
Frontiers in Behavioral Neuroscience 01 frontiersin.org

Teleosts as behaviour test models 
for social stress
Nicola Hong Yun Lai , Izzati Adriana Mohd Zahir ,  
Anthony Kin Yip Liew , Satoshi Ogawa , Ishwar Parhar  and 
Tomoko Soga *

Jeffrey Cheah School of Medicine and Health Sciences, Monash University Malaysia, Bandar Sunway, 
Selangor, Malaysia

Stress is an important aspect of our everyday life and exposure to it is an 
unavoidable occurrence. In humans, this can come in the form of social stress or 
physical stress from an injury. Studies in animal models have helped researchers 
to understand the body’s adaptive response to stress in human. Notably, the use 
of behavioural tests in animal models plays a pivotal role in understanding the 
neural, endocrine and behavioural changes induced by social stress. Under socially 
stressed conditions, behavioural parameters are often measured physiological 
and molecular parameters as changes in behaviour are direct responses to stress 
and are easily assessed by behavioural tests. Throughout the past few decades, 
the rodent model has been used as a well-established animal model for stress and 
behavioural changes. Recently, more attention has been drawn towards using fish 
as an animal model. Common fish models such as zebrafish, medaka, and African 
cichlids have the advantage of a higher rate of reproduction, easier handling 
techniques, sociability and most importantly, share evolutionary conserved genetic 
make-up, neural circuitry, neuropeptide molecular structure and function with 
mammalian species. In fact, some fish species exhibit a clear diurnal or seasonal 
rhythmicity in their stress response, similar to humans, as opposed to rodents. 
Various social stress models have been established in fish including but not 
limited to chronic social defeat stress, social stress avoidance, and social stress-
related decision-making. The huge variety of behavioural patterns in teleost also 
aids in the study of more behavioural phenotypes than the mammalian species. 
In this review, we focus on the use of fish models as alternative models to study 
the effects of stress on different types of behaviours. Finally, fish behavioural tests 
against the typical mammalian model-based behavioural test are compared and 
discussed for their viability.

KEYWORDS

social stress, teleosts, emotion, social behaviour, cognition

1. Introduction

Social stress which can be broadly defined as an emotional pressure or distress that arises 
from any social situations that threaten one’s self-esteem is a major source of stress for humans 
(Buwalda et al., 2005; Juth and Dickerson, 2013). Social stress can arise from daily interactions 
with family members, friends, and colleagues or from major life events such as losing a loved 
one or from an abusive relationship. For example, social isolation and social discrimination are 
forms of social stress that typically affect older aged people and the minorities in society. Social 
stress alters the neuronal structure, brain circuits and neurochemical composition, which then 
lead to changes in cognition, emotion, as well as social behaviour (Buwalda et al., 2005; Smeets 
et al., 2009). Understanding the underlying mechanism of stress response and stress-related 
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diseases is essential to develop treatments and interventions to 
counteract the adverse effects of social stress and reduce the prevalence 
of stress-related diseases.

The use of animal models has greatly helped researchers to 
understand the effects of social stress on humans (Blanchard et al., 
2001; Buwalda et al., 2011). Animal models are especially useful for 
social stress-related behavioural output studies. In a social stress study, 
behavioural parameters are vital components of focus, together with 
physiological and molecular parameters, for a complete understanding 
of the effect of social stress. This is because genetical, neurochemical 
or cellular alterations observed under social stress will eventually lead 
to changes in different types of behaviour including learning and 
memory, social behaviour, and aggression. Animal models can mimic 
the behavioural response of humans as well as the complex interaction 
between different parts of the brain under socially stressed conditions. 
Behavioural response of animal models can easily be assessed using 
various behavioural tests and the results are relevant to human as the 
social behaviour of vertebrates is controlled by the highly conserved 
social behaviour network (Goodson, 2005; Soares et  al., 2018). 
Therefore, behavioural tests used in conjunction with different 
molecular tests in animal models is essential to narrow the gaps 
between how neural and endocrinological changes affect behaviour.

In recent years, the usage of fish models in the field of neuroscience 
has received more attention. Various experimental fish models and 
transgenic fish lines have been developed and used in different 
neuroscience research areas such as behavioural neuroscience, social 
neuroscience, and neurological disorders (Levin and Cerutti, 2009; 
Oliveira, 2013; Saleem and Kannan, 2018; Ogawa et al., 2021). The use 
of fish models in social stress research is also increasing that various 
social stress models such as social defeat stress (Higuchi et al., 2019; 
Lim et  al., 2020), social isolation stress (Shams et  al., 2017), and 
intruder/predator stress (Fischer et al., 2014; Xu et al., 2019) have 
been developed.

The teleost class accounts for 30,000 fish species, making up 98% 
of all ray-finned species. They boast impressive diversity in terms of 
morphology, physiology, and behaviour (Volff, 2005; Ravi and 
Venkatesh, 2018). On top of that, this group of fishes are highly social 
creatures, displaying both positive and negative social behaviours. In 
fact, the fish social brain network display a highly conserved profile of 
behavioural, neuroanatomical, hormonal, and molecular features as 
with other vertebrates (Ogawa et al., 2021). For instance, dopaminergic 
and noradrenergic neurons in medaka (Oryzias latipes) and zebrafish 
(Danio rerio) are found to have similar neuroanatomical networks and 
physiological roles with humans (Matsui, 2017). This makes the teleost 
fishes an attractive model for social stress studies. Many social stress 
studies have employed the zebrafish as their model, however, various 
other teleosts have the potential to be used in these studies, such as the 
African cichlids – Astatotilapia burtoni, Nile tilapia (Oreochromis 
niloticus), and Mozambique tilapia (Oreochromis mossambicus) – as 
well as the medaka, and the goldfish (Carassius auratus), amongst 
many other species. Furthermore, fish has a higher rate of 
reproduction, larger number of offspring at a time, and easier handling 
techniques as compared to mammalian models, easing the process of 
designing and conducting a study. The huge variety of teleost species 
provides flexibility in choosing appropriate fish models to investigate 
specific parameters or characteristics. For instance, highly socialized 
fish such as cichlid and salmonid fish are most suitable to be used as 
a model for social stress study (Gilmour et al., 2005; Félix and Oliveira, 

2021). An advantage of fish models in social stress study as compared 
to typical rodent models is that the stress response in fish is found to 
be similar to humans where fish also secrete cortisol when stressed 
(Barton, 2002). Furthermore, the hypothalamic–pituitary-interrenal 
(HPI) axis in fish is homologous to hypothalamic–pituitary–adrenal 
(HPA) axis in humans (Winberg et al., 1997). In addition, some fish 
species exhibit diurnal or seasonal rhythmicity in response to stress, 
similar to humans, as opposed to rodents (Koch et al., 2017; Sánchez-
Vázquez et al., 2019).

Many social stress studies have focused on molecular and 
physiological effects and mechanisms. However, these molecular 
mechanisms can also translate to different behavioural phenotypes, as 
a form of adaptation to stress or as a harmful, exacerbated response. 
Here, we  will first discuss different types of social stress models 
available teleost, mainly zebrafish, as well as outline the various 
behavioural tests to measure the behavioural outputs that can be seen 
and observed due to social stress and molecular changes.

2. Social stress in teleost models

Teleost fish are highly social species. Thus, social stress set-ups 
have taken advantage of the various social behaviour observed in this 
model. At the moment, majority of the studies have been performed 
in zebrafish, with a review by Kareklas et al. highlighting its potentials 
as a model for social neuroendocrinology (Kareklas et al., 2023). As 
such, various social stress-inducing set-ups were made for zebrafish, 
although these set-ups can be adapted for other teleost species.

An important aspect of several teleost fish species is the ability to 
form social hierarchies within the population, resulting in dominant 
and subordinate fish. This particular trait causes infighting and social 
aggression between fish, mainly in males, in order to secure territory, 
nesting grounds, food, mates and breeding opportunities. Females 
may also become dominant and subordinate according to species or 
as part of parental behaviour, i.e., during mouthbrooding. Dominant 
males continuously act aggressively against subordinate males to 
maintain dominancy and territory. As a result of the lack of 
opportunities and resources, subordinates often have suppressed 
growth and reproductive function.

Social defeat paradigms are used to study the effects of antagonism 
by a more dominant conspecific or to observe the differences between 
dominant-subordinate fish. Various studies simply pair two fish of the 
same sex together, or form a small mixed sex group of fish, allowing 
them to interact and develop a social hierarchy (Larson et al., 2006; 
Filby et al., 2010; Dahlbom et al., 2011; Pavlidis et al., 2011; Tea et al., 
2019; Bozi et al., 2021; Culbert et al., 2023). Dominant or subordinate 
fish are distinguished by their behaviour. Typically, dominant display 
far more aggressive behaviour, shown by chasing or biting behaviour 
towards subordinates, are often bigger in size, and in some species, 
may have a brighter body colouration, as observed in the Nile tilapia 
and Astatotilapia burtoni (Lim et  al., 2020; Culbert et  al., 2023). 
Dominants are less likely to show anxiety-like behaviour once they 
have obtained dominancy, and occupies a large territory, often in the 
middle of the tank. In contrast, subordinates display anxiety-like 
behaviour in their swimming. They are more likely to be swimming at 
the periphery of a tank, stay at the bottom, and display freezing 
behaviour. Subordinates are more likely to spend time fleeing from 
dominants and showcase less aggressive behaviours altogether. Many 
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of these studies observed that a social hierarchy is formed early after 
initial pairing and the hierarchy is preserved for up to 5 days with no 
changes to social rank (Larson et al., 2006; Filby et al., 2010; Dahlbom 
et al., 2011; Pavlidis et al., 2011; Bozi et al., 2021; Culbert et al., 2023). 
This meant that once dominancy or subordinacy is established, is it 
less likely that the social rank will change after, particularly in 
experimental settings.

Another form of social defeat is by using previously established 
dominant fish. In our lab, we have studied the molecular effects of 
social antagonism on subordinates. This is done by placing a 
subordinate male taken from the housing tank into a tank with a 
bigger, dominant male. This ensures that the subordinate is 
continuously antagonized by a dominant, thus effects of subordinacy 
and social stress are more pronounced. We have performed two social 
defeat protocols, covering both acute and chronic social stress on the 
model species Nile tilapia (Higuchi et  al., 2019; Lim et  al., 2020; 
Thomas et al., 2021; Lim et al., 2023).

Being socially isolated has been linked to a plethora of problems 
with regards to social skills and health. In fish, a good social 
environment will lead to the development of social skills necessary for 
survival, such as predator inspection, foraging, and mate selection. 
Some species also showcase parental behaviour, with either only the 
mother, or father, or both parents participating in protecting and 
nurturing their young. Isolation studies simply require the separation 
of an individual from the shoal (Bai et al., 2016; Fulcher et al., 2017; 
Shams et  al., 2017; Saszik and Smith, 2018; Tunbak et  al., 2020; 
Marchetto et al., 2021; Shams et al., 2021; Onarheim et al., 2022). 
Several key points have to be  taken into consideration when 
performing isolation studies. The age of separation depends on 
observing the effects of development isolation or isolating as an adult. 
Some studies separated fertilized eggs into their own tanks for the fish 
to develop and grow, only testing the effects at juvenile or adulthood 
(Bai et al., 2016; Fulcher et al., 2017; Tunbak et al., 2020; Shams et al., 
2021). This addresses developmental isolation. Other studies separate 
adult fish from their shoals into their own containers (Shams et al., 
2017, 2021; Saszik and Smith, 2018; Marchetto et al., 2021; Onarheim 
et al., 2022). Many studies ensure that the tank/beaker/petri dish has 
opaque walls to prevent any visual cues from the outside environment.

