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Abstract
Widely used in biomedical research, zebrafish (Danio rerio) are steadily gaining popularity as a
model organism for studying neurobehavioral phenomena. Here, we focus on to the growing spec-
trum of zebrafish behavioral phenotypes and the ‘bigger’ biological problems these models help
to address. Emphasizing the developing potential of zebrafish as a model organism in biological
psychiatry, we discuss several questions related to this field: Do zebrafish have ‘emotional’-like
behaviors? What are their neural circuits, biomarkers, and ontogenetic origins? And, finally, how
can we use this knowledge to build translational bridges to understand human emotions, motivation
and personality? Representing a joint effort of several established neurobehavioral laboratories, this
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article outlines the mounting evidence to support emotionality in zebrafish and other fishes. This
conclusion is important to justify the validity of zebrafish ‘affective’ paradigms and their utility for
basic/translational research of normal and pathological behaviors.
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1. Introduction

Expanding the range of animal tests and model species is an important strat-
egy in neurobehavioral research (Kalueff et al., 2007; Kalueff & Schmidt,
2011). Zebrafish (Danio rerio) have long been used in biomedicine, includ-
ing genetics, developmental biology and toxicology. In addition, this species
is currently emerging as a useful model organism for studying neurobe-
havioral phenomena, including normal and pathological conditions, such as
cognitive, affective and substance abuse disorders (Jesuthasan, 2002; Best &
Alderton, 2008; Norton et al., 2008; Stewart et al., 2010a, b). Dedicated to
various zebrafish behavioral paradigms, this special issue of Behaviour re-
flects the growing recognition of the potential of this organism in the field of
translational biological psychiatry.

What can be learned from zebrafish in the domain of ‘affective’ (influ-
enced by, or resulting from, the emotions) behaviors? To address this ques-
tion, a survey was sent to various zebrafish behavioral laboratories world-
wide on behalf of the International Zebrafish Neuroscience Research Con-
sortium (ZNRC). The main focus of this discussion was whether zebrafish
have simple instinctive escape reactions, or have more complex responses
representing some kind of ‘emotionality’. The answer to this question is im-
portant for our ability to justify the validity of this field and establish future
strategic directions of its research. This editorial article offers consolidated
views of several active zebrafish laboratories, providing necessary clarifica-
tion and updates in this field, and encouraging further discussion of what we
know and what we have still to learn.

2. Why use zebrafish for neurobehavioral research?

This question is frequently asked by neuroscientists who use more traditional
(e.g., primate or rodent) models, and want to know why to use fish instead.
Institutional review boards also ask this question, aiming to understand the
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benefits of using the aquatic species in modeling behavioral phenomena.
Various funding bodies raise these concerns when they try to decide whether
a new model is worth research support. Likewise, the industry needs to
decide whether zebrafish can offer useful screens for new treatments, and
the general public wants to know how ‘simple’ fish may be useful to study
complex brain phenomena, including neuropsychiatric disorders that affect
the human population.

Overall, zebrafish possess several features that make them an excellent
model to study normal and pathological behaviors. First, the behaviors usu-
ally tested in laboratories (e.g., aggression, novelty exploration, anxiety-like
responses) are robust, evolutionarily conserved, and shared among vertebrate
species. Therefore, using fish in behavioral research is as justified as us-
ing mice or rats. The utility of zebrafish models is not limited to genetics,
but includes pharmacological assays and testing various psychological stres-
sors, similar to the use of rodent and primate models. Since zebrafish are
inexpensive, small, breed in large numbers, and are easy to manipulate ex-
perimentally, this markedly reduces the costs of scientific research. Due to
these practical considerations, zebrafish (along with fruit flies and worms)
have significantly contributed to our understanding of how genes regulate an
organism’s growth, also advancing the development of powerful techniques
to manipulate gene function and activity (Burne et al., 2011); however, see
Kokel & Peterson (2008) for a balanced discussion of limitations of zebrafish
paradigms.

Recently, behavioral scientists have taken a particular interest in zebrafish
due to low costs, well-established powerful genetic methodologies and so-
phisticated (2D- and, most recently, 3D-based) video-tracking tools (Gerlai,
2005; Mathur & Guo, 2010; Cachat et al., 2011; Stewart et al., 2011). The
other benefit of using zebrafish models is in enabling scientists to rapidly test
a hypothesis or novel drug treatment related to psychiatric disorders, before
testing them in-depth in rodents or primates. Since early phenotypic charac-
terization of novel mutations and compounds represent the main challenge
in psychiatric research (Agid et al., 2007), the field can benefit from emerg-
ing zebrafish models, where behavioral responses can be quickly quantified
and characterized (see, for example, how zebrafish can be used to classify
drugs into functionally distinct clusters: Kokel & Peterson, 2008; Kokel et
al., 2010; Rihel et al., 2010; Laggner et al., 2011). Thus, an animal model
that is low cost, genetically tractable, has a fully characterized genome, and
displays robust quantifiable behaviors for which the mechanism of action
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can be predicted, represents a promising model for preclinical research into
psychiatric disorders.

Finally, we consider attributes of the zebrafish model relevant to animal
use, welfare and care (see van der Staay et al., 2009, for general discussion).
The sufficient complexity, sensitivity and robustness of zebrafish behaviors
make this species perfect for studying the role of experimental factors in
behavioral disorders. At the same time, the relative simplicity of zebrafish
behavioral paradigms helps reduce possible stress to the animal and time it
is subjected to testing. The aquatic paradigms adhere to the 3Rs principle (de
Wolf et al., 2007), as fish are less sentient than rodents, and typically require
less invasive administration of drugs (i.e., immersion/inhalation vs. injec-
tions). Furthermore, unlike rodent developmental models of stress, zebrafish
embryos can be exposed to neonatal stressors without having to consider the
environmental effects on the mother (Teraoka et al., 1993). The availability
of modern imaging and video-tracking techniques for zebrafish behavioral
analyses (Egan et al., 2009; Cachat et al., 2010b, 2011; Blaser & Rosemberg,
2012) enables researchers to obtain data from fewer animals, or to obtain
more information per animal, thereby reducing future use of animals. Thus,
the adaption of zebrafish models for basic research embodies the core objec-
tive of ethical research to advance scientific knowledge while following the
3Rs principles (Guide for the Care and Use of Laboratory Animals, 2011).

