransmitter and brain section separately 

and found that there was no effect; we therefore eliminated this variable from further analyses.  

3 Results 

3.1 DOPAC/DA metabolism 

Experimental condition and/or ostensible experience of cooperation had no significant effect 

on the logarithm of the DOPAC/DA ratio in the fore-section and mid-section of fish (Fig. 1A, 

1B) (Table 1). Conversely, hind-section DOPAC/DA ratios were affected by the interaction of 

social experience (ostensible cooperation versus defection) and experimental condition 

(predator versus control) [two-way interaction: F(1,40)=5.360, p=0.026] (Table 1). Visual 

examination of the data suggests that in the absence of a cooperating social partner, 

inspecting a predator led to lower DOPAC/DA ratios than the corresponding control condition 

(Fig. 1C).  Focal individual standard body length, distance of closest approach to the predator 

and trial duration had no effect on the DOPAC/DA ratio in any of the brain sections (Table 1). 

3.2 HVA/DA metabolism 

DA to HVA turnover rates were found to be independent of experimental condition and the 

ostensible experience of cooperation or defection in the fore-section (Fig. 2A) and mid-section 

(Fig. 2B) of the tested fish. However, fish that had ostensibly experienced cooperation showed 

lower hind-section HVA/DA ratios than those in the defection treatment, irrespective of 

experimental condition (predator versus control) [F(1,37)=4.779, p=0.029] (Fig. 2C). Distance 

of closest approach to the predator compartment and focal individual standard body length did 

not affect HVA/DA ratios in any of the brain sections (Table 2). 



3.3 5-HIAAA/5-HT metabolism 

Fore-section log-transformed 5-HIAA/5-HT ratios were affected by the interaction between the 

social environment during predator inspection (ostensible cooperation versus defection) and 

experimental condition (predator versus control) [two-way interaction: F(1,42)=4.390, 

p=0.042] (Fig. 3A) (Table 3). Visual interpretation of the effect would suggest that this is driven 

by a crossover effect between the cooperative behaviour of the social partners 

(cooperation/defection) and the experimental condition (control/predator), or simply a higher 

overall 5-HIAA/5-HT ratio in fish in the control condition when they had the defection treatment 

compared to the cooperation treatment. Mid-section 5-HIAA/5-HT was not significantly 

affected by the experimental condition and social experience (Fig. 3B). Ostensible social 

experience had a significant effect on log transformed 5-HIAA/5-HT ratios in the hind-section, 

irrespective of experimental condition (predator versus control) [F(1,40)=7.085, p=0.011], with 

fish ostensibly experiencing defection showing higher 5-HIAA/5-HT ratios than those 

ostensibly experiencing cooperation (Fig. 3C). Focal individual standard body length, distance 

of closest approach to the predator compartment and duration of inspection had no effect on 

5-HIAA/5-HT ratios in any of the brain sections studied (Table 3). 
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Table 1. Marginal effects of standard body length, distance of closest approach to the predator compartment, duration of trial, social 

environment, and experimental condition on the log-transformed DOPAC/DA ratio in the fore-section, mid-section and hind-section. Statistically 

significant factors are shown in bold. 

Brain 

section 
  Estimate 

Standard 
error 

df t-value p-value 

Fore-section  Intercept  0.397 1.118 44 0.355 0.724 

 Standard body length  -0.503 0.458 44 -1.098 0.278 

 Distance of closest approach  0.009 0.007 44 1.304 0.199 

 Duration of trial  2.816 *10-4 0.003 44 0.100 0.920 

 Soc. Env. 