Researchers have also studied the effects of overcrowding. 
Overcrowding presents the challenges of lack of resources and space 
for food and nesting, increase of infighting, and overstimulation of 
social interactions. Overcrowding studies tests the effects of different 
tank densities (Ramsay et al., 2006; Gronquist and Berges, 2013; Saszik 
and Smith, 2018; Hou et al., 2019; Fontana et al., 2021c; Shishis et al., 
2022; Tveit et al., 2022). Many studies of overcrowding focuses on fish 
welfare, particularly in long-term holding and aquaculture (Gronquist 
and Berges, 2013; Hou et  al., 2019; Shishis et  al., 2022; Tveit 
et al., 2022).

Another way to induce social stress employed by researchers is 
social instability. This paradigm creates an unstable social 
environment for the fish in a form of a disorganized social hierarchy 
(Moretz et  al., 2007; Almeida et  al., 2014; Border et  al., 2021). 
Although there are limited studies employing this strategies, a few 
tactics have been published and used. Almeida et  al. switched 
dominant male Mozambique tilapia between different tanks with 
established social environments for 7 days straight (Almeida et al., 
2014). This creates an unstable environment where a shoal loses a 
dominant, creating space for a subordinate to ascend rank, while 

also introducing a new previously-dominant male. In contrast, the 
study had control tanks with stable environments, only picking out 
dominants then putting them back in without swapping them out 
to account for net handling stress (Almeida et  al., 2014). 
Alternatively, Border et  al. used male Astatotilapia burtoni and 
induced social instability with the removal of territory (Border et al., 
2021). In the study, mixed sex shoals were placed in tanks with a 
number of flowerpots that may act as nesting grounds. Thus, 
dominant males will claim territory and defend its own flowerpot. 
The procedure included the removal and changing of the flower 
pots, simulating loss of territory, affecting the social ranks within 
the shoals (Border et al., 2021). Similarly, in another study by Moretz 
et al., different strains of juvenile zebrafish were mixed and grown 
together, to observe for the effects on the fish’s behaviour at 
adulthood (Moretz et al., 2007). This can act as a form of social 
stress and instability, as the different strains display 
different behaviours.

3. Behavioural tests in fish models

Social stress is unavoidable; thus, it is important to investigate the 
behavioural changes associated with social stress, in order to intervene 
accordingly. Social stress affects behaviour in different ways. Table 1 
shows behavioural results of social stress studies. In the following 
sections, we divide the animal behaviour into three main categories 
for discussion which are emotion, social behaviours, and cognition. 
How specific tests can be applied to study social stress are discussed 
in the following sections.

3.1. Emotions

In humans, exposure to bullying or workplace toxicity often 
leads to the development of depression and anxiety (Sittichai and 
Smith, 2015; Brouwers et al., 2016). However, the emotional impact 
of social stress is not only limited to humans but could also 
be  replicated in rodent and fish models (Henriques-Alves and 
Queiroz, 2016; Bozi et  al., 2021). Long-term exposure to social 
isolation or social defeat may lead to the development of depressive-
like behaviours, such as helplessness and anhedonia (Chaouloff, 
2013; Riga et al., 2015; Lei et al., 2022), as well as the development 
of anxiety-like behaviours (Ieraci et  al., 2016; Ma et  al., 2022). 
Quantification and assessment of depressive-like behaviours in fish 
poses a greater challenge than their mammalian counterparts. In 
mammalian models, measurement of depression via testing of 
anhedonia or despair can be established easily in rodents through 
the sucrose preference test, tail suspension test and the forced 
swimming test. In fish, however, behavioural phenotypes are often 
used as a substitute to determine depressive behaviours. Currently, 
a large number of tests conducted only measure anxiety-like 
behaviours, with limited emphasis on anhedonia and despair-like 
behaviours. General anxiety-like behaviours associated with fish 
includes freezing, defecation, hiding, as well as thigmotaxic 
behaviours (preference to walls when exploring an open spaces; 
Pellow et al., 1985; Stewart et al., 2012). However, more specific tests 
have been established to better understand and identify stress-
induced behavioural phenotypes.
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3.1.1. Novel tank test
The novel tank test (NTT) is a test developed based on the open-

field test used in rodent models to assess anxiety-like behaviour and 
locomotor activity. The procedure for both rodent and fish model are 
similar in which the animal is introduced to a novel open field 
environment and allowed to explore for a set period of time. For fish 
models, behavioural variables such as incidence of freezing, total 
distance travelled during test, swimming velocity and thigmotaxis 
(time spent near the wall vs. the center) are measured during the 
duration of the experiment (Godwin et al., 2012). The increased time 
spent in near the walls of the tank are indicative of anxiety-like 
behaviour. Other experiments also take into consideration the geotaxis 
(initial preference for the lower regions of the tank) behaviour of the 
fish (Bencan et al., 2009; Blaser and Rosemberg, 2012), whereby the 
duration spent at the bottom of the tank also corresponds to the 
degree of anxiety (Fontana et al., 2022). Several other factors could 
affect the results of NTT. For example, the direction of illumination of 
the novel tank, age of the subject fish, size of novel tank and the 
intensity of illuminating light are all factors to consider during the 

experiment (Haghani et al., 2019). As such, set-up of the experiment 
is an important aspect to consider prior to conducting the novel tank 
test. The thigmotaxis behaviours measured using this test have also 
been seen in humans to a certain extent (Gromer et al., 2021).

The use of NTT as a behavioural model to study anxiety-like 
behaviours has been tested on multiple species of teleosts, primarily 
in zebrafish (Godwin et  al., 2012; Stewart et  al., 2012), medaka 
(Matsunaga and Watanabe, 2010; Lucon-Xiccato et al., 2020, 2022), 
jundiá (Abreu et al., 2016) and guppies (Poecilia reticulata; Burns, 
2008). However, some of these studies did not focus on the emotional 
aspect of the experiment and primarily investigated the exploratory 
behaviours, habituation, and locomotor activities in response to a 
novel environment. The NTT has been one of the main methods of 
investigation used to study anxiety-like behaviours in several social 
stress experiments involving teleost (Shams et al., 2015; Nakajo et al., 
2020; Bozi et al., 2021; Onarheim et al., 2022). Anxiety behaviour after 
exposure to different types of social stress yielded conflicting results. 
Stress caused by social hierarchy were found to be  apparent, as 
subordinate zebrafishes were found to display higher anxiety-like 

TABLE 1 Summary of the findings from behavioural tests performed with different social stress paradigms in teleost models.

Behavioural test Model Social stress Findings Reference

Novel tank test Adult, Mixed Sex Zebrafish Social defeat Increase in anxiety-like 

behaviour
Bozi et al. (2021)

Adult, Male Zebrafish Social defeat No change in behaviour Nakajo et al. (2020)

Juvenile, Mixed Sex Zebrafish Social defeat No change in behaviour Menezes et al. (2020)

AB, Adult, Mixed Sex 

Zebrafish

Isolation Decrease in thigmotaxic 

behaviour
Shams et al. (2017)

Adult, Mixed Sex Zebrafish Isolation No change in behaviour Onarheim et al. (2022)

Shoaling test Juvenile, Mixed Sex Zebrafish Social defeat Increase in anxiety-like 

behaviour
Menezes et al. (2020)

WT Short fin, Adult, Mixed 

Sex Zebrafish

Isolation Decrease in social behaviour
Saszik and Smith (2018)

WT Short fin, Adult, Mixed 

Sex Zebrafish

Overcrowding Decrease in social behaviour
Saszik and Smith (2018)

TM1 and Nadia strains, 

Juvenile and Adult, Mixed Sex 

Zebrafish

Social instability Decrease in social behaviour

Moretz et al. (2007)

Mirror-biting test Juvenile, Mixed Sex Zebrafish Social defeat Decrease in aggressive 

behaviour
Menezes et al. (2020)

TM1 and Nadia strains, 

Juvenile and Adult, Mixed Sex 

Zebrafish

Social instability Increase in aggressive 

behaviour Moretz et al. (2007)

Social preference test AB, Juvenile, Mixed Sex 

Zebrafish

Isolation Decrease in social behaviour
Tunbak et al. (2020)

TM1 and Nadia strains, 

Juvenile and Adult, Mixed Sex 

Zebrafish

Social instability Decrease in social behaviour

Moretz et al. (2007)

T-maze test Juvenile, Cichlasoma 

paranaense, unidentified sex

Isolation Decrease in learning ability
Brandão et al. (2015)

Novel recognition test Adult, Male Mozambique 

tilapia

Isolation Decrease exploratory 

behaviour, increase in 

neophobia

Galhardo et al. (2012)
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behaviour compared to their control and dominant counterparts (Bozi 
et al., 2021). On the other hand, Nakajo and colleagues reported that 
repeated exposure to social defeat had no significant impact on 
thigmotaxic behaviours in zebrafish as shown by the similar time 
spent in the upper portions of the tank between control and socially 
defeated zebrafish (Nakajo et al., 2020). Additionally, social isolation 
was initially thought to induce an obvious decrease in anxiety-induced 
thigmotaxic behaviours (Shams et al., 2015). However, Onarheim et al. 
(2022) observed that social isolation had no significant effect on 
zebrafish when subjected to NTT. It is important to recognize that 
results from both teleost and rodents highlight the inconsistencies of 
using OFT as a measuring tool for anxiety-like behaviours. 
Presumably, the use of such an over-simplified apparatus could give 
us an initial insight to changes in behavioural phenotype. However, 
other tests must be complimented together with the OFT to further 
understand the full behavioural effects of stress exposure.

3.1.2. Scototaxis test
Another commonly used tool to identify anxiety-like behaviours 

in fish is the light–dark preference/scototaxis test. The procedure 
involved placing the fish into a half-black, half white tank for 
habituation. Then, the fish is allowed to freely explore the tank without 
any intervention. The number and duration of entries in each 
compartment are recorded by the observer for the whole session 
(Maximino et al., 2010). Increased activity in the white compartment 
is indicative of anxiolytic behaviours, whereas increased activity in the 
dark compartment is indicative of anxiogenic-like behaviours 
(Maximino et al., 2010). In addition to the compartmental activity 
stated above, additional parameters such as frequency of body and 
caudal fin (BCF) transient propulsions (Webb, 1984), frequency of 
‘freezing’ events, vertical distribution (top versus bottom of the water 
column; Levin et al., 2007; Echevarria et al., 2008), ventilation rate 
(Barreto and Volpato, 2004), and changes in the coloration of the 
animal (Gerlai et al., 2000; Hoglund et al., 2000; Maximino et al., 
2010) can also be additional parameters used to evaluate anxiety-like 
behaviours. The light/dark test has been mostly tested in zebrafish 
(Steenbergen et al., 2012; Holcombe et al., 2013; Magno et al., 2015; 
Baiamonte et al., 2016). However, other species of fish such as the 
bluegill (Lepomis macrochirus; Yoshida et  al., 2005), crucian carp 
(Carassius langsdorfi; Yoshida et al., 2005), goldfish (Gouveia et al., 
2005; Yoshida et al., 2005; Maximino et al., 2007), guppy (Maximino 
et al., 2007), Nile tilapia (Maximino et al., 2007), lambari (Astyanax 
altiparanae), cardinal tetra (Paracheirodon axelrodi; Maximino et al., 
2007), banded knifefish (Gymnotus carapo; Maximino et al., 2007), 
blacksmith damselfish (Chromis punctipinnis; Kwan et  al., 2017), 
onesided livebearer (Jenynsia multidentate; Calcagno et al., 2016), 
black perch (Embiotoca jacksoni; Hamilton et al., 2014) and the three-
spined stickleback (Gasterosteus aculeatus; Porseryd et al., 2019) have 
also reported similar scototaxic behaviours.