3. How to identify emotions/emotionality in animals, including fish?

Complex behaviors are intrinsically linked to emotional states. The first im-
portant aspect in this discussion is to agree on a definition of ‘emotion’. In
general, there is a distinction between affects (the subjective experiential-
feeling component, linked to bodily events and external stimuli) and emo-
tions (“closely linked to internal brain action states, triggered typically by
environmental events”) (Panksepp, 2005). Although the criteria for the exis-
tence of affects in animals are difficult to achieve (Panksepp, 2005), mount-
ing evidence shows that zebrafish possess: (i) neural circuits that can activate
coherent fear/anxiety-like action tendencies (Northcutt, 1995; Maximino &
Herculano, 2010; Lau et al., 2011; Jesuthasan, 2012); (ii) sensitivity of such
circuits to activation or lesion in generating approach, escape, and/or avoid-
ance responses (Agetsuma et al., 2010; Lee et al., 2010); and (iii) key neu-
rochemical pathways and brain activation patterns that correlate with fear or
anxiety (Panula et al., 2010; Lau et al., 2011).
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Conceptually, emotions are brain/mental states that give positive or nega-
tive values to a stimulus or an experience. They represent a learned, acquired
state or process in which the individual experience becomes meaningful be-
cause it correlates with the impact on the life of the subject. The ‘emotional
state’ of the brain also requires some degree of attention, which can be sepa-
rated from emotion, and impacts on how the stimulus is represented/used to
modulate the animal’s response (action) and behavior (motivation, or ‘inten-
tion’). However, emotion is distinct from cognitive processes (representing
the channeled information processing which builds a mental representation
of the stimulus with the perception-to-action control). Rather, it influences
the output of cognitive processes, e.g., representing motivation and decision-
making. Furthermore, emotion can be opposed to ‘innate’ or ‘instinctive’
behaviors, which are inherent action patterns. The latter includes reflexes
(e.g., the escape response: Danos & Lauder, 2012) or non-reflex actions (i.e.,
actions requiring brain processing, such as drug-induced place-preference:
Mathur et al., 2011). Such generalized reflexive ‘hard-wired’ responses to
stimuli can be performed without the animal needing to recognize the stim-
uli generating the response (Bekoff, 2000).

The definition of fear and anxiety is also critical when asking whether
zebrafish have such emotions. Anxiety can be defined as an emotional state
in which the animal displays a strong fear response to what would normally
be neutral or mild stimuli (Jesuthasan, 2012). Zebrafish can clearly enter
such a state. For example, Jesuthasan’s group studying helpless behavior
(the failure to learn avoidance after exposure to a strong stressor) showed
that fish possess more than ‘primitive’ escape responses. Like humans and
other mammals, their future behavior can be rendered maladaptive by ex-
treme stress (Lee et al., 2010) — a conclusion to which another group also
came, reporting impaired learning following acute predator exposure (Gaik-
wad et al., 2011). Likewise, anxiety and fear can be distinguished on the
basis of timing and direction of the animal’s response relative to the threat.
Fear is characterized by moving away from a current threat, whereas anxiety
often occurs when there is movement towards a potential threat. Thus, while
escape is likely to represent a fear response, zebrafish are clearly capable of
more than this, and their complex anxiety-like behavior includes freezing,
erratic movements, hypolocomotion, geo-, thigmo- and scototaxis (Gross-
man et al., 2010; Maximino et al., 2010a; Cachat et al., 2011; Stewart et al.,
2011).
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Finally, as early research on emotion faltered due to the focus on subjec-
tive experience associated with emotion, i.e., conscious awareness or thought
(LeDoux, 2000), rapid progress in understanding emotionality was possible
only when subjective aspects (‘feelings’) were no longer used as the measure
of the emotion. Thus, an emotion is not a subjective state, and should not be
conflated with ‘feelings’ (the subjective experience of emotion). While feel-
ings are impossible to determine in zebrafish (or mice and other non-human
animals), objective criteria (e.g., startle, freezing, cortisol levels or genomic
responses) have proven to be useful biomarkers of emotional states. The
knowledge gained from experiments using these criteria, such as the discov-
ery of the involvement of the amygdala and habenula, has also been shown
to be highly relevant to humans. For example, human patients with damage
to the amygdala have strongly reduced feeling of fear, fully consistent with
early animal studies where no subjective feelings were considered (LaBar &
LeDoux, 1996; Adolphs et al., 2005).

4. If emotion is not unique to humans, can fish have it?

Importantly, emotion is not unique to humans (Bekoff, 2000), although the
degree to which it is experienced and can be measured, is debatable. First,
it is unlikely that emotion first appeared in humans with no evolutionary
precursor in animals, especially given the common brain systems and chem-
icals underlying emotion shared among humans and animals (Bekoff, 2000).
The physiological and behavioral correlates of emotional responses in hu-
mans offer candidate indirect measures of emotional responses in animals.
Although non-human mammals have long been the subject of this research,
extending it to emotional experiences in fish is still limited (Braithwaite &
Boulcott, 2007). Nevertheless, there is no reason to presume that zebrafish
do not experience something akin to emotion. For example, fish can expe-
rience fear, pain (Sneddon et al., 2003a, b) and, presumably, pleasure (e.g.,
from successful foraging and reproductive behaviors). Fish can also antici-
pate positive and negative stimuli through time-place learning or other forms
of associative learning (Reebs, 1993; Ferrari et al., 2010) with the result-
ing emotional states of avoidance or preference (Darland & Dowling, 2001).
Whether these states can be called ‘dread’ or ‘hope’ is still not fully rec-
ognized by the scientific community. For example, a recent paper studying
‘hope’ in cichlids (Wisenden et al., 2008) resulted in the authors being forced
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to remove the word ‘hope’ from the manuscript (now informally referred to
as the ‘hopeless’ study). It also remains unclear whether individuals can in-
fer a danger/fear or a reward from the behavioral expression of emotion of
other individuals. Nevertheless, given the detailed knowledge accumulating
on zebrafish cognitive and affective processes, zebrafish are becoming a very
good candidate for exploring the behavioral and physiological expression of
emotion-like states in fish.