 

Cooperation – Defection 0.250 0.278 44 0.897 0.374 

 Experimental Condition Control - Predator 0.234 0.288 44 0.813 0.421 

 Soc. Env. x Exp. Condition Cooperation/ Control - 
Defection /Predator 

-0.641 0.411 44 -1.560 0.126 

Mid-section Intercept  -0.210 0.855 41 -0.246 0.807 

 Standard body length  -0.232 0.357 41 -0.652 0.518 

 Distance of closest approach  0.006 0.005 41 1.266 0.213 

 Duration of trial  0.001 0.002 41 0.637 0.527 

 Soc. Env. Cooperation – Defection 0.270 0.214 41 1.262 0.214 



Brain 

section 
  Estimate 

Standard 
error 

df t-value p-value 

 Experimental Condition Control - Predator 0.082 0.220 41 0.374 0.710 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.351 0.313 41 -1.120 0.269 

Hind-section Intercept  -0.517 0.887 40 -0.583 0.563 

 Standard body length  -0.030 0.358 40 -0.085 0.933 

 Distance of closest approach  0.003 0.005 40 0.636 0.528 

 Duration of trial  0.001 0.002 40 0.781 0.439 

 Soc. Env. Cooperation – Defection  0.183 0.222 40 0.826 0.414 

 Experimental Condition Control - Predator -0.019 0.214 40 -0.087 0.931 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.747 0.323 40 -2.315 0.026 

 

  



Table 2. Marginal effects of distance of standard body length, closest approach to the predator compartment, trial duration, social environment 

and experimental condition on the HVA/DA ratio in the fore-section, mid-section and hind-section. Statistically significant factors are shown in 

bold. 

Brain 

section 
  Estimate 

Standard 
error 

df z-value p value 

Fore-section  Intercept  -1.829 0.264 41 -6.930 <0.001 

 Standard body length  0.177 0.108 41 1.644 0.100 

 Distance of closest approach  0.002 0.002 41 1.027 0.305 

 Duration of trial  -8.222*10-4 6.785*10-4 41 -1.212 0.226 

 Soc. Env. Cooperation – Defection  -0.042 0.067 41 -0.621 0.534 

 Experimental Condition Control - Predator 0.068 0.066 41 1.031 0.302 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

0.113 0.096 41 1.177 0.239 

Mid-section Intercept  -1.553 0.287 38 -5.421 <0.001 

 Standard body length  -0.052 0.121 38 -0.430 0.667 

 Distance of closest approach  -7.783*10-4 0.002 38 -0.479 0.632 

 Duration of trial  8.198*10-4 7.405*10-4 38 1.107 0.268 

 Soc. Env. Cooperation – Defection  0.031 0.070 38 0.438 0.661 

 Experimental Condition Control - Predator 0.061 0.072 38 0.839 0.402 



Brain 

section 
  Estimate 

Standard 
error 

df z-value p value 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.103 0.104 38 -0.994 0.320 

Hind-section Intercept  -1.266 0.282 37 -4.482 <0.001 

 Standard body length  0.014 0.116 37 0.122 0.903 

 Distance of closest approach  -0.003 0.002 37 -1.710 0.088 

 Duration of trial  -7.823*10-4 5.019*10-4 37 -1.559 0.119 

 Soc. Env. Cooperation – 
Defection  

0.150 0.069 37 2.186 0.029 

 Experimental Condition Control – Predator 0.045 0.070 37 0.650 0.516 

 Soc. Env. X Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.137 0.101 37 -1.353 0.176 

 

 

  



Table 3. Marginal effects of standard body length, distance of closest approach to the predator compartment, duration of behavioural trial, social 

environment and experimental condition on the log-transformed serotonin turnover rate (5-HIAA/5-HT) in the fore-section, mid-section and hind-

section. Statistically significant factors are shown in bold. 

Brain 

section 
  Estimate 

Standard 
error 

df z-value p value 

Fore-section  Intercept  -2.448 0.514 42 -4.763 <0.001 

 Standard body length  0.066 0.211 42 0.315 0.754 

 Distance of closest approach  -7.778*10-4 0.003 42 -0.243 0.809 

 Duration of trial  0.002 0.001 42 1.157 0.254 

 Soc. Env. Cooperation – Defection  0.301 0.131 42 2.295 0.027 

 Experimental Condition Control - Predator 0.214 0.136 42 1.576 0.123 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.403 0.192 42 -2.095 0.042 

Mid-section Intercept  -2.016 0.490 42 -4.111 <0.001 

 Standard body length  -0.008 0.205 42 -0.039 0.969 

 Distance of closest approach  -1.782*10-4 0.003 42 0.063 0.950 

 Duration of trial  0.002 0.001 42 1.386 0.173 

 Soc. Env. Cooperation – Defection  0.188 0.121 42 1.553 0.128 

 Experimental Condition Control - Predator 0.041 0.125 42 0.330 0.743 



Brain 

section 
  Estimate 

Standard 
error 

df z-value p value 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.257 0.179 42 -1.438 0.158 