The main advantage of the light/dark test is that this test 
presents a clear conflict situation for the fish in which the fish need 
to decide between staying in preferred protected areas (e.g., black 
compartment) and an innate motivation to explore novel 
environments. Under normal physiological conditions, fish tend 
to prefer darker compartments as compared to the bright 
departments (Maximino et al., 2010). Treatment of fish models 
with anxiolytic drugs led to increase exploration and time spent in 
the light compartment as well increase locomotion (dos Santos 

Sampaio et al., 2018; Costa de Melo et al., 2019; Lachowicz et al., 
2021). Hence, we  believe that application of the light/dark 
preference test to fish models is a reliable method to examine 
anxiolytic drugs.

However, it is still unclear whether the scototaxic behaviours of 
fish is due to the actual presence of anxiety-like behaviours or due to 
other potential factors. For example, the scototaxic behaviours of 
medaka, who are subjected to intense predation in the wild (Nakao 
and Kitagawa, 2015), were found to be significantly different than 
zebrafish, whereby the medaka spent equal amounts of time in the 
light and dark compartments (Lucon-Xiccato et al., 2022). Hence, the 
scototaxis test cannot be blindly implemented into any experimental 
design and requires a better understanding of the nature of the fish 
before subjecting them to any experimental paradigms.

3.1.3. Elevated plus maze
The elevated plus maze test is another widely used behavioural 

assay to assess anxiety-like behaviours in rodents (Walf and Frye, 
2007) and several attempts have been made to mimic the EPM test in 
fish, primarily in zebrafish. Amongst them, the swimming plus maze 
test designed by Varga and colleagues, is one of the first attempt to 
replicate the experimental design of the EPM (Varga et al., 2018). 
Similar to EPM in rodents, their experimental setup involves a “+” 
shaped platform consisting of 2 + 2 opposite arms, different in depth, 
connected by a center zone. A more detailed protocol is explained by 
Varga et  al. (2018). In this experiment, both larval and juvenile 
zebrafish were found to have increased activity in deeper arms 
compared to shallow arms (Varga et  al., 2018). Presumably, these 
bottom dwelling behaviours are similar to the thigmotaxis behaviour 
displayed in rodents, with an increased time being spent in the bottom 
being an indication of anxiety-like behaviours (Blaser and 
Goldsteinholm, 2012). In this experiment, administration of anxiolytic 
compounds, such as buspirone and chlordiazepoxide, caused an 
increase in shallow arm activity whereas administration of an 
anxiogenic compound, such as caffeine, promoted deep arm 
preference and activity (Varga et  al., 2018). Taken altogether, the 
swimming plus maze test functions as an alternate method of 
measuring anxiety, utilizing the zebrafish’s unique characteristic of 
preferring greater depths over shallower surfaces (Blaser and 
Goldsteinholm, 2012; Blaser and Rosemberg, 2012). Another variation 
of the EPM test is the submerged plus maze test developed by Hope 
et al. (2019). Compared to Varga’s version (Lai et al., 2020) of the maze 
test, which is specific to the zebrafish’s preference for deeper surfaces, 
this version relies on the scototaxic behaviour of the fish. The 
submerged plus maze apparatus is shaped as a plus symbol with 
alternating black (black fill) and transparent (white fill, dashed lines) 
arms, this results in two visually closed arms, two visually open arms 
and a center area. Behaviour scores are then given based on the 
number of lines crossed per area, amount of time spent in each area, 
total number of lines crossed, number of entries into new arms as well 
as number of entries into open arms (Hope et  al., 2019). Higher 
anxiety-like behaviours are categorized by higher activity in the black 
arms, while higher activity in the transparent arms is indicative of a 
lack of anxiety. Both aquatic adaptations of EPM appear similar at 
first, but they measure anxiety based on different behavioural 
phenotypes. Although both may seem adequate for screening of 
anxiolytic drugs, their use in social stress studies is questionable and 
has yet to be proven. Regardless, future studies should attempt to 
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incorporate both thigmotaxis and scototaxis behaviours when 
developing future versions of the EPM in fish models.

3.1.4. Zebrafish tail immobilization test
One of the main consequences of social stress is the emergence of 

despair-like behaviours. In humans, this is can be seen through the 
portrayal of learned helplessness, which refers to the failure of 
individuals to pursue, utilize, or acquire adaptive instrumental 
responses (Nuvvula, 2016). In typical rodent models, assessment of 
learned helplessness can be  observed either through the tail 
suspension test (TST) or the forced swimming test. The study of 
behavioural despair in teleost models has recently garnered attention. 
Indeed, several studies have noted the ability of zebrafish to display 
helpless responses akin to their mammalian counterparts (Lee et al., 
2010; Andalman et al., 2019; Mu et al., 2019). However, behavioural 
experiments to investigate and assess behavioural despair is difficult 
to implement in fish models. Analogous to the tail suspension test 
(TST) in rodents, the ZTI is the first known method of measuring 
behavioural despair in fish (Demin et al., 2020a). In TST conducted 
in rodents, the animals are suspended midair by their tails, which will 
then develop into an immobile posture (Porsolt et al., 2001; Cryan 
et  al., 2005). The lack of escape-related behaviours or activities is 
indicative of despair-like behaviour and is measured via total duration 
of immobility and number of immobility episodes (Ueno et al., 2022). 
In ZTI, this experiment involves the vertical suspension and the 
immobilization of the caudal half of the body while leaving the cranial 
part to move freely in a small beaker of water. In contrast to the TST, 
the ZTI test measures the total ‘activity’ of the zebrafish when 
immobilized instead of total immobility time, with ‘activity’ being 
defined by the total distance moved during the experiment by the 
center-point of the free handing zebrafish’s body (Demin et al., 2020a). 
Despair-like behaviour is then characterized by reduced ‘activity’ 
which mimics the learned helplessness state experienced by rodents. 
Theoretically, the ZTI could be used to study learned helplessness and 
despair-like behaviours in social stress models. However, this has yet 
to be proven. The ZTI is the first to show and measure despair-like 
behaviours in teleost. Application of the ZTI is currently limited to 
zebrafish, however its potential implementation in other species of fish 
seems promising. One potential issue is that there is currently a lack 
of additional studies to verify the validity of this behavioural 
experiment. The current interpretation of results is primarily based on 
our current understanding of behavioural despair in rodent models, 
but how our understanding of behavioural despair in rodents may not 
exactly translate to in fish models. Furthermore, implementation of 
the TST in other species of fish could prove challenging in bigger sized 
fish and could require additional set-up.

3.1.5. Anhedonia
Another symptom of social-stress induced depression is the 

presence of anhedonia. Anhedonia is defined as the loss of interest or 
pleasure in daily activities, which is a core symptom of depression 
(Moreau, 2022). In rats, chronic stress was found to decrease reward-
seeking behaviours, exploration, and locomotor activity in rodents, 
and these reductions are regarded as loss of motivation. Anhedonia 
has been extensively studied in zebrafish with a recent review 
highlighting the behavioural tests used to study the various 
phenotypes of anhedonia (de Abreu et al., 2022). Amongst them, the 
conditioned place preference (CPP) test could be  implemented to 

mimic the effects of the sucrose preference test in rodents. The sucrose 
preference test is a reward-based test which is commonly used to 
measure anhedonia. A reduction in the sucrose preference ratio in 
experimental relative to control rodents in indication of anhedonia 
(Root et al., 2018). In zebrafish, the CPP could theoretically be used 
to measure social-stress induced anhedonia in fish. In the CPP 
paradigm, zebrafish showed preference for the environment that has 
previously been associated with a substance (typically a drug), hence 
indicating the positive-reinforcing qualities of that substance (Mathur 
et al., 2011). Anhedonic behaviours can then be evaluated by the lack 
of preference to the drug-associated environment. Furthermore, 
assessing anhedonic behaviours could also be conducted via several 
social tests, which are discussed below. Currently, most studies have 
primarily focused on the development of anxiety-related behavioural 
assays. In hindsight, the most optimal behavioural paradigm to 
achieve this is through the aquatic adaptations of the EPM, which 
could potentially incorporate the thigmotaxic, geotaxic and scototaxic 
behaviours into its design. Besides that, a myriad of studies has also 
been conducted to evaluate anhedonic behaviours in zebrafish. 
However, it’s incorporation to other fish models may not be applicable 
due to the difference in species. One of the current limitations of using 
fish to study symptoms of depression is the lack of behavioural 
paradigms investigating learned helplessness (behavioural despair). 
Hence, there is a need to expand upon this field for future studies 
involving depression.

3.2. Sociability

The act of being social is fundamental and inherent to any living 
being, conserved across species, between humans and primates, to 
rodents and fish. Humans live in communities and form meaningful 
and supportive connections with each other. In fact, stable and 
supportive social interactions lead to longer life expectancies in 
humans (Holt-Lunstad et al., 2010). The social brain network is an 
evolutionary conserved structure in the vertebrate brain (Sandi and 
Haller, 2015; Ogawa et al., 2021). Likewise, the social brain network 
of fish is homologous to that of mammals (Ogawa et  al., 2021). 
Stressful experiences from conspecifics can prompt changes in the 
social brain network at the level of functionality, neurochemical, 
epigenetic mechanisms, and structural changes, resulting in 
behavioural changes (reviewed by Sandi and Haller, 2015). Thus, 
observing for changes in social behaviours can indicate dysfunction 
in the social brain network and be a good tool for stress studies. Early 
life stress experiences are linked to increased aggression, social 
anxiety, and isolation in adult humans (Sandi and Haller, 2015). 
Victims of childhood bullying had high involvement with drug abuse 
and crime at a later age (Lee et al., 2022). Studies in rodents have also 
found altered social behaviours after exposure to stress. Early social 
isolation of mice decreased social behaviour and interest to a 
conspecific (Kuniishi et  al., 2022). Social instability in adolescent 
female rats reduced social interactions (Asgari et al., 2021). Thus, it is 
clear that stress linked to social factors can impact social behaviour. 
Fish showcase a vast array of social behaviours (Ogawa et al., 2021). 
For example, fish can display social decision making in response to 
their social environment and interactions. Teleosts like the Nile tilapia 
and Astatotilapia burtoni have social hierarchies that involve dominant 
and subordinate males. These positions are not fixed and can change 
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according to the situation; subordinate males are quick to assert 
dominance once the previous dominant male is no longer present. A 
few behavioural tests have been developed to study social behaviour 
in fish. Majority of studies were conducted on zebrafish and were used 
to reliably evaluate the effects of toxins and pollutants that can affect 
behaviour. Therefore, these tests can also be  used to show social 
behavioural changes in social stress studies. The behavioural tests may 
also be altered for different fish species accordingly.