Notably, positive or negative values vary between individuals, depending
on their personal experience and learning. Positive and negative emotions are
built through the activation of highly conserved neural circuits (mostly sub-
cortical/subpallial) and neuromodulatory systems (e.g., monoamines, acetyl-
choline and neuropeptides) in both zebrafish and mammals. Convincing ze-
brafish evidence includes the role of the habenular/interpeduncular circuitry
in fear responses, since abrogating this connectivity prevents adaptation to
a conditioned stimulus by flight in a fear-conditioning paradigm (Agetsuma
et al., 2010). In line with this, the role of dopamine in attributing positive
emotional values has been shown in zebrafish, since conditioned place pref-
erence can be induced by amphetamines directly activating the dopaminergic
system (Ninkovic et al., 2006), or by morphine, in a manner dependent on
dopamine receptors (Bretaud et al., 2007). This relates to emotion as the
brain is initially trained through experience (e.g., food ingestion) to trans-
late an activation of the reward system into positive values. The mechanisms
underlying positive and negative emotional values are further based in the
visceral afferents of the autonomic nervous system, largely recognized as
a physiological determinant, or at least covariate, of affect and emotion in
vertebrates (Porges, 1997).

5. Are emotions predicated on being self-aware or motivated?

While it appears that fish display some form of emotional behavior, the
question of how much of a conscious experience fish, is debatable. Albeit
relevant for animal care, this question has little conceptual bearing on us-
ing zebrafish for studies of emotions in the context of modeling affective
states. Are emotions predicated on being self aware? Not necessarily, since
emotions represent physiological means to amplify a response to an innate
or acquired cue. Across the animal kingdom, animals have innate pathways
(determined by various genetic factors) that lead to behavioral responses.
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A good example for this is fear, which can be a reflex to an assumed threat
(e.g., alarm cue released from damaged cells in the epithelium evoking fright
response in zebrafish: Speedie & Gerlai, 2008). However, such reactions can
be coupled with other events. For example, if fright is paired with a specific
visual cue previously not associated with fear, zebrafish will learn to react to
the visual cue alone (Hall & Suboski, 1995), becoming anxious in response
to something they learned. Thus, how the fish ‘feel’ is changed based on an
experience, and this ‘feeling’ becomes behaviorally expressed.

Another evidence in support of zebrafish emotionality is that fish have
the covariation of different behaviors, forming the basis for their person-
ality (Dingemanse & Réale, 2005; Dingemanse et al., 2009; Wilson et al.,
2011). For example, across fish taxa, individual fish exhibit differences in
aggressive behaviors or boldness, which may be due to brain developmen-
tal (Reddon & Hurd, 2008), experience-related (Dingemanse et al., 2009) or
maternal effects (Wisenden et al., 2012). In humans, aggressive behaviors
have the potential to evoke emotional responses in others in the same locale.
Similarly, fish personality traits, when expressed, have the potential to evoke
changes in other individuals. Thus, while zebrafish may lack the ability to
analyze their emotions post-hoc, or to temper them cognitively like humans,
it is clear that the neurotransmitters, neurological pathways, memory and
diverse behaviors typically associated with emotionality, are all present in
zebrafish.

The role of motivation is another question inherently linked to the prob-
lem of emotionality in zebrafish. Consider, for example, the internal states
that control the magnitude and direction of voluntary behavior, such as for-
aging, mating or predator avoidance. Motivated behaviors can be regulated
by physiological states (e.g., feeding), anticipatory mechanisms (e.g., behav-
iors at dawn or dusk, mating, sleeping, operant learned behavior) and hedonic
rewards (e.g., conditioned place preferences). Fish also display anxiety-like
behavior (see above), avoiding anxious contexts or stimuli. Since zebrafish
are highly social fish, social motivation also affect their behavior, for ex-
ample, with the sight of conspecific serving as a strong positive reinforcer
(Saverino & Gerlai, 2008). Finally, recent studies (Sneddon et al., 2003a, b)
suggests that fish can be ‘aware’ of pain (Stockinger, 2011), which is also
linked to specific motivational states. Together, these characteristics help
define motivational behavior for zebrafish, paralleling the kinds of human
emotions that are currently recognized and accepted.
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6. Zebrafish ‘emotions’: where, how and when?

A key question in fish behavioral research is where in the brain and how ex-
actly (i.e., via which neurotransmitters and circuits) the individual emotional
states are encoded? For example, in early active avoidance learning studies
using goldfish, acquisition and retention of conditioned avoidance response
(flight) was prevented by ablation of the dorsomedial pallium (Portavella et
al., 2004), a structure hypothesized (based on anatomical and gene expres-
sion data) to be homologous to the mammalian amygdala (Northcutt, 1995;
Mueller et al., 2011). As recent data (Portavella et al., 2004; Salas et al.,
2006) add functional support to this hypothesis, other teleost fish in addition
to zebrafish can further extend the generality of these findings.

Importantly, the understanding of how emotion is generated by zebrafish
brain can occur at several levels — from the neural circuitry involved (e.g.,
neural and glial cells, the sensory system, the motor output neurons and
stress circuitry), to the characterization of how information is transmitted
and stored in the network (Jesuthasan, 2012). However, while homologous
structures occupy different locations in teleost and mammalian brains, the
identification of similar connectivity and function between species presents
a considerable challenge. For example, the teleost amygdala resides in the
medial region of the dorsal pallium, following a developmental trajectory
quite distinct from tetrapod brains (Wullimann & Mueller, 2004). Does this
prevent fish from having affective behaviors? Clearly not — rather, greater
advantage may be found in utilizing zebrafish to discover new facets about
the neural circuits underlying fear and anxiety, and how they evolved in
different species. The same tools proven to be useful in rodents, can be
applied efficiently for this task in zebrafish, including imaging of neural
activity using calcium indicators or mapping the expression of immediate
early genes, such as c-fos (Jesuthasan, 2012).

