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A B S T R A C T

Aggression is a common agonistic behavior affecting social life and well-being of humans and animals. However,
the underlying mechanisms of aggression remain poorly understood. For decades, studies of aggression have
mostly focused on laboratory rodents. The growing importance of evolutionarily relevant, cross-species disease
modeling necessitates novel model organisms to study aggression and its pathobiology. The zebrafish (Danio
rerio) is rapidly becoming a new experimental model organism in neurobehavioral research. Zebrafish demon-
strate high genetic and physiological homology with mammals, fully sequenced genome, ease of husbandry and
testing, as well as rich, robust behavioral repertoire. As zebrafish present overt aggressive behaviors, here we
focus on their behavioral models and discuss their utility in probing aggression neurobiology and its genetic,
pharmacological and environmental modulation. We argue that zebrafish-based models represent an excellent
translational tool to understand aggressive behaviors and related pathobiological brain mechanisms.

1. Introduction

1.1. Aggressive behaviors and related brain disorders

Aggression is a hostile agonistic behavior aiming to cause physical
or psychological damage to conspecifics or other species (Brodie et al.,
2016; Mazur and Booth, 1998; Nelson and Trainor 2007; Peper et al.,
2015). For decades, studying aggression has mostly focused on clinical
and rodent findings. However, the growing recognition of shared,

evolutionarily conserved pathobiological mechanisms has fostered in-
novative cross-species analyses of central nervous system (CNS) traits.
Therefore, studying aggression and its pathobiology may benefit
markedly from utilizing a wider spectrum of model organisms. The
zebrafish (Danio rerio) is rapidly becoming a new experimental model
species in biomedicine (Lieschke and Currie, 2007) with high genetic
and physiological homology with mammals, fully sequenced genome,
ease of husbandry, and robust behavioral repertoire (Barbazuk et al.,
2000; Howe et al., 2013, Kalueff et al., 2013). Collectively, this makes
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zebrafish a useful model organism for neurobehavioral research
(Kalueff et al., 2014, Egan et al., 2009). Because zebrafish also display
overt aggressive behaviors (Gerlai, 2003; Ramallo et al., 2015; Oliveira
et al., 2011), it is timely to consider their growing utility for probing
aggression and its genetic, pharmacological and environmental mod-
ulation.

In humans, aggression has a serious deleterious impact on social life
and mental health of individuals, and is often comorbid with stress,
anxiety and depression (Haller and Kruk, 2006; Smith et al., 2016). In
addition to human aggressive behavioral disorders (Table 1), several
other psychiatric disorders with abnormal aggression include schizo-
phrenia, psychopathy, autism spectrum disorder (ASD), alcohol-related
disorder and internet gaming disorder (Association, 2013). Albeit ex-
tensively studied in clinical settings, the pathobiology of aggression
remains poorly understood (Chen et al., 2012), necessitating further
translational and evolutionarily relevant ‘cross-species’ analyses (Comai
et al., 2012; Malki et al., 2016).

Human aggressive behavioral disorders are categorized as reactive
or proactive, and their major symptoms include impulsivity (rapid,
thoughtless acts), instability (requiring little provocation) and hyper-
arousal (overwhelming anxiety leading to outbursts) (Association,
2013). The reactive aggression is affective in nature, and occurs as an
active hostility/rage in response to perceived provocation - unlike
proactive aggression, a goal-oriented reward-motivated behavior to
achieve dominance. Although these forms of aggression differ etiolo-
gically, they are highly correlated (Lobbestael et al., 2013). Both ag-
gression subtypes are seen in various psychiatric disorders, such as
schizophrenia, alcohol abuse, dementia, post-traumatic stress disorder
(PTSD) and attention deficit hyperactivity disorder (ADHD) (Aman
et al., 2014; Gazquez et al., 2016; Hoptman, 2015; Qouta et al., 2008;
Volicer et al., 2017). While diagnosing some of them does not require
aggressive phenotypes, other conditions do, as summarized in Table 1
(Rosell and Siever, 2015; Association, 2013).

1.2. Aggression pathogenesis

Mounting clinical and experimental evidence links aggression to
corticolimbic-striatal circuitry (Fareri et al., 2017; Leibenluft, 2017;
Repple et al., 2017), including frontal/prefrontal cortex, amygdala,
hippocampus, thalamus, caudate-putamen and the nucleus accumbens
(Herpertz et al., 2017; Yang et al., 2017). Amygdala-cortical and
amygdala-thalamic pathways also play a role in aggression and anger
(Herpertz et al., 2017). Physiological mechanisms of aggression involve
aberrant monoamine neurotransmission and neuroendocrine responses
(Zhang-James and Faraone, 2016; Freudenberg et al., 2016), Fig. 1. For
instance, deficits in serotonin (typically caused by polymorphisms of
serotonergic genes, lowered serotonin metabolism and/or tryptophan
malnutrition) have long been associated with aggression in humans and
animals (Umukoro et al., 2013).