Hind-section Intercept  -2.455 0.512 40 -4.799 <0.001 

 Standard body length  0.084 0.207 40 0.407 0.687 

 Distance of closest approach  -0.001 0.003 40 -0.356 0.729 

 Duration of trial  6.218*10-5 9.078*10-4 40 0.068 0.946 

 Soc. Env. Cooperation – Defection  0.341 0.124 40 2.662 0.011 

 Experimental Condition Control - Predator 0.145 0.124 40 1.175 0.247 

 Soc. Env. x Exp. Condition Cooperation / Control - 
Defection / Predator 

-0.286 0.187 40 -1.535 0.133 

 



4 Discussion 

Our results demonstrate that the cooperativeness of an individual’s social partners during 

predator inspection affects monoaminergic activity in the brain of female Trinidadian guppies. 

Dopaminergic and serotonergic neurotransmission were affected in the brain hind-section, as 

was brain fore-section serotonergic activity, suggesting that in those brain sections dopamine 

and serotonin metabolism was affected by the simulated experience of cooperation and 

defection by social partners. Interestingly, we found no effect of ostensibly experiencing (i.e. 

their presumed perception of the experience of) cooperation or defection in mid-section 

neurotransmission turnover rates. To the best of our knowledge, this study provides the first 

insight into the role of brain monoaminergic neurotransmission systems in the experience of 

conspecific partner behaviour during cooperative interactions and increases our 

understanding of the neural pathways potentially underlying conditional cooperative and 

affiliative behaviour among non-kin. 

DA signalling has been implicated in reward and risk assessment [e.g. 38] and dopaminergic 

activity has been shown to play a role in the expression of cooperative behaviour in teleost 

fishes. For example, Messias and colleagues [36] found that disruption of dopamine 

neurotransmission in bluestreak cleaner wrasse (Labroides dimidiatus) resulted in increased 

cooperative effort, as shown by an increased frequency of costly behaviours that are usually 

linked to reconciliation after cheating. In other words, in the cleaner wrasse, when dopamine 

signalling is disrupted, cleaner fish behave as if clients are in dispute over the cleaning service, 

suggesting that this disruption increases sensitivity to negative stimuli. Research suggests 

that decreases in dopaminergic transmission indicate an outcome worse than that predicted 

[21]. In the case of predator inspection, fish experiencing defection from their social 

environment during predator exposure would be expected to exhibit lower dopamine activity; 

this is in accordance with our finding that lone individuals showed lower DOPAC/DA ratios in 

the hind-section when presented with a predatory stimulus, compared to the control condition. 

Furthermore, larger groups of inspecting fish provide safety due to the dilution of risk [71], as 

well as their increased ability to detect and avoid predators [72,73]; consequently, the 

presence of a cooperative partner during predator inspection is expected to decrease the risk 

of predation for each inspecting fish. It is therefore likely that fish who inspected a predator on 

their own (i.e. experimental defection) perceived the highest level of risk compared to the other 

experimental groups. Overall, the result supports the expectation that experiencing defection 

during predator inspection is likely to affect downstream behaviour in a way not induced by 

the experience of cooperation [74]. 



Hind-section HVA/DA ratios were affected by the ostensible behaviour of social partners 

irrespective of whether they were in a cooperative context or not (experimental predator 

stimulus or control familiar plant stimulus, respectively), with fish swimming in the lane as a 

singleton showing increased HVA/DA ratios compared to those ostensibly swimming in the 

lane pairwise. DA can be metabolised to either DOPAC after deamination by monoamine 

oxidase, or to 3-methoxy-tyramine (3-MT) after methylation by catechol-O-methyl transferase 

(COMT); both metabolites can be further converted to HVA, with the importance of each 

pathway being species-dependent [23]. The effects of social partner behaviour on hind-section 

HVA/DA ratio may thus be time-dependent and difficult to interpret independently of 

DOPAC/DA rates. Additionally, research in rodents suggests that dopaminergic signalling 

associated with cooperation may in fact be lateralised, as least in some brain areas such as 

the striatum [75], adding further to the complexity of the interplay between these two pathways. 