Another highly relevant question is when zebrafish emotions emerge.
As already mentioned, there is a growing evidence for emotion in adult
zebrafish. Zebrafish are easily trainable by rewarding and aversive condi-
tioning, and remain trained over an extended period of time, arguing against
simple reflexive behavioral responses. However, the question as to when
emotions emerge, and what is the role of epigenetic effects, has received little
attention in behavioral experiments. For example, although larval (e.g., 5 day
old) zebrafish show habituation, there is little evidence for them to be train-
able (see, however, recent reports on conditioning in larval fish: Lee et al.,
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2010). Hence, we can expect the emergence of emotions at later larval stages.
However, the anatomical maturation of the emotional brain (e.g., the dorsal
telencephalic region) has not been thoroughly studied in zebrafish. Similarly,
the emergence of behaviors during larval maturation has not been addressed
in behavioral studies, representing another important direction for future
studies in this field. For example, the dopaminergic (D1/D2 receptor) trans-
mission was found in the zebrafish brain between 3–5 days post-fertilization
(dpf) (early larval period), including the D2 receptor modulation of simple
motor behavior in larvae (Souza et al., 2011). Thus, some of the central neu-
tral circuitry likely controlling affective behavior may already be in place at
the onset of the larval stage, suggesting that affective behaviors and motiva-
tion can develop in zebrafish rather early.

7. Conceptual challenges

Avoiding anthropomorphic interpretations is always a common concern
when developing experimental (animal) models of brain states (Holmes,
2003; Wynne, 2004). The progress in the study of animal emotions has been
significantly hindered due to fear of being ‘nonscientific’, and by the argu-
ment that we cannot understand animals and their own perspectives because
we are not ‘one of them’ (Allen & Bekoff, 1999; Bekoff, 2000). This, and the
risk of funding bodies, regulating authorities and the public questioning the
validity of studying emotion in zebrafish, leads to the noticeable avoidance of
the term ‘emotionality’ in animal research, despite the growing evidence for
the neural components and behavioral manifestations of emotion-like states
in fishes.

In general, emotions can be correlated to more or less sophisticated per-
ceptions, actions, strategies or thoughts, depending on the cognitive capabil-
ities and skills of the species as well as individuals within species. Therefore,
the fundamental question for researchers is how emotion and cognition are
linked, and how emotions are felt or reflected on? Moreover, which species
possess the capacity to engage in reflection, and to what extent? (see Bekoff,
2000, for discussion). When interpreting zebrafish behavior, one challenge
is dissecting learning from affective responses, to ensure that complex ‘emo-
tional’ behaviors are not merely conditioned reflexes (e.g., based on pairing
a stimulus with pain or distress). A second evidence to support the idea of
zebrafish emotionality is a type of motivation-driven learning in this fish
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species. For example, zebrafish easily become addicted to psychostimulants,
such as cocaine (Darland & Dowling, 2001). Humans use stimulants to mod-
ify mood, which ultimately means that we elect to alter how we process
information from internal or external sources. While addicted zebrafish may
not be cognizant of the cost/benefit process they are engaged in, fish clearly
respond in the same manner. In line with this, zebrafish demonstrate the same
anxious states during withdrawal from cocaine (López-Patiño et al., 2008) or
other drugs of abuse (Cachat et al., 2010a).

8. Concluding remarks

Despite the advancements made by mammalian models toward understand-
ing normal behavior and psychiatric diseases, their circuitry and molecular
abnormalities remain unclear (Meaney, 2010; Gama Sosa et al., 2012; Ger-
lai, 2012; Guo et al., 2012). By examining the factors regulating biological
development, studies of larval and adult zebrafish continue to unravel the
complexities of psychiatric disorders (Lieschke & Currie, 2007; Mathur &
Guo, 2010; Ahrens et al., 2012; Del Bene & Wyart, 2012). Offering an im-
portant ‘reference’ point to decode the ‘core’ behavioral and physiological
mechanisms shared by humans and our evolutionarily ancestral fish species,
zebrafish become a valuable addition to the existing rodent and primate mod-
els.

To fully realize the potential of zebrafish for studying brain phenom-
ena, the comprehensive examination of their behavioral response to various
manipulations is necessary (Agid et al., 2007; Cachat et al., 2011; Blaser
& Rosemberg, 2012; Luca & Gerlai, 2012; Savio et al., 2012). Recent re-
search has contributed to developing methods to reliably quantify zebrafish
responses to a wide range of environmental modifiers. The repository of
behavioral profiles can then be combined with well-established molecular,
cellular and genetic tools to enable large-scale screening and drug discov-
ery (Alderton et al., 2010; Rico et al., 2011; Schneider et al., 2011). For
example, the use of larval and adult zebrafish in high-throughput models is
one of the most promising strategies to increase our understanding of com-
plex psychiatric disorders (Lessman, 2011; Rihel & Schier, 2012). However,
this goal is not possible without careful examination of behavioral responses
(face validity) to known psychiatric states and treatments (predictive valid-
ity), identifying neural pathways (construct validity), individual risk factors
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and mechanisms of resilience (population validity), evaluating evolutionar-
ily conserved traits (homological validity), testing replicability/reliability of
zebrafish models (internal validity), and analyzing their relevance to ‘big-
ger’ brain phenomena (external validity); see Willner (1986), van der Staay
et al. (2009) and Belzung & Lemoine (2011) for discussion of valid animal
behavioral models.

Although zebrafish are increasingly used in biomedical research, mount-
ing evidence suggests a wider application of this animal model species to
biological psychiatry. The importance of zebrafish in affective research, and
the growing recognition of this field, are reflected by the number of articles
for the keywords ‘zebrafish’ and ‘anxiety’ (currently 84 PubMed publica-
tions from over 25 active laboratories worldwide, including 48 publications
in 2011–2012; also see detailed reviews in: Blaser et al., 2010; Maximino
et al., 2010b; Sackerman et al., 2010; Piato et al., 2011; Guo et al., 2012;
Okamoto et al., 2012; Stewart et al., 2012).