Additional biomarkers of aggression include reduced dopamine
signaling in the nucleus accumbens (Suzuki and Lucas, 2015) and in-
creased adrenaline and noradrenaline in the prefrontal cortex, amyg-
dala and hippocampus (Patki et al., 2015). Imbalance of central ex-
citation and inhibition also triggers aggression, since higher
aggressiveness correlates with reduced gamma aminobutyric acid
(GABA) and higher glutamate in cortex (Ende et al., 2016), Fig. 1.
Gonadal hormones are also important modulators of aggression (de

Almeida et al., 2015; Gonzalez-Gomez et al., 2014), as seen in various
rodent models of testosterone-driven inter-male territorial behavior
(Vullioud et al., 2013). Consistent with higher melatonin in aggressive
humans, its administration in animals triggers more aggression in the
resident-intruder test (Liu et al., 2017). Vasopressin and oxytocin also
modulate the hypothalamo-pituitary-adrenal (HPA) ‘stress’ hormones
that trigger aggression (Fetissov et al., 2006).

Finally, genetic mechanisms play an important role in aggression,
with several genes (e.g., the serotonin transporter (SERT), catechol-O-
methyltransferase (COMT) and monoamine oxidase A (MAO-A) genes)
linked to pathological aggression in both humans and rodents
(Kudryavtseva et al., 2017; Lu and Menard, 2017; van Goozen et al.,
2016). Other candidate ‘aggression’ genes include CRHC 1 (cortico-
trophin releasing hormone receptor 1), OXT/OXTR (oxytocin/oxytocin
receptor) and AVPR 1B/1 A (arginine-vasopressin receptor) genes
(Provencal et al., 2015; Waltes et al., 2016). However, the growing
societal and clinical importance of aggressive behaviors (Blakely-
McClure and Ostrov, 2016) faces their yet poorly understood patho-
biology (Holekamp and Strauss, 2016). As animal (experimental)
models are indispensable tools to study brain disorders (Cosgrove et al.,
2016; Frigerio and De Strooper, 2016; Glushakov et al., 2016;
McGonigle, 2014), this calls for innovative models and organisms to
study aggression.

2. Behavioral models of aggression

2.1. Established models of aggression in rodents and fishes

In general, several classical aggression models in rodents include
social isolation-, territorial-, maternal- and chronic stress-induced ag-
gression (Olivier et al., 1995) (Table 2). For example, in rodent social
isolation models, animals display aggressive attacks when exposed to
conspecifics (Uchida et al., 2009). In the ‘resident-intruder’ test, ag-
gressive interactions are provoked between a resident and an intruder
animal placed into the resident’s cage (Lumley et al., 2000). In the
maternal aggression model, an isolated dam attacks other individuals to
protect offspring from danger (Pardon et al., 2000). In the social defeat
model, two animals kept in the cage (divided by a perforated screen)
fight after the divider is removed, eventually producing subordinate
‘losers’ and aggressive ‘winners’ (Kudryavtseva et al., 2014). Behavioral
indices of aggression in this model include the approaches to the di-
vider (Kovalenko et al., 2014), the latency to attack, the number of
attacks and total attacking time (Kudryavtseva et al., 2014).

In addition to rodents, various fish species have long been utilized in
aggression research. The early studies of fish aggressiveness involved
cichlids that display high sociality and territorial behavior (Barlow,
1992; Beeching, 1992). For example, the Midas cichlid (Cichlasoma ci-
trinellum) commonly attack a latex dummy used as a trigger of ag-
gression (Bond, 1992). Other fish aggression studies used coral-reef
damselfish (Pomacentrus partitus) in a test similar to the rodent resident-
intruder model (Harrington, 1995), or examined how aggression of
rainbow trout (Oncorhynchus mykiss) correlates with dominance and
elevated cortisol (Overli et al., 2004).

A popular laboratory fish species, the zebrafish is rapidly becoming
an important model organism in neuroscience (Berton et al., 2012;
Gerlai, 2010; McCammon and Sive, 2015) and aggression research
(Gerlai, 2003; Ramallo et al., 2015; Oliveira et al., 2011), Table 3. Here,

Table 1
Human aggressive behavioral disorders, based on Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) (Association, 2013).

Type of disorder Symptomology

Intermittent explosive disorder Uncontrolled recurring outbursts of physical or verbal aggression towards objects, animals or humans
Conduct disorder Persistent hostility toward people or animals, destruction of property, deceitfulness, propensity to thefts, and serious violation of rules
Oppositional defiant disorder Persistent irritable or angry mood
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Fig. 1. Aggression as a complex phenotype with a number of underlying mechanisms (bottom) that overlaps with other major phenotypic domains as part
of the putative ‘Aggression+’ spectrum. Inset: Selected as an example here, zebrafish genetic model of aggression based on Spiegeldaniomutants. These fish under-
express the fibroblast growth factor receptor 1a (FGFR-1a, that causes the inhibition of histamine synthesis), thus, showing elevated histamine and aggression (Bonan
and Norton, 2015; Norton et al., 2011).

Table 2
Relevance of human aggression phenotypes (Table 1) to rodent and zebrafish models of aggression.