Unfortunately, we were unable to differentiate between the importance of these two pathways 

in our study; more research into the importance of the DOPAC and 3-MT pathways in this 

species is needed to understand their involvement in behaviour.  

We observed an effect of the interaction of experimental condition (predator versus no 

predator control) and the social environment (ostensible experience of cooperation versus 

defection) on fore-section 5-HIAA/5-HT ratios, suggesting that the serotonergic system is 

involved in the appraisal of partner behaviour during inspection. In guppies, phasic serotonin 

has been demonstrated to increase motivation to participate in predator inspection, while tonic 

serotonin increases cooperative behaviour in this paradigm [57], supporting the involvement 

of this system in the expression of behaviour in this cooperative context. Serotonin has also 

been shown to affect heterospecific cooperation between bluestreak cleaner wrasse and client 

reef fish by increasing the motivation and the probability of approaching a client fish, without 

affecting cleaning quality [41]. It has been suggested that this is an effect of serotonin-

mediated risk perception, where disruption of serotonin signaling may lead to increased 

anxiety, fear appraisal and even possibly aggressiveness towards client fish [35,76], while an 

increase in serotonin signaling leads to increased motivation to interact with clients [41]. The 

serotonergic system also has a well-documented role in stress responses [26,77], with 

serotonergic activity increasing as a result of predator exposure [66,78]. Given that shoaling 

acts as a mechanism of reducing risk of predation [71,73], the differences in fore-section 

serotonergic activity may reflect differences in risk perception due to the presence or absence 

of a conspecific during forays away from the shoal. Overall, the literature today points toward 

an involvement of the serotonergic system in cooperative behaviour during predator 

inspection; our findings suggest that this system may also be involved in encoding the 

behaviour of social partners during such events. 



The presence of conspecifics has been demonstrated to down-regulate responses to a 

detected threat – a phenomenon known as social buffering [79–82]. It is possible that social 

buffering occurs in inspection groups (and to a greater extent in larger groups), reducing the 

stress of approaching and inspecting a potential predator. Research points to the lateral 

amygdala (LA), the central amygdala (CeA) and the hypothalamic paraventricular nucleus 

(PVN) [83–86] as the neural substrate of social buffering in mammals; in teleosts, social 

buffering has been demonstrated to involve the medial part of the dorsal telencephalon (Dm 

– the teleostean homologue of the basolateral amygdala), the suppracommissural part of the 

ventral pallium (Vs – homologous to the extended amygdala) and the preoptic area (POA) 

[82]. As the Dm, Vs, and POA are located within the forebrain [87,88], it is possible that the 

differences in fore-section serotonergic activity observed here reflect the effect of social 

buffering, where the ostensible presence of a conspecific (i.e. the  simulated experience of 

cooperation) induces a more positive affective state than a partner’s absence, and that it is 

moderated to some extent by the level of threat (i.e. proximate predator cues present or 

absent). This finding is in accordance with the well documented role of the serotonergic system 

in stress [26,77] and the increased risk of predation undertaken by lone inspectors [48]. 

Serotonergic activity in the hind-section was affected by the ostensible behaviour of social 

partners, irrespective of whether there were proximate cues of a predator or not. More 

specifically, fish swimming in the lane and approaching the stimulus compartment as a 

singleton showed increased 5-HIAA/5-HT ratios compared to those approaching as a pair, 

irrespective of whether this was a cooperative context (i.e. in the presence of a predator 

stimulus) or not. Hind-brain serotonergic activity has been linked to agonistic behaviour in 

teleosts [26,27], and in particular the formation of dominance hierarchies [33,89]. Brain 

serotonergic activity has been linked to the regulation of aggression, with increased activity 

generally associated with inhibition of aggression in mammals and fish [26]. Our results would 

thus suggest that the presence or absence of a social partner may lead to different responses 

of the system due to differences in the need to regulate agonistic behaviour. We do not wish 

to speculate further at this point as more work is needed to deepen the interpretation, in 

particular given the documented variance in the behavioural effects of serotonin in mammals 

and teleosts [for instance 90]. However, the documented role of serotonin in the encoding of 

some aspects of intraspecific social behaviour in teleosts, allows us to conclude that it is likely 

that serotonin neurotransmission in this brain section mainly plays a role in the encoding of at 

least some aspect of the presence or absence of social stimuli across the manipulated social 

contexts.  