Finally, it is clear that the goal of our research is not to replace mammalian
behavioral paradigms with zebrafish models. However, the evidence summa-
rized here shows that translational neuroscience research benefits markedly
from a complementary use of zebrafish models to understand evolutionar-
ily conserved phenotypes, pathways and circuits (Guo et al., 2012; Okamoto
et al., 2012). Together with novel techniques developed in various zebrafish
laboratories and rich data collected on adult and larval behavioral phenotypes
(Blaser et al., 2010; Maximino et al., 2010b; Sackerman et al., 2010; Piato et
al., 2011; Guo et al., 2012; Okamoto et al., 2012; Stewart et al., 2012), this
provides a significant contribution to multidisciplinary, cross-species neu-
robehavioral research. Therefore, it is time to move full-speed forward —
from discussing whether or not fish have emotionality to addressing more
important fundamental questions of zebrafish affective behaviors and their
proximate mechanisms.

References

Adolphs, R., Gosselin, F., Buchanan, T.W., Tranel, D., Schyns, P. & Damasio, A.R. (2005).
A mechanism for impaired fear recognition after amygdala damage. — Nature 433: 68-
72.

Agetsuma, M., Aizawa, H., Aoki, T., Nakayama, R., Takahoko, M., Goto, M., Sassa, T., Amo,
R., Shiraki, T., Kawakami, K., Hosoya, T., Higashijima, S.-i. & Okamoto, H. (2010). The
habenula is crucial for experience-dependent modification of fear responses in zebrafish.
— Nature Neurosci. 13: 1354-1356.



A.V. Kalueff et al. / Behaviour 149 (2012) 1019–1036 1031

Agid, Y., Buzsaki, G., Diamond, D.M., Frackowiak, R., Giedd, J., Girault, J.A., Grace, A.,
Lambert, J.J., Manji, H., Mayberg, H., Popoli, M., Prochiantz, A., Richter-Levin, G.,
Somogyi, P., Spedding, M., Svenningsson, P. & Weinberger, D. (2007). How can drug
discovery for psychiatric disorders be improved? — Nature Rev. Drug Discov. 6: 189-
201.

Ahrens, M.B., Li, J.M., Orger, M.B., Robson, D.N., Schier, A.F., Engert, F. & Portugues, R.
(2012). Brain-wide neuronal dynamics during motor adaptation in zebrafish. — Nature
485: 471-477.

Alderton, W., Berghmans, S., Butler, P., Chassaing, H., Fleming, A., Golder, Z., Richards, F.
& Gardner, I. (2010). Accumulation and metabolism of drugs and CYP probe substrates
in zebrafish larvae. — Xenobiotica 40: 547-557.

Allen, C. & Bekoff, M. (1999). Species of mind: the philosophy and biology of cognitive
ethology. — The MIT Press, Cambridge, MA.

Bekoff, M. (2000). Animal emotions: exploring passionate natures. — BioScience 50: 861-
870.

Belzung, C. & Lemoine, M. (2011). Criteria of validity for animal models of psychiatric
disorders: focus on anxiety disorders and depression. — Biol. Mood Anx. Disord. 1: 9.

Best, J.D. & Alderton, W.K. (2008). Zebrafish: An in vivo model for the study of neurological
diseases. — Neuropsychiat. Dis. Treat. 4: 567-576.

Blaser, R.E. & Rosemberg, D.B. (2012). Measures of anxiety in zebrafish (Danio rerio):
dissociation of black/white preference and novel tank test. — PLoS ONE 7: e36931.

Blaser, R.E., Chadwick, L. & McGinnis, G.C. (2010). Behavioral measures of anxiety in
zebrafish (Danio rerio). — Behav. Brain Res. 208: 56-62.

Braithwaite, V.A. & Boulcott, P. (2007). Pain perception, aversion and fear in fish. — Dis.
Aquat. Organ. 75: 131-138.

Bretaud, S., Li, Q., Lockwood, B.L., Kobayashi, K., Lin, E. & Guo, S. (2007). A choice be-
havior for morphine reveals experience-dependent drug preference and underlying neural
substrates in developing larval zebrafish. — Neuroscience 146: 1109-1116.

Burne, T., Scott, E., van Swinderen, B., Hilliard, M., Reinhard, J., Claudianos, C., Eyles, D.
& McGrath, J. (2011). Big ideas for small brains: what can psychiatry learn from worms,
flies, bees and fish? — Mol. Psychiat. 16: 7-16.

Cachat, J., Canavello, P., Elegante, M., Bartels, B., Hart, P., Bergner, C., Egan, R., Duncan,
A., Tien, D., Chung, A., Wong, K., Goodspeed, J., Tan, J., Grimes, C., Elkhayat, S., Suciu,
C., Rosenberg, M., Chung, K.M., Kadri, F., Roy, S., Gaikwad, S., Stewart, A., Zapolsky,
I., Gilder, T., Mohnot, S., Beeson, E., Amri, H., Zukowska, Z., Soignier, R.D. & Kalueff,
A.V. (2010a). Modeling withdrawal syndrome in zebrafish. — Behav. Brain Res. 208:
371-376.

Cachat, J., Stewart, A., Grossman, L., Gaikwad, S., Kadri, F., Chung, K.M., Wu, N., Wong,
K., Roy, S., Suciu, C., Goodspeed, J., Elegante, M., Bartels, B., Elkhayat, S., Tien, D.,
Tan, J., Denmark, A., Gilder, T., Kyzar, E., Dileo, J., Frank, K., Chang, K., Utterback,
E., Hart, P. & Kalueff, A.V. (2010b). Measuring behavioral and endocrine responses to
novelty stress in adult zebrafish. — Nature Protocols 5: 1786-1799.



1032 Time to recognize zebrafish ‘affective’ behavior

Cachat, J., Stewart, A., Utterback, E., Hart, P., Gaikwad, S., Wong, K., Kyzar, E., Wu, N. &
Kalueff, A.V. (2011). Three-dimensional neurophenotyping of adult zebrafish behavior.
— PLoS ONE 6: e17597.

Committee for the update of the guide for the care and use of laboratory animals & National
Research Council (2011). Guide for the care and use of laboratory animals, 8th edn. —
The National Academies Press, Washington, DC.