Human aggression Rodent models Zebrafish models References

Maladaptive aggression Cocaine-induced offensive aggression in Syrian
hamsters

Real-opponent fight, mirror test
(wild type AB strain)

Schwartzer et al. (2009); Teles and Oliveira (2016a,
2016b)

Chronic (persistent) physical aggression Maternal separation, resident-intruder test,
moderate prenatal alcohol exposure

Unpredictable chronic stress,
mirror test (wild type)

Hamilton et al. (2014); Rambo et al. (2017);
Tremblay (2008); Veenema (2009)

Occasional (intermittent) physical
aggression

Operant cocaine/food self-administration,
resident-intruder test (male C57BL/6 J mice)

Unpredictable chronic stress,
mirror test (wild type)

Burokas et al. (2012); Rambo et al. (2017); Seguin
et al. (2002)

Infancy-onset fear-induced aggression
(defensive aggression)

Handling test for defensive fear-induced
aggression (adult male rats)

Predator presence test (GloFish) Ilchibaeva et al. (2017); Jha (2010); Naumenko
et al. (2013)

Oppositional defiant disorder,
intermittent explosive disorder

Shock-elicited fighting test (Long-Evans male
rats), resident-intruder test (juvenile/adult
male C57BL/6 J mice)

Social challenge, mirror test (AB
strain males)

Ghiselli and Thor (1974); Leibenluft and Stoddard
(2013); McLaughlin et al. (2012); Teles and Oliveira
(2016a, 2016b), Wang et al. (2013)

Psychopathy (instrumental aggression) Male-male aggressive encounters (competitive
aggression; California mice)

Social challenge test, dominant-
subordinate encounters (AB strain
males)

Gleason et al. (2009); Louise von Borries et al.
(2012); Park et al. (2018); Teles and Oliveira
(2016a, 2016b)
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we outline the value of zebrafish for studying aggressive behaviors,
focusing on intra-species aggression (inter-species aggression of zebrafish
will not be discussed here).

3. Aggression in zebrafish

3.1. General mechanisms, models and tests

Aggressive behavior in zebrafish is represented by well-character-
ized phenotypes (Rambo et al., 2017; Oliveira et al., 2011) briefly
summarized in Table 4 and Fig. 2. Such bouts typically involve hostile
displays, followed by a physical attack/biting, the frequency of which
increases until the losing contestant becomes submissive, and the
winner dominant (Jones and Norton, 2015). Similar to vasopressin and
oxytocin in rodents, their fish homologs vasotocin and isotocin are
critical regulators of aggression (Terranova et al., 2017; Lindeyer et al.,
2015; Tessmar-Raible et al., 2007) and social hierarchy (Larson et al.,
2006; Lindeyer et al., 2015). Many other mechanisms modulate zeb-
rafish aggression as well (Jones and Norton, 2015). For example, hy-
pothalamus, telencephalon and some parts of metencephalon are linked
to aggressive behavior and social rank in zebrafish (Filby et al., 2010).
In addition, their dominance and aggression are controlled by ser-
otonin, dopamine, histamine, somatostatin, steroids (Dahlbom et al.,
2012; Filby et al., 2010, 2012) and neurotrophins (Sneddon et al.,
2011).

Common signs of aggression in zebrafish include lateral displays,
charges with bites and chases, eventually forcing the loser animal to
retreat (Table 4, Fig. 2) (Nunes et al., 2017a; Oliveira et al., 2011). A
well-established experimental test for zebrafish aggression, the mirror
exposure test (Blaser and Gerlai, 2006) resembles the novel tank test

(Kyzar et al., 2012), but with the inclined mirror inserted inside the
apparatus (Fig. 2). Since most species fail the self-recognition test, the
mirror test can be used to measure their aggression because the image
reflected in the mirror is interpreted as a conspecific or rival (Gallup,
1968; Balzarini et al., 2014). Typical aggression-related endpoints in
this test include time spent near mirror, the number of approaches,
attempted bites and chases of mirror reflection, and the frequency of
erecting the dorsal, pectoral, anal or caudal fins (Way et al., 2016).
However, recent evidence supports distinct hormonal and genomic re-
sponses when fish fight real conspecific opponents vs. their own mirror
images (Oliveira et al., 2016; Teles et al., 2013; Balzarini et al., 2014),
thus requiring further validation of this model and its applicability to
zebrafish.

Another well-established model of zebrafish aggression is the dyadic
interaction test (Fig. 2), assessing fighting behavior in zebrafish dyads
for a fixed period of time (e.g., in a 30-min session) (Oliveira et al.,
2011). The test is usually performed in same-sex size-matched fish,
assessing the frequency, the duration, the latency and the direction
(who attacked whom) of all agonistic interactions from high-definition
video-recordings (Oliveira et al., 2011); see Table 4 and Fig. 2 for a
detailed ethogram. The test can be performed once or daily for several
days, both in males and females (Dahlbom et al., 2012), typically
evoking a clear dominance (Ricci et al., 2013; Oliveira et al., 2011).
Aggression behaviors may become more frequent with time (Dahlbom
et al., 2012) and five daily dyadic sessions may suffice to establish
stable social dominant-subordinate relationships, accompanied by ro-
bust endocrine and genomic responses (Pavlidis et al., 2011). In addi-
tion, the body size may sometimes correlate with social status, as both
dominant male and female zebrafish tend to be larger (Paull et al.,
2010), similar to other teleost fishes (Clement et al., 2005;