3.2.1. Mirror-biting test
The mirror-biting test is used to study aggression in fish (Pham 

et al., 2012; Way et al., 2016; Audira et al., 2018). Heightened aggressive 
behaviour is often seen as a response to stress and may be detrimental 
for social interactions. However, even aggression can be  seen as 
normal social behaviour due to the tendency for teleosts to form social 
hierarchies. Therefore, even a lack of aggression can be  seen as 
impacted social behaviour. The set-up is simple, where a tank with a 
mirror attached on one of its walls is used. Several points of measures 
are taken, including the time taken to first approach, time taken to first 
contact, number of approaches and contact. Contact is seen as 
“butting” or “biting” the fish’s own reflection on the mirror. Pusceddu 
et al. (2022) explained that the test can be performed in two ways with 
slight differences, (1) putting in a mirror into an occupied tank, or (2) 
adding in the test fish into a tank with an already attached mirror. The 
first method may trigger the zebrafish’s defences of an ‘intruder’ into 
its space, while the second method tests novelty towards both the 
mirror and tank. The zebrafish will first display wariness to the mirror 
and gradually build to approach. The “biting” behaviour will likely 
occur early on during the test but as the time goes on, the fish will start 
to get used to its reflection. Heightened aggression is characterized by 
higher number of approaches and ‘biting’ behaviour. An alternative 
method to evaluate aggression in fish is by pairing up with a real 
opponent conspecific and staging a ‘fight’. This is a simple method 
where the test fish are tagged and placed together in the same tank, 
with their interactions recorded for observation, similar to the 
resident-intruder paradigm in rodents (Teles and Oliveira, 2016). 
Often, a dominant and a subordinate will be established by the end of 
the pairing. The same fish can be paired up with other fish to observe 
for their ‘fighting’ behaviour as according to their ‘winner’ or ‘loser’ 
status. Indeed, ‘winners’ display more aggressive behaviour than that 
of the ‘losers’ (Oliveira et al., 2016).

Juvenile zebrafish that faced aggressive, alcohol-influenced male 
adults displayed low levels of aggression towards their own reflections 
(Menezes et al., 2020). Stressed adult male zebrafish, in the form of 
‘losers’ in staged fights, are likely to lose their subsequent fights, 
indicating lower motivation, while the ‘winner’ fish are more likely to 
win their next fights (Oliveira et al., 2011; Nakajo et al., 2020). Thus, 
it can be seen that social stress can reduce aggression, induce fear and 
avoidance behaviour, with lower social motivation in stressed 
zebrafish. This meant that these zebrafish are less likely to assume 
dominant positions in the shoal, thus, reducing mating opportunities 
and access to food and resources. The impact of social subordination 
on reducing aggression seems to be conserved between juvenile and 
adult zebrafish. In contrast, social instability stress from being grouped 
with a different zebrafish strain induced an increase in aggressive 
behaviour compared to pure-strain groups (Moretz et al., 2007). Thus, 
exposure to other behaviours from other strains can impact 
aggressive behaviour.

3.2.2. Social preference test
The social preference test can be used to measure the ability to 

recognize and interact with conspecifics. In animals with no social 
deficits, it is likely that there is a preference towards their conspecifics 
to be social rather than being alone. In fact, anhedonia-like behaviour 
induced by stress can be observed through the social preference test. 
Social anhedonia is the loss of pleasure in social interactions and lower 
social motivations, seen in debilitating conditions such as major 
depressive disorder and schizophrenia (Enneking et al., 2019; Cohen 
et al., 2020).

A few protocols have been published for zebrafish, with slight 
differences (Pham et al., 2012; Audira et al., 2018; Norton et al., 2019), 
and is comparable to the rodent three-chamber sociability test 
(Kaidanovich-Beilin et al., 2011; Rein et al., 2020). Essentially, a large 
tank is used and divided into smaller chambers of the same size, 
separated by removable, transparent barriers. According to Pusceddu 
et al. (2022), these chambers can be designated as conspecific chamber, 
conspecific arm, middle chamber, empty arm, and empty chamber. 
Conspecific fish, as a shoal or just a singular fish, act as social stimulus 
and are placed into the conspecific chamber. The other end is 
designated as the empty arm. There are several ways to measure 
sociability from this test, including, counting the number of entries 
into either conspecific arm or empty arm, comparing the time spent 
in a specific arm with the total test time, or a ratio of time in the 
conspecific arm versus the empty arm. Higher sociability is shown by 
spending more time in the conspecific arm. This behaviour may 
be affected in fish with social deficits. To make it even simpler, a three-
chamber apparatus can be used, with only a conspecific arm, a holding 
chamber in between, and an empty chamber. Swimming close to 
either chamber indicates preference. Norton and colleagues modified 
the social preference protocol slightly to test for social novelty (Norton 
et al., 2019). The first phase consists of a similar social preference 
set-up mentioned above, but a second phase is added to test curiosity 
and interaction towards a novel conspecific or shoal. An unfamiliar 
group of conspecifics is added to a different chamber. The two 
variables of interest include the time spent near the familiar conspecific 
chamber and the time spent near the novel chamber. Typically, the 
zebrafish should spend more time exploring the novel, unfamiliar 
shoal, indicating higher social behaviour.

Ogi and colleagues published a systematic review detailing 
zebrafish studies using the social preference test (Ogi et al., 2021). 
Some criteria may need to be considered when designing the social 
preference test for a study. Preference towards a shoal seemed to be a 
learned criterion, where zebrafish preferred the same species 
conspecifics or is similar in phenotype (Engeszer et al., 2004; Saverino 
and Gerlai, 2008). At the same time, zebrafish tend to prefer bigger 
conspecifics compared to smaller ones (Aslanzadeh et al., 2019). A 
few studies have employed the social preference test to evaluate for 
behavioural changes after social stress. Male adult zebrafish that faced 
repeated social defeat did not display any changes to social preference 
towards conspecifics, including lower aggression (Nakajo et al., 2020). 
In contrast, isolated juvenile zebrafish displayed significantly lower 
social behaviour by spending lesser time near its conspecifics, and 
showcased long durations of freezing behaviour (Tunbak et al., 2020). 
Additionally, an unstable social environment in juvenile zebrafish 
lead to lower social behaviour and moving away from shoal stimulus, 
although this effect was strain specific (Moretz et al., 2007). Thus, it 
is likely that the different forms of social stress is able to induce 
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different reactions to the zebrafish’s social preferences. Outside of 
social stress, acute physical stress reduced the zebrafish’s preference 
to its conspecifics (Giacomini et al., 2016). Similarly, acute stress on 
the jundiá fish made them less social, as evaluated from the lower 
number of entries and time spent in the zone near conspecifics 
(Abreu et  al., 2016). Interestingly, untreated zebrafish reacted 
negatively to pain in the social preference test. Untreated fish 
preferred buffer treated zebrafish over acetic acid-treated fish, likely 
due to visual pain manifestations (Rosa et al., 2022). This shows that 
the social preference test can be used to study the fish’s reaction to 
distress and test its perception in other conspecifics. A possible 
alternative for the social preference test set-up includes using 
transparent tanks and lining them up together, thus, possibly 
accommodating bigger fish and reduce costs on getting 
special equipment.

3.2.3. Shoaling test
The shoaling test is used to evaluate overall social behaviour and 

is specific to fish (Pham et al., 2012; Way et al., 2016; Audira et al., 
2018). Zebrafish, and many other fish species, naturally form shoals 
which represent complex interactions in coordinated movements. In 
fact, shoaling is thought to be  protective and an anti-predator 
behaviour as being in a group reduces risk of being caught (Paijmans 
et  al., 2020). Shoaling may act as a ‘social buffering’ mechanism, 
reducing the effects of stress on individual fish and hasten recovery. 
Anhedonic-like behaviour can also be potentially observed in this test, 
together with a reduction in social motivation.

The set-up simply requires a group of zebrafish in a tank. A line 
can be drawn horizontally across the tank to separate the top and 
bottom parts. With a shoal, several endpoints can be taken. Generally, 
the spread of the group can indicate levels of anxiety. A tighter, closely 
packed shoal is likely to be more anxious, while a loose shoal indicates 
lower levels of anxiety. Other parameters such as inter-distance 
between closest neighbours, average inter-distance between 
individuals of the shoal, or percentage of fish at the top half of the tank 
versus the bottom half (for more details see Pusceddu et al., 2022).

Exposure to an aggressive adult resulted in juvenile zebrafish to 
form tighter shoals with low average interindividual distances 
compared to naïve, unexposed controls (Menezes et al., 2020). Both 
isolation and overcrowding resulted in loose cohesion within adult 
zebrafish shoals, with observations of greater distance between 
neighbours, indicating lower sociability after these two forms of social 
stress (Saszik and Smith, 2018). As such, different social stresses, in 
this case, aggression versus isolation and crowding, will cause different 
responses in shoaling. The opposing results may also be due to the age 
of exposure to social stress. Zebrafish formed tighter shoals in 
response to a new environment, but loosened up after a period of time 
(Kleinhappel et al., 2019), indicating that social interaction increased 
after an acute stressor, likely to reduce risk of danger. Indeed, being in 
a group has positive and calming effects on fish, including, reducing 
metabolic demands in the damselfish (Chromis viridis; Nadler et al., 
2016), increase swimming efficiency in the thicklip grey mullet 
(Chelon labrosus; Hemelrijk et al., 2015), and better decision-making 
effects against predators in the mosquitofish (Gambusia holbrooki; 
Ward et  al., 2011). Additionally, chronic unpredictable stress had 
caused anxiety-like behaviour and tighter shoals than controls (Demin 
et  al., 2020b). Therefore, tighter shoals indicate a stress response 
behaviour and adaptation against stress and predator.

3.3. Cognitive function

Cognition can be defined as the ability to acquire, retain, and use 
information or knowledge (Kihlstrom, 2018). This includes learning, 
memory formation, attention and using the information to coordinate 
motor outputs. Under socially stress condition, the affected emotion 
will in turn influence cognitive functions including attention, working 
memory, and motivational or reward-based decision making (Okon-
Singer et al., 2015). A recent longitudinal study in the United States 
found social stress is associated with declining episodic memory and 
executive functions (Lindert et al., 2022). Cognition can be tested 
using behavioural tests as one’s cognitive ability can be  presented 
through their behaviour. The fish species is proven to have cognitive 
ability where the fish is able to learn and form memory (Brown, 2020; 
Salena et al., 2021). Several studies even reported numerical cognition 
in fish (Agrillo et al., 2017; Vila Pouca and Brown, 2017). However, 
only few social stress studies using fish models have included cognitive 
functions as a parameter. Since it is known that social stress can affect 
cognitive functions, cognitive behavioural tests should be performed 
in social stress study for drug discovery or neural and molecular 
mechanism for a comprehensive understanding of social stress effects. 
Common behavioural tests used in fish models to assess the fish’s 
cognitive ability are condition place preference/avoidance, Y-maze, 
T-maze, and novel object recognition test.