While the effects observed here may be related to the effects of risk perception, our findings 

suggest that, at least in some brain sections, neurotransmission also encodes the cooperative 

behaviour of social partners in this context. The presence of a social partner affected 

neurotransmission differentially depending on the level of risk perceived. It is likely that the 

effect of the proximity of social partners on neurotransmission reflects social buffering and 

overall experiencing support from the social environment [91,92]. Given the involvement of 

monoamine neurotransmission in reward [19,20] and the characterisation of social stimuli [2], 

it is possible that the neurotransmission profiles elicited by experiences of cooperation or 

defection reflect the valence and salience of these social experiences. As monoamine 

neurotransmitters have been shown to affect the expression of cooperative behaviour, it is 

likely that these differences in internal state will mediate the appropriate behavioural 

responses to experiencing cooperation or defection [5], such as the decision to reciprocate 

the behaviour of social partners. 

Overall, our data suggest that monoaminergic activity is largely affected by the cooperative 

behaviour of social partners (i.e. experiencing cooperation or defection); in some instances, 

such as serotonergic activity in the hind-section, this was irrespective of the inspection 

stimulus (i.e. the presence of a predator). It is possible that our findings are reflecting more 

than the effects of performing an inspection as a singleton or with a social partner on brain 

monoaminergic activity, as effects may also arise from the use of the mirror itself. For example, 

it could be that any difference in the perceived environment (e.g. the lane size) between the 

two social conditions is affecting monoaminergic activity. We also note that in interpretating 

the difference between the experimental (predator) and control (plant) condition through direct 

comparison, we must remember that the context differs: the presence of a social partner would 

be perceived as cooperation in the former (i.e. a cooperative context), but not in the latter 

case, given that the aquarium plant is a familiar, not threatening, stimulus. In this sense, we 

were able to control for membership to a social group, being joined by a simulated social 

partner in the absence of a predator (control condition), but outside of a cooperative context; 

a social condition which it seems, from our results, is important. Nonetheless, our findings are 

supported by previous work by Pimentel and colleagues [57], who using the mirror paradigm 

found evidence supporting the role of the serotonergic system in cooperative behaviour during 

predator inspection in guppies. They are also supported by recent work using a similar 

experimental setup, reporting an effect of experiencing cooperation or defection in brain 

oxytocin activity in a high predation population of Trinidadian guppies [93]. The literature, 

therefore, suggests that the use of mirrors, according to these protocol for the simulation of 

cooperating social partners does not pose any particular methodological concerns. More work 



is needed to explicitly test the effects that the use of mirrors, as well as the perceived level of 

threat have on monoaminergic neurotransmission. 

Our findings point towards monoaminergic activity changing in response to experiencing 

cooperation or defection from social partners; the magnitude and direction of such effects 

appears to differ between the brain sections analysed here. While these results suggest that 

different brain areas may respond differentially to such social stimuli, the methodological 

constraints of our sampling, such as the use of rough brain sections instead of identifying and 

excising specific brain areas, do not allow us to draw strong conclusions regarding the role of 

different brain areas in encoding such stimuli. Future research employing different 

methodologies, such as through in situ immunohistochemistry analysis focusing on specific 

brain areas, will provide much needed insight into the exact role of the specific brain areas 

involved in these processes.   

Here, we show that monoaminergic neurotransmission is affected by social experiences 

during predator inspection in female Trinidadian guppies. The activity of both the dopaminergic 

and serotonergic systems differed among brain sections. Given the involvement of these 

systems in a wide array of functions, such as prediction error, associative learning and social 

buffering, there are a number of possible drivers underlying the effects found in this study. 