Fig. 2. Zebrafish aggression-related behaviors in the dyadic social confrontation test. Panel A shows how the fish body position within the tank in the presence
of an aggressive conspecific may help interpret the outcome of an aggressive encounter, as at the end of the fight the losers usually stay near the bottom (adopting a
submissive posture), or swim away (flee). Panels B and C present a typical graphical ethogram of zebrafish aggressive behavior and its behavioral organization, based
on (Oliveira et al., 2011), with modifications (also see Table 4 for details). Panel D (inset) illustrates the zebrafish mirror test (see text for a detailed description;
arrows denote the mirror position near the tank).
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Hirschenhauser and Oliveira, 2006).
Zebrafish employ social eavesdropping on aggressive interactions,

and ‘bystanders’ can use social information to infer status of other fish
in order to adjust behavior in subsequent interactions (Abril-de-Abreu
et al., 2015; Cruz and Oliveira, 2015) – an interesting phenotype po-
tentially relevant to zebrafish aggression. Furthermore, zebrafish react
to environmental stimuli by changing their skin color and pigment
patterns (Price et al., 2008; Nguyen et al., 2013a). As body coloration
changes in zebrafish in social context and is mediated by the skin pig-
ment cells controlled by neural and endocrine mechanisms, this phe-
notype is also relevant to aggression (Table 4). For example, anxious
zebrafish are often pale, whereas fish following acute ethanol exposure
become more aggressive and are usually darker (Gerlai et al., 2000;
Fontana et al., 2016). Similarly, the size and color of zebrafish stripes
and other coloration patterns (e.g., spots, color of the belly and fins)
may also be affected by aggression, therefore meriting further scrutiny.

3.2. Pharmacology of zebrafish aggression

As a common animal and human behavior, aggression is highly
sensitive to pharmacological treatments. For example, ethanol intake
has long been associated with altered aggression in humans (Zhu et al.,
2004), rodents (Quadros et al., 2014) and zebrafish, which show a dose-
dependent increase in biting and chasing (Echevarria et al., 2011;
Sterling et al., 2015). Furthermore, ethanol may affect aggression in-
directly – e.g., by altering aggression-modulating neurotransmitters and
hormones and/or upregulating their genes (Parker et al., 2014).

Relevant to the role of gonadal hormones in aggression, estrogen
attenuates aggression in dominant males, turning them into ‘sub-
ordinates’ at high doses (Colman et al., 2009; Filby et al., 2012)
(Table 3). Other compounds, such as a toxin bisphenol A (BPA), have
similar effects on aggression, and are utilized in both mammalian and
fish models (Kawai et al., 2003; Palanza and Parmigiani, 2017;
Rosenfeld, 2015). Moreover, exposure to nickel compounds at early life
stages or and sub-chronic exposure in adult zebrafish evokes anxiety,
memory deficits and lower aggression (Nabinger et al., 2017). Taken
together, this shows that a wide range of chemical toxins that disrupt
neuroendocrine processes also affect aggressiveness and social behavior

in zebrafish (Table 3). Given a well-established role of neuro-
transmitters in aggressive behavior (Miczek et al., 2004), there is also
monoaminergic (e.g., serotonergic and dopaminergic) modulation of
zebrafish aggression. For example, commonly used antidepressants,
selective serotonin reuptake inhibitors (SSRIs, e.g., fluoxetine), reverse
aggression in most of fish models, including zebrafish (Herculano and
Maximino, 2014) (Table 3).

As already mentioned, arginine vasopressin has long been linked to
aggression and dominance in mammals and humans (Albers, 2012;
Fetissov et al., 2006). Therefore, a similar mechanism may mediate
aggressive behavior in zebrafish (Godwin and Thompson, 2012), as
dominants express vasotocin in magnocellular preoptic area, and sub-
ordinates – in parvocellular preoptic area (Larson et al., 2006). Finally,
overt differences exist between dominant and subordinate fish in brain
mRNA expression of genes related to stress (crf, gr, mr, avt), enzymes of
aminergic pathways (tyrosine hydroxylase, DOPA decarboxylase, do-
pamine-hydroxylase, COMT, histidine decarboxylase) (Pavlidis et al.,
2011), markers of neural activity (bdnf, c-fos) and serotonergic sig-
naling (htr2b, slc6a4b) (Theodoridi et al., 2017).

3.3. Genetic models of zebrafish aggression

Genetic factors can determine aggressive behaviors in both humans
and animals (Ferrari et al., 2005; Vassos et al., 2014). Given the ease of
genetic manipulations in zebrafish (Hortopan et al., 2010; Pogoda and
Hammerschmidt, 2007; Rinkwitz et al., 2011), this can be a powerful
tool for studying the genetics of aggression in zebrafish. Indeed, several
genetic models of zebrafish aggression have already been developed.
For example, the spiegeldanio zebrafish mutants (Fig. 1, inset) under-
express the fibroblast growth factor (fgf) receptor 1a (fgfr1a), re-
sponsible for morphological variety in carp-like fishes (Rohner et al.,
2009). However, it also controls aggressive behavior in zebrafish, as
detailed genetic analyses of fgfr1a specific alleles and behavioral mea-
surements (mirror test) reveal low levels of brain histamine due to re-
duced expression of histamine-producing enzyme gene (hnmt) and
histamine receptors’ genes (hrh2 and hrh3) caused by a fgfr1a down-
regulation (Bonan and Norton, 2015; Norton et al., 2011). Thus, ele-
vated histamine levels in the brain of aggressive zebrafish (Filby et al.,

Table 3
Pharmacology of zebrafish aggression.