3.3.1. Conditioned place preference/conditioned 
place avoidance

Conditioned place preference/aversion (CPP/CPA) is a 
behavioural paradigm based mainly on the principles of classical 
conditioning (Tzschentke, 2010) used to assess memory consolidation 
and retention ability (Blank et al., 2009). Social stress studies use more 
of the CPA paradigm, also known as the inhibitory avoidance test, 
than the CPP. The assay includes using a tank with two distinct 
compartments separated by different visual cues. The visual cues can 
be bright/dark, clear/dot or colored/uncolored. A pre-test can always 
be  carried out to determine if the animal prefers any of the 
compartment. For CPA procedure, the animals will first be placed in 
the unpreferred compartment and given a punishment upon entry 
into the preferred compartment. The number of training sessions can 
vary depending on study design (Blank et al., 2009; Manuel et al., 
2014; Lai et al., 2020). The test session includes measuring the latency 
to enter the compartment paired with aversive stimulus. Memory 
intact animals will show increased latency to enter the compartment 
after training, indicating that they recall the punishment associated 
with entry. Meanwhile for the CPP paradigm, a reward is paired with 
the unpreferred compartment, and the time spent in the previously 
unpreferred compartment measured. The time taken to enter the 
opposite compartment during training and test sessions are usually 
recorded (Bertoncello et al., 2022). Difference between the latencies 
from training to test session can be calculated as index of memory 
retention. Due to the nature of CPP/CPA assay that associate decision 
with punishment or reward, the effect of social stress on reward-
oriented decision-making could also be evaluated.

Although no study has yet to use the test in fish models for social 
stress study, the test has been used in rodent models. Chronic social 
defeat stress in mice is found to cause a decrease in inhibitory 
avoidance behaviour (Monleón et al., 2015). The finding indicates that 
social stress may impact memory formation and the reward-seeking 
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cognitive functions resulting in less reward-seeking behaviour or 
impaired memory consolidation. On the other hand, in other type of 
stress study, Tuebingen long-fin zebrafish were found to have 
decreased inhibitory avoidance learning and memory formation 
ability after chronic unpredictable stress (Manuel et  al., 2014). 
Interestingly, the study found that the results were more profound in 
the zebrafish group exposed to stress during resting phase, compared 
to during the active phase. For example, not only did the fish stressed 
at night had higher whole-body cortisol levels, the gene expression 
levels of corticoid receptor genes and bdnf were increased, indicating 
higher responses to cortisol and higher neuronal differentiation. These 
changes in molecular level may be the factors influencing the learning 
and memory of zebrafish under stress conditions. In addition, goldfish 
is also shown to have inhibitory avoidance behaviour (Faganello et al., 
2003; Faganello and Mattioli, 2007; Faganello and Mattioli, 2008). 
Thus, CPP/CPA assays are suitable behaviour-specific tests to study 
rewards-based decision making or memory formation under social 
stress in teleost fish models.

3.3.2. Y-maze test
The Y-maze test, mainly used to assess spatial memory, is named 

after the apparatus used in the test which is a Y-shaped tank with arms 
of identical length. Different protocols have been utilized in Y-maze. 
The commonly used tests are novel arm recognition test (Cognato 
et  al., 2012; Pecio et  al., 2022) and spontaneous alternation test 
(Fontana et  al., 2021a,c). The novel arm recognition test usually 
includes two sessions. The animal model is allowed to explore the tank 
in the first session, however, one arm is closed off. Next, during the 
test session, the animal will be allowed to freely explore all three arms. 
The time spent in each arm, total distance traveled, mean speed, and 
turn angle are all recorded. This test is developed based on the fact that 
the animal naturally prefers exploring novel environments instead of 
familiar environments. Spending more time in the novel arm indicates 
the animal memorized which of the arms it had previously explored, 
reflecting an intact spatial memory. Geometrical cues can also 
be given outside the tank or stuck on the wall of the arm to help the 
animal recognize different arms. Another application of Y-maze is the 
spontaneous alternation or also known as free movement pattern 
(FMP) Y-maze test in fish models. The test is simple in which the 
animal is placed into the Y-maze tank and allowed to freely explore all 
three arms (Fontana et al., 2021a,c). The turning choice of the animal 
is recorded. A correct alternation is determined by continuously 
visiting a new arm and not previously visited arm. Recognizing a novel 
arm is an indication of spatial learning and memory ability. The test 
can be carried out with geometrical cues outside the maze or no extra 
cue is given. The work done by Cleal et al. further demonstrate that 
the FMP Y-maze can be translated into humans for assessing working 
memory (Cleal et al., 2021).

Fish have spatial memory and often use spatial reference for 
foraging in nature (Brown, 2020). Therefore, fish models are suitable 
to be used for the study of spatial and working memory. Y-maze has 
been carried out in zebrafish (Cognato et al., 2012), goldfish (Ohnishi, 
1997), Astyanax fasciatus (Burt de Perera and Holbrook, 2012), and 
Arctic char (Salvelinus alpinus; Håkan Olsén and Winberg, 1996). 
Although no work has related social stress and Y-maze test in fish but 
other type of stress studies has been carried out. Studies in zebrafish 
have demonstrated chronic unpredictable early-life stress (CUELS) 
only affects the FMP Y-maze performance of adult zebrafish when 

stress is given to fish of 1 week old but not 6-weeks-old (Fontana et al., 
2021b,c). The findings suggest that spontaneous alternation in Y-maze 
test is sensitive to the timing of stress exposure. Besides, research using 
rodent models has shown social stress is able to impair Y-maze 
performance. For example, chronic socially defeated rodents fail to 
recognize novel arm in Y-maze test (Tian et al., 2018; van der Kooij 
et al., 2018). Furthermore, aged mice subjected to chronic social stress 
during adolescence show impaired Y-maze performance (Sterlemann 
et al., 2010). Study in rats also show social-single prolonged stress 
reduced the spontaneous alternations in Y-maze (Fulco et al., 2022). 
Taken together, social stress can affect the performance of animals in 
the Y-maze test, thus, this test should also be included in social stress 
study to assess spatial and working memory.

3.3.3. T-maze
T-maze is a popular behavioural test in rodent models for 

assessing working memory and has been adapted to be used in fish 
models. For fish models, T-maze is a four-day protocol with 3 days of 
learning following a test session on the fourth day mainly used to 
assess spatial learning and memory (Kaur et al., 2022). Generally, the 
apparatus is a T-shape tank with one long arm and two short arms. 
The short arms design could vary depending on the needs of the 
experiment. Some T-maze tanks come with deeper chambers in the 
short arms (Pusceddu et al., 2022), or the walls of the short arms are 
coded with color. Normally the fish will learn to associate one arm 
with reward or punishment. The fish can be given rewards (food or 
enriched environment; Braida et  al., 2020; Kim et  al., 2022) or 
punishment (mild electric shock or disturbance by glass rod; Kaur 
et al., 2022) when it enters a designated arm depending on the study 
need. Punishment is normally used to test for avoidance learning 
while rewards test for spatial learning and memory. The fish will 
undergo training for days to reinforce the learning of avoidance or 
entries. On the test day, parameters such as the latency to move, 
number of entries into correct arms, and latency to enter either arm 
are measured. Intact learning and memory ability are represented by 
correct entries of arm. Similar to CPA/CPP, T-maze is also dependent 
on emotion or motivation for completion of cognitive task. Therefore, 
T-maze is also a relevant cognition behaviour test for social stress to 
test reward-based decision making.

Social isolation in a cichlid fish, Cichlasoma paranaense is found to 
impair learning in T-maze (Brandão et al., 2015). On the other hand, 
in rodent models, both social defeat and chronically social stressed rats 
showed impaired performance in T-maze suggesting the test is sensitive 
to stress and suitable for assessing cognitive functions (Ferragud et al., 
2010; Novick et al., 2013). In addition, the T-maze apparatus is also 
used in other teleost fish model including common carp (Cyprinus 
carpio; Garina et al., 2016), killifish (Kryptolebias marmoratus; Rossi 
and Wright, 1953), mangrove rivulus (Kryptolebias marmoratus; Chang 
et al., 2012), Port Jackson sharks (Heterodontus portusjacksoni; Byrnes 
et al., 2016), goldfish (Romaguera and Mattioli, 2008; Facciolo et al., 
2011, 2012), grey bamboo shark (Chiloscyllium griseum; Schluessel and 
Bleckmann, 2012), ornate wrasses (Thalassoma pavo; Zizza et  al., 
2017), mosquitofish (Vinogradov et al., 2021), Siamese fighting fish 
(Betta splendens; Craft et al., 2003, 2007; Shapiro and Jensen, 2009), 
Girardinus falcatus (Bisazza et al., 2001), guppy (Miletto Petrazzini 
et al., 2017) for different purposes such as learning test, lateralization 
and decision-making study. T-maze is an apparatus with great 
flexibility for assessing cognitive functions and the performance is 
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sensitive to stress exposure, thus, should be incorporated in future 
social stress study as one of the behavioural parameters.

3.3.4. Novel object recognition test
Another popular cognitive test in fish models is the novel object 

recognition (NOR) test (DePasquale et al., 2021). This test includes 
three phases. Firstly, the fish is introduced to the experimental tank 
without anything for habituation. The time for the fish to acclimatize 
to the tank varies from minutes (May et al., 2016) to days (Kaur 
et al., 2022). Then, two similar objects are placed into the tank at 
equal distances from each other. The fish is reintroduced into the 
tank in the middle chamber and allowed to explore. After that, one 
of the objects is replaced with a novel object. The fish is introduced 
into the tank again after different time intervals and allowed to 
explore. The time spent around each object is recorded and 
presented as proportion of time spent around the object or 
proportion of total time. Intact memory formation ability is 
represented by spending more time around the novel object. This 
test exploits the fact that the fish prefer exploring a novel object 
(Gaspary et al., 2018).

However, there are a few points that need to be noted for this 
test. The personality of the fish will affect the results. For example, 
juvenile fish tend to be shyer, thus, might favor familiar objects 
more while bold fish will explore more around novel objects 
(Lucon-Xiccato and Dadda, 2014). Moreover, the size, pattern, and 
color of the object also influences the test results. A bigger object 
might be seen as a predator to the fish, and fish tend to have color 
preference (Kawamura et  al., 2010; Roy et  al., 2019). Hence, to 
minimize the effect of the influencing factors, a pre-test can 
be carried out using a non-experimental but the same batch of fish 
to ensure the fish do not have prior preference towards one of the 
objects used.

NOR has not been popularly used for social stress experiments 
in fish. However, this test has been used in zebrafish (DePasquale 
et al., 2021), guppy (Lucon-Xiccato and Dadda, 2016), Astatotilapia 
burtoni (Wallace and Hofmann, 2021), Caribbean bicolour 
damselfish (Stegastes partitus; Hamilton et al., 2017), and European 
chubs (Squalius cephalus; Santos et  al., 2021), in other studies, 
showing that fish models are able to recognize novel and familiar 
objects. Besides, findings from rodents’ study suggested social stress 
impaired recognition memory especially in vulnerable individuals. 
For instance, the recognition index of social stress susceptible mice 
is significantly lower than the control or resilient mice (Huang et al., 
2013; Duque et al., 2017; Costa et al., 2022). However, interestingly, 
social isolation in female rats did not affect the recognition memory 
as both control and stressed rats explored the object at novel 
location more (McCormick et  al., 2010). In fact, both fish and 
rodents have reported sex differences in NOR probably due to sex 
differences in exploring behaviour (Lucon-Xiccato and Dadda, 
2016; Bath et al., 2017; Agarwal et al., 2020; Wallace and Hofmann, 
2021). In addition, social status of fish is found to be able to affect 
the NOR preferences where lower status fish prefer familiar object 
while dominant male fish prefer novel object (Wallace et al., 1845). 
Besides, in Oreochromis mossambicus, social isolation cause 
impaired NOR behaviour (Galhardo et al., 2012). Both findings 
collectively show that the social environment could affect 
NOR results.