Overall, however, the different neurotransmission patterns observed here are indicative of the 

effect of the experience of cooperative and non-cooperative social partners on an individual's 

internal or affective state, and are thus likely to contribute to determining subsequent 

behavioural response to these experiences [5], and, ultimately, to the patterning of cooperative 

interactions among individuals in a population.   
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Figures 

 

Fig. 1. Effects of experiencing cooperation or defection during predator (dark grey) 

exposure or exposure to a plastic plant (light blue) on the log transformed DOPAC/DA 

ratios in the fore-section (A), mid-section (B), and hind-section (C) of Trinidadian 

guppies. A. We found no significant effect of experimental condition and/or ostensible 

experience of cooperation on the logarithm of the DOPAC/DA ratio in the fore-section of fish 

(Cooperation-Control: N= 14; Cooperation-Predator: N= 12; Defection-Control: N= 13; 

Defection-Predator: N= 10). B. Mid-section DOPAC/DA ratios were not affected by the 

cooperative behaviour of the social environment, or by the experimental condition 

(Cooperation-Control: N= 12; Cooperation-Predator: N= 12; Defection-Control: N= 14; 

Defection-Predator: N= 10). C. When focal individuals experienced defection from their social 

environment, predator inspection led to lower hind-section DOPAC/DA ratios than the control 

(plant) condition (Cooperation-Control: N= 13; Cooperation-Predator: N= 12; Defection-

Control: N= 14; Defection-Predator: N= 11). Back-transformed estimated marginal means and 

95% confidence intervals. Significance bars are denoting overall significant differences.* p< 

0.05 

 



 

Fig. 2. Effects of experiencing cooperation or defection during predator (dark grey) 

exposure or exposure to a plastic plant (light blue) on HVA/DA ratios in the fore-section 

(A), mid-section (B), and hind-section (C) of female Trinidadian guppies. A. Fore-section 

HVA/DA ratios were not affected by the cooperative behaviour of the social partners, or by the 

experimental condition (Cooperation-Control: N= 14; Cooperation-Predator: N= 12; Defection-

Control: N= 13; Defection-Predator: N= 10). B. DA to HVA turnover rates were found to be 

independent of experimental condition and the ostensible experience of cooperation or 

defection in the mid-section (Cooperation-Control: N= 12; Cooperation-Predator: N= 12; 

Defection-Control: N= 14; Defection-Predator: N= 10). C. Experiencing cooperation by the 

social environment led to lower hind-section HVA/DA ratios than experiencing defection 

(Cooperation-Control: N= 13; Cooperation-Predator: N= 12; Defection-Control: N= 14; 

Defection-Predator: N= 11). Boxes represent the interquartile range (25th and 75th quartiles), 

and the horizontal lines represent the medians. The whiskers extend to the largest value 

(upper whisker) and lowest (lower whisker) value no further than 1.5 times the interquartile 

range. The dots represent outlying values. Significance bars are denoting overall significant 

differences (the significant effect of the social environment on hind-section HVA/DA 

irrespective of the experimental condition).* p< 0.05  



 

Fig. 3. Serotonin metabolism rates (5-HIAA/5-HT) in the fore-section (A), mid-section 

(B), and hind-section (C) of guppies. A. Log-transformed fore-section 5-HIAA/5-HT ratios 

were affected by the interaction between the social environment and the experimental 

condition (predator versus control condition). Post hoc analysis did not show statistically 

significant differences between conditions (Cooperation-Control: N= 14; Cooperation-

Predator: N= 12; Defection-Control: N= 13; Defection-Predator: N= 10). B. The cooperative 

behaviour of the social environment and the experimental condition had no effect on mid-

section 5-HIAA/5-HT ratios (Cooperation-Control: N= 12; Cooperation-Predator: N= 12; 

Defection-Control: N= 14; Defection-Predator: N= 10). C. Experiencing defection led to higher 

hind-section 5-HIAA/5-HT ratios compared to experiencing cooperation across experimental 

conditions (Cooperation-Control: N= 13; Cooperation-Predator: N= 12; Defection-Control: N= 

14; Defection-Predator: N= 11). Back-transformed estimated marginal means and 95% 

confidence intervals. Significance bars are denoting overall significant differences.* p< 0.05; 

** p< 0.01 
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