Compounds Dose, route of administration Behavioral model, effect References

Ethanol 10 and 20% for 10 days Dose-dependently increased aggression in the mirror test Sterling et al. (2015)
Ethanol 0.25% for 1 h Increased aggression in the mirror test Fontana et al. (2016)
Taurine 42 and 400mg/L for 1 h Increased aggression in the mirror test Fontana et al. (2016)
17α-ethinylestradiol (EE2) 50- ng/L (in ethanol) for 48 h Reduced inter-mail aggression in two-male aggression test Colman et al. (2009)
Bisphenol A (BPA) 10 and 500 μg/L (in ethanol) for 6 months Reduced aggression in the mirror test Wang et al. (2015)
Estradiol (E2) 10 and 500 μg/L (in ethanol) for 6 months No effects Wang et al. (2015)
Tetrabromobisphenol 5 and 50 nM* for 4 months with a 4-month

detoxication
Reduced aggression in males, but not females, in the mirror test Chen et al. (2016)

Perfluorooctane sulfonate** 2 μM at 3-120 dpf Reduced inter-male aggression in the open field test Jantzen et al., (2016)
Perfluorononanoic acid** 2 μM at 3-120 dpf Increased inter-male aggression in the open field test Jantzen et al., (2016)
Glyphosate 0.01, 0.065 and 0.5mg/L for 96 h Reduced aggression in the mirror test Bridi et al. (2017)
Roundup (herbicide) 0.01, 0.065 and 0.5mg/L for 96 h Reduced aggression in the mirror test Bridi et al. (2017)
Fluoxetine 50 μg/L for 15 min Reduced aggression in unstressed, but not stressed, fish in the

mirror test
Giacomini et al. (2016)

Fluoxetine 5mg/L for 2 h Reduced aggression in dominants and increased boldness in
subordinates

Theodoridi et al. (2017)

Diazepam 16 μg/L for 15 min No effects in the mirror test Giacomini et al. (2016)
MK-801*** 5 μM for 15 min Decreased aggressive behavior in the mirror test Zimmermann et al. (2016)
Ketamine 2, 20 and 40mg/L for 20 min Increased aggression at a low dose, decreased aggression

(sedation?) at higher doses
Michelotti et al. (2018)

Oxytocin 10 ng/kg oxytocin after exposure to MK-801 Reversed effects of MK-801 on aggressive behavior in the mirror
test

Zimmermann et al. (2016)

Paraquat (herbicide) 20mg/kg i.p. 6 times over 16 days Increased aggressive behavior in the mirror test Nunes et al. (2017b)

* in dimethyl sulfoxide (DMSO).
** chemical waste.
*** a non-competitive antagonist of glutamate N-methyl-D-aspartate (NMDA) receptors.
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2010) may be due to fgfr1a under-expression, because fgfr1a lowers
histamine synthesis (Bonan and Norton, 2015).

Likewise, endocannabinoids also modulate animal and human ag-
gressive behavior (Mechoulam, 2002). For example, fatty acid amide
hydrolases (FAAH1, FAAH2) and monoacylglycerol induce aggressive
behavior in male mice acting via endocannabinoid CB1 receptors
(Aliczki et al., 2015). Similar to mammals, zebrafish express the faah
and faah2 genes (McPartland et al., 2007) and while their knockout
evokes anxiety-like behavior (Krug et al., 2018), assessing aggression in
these mutants may further probe the role of central endocannabinoids
in zebrafish aggression.

Some signal molecules, such as nitric oxide (NO), also affect animal
behavior (Mutlu et al., 2009; Umathe et al., 2009) by modulating
monoaminergic neurotransmission (Kiss, 2000; Lopez et al., 2005).
Zebrafish NO synthase mutants (nos1−/−) are less aggressive and more
anxious, whereas treating them with the serotonin 1 A receptor agonist
8−OH-DPAT reverses these phenotypes (Carreno Gutierrez et al.,
2017).

3.4. Environmental modulation of zebrafish aggression

Environmental enrichment has long been used to reduce aggression
in laboratory animals (Friske and Gammie, 2005; Marquez-Arias et al.,
2010; Sherwin et al., 1999; Van Loo et al., 2003), and is now applied to
zebrafish models as well. For example, exposing two ‘wild-derived’ (U
and PN) and one laboratory-bred (SH) zebrafish populations to various
environments shows that vegetation enrichment increases aggression in
population-dependent manner (Bhat et al., 2015). Supporting the role
of social enrichment in zebrafish aggression, both male and female
zebrafish (kept in pairs with same-sex peers) quickly develop dominant-
subordinate relationships in all pairs (Paull et al., 2010), but show
fewer aggressive interactions after a 1-week enrichment (Wilkes et al.,
2012). Moreover, monoaminergic modulation of aggression depends on
social enrichment context (Dahlbom et al., 2012). For example, male
dyadic interactions, but not the mirror test procedure, rise telencephalic
serotonin and dopamine activity in dominant fish, and optic tectum
serotonin activity in subordinates (Teles et al., 2013).

Table 4
Thelist of zebrafish aggression-related behaviors (ethogram) based on the Zebrafish Neurobehavioral Catalog (ZNC) (Kalueff et al., 2013), also see Fig. 2 for
illustrations.