Furthermore, fish are known to have social memory and can 
recognize conspecific, the test can be further modified into social 
discrimination test, a test used in rodent models for assessing social 
memory. Instead of object, conspecific is used to test if the animal 
will explore the novel or familiar animal more (Sterlemann et al., 
2010). In fact, a similar test has already been employed in zebrafish 
model (Kumari et al., 2023). Social memory can be affected during 
social stress condition; Therefore, the test is useful to assess 
social cognition.

3.4. General discussion

Research has been carried out to understand the impact and/or 
neural and molecular mechanism of social stress using animal 
models for discovery of new treatment or drug target to counterpart 
the negative effects of social stress. Behavioural parameters present 
as a vital component in a study for understanding the consequences 
of stress or the effect of anxiolytic drugs. Emotion and sociability 
related behavioural tests are more commonly used for social stress 
study while cognitive related tests have been used less. This may 
be due to most of the study only focusing on emotion and social 
behaviour components under stress conditions. Nevertheless, 
cognitive functions are also closely related and influencing emotion 
and social behaviour, therefore, cognition related behavioural should 
also be included in social stress study. For example, a study using 
cognitive behavioural test found that monoamine oxidase inhibitor 
helps to protect the brain of goldfish from the effect of social defeat 
stress and prevent cognitive decline (Thangaleela et al., 2021). This 
study has demonstrated the application of cognitive behavioural 
tests together with molecular parameters in social stress study can 
help elucidate the mechanism of social stress effects. Furthermore, 
using multiple types of behavioural test in one study a more holistic 
understanding of the stress effects. For instance, using mirror-biting 
test and NTT, exposure to aggressive adult during juvenile phase in 
zebrafish shown to decrease aggressive behaviour later in adult phase 
without changing the anxiety level or locomotor activity (Menezes 
et al., 2020), suggesting previous stress experience might reduce the 
motivation for social interaction but does not cause anxiety-like 
behaviour. By using just two different types of tests, it may be ruled 
out that in the study the reduced aggression in adult zebrafish is not 
due to heighten anxiety level but may be caused by other factors.

In addition to the usage discussed above, most of the behavioural 
tests can be further modified to answer different research questions. 
For instance, Y-maze in fish models can also be modified to carry out 
barrier task same as in rodent models. Besides, T-maze can be used in 
different scenarios to assess different behaviour in fish such as memory 
and learning, despair-behaviour, and lateralization. Various 
parameters can be recorded and analyzed for a test such as latency to 
move, latency to enter correct arms, number of entries, time spent in 
correct arms, and mean speed. A video of the fish during the test is 
normally recorded and analyzed using different software. Besides, for 
the tests that include learning and trial phase, the fish can 
be categorized as learner or non-learner (Brandão et al., 2015), while 
short-term and long-term memory can be assessed with different time 
intervals between training phase and trial phase (Fu et  al., 2021). 
Taken together, the behavioural tests are flexible to suit different social 
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stress studies. Similar to rodent’s behavioural tests, the tests in teleost 
fish models are not perfect and hold limitations. Most of the tests 
mentioned above are widely used in zebrafish models only but 
application to other fish models is possible with a few considerations 
to note. Some pre-tests should be done to ensure the results are reliable 
and comparable. For example, fish have different light/dark preference, 
color preference (Roy et al., 2019), and preference for novel objects, 
thus, a pre-test is important to determine the fish preference to ensure 
these influencing factors have been considered while designing the 
test. It should also be noted that fish within the same species can have 
different learning ability. For instance, Tupfel Long-Fin zebrafish 
rapidly learns to avoid the dark compartment while AB strain zebrafish 
show no inhibitory avoidance learning (Gorissen et  al., 2015). 
Furthermore, the results of each test are sensitive to external factors 
such as the presence of investigator and external cue, thus, the 
environment where the test is carried out should be kept constant for 
comparable and reproducible results. The results produced are affected 
by the motivational status of the fish as well because motivation/
emotion affects the willingness of fish to swim (Wood et al., 2011). 
Moreover, the majority of the cognition related behavioural tests only 
assess spatial memory which is non-declarative memory. Although 
newer behavioural tests for declarative memory are developing in fish 
(Andersson et al., 2015), the progress is definitely slower than for 
rodent models. Moreover, emotion related behavioural tests are also 
limited to assessing anxiety-like behaviour while test for measuring 
despair-like or anhedonia behaviour is still scarce. Nevertheless, 
behavioural tests in fish are generally on smaller scales and less time 
consuming while producing highly reliable data that are comparable 
to rodent models.

4. Future perspectives

The similarity of social stress response between fish and 
humans brain makes fish model particularly relevant for 
translational research perspectives. We  have discussed some 
evidences that fish behaviour studies hold a key role in 
understanding of brain functions and pathophysiology in various 
social stress associated neurological disorders in this review. There 
is a prospect in future of using fish as biomedical research model 
in investigating of brain dysfunctions linked behavioural changes, 
based on the advantages and current accomplishment of fish 
behavioural studies. We  suggest some directions for future 
behavioural research in fish, particularly as it relates to social stress 
response, mental disorders as well as cognitive functions. The 
behaviour experimental approach must be defined according to the 
type of social stress and phenotype in model fish. There are some 
differences between mechanisms underlying variation in social 
stress responses in different species. Although zebrafish as a model 
is well-established in behavioural research areas as same as 
developmental biology, genetics, and pharmacology, we need to 
open our mind into other social fish to improve technical 
limitations and the variation of behavioural patterns during social 
stress. Laboratory environment might lead highly variable housing 
conditions and become a huge impact on the individual 
behavioural change, physiological variance and social stress 
response of fish. It is urgently necessary to set the standardization 
of these behavioural experimental approaches to achieve a 

quantitative understanding of fish behaviours during social stress. 
We also need to consider different levels of behaviour, based on 
perception and response of social stress in fish. As one of ongoing 
technological advances, machine learning may offer 
complementary data modelling techniques to those in current 
behavioural data analysis. Machine learning technology can 
address difficult tasks, such as classifying species, and individuals, 
or acquire, identify, and interpret behavioural patterns within 
complex fish behavioural data. Besides, it provides useful means to 
do so in ways that embrace its natural complexity. These new 
behavioural approaches using machine leaning offer the best 
means to advance this research field of social stress and social 
stress-related disorders.

5. Conclusion

Teleost presents as a robust model for social stress studies due to 
its various social behaviours and conserved social brain network to 
mammals. Research has focused on the molecular and physiological 
aspects of social stress responses; however, social stress may lead to 
different behavioural responses as well. Most social stress set-ups in 
fish exploit the natural social behaviours observed in the teleost, 
including the formations of social hierarchy in shoals resulting in 
dominant and subordinates, as well as the need of social interactions 
during development and adulthood. Different types of social stress 
models in fish, will impact on emotions, social behaviour, and 
cognition differently. Therefore, the behavioural tests above can 
be  done alongside current molecular studies, allowing for more 
robust findings to the effects of social stress. Although limited, 
we have also made the observation that different social stressor at 
different ages can affect various behaviours. At the moment, zebrafish 
remains as the prime fish model. With adjustments, these behavioural 
tests may also be used in other teleost species, presenting a larger 
avenue for social stress studies.

Author contributions

NL, IM and AL wrote the first draft. SO, IP, and TS edited the first 
draft. All authors contributed to the article and approved the 
submitted version.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Lai et al. 10.3389/fnbeh.2023.1205175

Frontiers in Behavioral Neuroscience 12 frontiersin.org

References
Abreu, M. S., Giacomini, A. C. V. V., Koakoski, G., Piato, A. L., and Barcellos, L. J. G. 

(2016). Evaluating "anxiety" and social behavior in jundiá (Rhamdia quelen). Physiol. 
Behav. 160, 59–65. doi: 10.1016/j.physbeh.2016.04.003

Agarwal, P., Palin, N., Walker, S. L., and Glasper, E. R. (2020). Sex-dependent effects 
of paternal deprivation and chronic variable stress on novel object recognition in adult 
California mice (Peromyscus californicus). Horm. Behav. 117:104610. doi: 10.1016/j.
yhbeh.2019.104610

Agrillo, C., Miletto Petrazzini, M. E., and Bisazza, A. (2017). Numerical abilities in 
fish: a methodological review. Behav. Process. 141, 161–171. doi: 10.1016/j.
beproc.2017.02.001

Almeida, O., Gonçalves-de-Freitas, E., Lopes, J. S., and Oliveira, R. F. (2014). Social 
instability promotes hormone-behavior associated patterns in a cichlid fish. Horm. 
Behav. 66, 369–382. doi: 10.1016/j.yhbeh.2014.05.007

Andalman, A. S., Burns, V. M., Lovett-Barron, M., Broxton, M., Poole, B., Yang, S. J., 
et al. (2019). Neuronal dynamics regulating brain and behavioral state transitions. Cells 
177, 970–85.e20. doi: 10.1016/j.cell.2019.02.037

Andersson, M., Ek, F., and Olsson, R. (2015). Using visual lateralization to model 
learning and memory in zebrafish larvae. Sci. Rep. 5:8667. doi: 10.1038/srep08667

Asgari, P., McKinney, G., Hodges, T. E., and McCormick, C. M. (2021). Social 
instability stress in adolescence and social interaction in female rats. Neuroscience 477, 
1–13. doi: 10.1016/j.neuroscience.2021.09.022

Aslanzadeh, M., Ariyasiri, K., Kim, O. H., Choi, T. I., Lim, J. H., Kim, H. G., et al. 
(2019). The body size of stimulus conspecifics affects social preference in a binary choice 
task in wild-type, but not in dyrk 1aa mutant, Zebrafish. Zebrafish 16, 262–267. doi: 
10.1089/zeb.2018.1717

Audira, G., Sampurna, B. P., Juniardi, S., Liang, S.-T., Lai, Y.-H., and Hsiao, C.-D. 
(2018). A versatile setup for measuring multiple behavior endpoints in zebrafish. 
Inventions 3:75. doi: 10.3390/inventions3040075

Bai, Y., Liu, H., Huang, B., Wagle, M., and Guo, S. (2016). Identification of 
environmental stressors and validation of light preference as a measure of anxiety in 
larval zebrafish. BMC Neurosci. 17:63. doi: 10.1186/s12868-016-0298-z

Baiamonte, M., Parker, M. O., Vinson, G. P., and Brennan, C. H. (2016). Sustained 
effects of developmental exposure to ethanol on zebrafish anxiety-like behaviour. PLoS 
One 11:e0148425. doi: 10.1371/journal.pone.0148425

Barreto, R. E., and Volpato, G. L. (2004). Caution for using ventilatory frequency as 
an indicator of stress in fish. Behav. Process. 66, 43–51. doi: 10.1016/j.beproc.2004.01.001