Danos, N. & Lauder, G.V. (2012). Challenging zebrafish escape responses by increasing water
viscosity. — J. Exp. Biol. 215: 1854-1862.

Darland, T. & Dowling, J.E. (2001). Behavioral screening for cocaine sensitivity in mutage-
nized zebrafish. — Proc. Natl. Acad. Sci. USA 98: 11691-11696.

de Wolf, W., Comber, M., Douben, P., Gimeno, S., Holt, M., Leonard, M., Lillicrap, A., Sijm,
D., van Egmond, R., Weisbrod, A. & Whale, G. (2007). Animal use replacement, reduc-
tion, and refinement: development of an integrated testing strategy for bioconcentration of
chemicals in fish. — Integr. Environ. Assess. Manag. 3: 3-17.

Del Bene, F. & Wyart, C. (2012). Optogenetics: a new enlightenment age for zebrafish neu-
robiology. — Dev. Neurobiol. 72: 404-414.

Dingemanse, N.J. & Réale, D. (2005). Natural selection and animal personality. — Behaviour
142: 1159-1184.

Dingemanse, N.J., Van der Plas, F., Wright, J., Réale, D., Schrama, M., Roff, D.A.,
Van der Zee, E. & Barber, I. (2009). Individual experience and evolutionary history of
predation affect expression of heritable variation in fish personality and morphology. —
Proc. Roy. Soc. Lond. B: Biol. 276: 1285-1293.

Egan, R.J., Bergner, C.L., Hart, P.C., Cachat, J.M., Canavello, P.R., Elegante, M.F., Elkhayat,
S.I., Bartels, B.K., Tien, A.K., Tien, D.H., Mohnot, S., Beeson, E., Glasgow, E., Amri,
H., Zukowska, Z. & Kalueff, A.V. (2009). Understanding behavioral and physiological
phenotypes of stress and anxiety in zebrafish. — Behav. Brain Res. 205: 38-44.

Ferrari, M.C.O., Elvidge, C.K., Jackson, C.D., Chivers, D.P. & Brown, G.E. (2010). Temporal
variation and the responses to fish to predation risk. — Behav. Ecol. 21: 532-536.

Gaikwad, S., Stewart, A., Hart, P., Wong, K., Piet, V., Cachat, J. & Kalueff, A.V. (2011).
Acute stress disrupts performance of zebrafish in the cued and spatial memory tests: the
utility of fish models to study stress-memory interplay. — Behav. Proc. 87: 224-230.

Gama Sosa, M.A., De Gasperi, R. & Elder, G.A. (2012). Modeling human neurodegenerative
diseases in transgenic systems. — Hum. Genet. 131: 535-563.

Gerlai, R. (2005). Event recording and video-tracking: towards the development of high
throughput zebrafish screens. — In: Proc. 5th conference on methods in behavioural
research, Wageningen, The Netherlands, p. 193-196.

Gerlai, R. (2012). Using zebrafish to unravel the genetics of complex brain disorders. — Curr.
Top. Behav. Neurosci. 12: 3-24.

Grossman, L., Utterback, U., Stewart, A., Gaikwad, S., Wong, K., Elegante, M., Tan, J.,
Gilder, T., Wu, N., DiLeo, J., Cachat, J. & Kalueff, A.V. (2010). Characterization of
behavioral and endocrine effects of LSD on zebrafish. — Behav. Brain Res. 214: 277-
284.



A.V. Kalueff et al. / Behaviour 149 (2012) 1019–1036 1033

Guo, S., Wagle, M. & Mathur, P. (2012). Toward molecular genetic dissection of neural
circuits for emotional and motivational behaviors. — Dev. Neurobiol. 72: 358-365.

Hall, D. & Suboski, M.D. (1995). Visual and olfactory stimuli in learned release of alarm
reactions by zebra danio fish (Brachydanio rerio). — Neurobiol. Learn. Memor. 63: 229-
240.

Holmes, P.V. (2003). Rodent models of depression: reexamining validity without anthropo-
morphic inference. — Crit. Rev. Neurobiol. 15: 143-174.

Jesuthasan, S. (2002). Zebrafish in the spotlight. — Science 297: 1484-1485.

Jesuthasan, S. (2012). Fear, anxiety and control in the zebrafish. — Dev. Neurobiol. 72: 395-
403.

Kalueff, A.V. & Schmidt, M.V. (2011). Novel experimental models and paradigms for neu-
ropsychiatric disorders: editorial. — Prog. Neuropsychopharmacol. Biol. Psychiat. 35:
1355-1356.

Kalueff, A.V., Wheaton, M. & Murphy, D.L. (2007). What’s wrong with my mouse model?
Advances and strategies in animal modeling of anxiety and depression. — Behav. Brain
Res. 179: 1-18.

Kokel, D., Bryan, J., Laggner, C., White, R., Cheung, C.Y., Mateus, R., Healey, D., Kim, S.,
Werdich, A.A., Haggarty, S.J., Macrae, C.A., Shoichet, B. & Peterson, R.T. (2010). Rapid
behavior-based identification of neuroactive small molecules in the zebrafish. — Nature
Chem. Biol. 6: 231-237.

Kokel, D. & Peterson, R.T. (2008). Chemobehavioural phenomics and behaviour-based psy-
chiatric drug discovery in the zebrafish. — Brief Funct. Genet. Proteomics 7: 483-490.

LaBar, K.S. & LeDoux, J.E. (1996). Partial disruption of fear conditioning in rats with uni-
lateral amygdala damage: correspondence with unilateral temporal lobectomy in humans.
— Behav. Neurosci. 110: 991-997.

Laggner, C., Kokel, D., Setola, V., Tolia, A., Lin, H., Irwin, J.J., Keiser, M.J., Cheung, C.Y.,
Minor Jr., D.L., Roth, B.L., Peterson, R.T. & Shoichet, B.K. (2011). Chemical informatics
and target identification in a zebrafish phenotypic screen. — Nature Chem. Biol. 8: 144-
146.