Behavior (ZNC number) Brief description related to the aggression context

Aggression (3) Complex behaviors (approach, fin raise, undulating body movement, mouth opening behavior, body color change, biting, charging, chasing and
circling) directed at conspecifics (or other objects) in adult zebrafish; may appear in the context of defending the territory (territorial
behavior), protecting resources (e.g., females) and establishing dominance. Related to boldness phenotype*, can be manipulated genetically
and pharmacologically

Approach (8) Demonstration of presence and moving towards another fish (e.g., as part of boldness phenotype, to inspect and better size-up the opponent)
Attack (10) Short bouts of fast swimming directed at an opponent, accompanied by mouth opening and biting; part of aggression-related behavior (differs

from strike behavior by the presence of physical contact between fighting fish)
Biting (17) Quick movement towards target, with mouth opening and closing, with physical contact (syn. nipping, 102), often occurs as fish bite each

other around the gill region or fins during fights
Boldness (18) Behavior characterized by bold personality trait, typically manifested in increased neophilia and risk-taking (opposite to shyness). Usually,

bolder animals present reduced anxiety-like behavior, body coloration changes, more exploration and risk-taking behavior. This trait can also
relate to zebrafish aggression*

Body coloration (19) A general change in body pigmentation resulting in a darker or lighter appearance, which can be a sign of altered aggression (e.g., during
display or fight)

Charging (28) Fast aggressive movement towards another fish with increasing acceleration, while it avoids the charger fish. This behavior helps establish
social dominance and marks the resolution of a zebrafish fight (syn. chase/chasing). Charges remind display (see) as both involve an approach
behavior, but occur very quickly and do not involve fin extension or undulating body movements

Chase (29) An extended charging
Circling (32) Repetitive swimming in a circular direction as part of aggressive display
Display (45) Agonistic social behavior used to establish dominance/hierarchy, plays a role in fight(ing). In lateral display, two fish line up parallel to each

other head to tail, raise their dorsal fins (fin extension), extend caudal fins, darken in color (body coloration) and swim in circles (circling).
During frontal display, two fish approach each other from the front with the attempt charging and/or biting.

Fight (58) Agonistic confrontation between two individuals often used to establish social dominance; comprises two distinct phases: the fish first assess
each other by exhibiting display, mouth opening and biting, which continues until the first chase/flee occurs. Next, the ‘winner’ (chaser) initiates
other agonistic behaviors, while the ‘loser’ displays submission behavior or freezing

Fin extension, erection (60) Raising the dorsal fin and/or extending the caudal fins; common in zebrafish during aggression
Fleeing (61) Accelerating movement away from an aggressive fish during fight, display or chase (syn. flight, 63), also see retreating
Flick (62) An agonistic behavior observed when two zebrafish swim towards each other, briefly touch mouths, and then simultaneously ‘flick away’ in

opposite directions; can be repeatedly displayed during fight
Freezing (68) Remaining immobile during/after social interactions, often with retracted fins, representing a typical submissive behavior of subordinate fish

(e.g., after fight)
Mirror stimulation response (98) Complex behaviors evoked in fish by mirror exposure, linked to aggression and typically includes approach, headbutting, biting (the mirror) or

chasing own reflection (reflection chasing)
Mouth opening (100) Frequent mouth opening (different from chewing or biting) as part of aggressive display or attack, likely serving to intimidate the opponent
Reflection chasing (126) Chasing own reflection in the mirror test as part of the mirror stimulation response
Retreating (129) An agonistic fleeing behavior when a submissive fish swims rapidly away from the opponent (dominant fish) in response to an attack (e.g.,

after a striking, biting or chasing)
Shyness (142) A personality trait with lower exploratory and motor activity, neophobia, reduced risk-taking behavior (opposite to boldness), can be

associated with reduced aggression*

Striking (160) An aggression-related behavior, observed in zebrafish when the fish swims rapidly toward the opponent, but without physical contacts
between them. Differs from approach by a generally much higher velocity and its aggressive (rather than investigatory) nature (also see
attack, which occurs with physical contact)

Submissive behavior (162) A common social behavior following aggressive confrontations: submissive zebrafish stays immobile (with fins retracted), typically near the
bottom of the tank, often with the caudal part of the body oriented downward (tail dip)

Territorial behavior (172) Monopolization and aggressive defense of a defined area of habitat (e.g., trespassers into the territory may be chased or bitten by the
dominant aggressive fish, but can fight to challenge its dominance)

Undulation (182) A wave-like or snake-like undulating body motion as part of aggression-related behaviors, which occurs mainly at the beginning of fight before
charging, especially between two opponents equal in size. This behavior is likely related to the use of lateral line to size-up the opponent by the
waves it generated, but may also represent a display, in order to intimidate the opponent

* See interesting discussion on aggression-boldness correlation in (Martins and Bhat, 2014).
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4. Some existing challenges

Clearly, zebrafish models of aggression are far from being well-es-
tablished, and many open questions remain (Table 5). For example,
although zebrafish are social animals that form shoals, they show
higher aggression and dominance when in pairs (Teles and Oliveira,
2016a, 2016b). Thus, further studies are needed to explore which
zebrafish behavioral endpoints reflect aggression per se vs. other related
behavioral domains, such as activity, sociality or impulsivity (Table 5).
Similarly, the shy-boldness continuum in zebrafish (Table 4) can be
relevant to aggression (Way et al., 2015; Martins and Bhat, 2014) and
be critical for animal survival (Ariyomo et al., 2013). Unlike shy in-
dividuals, bold zebrafish typically display high novelty exploration,
risk-taking behavior and low anxiety (Kalueff et al., 2013; Wright et al.,
2003). While some studies fail to link zebrafish boldness to aggression
(Way et al., 2015), markedly more evidence supports such link in la-
boratory-raised (Rey et al., 2015; Dahlbom et al., 2011), wild-caught
(Martins and Bhat, 2014) and genetically modified zebrafish (Norton
et al., 2011). Furthermore, fish boldness can predict dominance in
subsequent dyadic confrontations (Dahlbom et al., 2011), and so it can
be used as an additional ‘proxy’ endophenotype associated with zeb-
rafish aggression. This may allow widening the focus of zebrafish ag-
gression research to include both direct measures of aggression and
associated traits (e.g., activity, dominance and boldness) as part of a
broader ‘Aggression+’ behavioral syndrome (Fig. 1).