Barton, B. A. (2002). Stress in fishes: a diversity of responses with particular reference 
to changes in circulating corticosteroids. Integr. Comp. Biol. 42, 517–525. doi: 10.1093/
icb/42.3.517

Bath, K. G., Nitenson, A. S., Lichtman, E., Lopez, C., Chen, W., Gallo, M., et al. (2017). 
Early life stress leads to developmental and sex selective effects on performance in a 
novel object placement task. Neurobiol. Stress 7, 57–67. doi: 10.1016/j.ynstr.2017.04.001

Bencan, Z., Sledge, D., and Levin, E. D. (2009). Buspirone, chlordiazepoxide and 
diazepam effects in a zebrafish model of anxiety. Pharmacol. Biochem. Behav. 94, 75–80. 
doi: 10.1016/j.pbb.2009.07.009

Bertoncello, K. T., Zanandrea, R., and Bonan, C. D. (2022). Pentylenetetrazole-
induced seizures cause impairment of memory acquisition and consolidation in 
zebrafish (Danio rerio). Behav. Brain Res. 432:113974. doi: 10.1016/j.bbr.2022.113974

Bisazza, A., Sovrano, V. A., and Vallortigara, G. (2001). Consistency among different 
tasks of left-right asymmetries in lines of fish originally selected for opposite direction 
of lateralization in a detour task. Neuropsychologia 39, 1077–1085. doi: 10.1016/
S0028-3932(01)00034-3

Blanchard, R. J., McKittrick, C. R., and Blanchard, D. C. (2001). Animal models of 
social stress: effects on behavior and brain neurochemical systems. Physiol. Behav. 73, 
261–271. doi: 10.1016/S0031-9384(01)00449-8

Blank, M., Guerim, L. D., Cordeiro, R. F., and Vianna, M. R. M. (2009). A one-trial 
inhibitory avoidance task to zebrafish: rapid acquisition of an NMDA-dependent long-
term memory. Neurobiol. Learn. Mem. 92, 529–534. doi: 10.1016/j.nlm.2009.07.001

Blaser, R., and Goldsteinholm, K. (2012). Depth preference in zebrafish, Danio rerio: 
control by surface and substrate cues. Anim. Behav. 83, 953–959. doi: 10.1016/j.
anbehav.2012.01.014

Blaser, R. E., and Rosemberg, D. B. (2012). Measures of anxiety in zebrafish (Danio 
rerio): dissociation of black/white preference and novel tank test. PLoS One 7:e36931. 
doi: 10.1371/journal.pone.0036931

Border, S. E., Piefke, T. J., Funnell, T. R., Fialkowski, R. F., Sawecki, J., and Dijkstra, P. D. 
(2021). Social instability influences rank-specific patterns of oxidative stress in a cichlid 
fish. J. Exp. Biol. 224. doi: 10.1242/jeb.237172

Bozi, B., Rodrigues, J., Lima-Maximino, M., de Siqueira-Silva, D. H., Soares, M. C., 
and Maximino, C. (2021). Social stress increases anxiety-like behavior equally in male 
and female zebrafish. Front. Behav. Neurosci. 15:785656. doi: 10.3389/fnbeh.2021.785656

Braida, D., Ponzoni, L., Moretti, M., Viani, P., Pallavicini, M., Bolchi, C., et al. (2020). 
Behavioural and pharmacological profiles of zebrafish administrated pyrrolidinyl 

benzodioxanes and prolinol aryl ethers with high affinity for heteromeric nicotinic 
acetylcholine receptors. Psychopharmacology 237, 2317–2326. doi: 10.1007/
s00213-020-05536-6

Brandão, M. L., Braithwaite, V. A., and Gonçalves-de-Freitas, E. (2015). Isolation 
impairs cognition in a social fish. Appl. Anim. Behav. Sci. 171, 204–210. doi: 10.1016/j.
applanim.2015.08.026

Brouwers, E., Mathijssen, J., Van Bortel, T., Knifton, L., Wahlbeck, K., Van 
Audenhove, C., et al. (2016). Discrimination in the workplace, reported by people with 
major depressive disorder: a cross-sectional study in 35 countries. BMJ Open 6:e009961. 
doi: 10.1136/bmjopen-2015-009961

Brown, C. (2020). Box B13: the cognitive abilities of fish. Zoo Animal Learning and 
Training p. 243–246.

Burns, J. G. (2008). The validity of three tests of temperament in guppies (Poecilia 
reticulata). J. Comp. Psychol. 122:344. doi: 10.1037/0735-7036.122.4.344

Burt de Perera, T., and Holbrook, R. I. (2012). Three-dimensional spatial representation 
in freely swimming fish. Cogn. Process. 13, 107–S111. doi: 10.1007/s10339-012-0473-9

Buwalda, B., Geerdink, M., Vidal, J., and Koolhaas, J. M. (2011). Social behavior and 
social stress in adolescence: a focus on animal models. Neurosci. Biobehav. Rev. 35, 
1713–1721. doi: 10.1016/j.neubiorev.2010.10.004

Buwalda, B., Kole, M. H. P., Veenema, A. H., Huininga, M., de Boer, S. F., Korte, S. M., 
et al. (2005). Long-term effects of social stress on brain and behavior: a focus on hippocampal 
functioning. Neurosci. Biobehav. Rev. 29, 83–97. doi: 10.1016/j.neubiorev.2004.05.005

Byrnes, E. E., Vila Pouca, C., and Brown, C. (2016). Laterality strength is linked to 
stress reactivity in port Jackson sharks (Heterodontus portusjacksoni). Behav. Brain Res. 
305, 239–246. doi: 10.1016/j.bbr.2016.02.033

Calcagno, E., Durando, P., Valdés, M. E., Franchioni, L., and de los Ángeles Bistoni, M. 
(2016). Effects of carbamazepine on cortisol levels and behavioral responses to stress in 
the fish Jenynsia multidentata. Physiol. Behav. 158, 68–75. doi: 10.1016/j.
physbeh.2016.02.025

Chang, C., Li, C. Y., Earley, R. L., and Hsu, Y. (2012). Aggression and related behavioral 
traits: the impact of winning and losing and the role of hormones. Integr. Comp. Biol. 52, 
801–813. doi: 10.1093/icb/ics057

Chaouloff, F. (2013). Social stress models in depression research: what do they tell us? 
Cell Tissue Res. 354, 179–190. doi: 10.1007/s00441-013-1606-x

Cleal, M., Fontana, B. D., Ranson, D. C., McBride, S. D., Swinny, J. D., Redhead, E. S., 
et al. (2021). The free-movement pattern Y-maze: a cross-species measure of working 
memory and executive function. Behav. Res. Methods 53, 536–557. doi: 10.3758/
s13428-020-01452-x

Cognato, G. P., Bortolotto, J. W., Blazina, A. R., Christoff, R. R., Lara, D. R., 
Vianna, M. R., et al. (2012). Y-maze memory task in zebrafish (Danio rerio): the role of 
glutamatergic and cholinergic systems on the acquisition and consolidation periods. 
Neurobiol. Learn. Mem. 98, 321–328. doi: 10.1016/j.nlm.2012.09.008

Cohen, A. S., Couture, S. M., and Blanchard, J. J. (2020). Social anhedonia and clinical 
outcomes in early adulthood: a three-year follow-up study within a community sample. 
Schizophr. Res. 223, 213–219. doi: 10.1016/j.schres.2020.07.024

Costa de Melo, N., Sánchez-Ortiz, B. L., dos Santos Sampaio, T. I., Matias 
Pereira, A. C., da Silva, P., Neto, F. L., et al. (2019). Anxiolytic and antidepressant effects 
of the hydroethanolic extract from the leaves of Aloysia polystachya (Griseb.) 
Moldenke: a study on zebrafish (Danio rerio). Pharmaceuticals 12:106. doi: 10.3390/
ph12030106

Costa, A., Rani, B., Bastiaanssen, T. F. S., Bonfiglio, F., Gunnigle, E., Provensi, G., et al. 
(2022). Diet prevents social stress-induced maladaptive neurobehavioural and gut 
microbiota changes in a histamine-dependent manner. Int. J. Mol. Sci. 23:862. doi: 
10.3390/ijms23020862

Craft, B. B., Szalda-Petree, A. D., Brinegar, J. L., and Haddad, N. F. (2007). Effect of 
various discriminative stimuli on choice behavior in male siamese fighting fish (Betta 
splendens). Percept. Mot. Skills 104, 575–580. doi: 10.2466/pms.104.2.575-580

Craft, B. B., Velkey, A. J., and Szalda-Petree, A. (2003). Instrumental conditioning of 
choice behavior in male Siamese fighting fish (Betta splendens). Behav. Process. 63, 
171–175. doi: 10.1016/S0376-6357(03)00079-2

Cryan, J. F., Mombereau, C., and Vassout, A. (2005). The tail suspension test as a 
model for assessing antidepressant activity: review of pharmacological and genetic 
studies in mice. Neurosci. Biobehav. Rev. 29, 571–625. doi: 10.1016/j.
neubiorev.2005.03.009

Culbert, B. M., Border, S. E., Fialkowski, R. J., Bolitho, I., and Dijkstra, P. D. (2023). 
Social status influences relationships between hormones and oxidative stress in a cichlid 
fish. Horm. Behav. 152:105365. doi: 10.1016/j.yhbeh.2023.105365

Dahlbom, S. J., Lagman, D., Lundstedt-Enkel, K., Sundström, L. F., and Winberg, S. 
(2011). Boldness predicts social status in zebrafish (Danio rerio). PLoS One 6:e23565. 
doi: 10.1371/journal.pone.0023565

de Abreu, M. S., Costa, F., Giacomini, A. C., Demin, K. A., Zabegalov, K. N., 
Maslov, G. O., et al. (2022). Towards modeling anhedonia and its treatment in zebrafish. 
Int. J. Neuropsychopharmacol. 25, 293–306. doi: 10.1093/ijnp/pyab092