Lau, B.Y.B., Mathur, P., Gould, G.G. & Guo, S. (2011). Identification of a brain center whose
activity discriminates a choice behavior in zebrafish. — Proc. Natl. Acad. Sci. USA 108:
2581-2586.

LeDoux, J.E. (2000). Emotion circuits in the brain. — Annu. Rev. Neurosci. 23: 155-184.

Lee, A., Mathuru, A.S., Teh, C., Kibat, C., Korzh, V., Penney, T.B. & Jesuthasan, S. (2010).
The habenula prevents helpless behavior in larval zebrafish. — Curr. Biol. 20: 2211-2216.

Lessman, C.A. (2011). The developing zebrafish (Danio rerio): a vertebrate model for high-
throughput screening of chemical libraries. — Birth Defects Res. C: Embryo Today 93:
268-280.

Lieschke, G.J. & Currie, P.D. (2007). Animal models of human disease: zebrafish swim into
view. — Nature Rev. Genet. 8: 353-367.

López-Patiño, M.A., Yu, L., Cabral, H. & Zhdanova, I.V. (2008). Anxiogenic effects of
cocaine withdrawal in zebrafish. — Physiol. Behav. 93: 160-171.



1034 Time to recognize zebrafish ‘affective’ behavior

Luca, R.M. & Gerlai, R. (2012). In search of optimal fear inducing stimuli: differential
behavioral responses to computer animated images in zebrafish. — Behav. Brain Res.
226: 66-76.

Mathur, P. & Guo, S. (2010). Use of zebrafish as a model to understand mechanisms of
addiction and complex neurobehavioral phenotypes. — Neurobiol. Dis. 40: 66-72.

Mathur, P., Lau, B. & Guo, S. (2011). Conditioned place preference behavior in zebrafish. —
Nat. Prot. 6: 338-345.

Maximino, C. & Herculano, A.M. (2010). A review of monoaminergic neuropsychopharma-
cology in zebrafish. — Zebrafish 7: 359-378.

Maximino, C., Brito, T.M., Dias, C.A.G.M., Gouveia Jr., A. & Morato, S. (2010a). Scototaxis
as anxiety-like behavior in fish. — Nature Protocols 5: 209-216.

Maximino, C., de Brito, T.M., da Silva Batista, A.W., Herculano, A.M., Morato, S. & Gouveia
Jr., A. (2010b). Measuring anxiety in zebrafish: a critical review. — Behav. Brain Res.
214: 157-171.

Meaney, M.J. (2010). Epigenetics and the biological definition of gene × environment inter-
actions. — Child Dev. 81: 41-79.

Mueller, T., Dong, Z., Berberoglu, M.A. & Guo, S. (2011). The dorsal pallium in zebrafish,
Danio rerio (Cyprinidae, Teleostei). — Brain Res. 1381: 95-105.

Ninkovic, J., Folchert, A., Makhankov, Y.V., Neuhauss, S.C., Sillaber, I., Straehle, U. &
Bally-Cuif, L. (2006). Genetic identification of AChE as a positive modulator of addiction
to the psychostimulant D-amphetamine in zebrafish. — J. Neurobiol. 66: 463-475.

Northcutt, R.G. (1995). The forebrain of gnathostomes: in search of a morphotype. — Brain
Behav. Evol. 46: 275-318.

Norton, W.H., Webb, K., Harris, M., Rohner, N., Nüsslein-Volhard, C., Ninkovic, J., Folchert,
A. & Bally-Cuif, L. (2008). Proceedings of measuring behavior. — Maastricht, the
Netherlands.

Okamoto, H., Agetsuma, M. & Aizawa, H. (2012). Genetic dissection of the zebrafish habe-
nula, a possible switching board for selection of behavioral strategy to cope with fear and
anxiety. — Dev. Neurobiol. 72: 386-394.

Panksepp, J. (2005). Affective consciousness: core emotional feelings in animals and humans.
— Consc. Cogn. 14: 30-80.

Panula, P., Chen, Y.-C., Priyadarshini, M., Kudo, H., Semenova, S., Sundvik, M. & Sallinen,
V. (2010). The comparative neuroanatomy and neurochemistry of zebrafish CNS systems
of relevance to human neuropsychiatric diseases. — Neurobiol. Dis. 40: 46-57.

Piato, A.L., Capiotti, K.M., Tamborski, A.R., Oses, J.P., Barcellos, L.J., Bogo, M.R., Lara,
D.R., Vianna, M.R. & Bonan, C.D. (2011). Unpredictable chronic stress model in ze-
brafish (Danio rerio): behavioral and physiological responses. — Prog. Neuropsychophar-
macol. Biol. Psychiat. 35: 561-567.

Porges, S.W. (1997). Emotion: an evolutionary by-product of the neural regulation of the
autonomic nervous system. — Ann. NY Acad. Sci. 807: 62-77.

Portavella, M., Torres, B., Salas, C. & Papini, M.R. (2004). Lesions of the medial pallium, but
not of the lateral pallium, disrupt spaced-trial avoidance learning in goldfish (Carassius
auratus). — Neurosci. Lett. 362: 75-78.



A.V. Kalueff et al. / Behaviour 149 (2012) 1019–1036 1035

Reddon, A.R. & Hurd, P.L. (2008). Aggression, sex and individual differences in cerebral
lateralization in a cichlid fish. — Biol. Lett. 4: 338-340.

Reebs, S.G. (1993). A test of time-place learning in a cichlid fish. — Behav. Proc. 30: 273-
281.

Rico, E.P., Rosemberg, D.B., Seibt, K.J., Capiotti, K.M., Da Silva, R.S. & Bonan, C.D.
(2011). Zebrafish neurotransmitter systems as potential pharmacological and toxicological
targets. — Neurotoxicol. Teratol. 33: 608-617.

Rihel, J. & Schier, A.F. (2012). Behavioral screening for neuroactive drugs in zebrafish. —
Dev. Neurobiol. 72: 373-385.

Rihel, J., Prober, D.A., Arvanites, A., Lam, K., Zimmerman, S., Jang, S., Haggarty, S.J.,
Kokel, D., Rubin, L.L., Peterson, R.T. & Schier, A.F. (2010). Zebrafish behavioral profil-
ing links drugs to biological targets and rest/wake regulation. — Science 327: 348-351.