Recent advances in computer-based neurophenomics include ana-
lyses of social behaviors in multi-fish groups (Green et al., 2012), au-
tomatic testing of aggression in multiple animals per trial (Carreno
Gutierrez et al., 2017) and high-throughput neurophenotyping of
multiple behavioral traits (e.g., exploration, boldness, aggression and
sociability) (Fangmeier et al., 2018). Clearly, these and future sophis-
ticated computer-based tools will continue to foster zebrafish aggres-
sion research, consistent with recent ‘integrative’, cross-domain animal
models (Stewart and Kalueff, 2015; LaPorte et al., 2010) that simulta-
neously target several overlapping neurobehavioral domains (Kalueff
et al., 2015, 2008). This strategy will also better reflect the clinical
picture of human aggressive behavioral disorders (Table 1) that often
share other phenotypes (beyond aggression) with a wide spectrum of
brain illnesses, such as psychoses, attention deficit hyperactivity dis-
order and pathological impulsivity (Jones and Norton, 2015). Likewise,
zebrafish can recognize the previously exposed conspecifics, demon-
strating a long-term social memory (Madeira and Oliveira, 2017). Thus,
putting fish social memory in the context of aggressive behavior may
help understand whether zebrafish equally well remember a winner vs.
loser, or show differential social memories for positive and negative
social experiences. Further research may clarify the duration of their
social memory retention, as well as examine in detail any individual,
age-, sex- or strain- differences in these cognitive processes related to
aggression.

Another related question here is, to what extent such individual
social experiences can shape subsequently developing zebrafish ag-
gression phenotypes? Current evidence suggests that such relationships
between social status and aggression in zebrafish may be nonlinear, and
depend on individual coping strategies. For example, following dyadic
social confrontations, winners may increase the probability of winning
subsequent fights without changing their fighting behavior, whereas
losers may lower this probability by decreasing the motivation to es-
calate fights (Oliveira et al., 2011). Likewise, recent studies show that
male Siamese fighting fish (Betta splendens) monitor aggressive inter-
actions between neighboring conspecifics and use this information to
estimate fighting ability in their own subsequent aggressive interactions
with the observed individuals (Oliveira et al., 1998). Such ‘social
eavesdropping’ ability exists in zebrafish as they pay more attention to

Table 5
Selected outstanding questions in zebrafish aggression research.

Questions

Do aggressive behaviors differ in laboratory strains vs. wild-derived vs. wild-caught
zebrafish?

Do aggressive behaviors differ between laboratory-tested wild zebrafish vs. fish in
their natural habitat?

How does domestication influence zebrafish aggression across various zebrafish
strains?

Do different populations of zebrafish in the wild express overt stable baseline
differences in aggressive behaviors?

Does zebrafish intra-species aggression correlate with their aggression towards
similar (e.g., Danioid) fishes?

How to characterize the aggressive behavior in different fish ‘personalities’?
How can zebrafish social hierarchy modulate their aggressiveness?
What are ‘early’ behavioral and physiological predictors or risk factors of subsequent

aggression as adults?
How to best characterize zebrafish social environment to predict the individual

phenotype of aggressiveness?
At what level can the breeding mode trigger reactivity to aggressive behavior?
Can zebrafish housing/husbandry conditions trigger or minimize aggression?
What neural mechanisms and circuits are involved in aggressive-related phenotypes

in zebrafish?
Can distinct genes differentially modulate aggressive behavior in different behavioral

tasks?
Are there robust and stable individual differences in baseline aggression of zebrafish?
Do aggressive behaviors consistently differ among zebrafish strains?
How do zebrafish express their inter-strain aggression?
Do locomotor activity levels and impulsivity traits correlate with aggression in

zebrafish?
Which behavioral endpoints are shared (or correlated) in distinct tasks assessing fish

aggression?
Do zebrafish habituate to their virtual opponent image in the mirror test?
Is zebrafish a useful organism for modeling fear-induced aggression?
Can zebrafish mimic aggression in neurodegenerative disorders, such as Alzheimer’s

and Parkinson’s diseases?
Is the mirror task a suitable protocol to predict aggressive behavior after

pharmacological manipulations?*

How can anxiolytic and anxiogenic treatments influence aggressive-related
phenotypes in zebrafish strains?

What are potential epigenetic mechanisms of aggression modulation in zebrafish
models?

Are there new ‘candidate’ aggression genes in zebrafish models?
What genes and other experimental factors are associated with pathologically high

(e.g., killer-type) aggression in zebrafish?
Can zebrafish help develop experimental models of sociopathic personality,

pathological violence and ‘serial killer’ behavior?
What specific behavioral or physiological factors can trigger male aggression towards

female zebrafish (and vise versa)?
What genes and other experimental factors are associated with pathologically low

aggression in zebrafish?
What zebrafish behaviors can trigger intra-species aggression in same-sex pairs and in

the opposite sex?
Are there behavioral or biological differences between intermale vs. interfemale

aggression in zebrafish?
How relevant are existing models of zebrafish aggression to human mental disorders

with aberrant aggression?
How can we objectively compare zebrafish aggressive behavior with the human

aggression-related behaviors?
Does sexual experience potentiate zebrafish aggression (e.g., similar to how it does in

rodents)?
How does aging affect aggression in zebrafish?
Do underlying biological mechanisms differ if aggression is directed against juvenile

(vs. adult) fish?
Are there specific behavioral and physiological markers of adult aggression directed

at juvenile zebrafish?
Are there specific behavioral and physiological biomarkers of parental aggression in

zebrafish?
As clear dominance is established in most, but not all groups, what factors may

contribute to this phenomenon?
Are there fish-specific (vs. shared) circuitry controlling zebrafish aggression that do

not have close analogs in humans and mammals?

* Note a complex nature of the mirror test behavior, showing species-specific
correlation with aggression (e.g., see (Balzarini et al., 2014) for discussion).
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fighting vs. non-fighting conspecifics (Lopes et al., 2015; Abril-de-
Abreu et al., 2015). Thus, social and cognitive factors, such as memories
of prior individual experiences, become important for studying ag-
gressive behaviors in zebrafish. Translationally relevant, such in-
tegrative models in zebrafish fit with a recent US NIH cross-disorder
Research Domain Criteria (RDoCs) initiative to reconceptualize psy-
chiatric disorders into transdiagnostic functional dimensional con-
structs based on neurobiological measures, biomarkers and observable
behaviors (Kelly et al., 2018; Veroude et al., 2016). As RDoCs have
already been successfully applied to studying human aggression
(Verona and Bresin, 2015; Sukhodolsky et al., 2016; Fonagy and
Luyten, 2017), the possibility of developing similar cross-domain ‘in-
tegrative’ models of aggression in zebrafish becomes important.

Furthermore, while animal models of CNS mechanisms traditionally
focus on neurobehavioral phenotypes, there is a growing recognition of
pathophysiological overlap between metabolic and mental disorders in
various model organisms, including zebrafish (Nguyen et al., 2013b).
As zebrafish continue to demonstrate a strong potential for modeling
human brain and metabolic disorders, as well as their comorbidity
(Nguyen et al., 2013b), monitoring fish metabolic profiles in addition to
their aggression and stress coping can be interesting. Indeed, compared
to stress-prone ‘reactive’ individuals, the stress-resistant ‘proactive’
zebrafish are more aggressive, have higher metabolic rates and show
lower anxiety (Yuan et al., 2018). Thus, a broad spectrum of zebrafish
aggression-related phenotypes may eventually be expanded even fur-
ther, to include non-brain physiological responses, such as metabolic
profiles.

As already mentioned, genetic factors play an important role in
human and zebrafish aggression (Jones and Norton, 2015; Ariyomo
et al., 2013), accompanied by altered gene expression patterns in
clinical and animal models (Malki et al., 2016). For example, of 70
genes differentially expressed in fight-exposed vs. isolated zebrafish, 7
genes are homologous to those differentially expressed in aggressive vs.
non-aggressive mice. Mainly centering around the c-fos molecular hub
and MAPK signaling pathway, these genes reveal conserved cellular
networks implicated in aggressive behaviors (Malki et al., 2016); also
see similar brain transcriptomic findings in zebrafish observing fighting
vs. non-fighting zebrafish pairs (Lopes et al., 2015). Collectively, this
calls for further genomic studies of zebrafish aggression.

Additionally, epigenetic regulation of aggression has already been
reported in humans (Waltes et al., 2016) and fish, implicating several
genes, such as fgfr1a (Norton et al., 2011) and histone deacetylase 4
(hdac4) (Malki et al., 2016), in zebrafish aggression. Since human
HDAC4 is associated with aggressive behavioral disorders, linking its
homolog to zebrafish aggression supports the evolutionarily conserved
epigenetic mechanisms of aggression. Finally, questions related to sex
differences in zebrafish in aggression still remain open (Table 5), as
both male and female zebrafish establish dominant-subordinate re-
lationships (Reolon et al., 2018), but seem to differ in their aggressive
behaviors (Ariyomo and Watt, 2013).

5. Concluding remarks

In summary, zebrafish have demonstrated their growing utility in
biological psychiatry (Kalueff et al., 2014), and are now emerging as a
promising tool to study aggression (Oliveira et al., 2011; Teles and
Oliveira, 2016a, 2016b). Zebrafish can also help analyze aggression in
models that cannot be fully established in other species (Table 2). For
example, the mirror test is highly suitable to evaluate zebrafish ag-
gressive behavior, as it does not cause physical harm in experimental
subjects (Norton and Bally-Cuif, 2010) and accurately records a simple
set of easy-to-interpret behavioral traits (Jones and Norton, 2015).
Given their extensive behavioral repertoire (Kalueff et al., 2013),
studying multiple zebrafish agonistic behaviors (Table 4) can reveal
novel neural mechanisms underlying aggression and social hierarchies
in this species (Oliveira et al., 2011; Teles and Oliveira, 2016a, 2016b).

Finally, considering the 3R principles of humane bio-experimenta-
tion, fish as simpler organisms may be more suitable ethically for
testing ‘stressful’ aggressive behaviors than mammals (Fontana et al.,
2018), especially as fish also tend to cause a lesser harm to conspecifics
during fights, since their bites induce less tissue damage than biting
wounds in rodents. Collectively, this supports a wider application of
zebrafish models to probe aggression biology and pathobiology, as well
as human aggressive behavioral disorders and other neuropsychiatric
illnesses.
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