Sackerman, J., Donegan, J.J., Cunningham, C.S., Nguyen, N.N., Lawless, K., Long, A.,
Benno, R.H. & Gould, G.G. (2010). Zebrafish behavior in novel environments: effects of
acute exposure to anxiolytic compounds and choice of Danio rerio line. — Int. J. Comp.
Psychol. 23: 43-61.

Salas, C., Broglio, C., Duran, E., Gomez, A., Ocana, F.M., Jimenez-Moya, F. & Rodriguez,
F. (2006). Neuropsychology of learning and memory in teleost fish. — Zebrafish 3: 157-
171.

Saverino, C. & Gerlai, R. (2008). The social zebrafish: behavioral responses to conspecific,
heterospecific, and computer animated fish. — Behav. Brain Res. 191: 77-87.

Savio, L.E., Vuaden, F.C., Piato, A.L., Bonan, C.D. & Wyse, A.T. (2012). Behavioral changes
induced by long-term proline exposure are reversed by antipsychotics in zebrafish. —
Prog. Neuropsychopharmacol. Biol. Psychiat. 36: 258-263.

Schneider, P.N., Olthoff, J.T., Matthews, A.J. & Houston, D.W. (2011). Use of fully modi-
fied 2′-O-methyl antisense oligos for loss-of-function studies in vertebrate embryos. —
Genesis 49: 117-123.

Sneddon, L.U., Braithwaite, V.A. & Gentle, M.J. (2003a). Novel object test: examining noci-
ception and fear in the rainbow trout. — J. Pain 4: 431-440.

Sneddon, L.U., Braithwaite, V.A. & Gentle, M.J. (2003b). Do fishes have nociceptors? Evi-
dence for the evolution of a vertebrate sensory system. — Proc. Roy. Soc. Lond. B: Biol.
Sci. 270: 1115-1121.

Souza, B.R., Romano-Silva, M.A. & Tropepe, V. (2011). Dopamine D2 receptor activity
modulates Akt signaling and alters GABAergic neuron development and motor behavior
in zebrafish larvae. — J. Neurosci. 31: 5512-5525.

Speedie, N. & Gerlai, R. (2008). Alarm substance induced behavioral responses in zebrafish
(Danio rerio). — Behav. Brain Res. 188: 168-177.

Stewart, A., Kadri, F., DiLeo, J., Chung, K., Cachat, J., Goodspeed, J., Suciu, C., Roy, S.,
Gaikwad, S., Wong, K., Elegante, M., Elkhayat, S., Wu, N., Gilder, T., Tien, D. & Kalueff,
A.V. (2010a). The developing utility of zebrafish in modeling neurobehavioral disorders.
— Int. J. Comp. Psychol. 23: 104-121.



1036 Time to recognize zebrafish ‘affective’ behavior

Stewart, A., Wong, K., Cachat, J., Gaikwad, S., Kyzar, E., Wu, N., Hart, P., Piet, V., Utterback,
E., Elegante, M., Tien, D. & Kalueff, A. (2010b). Zebrafish models to study drug abuse-
related phenotypes. — Rev. Neurosci. 22: 95-105.

Stewart, A., Wu, N., Cachat, J., Hart, P., Gaikwad, S., Wong, K., Utterback, E., Gilder, T.,
Kyzar, E., Newman, A., Carlos, D., Chang, K., Hook, M., Rhymes, C., Caffery, M., Green-
berg, M., Zadina, J. & Kalueff, A.V. (2011). Pharmacological modulation of anxiety-like
phenotypes in adult zebrafish behavioral models. — Prog. Neuropsychopharmacol. Biol.
Psychiat. 35: 1421-1431.

Stewart, A., Gaikwad, S., Kyzar, E., Green, J., Roth, A. & Kalueff, A.V. (2012). Modeling
anxiety using adult zebrafish: a conceptual review. — Neuropharmacology 62: 135-143.

Stockinger, G. (2011). The hook that hurts: scientists tip the scales against anglers. — Der
Spiegel Online International, available at http://www.spiegel.de/international/zeitgeist/
the-hook-that-hurts-scientists-tip-the-scales-against-anglers-a-749956.html

Teraoka, H., Dong, W. & Hiraga, T. (1993). Zebrafish as a novel experimental model for
developmental toxicology. — Clin. Genet. 43: 123-132.

van der Staay, F.J., Arndt, S.S. & Nordquist, R.E. (2009). Evaluation of animal models of
neurobehavioral disorders. — Behav. Brain Funct. 5: 11.

Willner, P. (1986). Validation criteria for animal models of human mental disorders: learned
helplessness as a paradigm case. — Prog. Neuropsychopharmacol. Biol. Psychiat. 10:
677-690.

Wilson, A., Binder, T., McGrath, K., Cooke, S. & Godin, J.-G. (2011). Capture technique and
fish personality: angling targets timid bluegill sunfish, Lepomis macrochirus. — Can. J.
Fish. Aquat. Sci. 68: 749-757.

Wisenden, B.D., Snekser, J.L., Stumbo, A.D. & Leese, J.M. (2008). Parental defence of an
empty nest after catastrophic brood loss. — Anim. Behav. 76: 2059-2067.

Wisenden, B.D., Sailer, C.D., Radenic, S.J. & Sutrisno, R. (2012). Maternal inheritance and
exploratory-boldness behavioural syndrome in zebrafish. — Behaviour 148: 1443-1456.

Wullimann, M.F. & Mueller, T. (2004). Teleostean and mammalian forebrains contrasted:
evidence from genes to behavior. — J. Comp. Neurol. 475: 143-162.

Wynne, C.D. (2004). The perils of anthropomorphism. — Nature 428: 606.

http://www.spiegel.de/international/zeitgeist/the-hook-that-hurts-scientists-tip-the-scales-against-anglers-a-749956.html
http://www.spiegel.de/international/zeitgeist/the-hook-that-hurts-scientists-tip-the-scales-against-anglers-a-749956.html