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.physbeh.2016.04.003
https://doi.org/10.1016/j.yhbeh.2019.104610
https://doi.org/10.1016/j.yhbeh.2019.104610
https://doi.org/10.1016/j.beproc.2017.02.001
https://doi.org/10.1016/j.beproc.2017.02.001
https://doi.org/10.1016/j.yhbeh.2014.05.007
https://doi.org/10.1016/j.cell.2019.02.037
https://doi.org/10.1038/srep08667
https://doi.org/10.1016/j.neuroscience.2021.09.022
https://doi.org/10.1089/zeb.2018.1717
https://doi.org/10.3390/inventions3040075
https://doi.org/10.1186/s12868-016-0298-z
https://doi.org/10.1371/journal.pone.0148425
https://doi.org/10.1016/j.beproc.2004.01.001
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1016/j.ynstr.2017.04.001
https://doi.org/10.1016/j.pbb.2009.07.009
https://doi.org/10.1016/j.bbr.2022.113974
https://doi.org/10.1016/S0028-3932(01)00034-3
https://doi.org/10.1016/S0028-3932(01)00034-3
https://doi.org/10.1016/S0031-9384(01)00449-8
https://doi.org/10.1016/j.nlm.2009.07.001
https://doi.org/10.1016/j.anbehav.2012.01.014
https://doi.org/10.1016/j.anbehav.2012.01.014
https://doi.org/10.1371/journal.pone.0036931
https://doi.org/10.1242/jeb.237172
https://doi.org/10.3389/fnbeh.2021.785656
https://doi.org/10.1007/s00213-020-05536-6
https://doi.org/10.1007/s00213-020-05536-6
https://doi.org/10.1016/j.applanim.2015.08.026
https://doi.org/10.1016/j.applanim.2015.08.026
https://doi.org/10.1136/bmjopen-2015-009961
https://doi.org/10.1037/0735-7036.122.4.344
https://doi.org/10.1007/s10339-012-0473-9
https://doi.org/10.1016/j.neubiorev.2010.10.004
https://doi.org/10.1016/j.neubiorev.2004.05.005
https://doi.org/10.1016/j.bbr.2016.02.033
https://doi.org/10.1016/j.physbeh.2016.02.025
https://doi.org/10.1016/j.physbeh.2016.02.025
https://doi.org/10.1093/icb/ics057
https://doi.org/10.1007/s00441-013-1606-x
https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.3758/s13428-020-01452-x
https://doi.org/10.1016/j.nlm.2012.09.008
https://doi.org/10.1016/j.schres.2020.07.024
https://doi.org/10.3390/ph12030106
https://doi.org/10.3390/ph12030106
https://doi.org/10.3390/ijms23020862
https://doi.org/10.2466/pms.104.2.575-580
https://doi.org/10.1016/S0376-6357(03)00079-2
https://doi.org/10.1016/j.neubiorev.2005.03.009
https://doi.org/10.1016/j.neubiorev.2005.03.009
https://doi.org/10.1016/j.yhbeh.2023.105365
https://doi.org/10.1371/journal.pone.0023565
https://doi.org/10.1093/ijnp/pyab092


Lai et al. 10.3389/fnbeh.2023.1205175

Frontiers in Behavioral Neuroscience 13 frontiersin.org

Demin, K. A., Lakstygal, A. M., Chernysh, M. V., Krotova, N. A., Taranov, A. S., 
Ilyin, N. P., et al. (2020a). The zebrafish tail immobilization (ZTI) test as a new tool to 
assess stress-related behavior and a potential screen for drugs affecting despair-like 
states. J. Neurosci. Methods 337:108637. doi: 10.1016/j.jneumeth.2020.108637

Demin, K. A., Lakstygal, A. M., Krotova, N. A., Masharsky, A., Tagawa, N., 
Chernysh, M. V., et al. (2020b). Understanding complex dynamics of behavioral, 
neurochemical and transcriptomic changes induced by prolonged chronic unpredictable 
stress in zebrafish. Sci. Rep. 10:19981. doi: 10.1038/s41598-020-75855-3

DePasquale, C., Kemerer, N., White, N., Yost, M., Wolfkill, J., Sturgill, J., et al. (2021). 
The influence of an enriched environment in enhancing recognition memory in 
zebrafish (Danio rerio). Front. Vet. Sci. 8:749746. doi: 10.3389/fvets.2021.749746

dos Santos Sampaio, T. I., de Melo, N. C., de Freitas Paiva, B. T., da Silva Aleluia, G. A., 
da Silva Neto, F. L. P., da Silva, H. R., et al. (2018). Leaves of Spondias mombin L. a 
traditional anxiolytic and antidepressant: pharmacological evaluation on zebrafish 
(Danio rerio). J. Ethnopharmacol. 224, 563–578. doi: 10.1016/j.jep.2018.05.037

Duque, A., Vinader-Caerols, C., and Monleón, S. (2017). Indomethacin counteracts 
the effects of chronic social defeat stress on emotional but not recognition memory in 
mice. PLoS One 12:e0173182. doi: 10.1371/journal.pone.0173182

Echevarria, D. J., Hammack, C. M., Pratt, D. W., and Hosemann, J. D. (2008). A novel 
behavioral test battery to assess global drug effects using the zebrafish. Int. J. Comp. 
Psychol. 21, 19–34.  doi: 10.46867/IJCP.2008.21.01.02

Engeszer, R. E., Ryan, M. J., and Parichy, D. M. (2004). Learned social preference in 
zebrafish. Curr. Biol. 14, 881–884. doi: 10.1016/j.cub.2004.04.042

Enneking, V., Krüssel, P., Zaremba, D., Dohm, K., Grotegerd, D., Förster, K., et al. 
(2019). Social anhedonia in major depressive disorder: a symptom-specific 
neuroimaging approach. Neuropsychopharmacology 44, 883–889. doi: 10.1038/
s41386-018-0283-6

Facciolo, R. M., Crudo, M., Zizza, M., Giusi, G., and Canonaco, M. (2011). Feeding 
behaviors and ORXR-β-GABA A R subunit interactions in Carassius auratus. 
Neurotoxicol. Teratol. 33, 641–650. doi: 10.1016/j.ntt.2011.09.008

Facciolo, R. M., Crudo, M., Zizza, M., Giusi, G., and Canonaco, M. (2012). α GABA 
(A) subunit-orexin receptor interactions activate learning/motivational pathways in the 
goldfish. Behav. Brain Res. 234, 349–356. doi: 10.1016/j.bbr.2012.07.013

Faganello, F. R., and Mattioli, R. (2007). Anxiolytic-like effect of chlorpheniramine in 
inhibitory avoidance in goldfish submitted to telencephalic ablation. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 31, 269–274. doi: 10.1016/j.pnpbp.2006.06.015

Faganello, F. R., and Mattioli, R. (2008). Chlorpheniramine facilitates inhibitory 
avoidance in teleosts submitted to telencephalic ablation. Braz. J. Med. Biol. Res. 41, 
398–402. doi: 10.1590/S0100-879X2008005000015

Faganello, F. R., Medalha, C. C., and Mattioli, R. (2003). Haloperidol and 
chlorpheniramine interaction in inhibitory avoidance in goldfish. Behav. Brain Res. 147, 
83–88. doi: 10.1016/S0166-4328(03)00137-2

Félix, A. S., and Oliveira, R. F. (2021). “Integrative neurobiology of social behavior in 
cichlid fish” in The behavior, ecology and evolution of cichlid fishes. eds. M. E. Abate and 
D. L. G. Noakes (Dordrecht: Springer Netherlands), 637–681.

Ferragud, A., Haro, A., Sylvain, A., Velázquez-Sánchez, C., Hernández-Rabaza, V., and 
Canales, J. J. (2010). Enhanced habit-based learning and decreased neurogenesis in the 
adult hippocampus in a murine model of chronic social stress. Behav. Brain Res. 210, 
134–139. doi: 10.1016/j.bbr.2010.02.013

Filby, A. L., Paull, G. C., Bartlett, E. J., Van Look, K. J. W., and Tyler, C. R. (2010). 
Physiological and health consequences of social status in zebrafish (Danio rerio). Physiol. 
Behav. 101, 576–587. doi: 10.1016/j.physbeh.2010.09.004

Fischer, E. K., Harris, R. M., Hofmann, H. A., and Hoke, K. L. (2014). Predator 
exposure alters stress physiology in guppies across timescales. Horm. Behav. 65, 165–172. 
doi: 10.1016/j.yhbeh.2013.12.010

Fontana, B. D., Alnassar, N., and Parker, M. O. (2022). The zebrafish (Danio rerio) 
anxiety test battery: comparison of behavioral responses in the novel tank diving and 
light–dark tasks following exposure to anxiogenic and anxiolytic compounds. 
Psychopharmacology 239, 287–296. doi: 10.1007/s00213-021-05990-w

Fontana, B. D., Cleal, M., Gibbon, A. J., McBride, S. D., and Parker, M. O. (2021a). The 
effects of two stressors on working memory and cognitive flexibility in zebrafish (Danio 
rerio): the protective role of D1/D5 agonist on stress responses. Neuropharmacology 
196:108681. doi: 10.1016/j.neuropharm.2021.108681

Fontana, B. D., Gibbon, A. J., Cleal, M., Norton, W. H. J., and Parker, M. O. (2021b). 
Chronic unpredictable early-life stress (CUELS) protocol: early-life stress changes 
anxiety levels of adult zebrafish. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 
108:110087. doi: 10.1016/j.pnpbp.2020.110087

Fontana, B. D., Gibbon, A. J., Cleal, M., Sudwarts, A., Pritchett, D., Miletto 
Petrazzini, M. E., et al. (2021c). Moderate early life stress improves adult zebrafish 
(Danio rerio) working memory but does not affect social and anxiety-like responses. 
Dev. Psychobiol. 63, 54–64. doi: 10.1002/dev.21986

Fu, C.-W., Horng, J.-L., Tong, S.-K., Cherng, B.-W., Liao, B.-K., Lin, L.-Y., et al. (2021). 
Exposure to silver impairs learning and social behaviors in adult zebrafish. J. Hazard. 
Mater. 403:124031. doi: 10.1016/j.jhazmat.2020.124031

Fulcher, N., Tran, S., Shams, S., Chatterjee, D., and Gerlai, R. (2017). Neurochemical 
and behavioral responses to unpredictable chronic mild stress following developmental 

isolation: the zebrafish as a model for major depression. Zebrafish 14, 23–34. doi: 
10.1089/zeb.2016.1295

Fulco, B. C. W., Klann, I. P., Rodrigues, R. F., Marzari, B. N., and Nogueira, C. W. 
(2022). Social-single prolonged stress as an ether-free candidate animal model of post-
traumatic stress disorder: female and male outcomings. J. Psychiatr. Res. 154, 224–232. 
doi: 10.1016/j.jpsychires.2022.07.053

Galhardo, L., Vitorino, A., and Oliveira, R. F. (2012). Social familiarity modulates 
personality trait in a cichlid fish. Biol. Lett. 8, 936–938. doi: 10.1098/rsbl.2012.0500

Garina, D. V., Nepomnyashchikh, V. A., and Mekhtiev, A. A. (2016). Does serotonin-
modulating anticonsolidation protein (SMAP) influence the choice of turning direction 
in carps, Cyprinus carpio, in a T-maze? Fish Physiol. Biochem. 42, 1137–1141. doi: 
10.1007/s10695-016-0203-9

Gaspary, K. V., Reolon, G. K., Gusso, D., and Bonan, C. D. (2018). Novel object 
recognition and object location tasks in zebrafish: influence of habituation and NMDA 
receptor antagonism. Neurobiol. Learn. Mem. 155, 249–260. doi: 10.1016/j.
nlm.2018.08.005

Gerlai, R., Lahav, M., Guo, S., and Rosenthal, A. (2000). Drinks like a fish: zebra fish 
(Danio rerio) as a behavior genetic model to study alcohol effects. Pharmacol. Biochem. 
Behav. 67, 773–782. doi: 10.1016/S0091-3057(00)00422-6

Giacomini, A. C. V. V., Abreu, M. S., Giacomini, L. V., Siebel, A. M., Zimerman, F. F., 
Rambo, C. L., et al. (2016). Fluoxetine and diazepam acutely modulate stress induced-
behavior. Behav. Brain Res. 296, 301–310. doi: 10.1016/j.bbr.2015.09.027

Gilmour, K. M., DiBattista, J. D., and Thomas, J. B. (2005). Physiological causes and 
consequences of social status in salmonid fish 1. Integr. Comp. Biol. 45, 263–273. doi: 
10.1093/icb/45.2.263

Godwin, J., Sawyer, S., Perrin, F., Oxendine, S. E., and Kezios, Z. D. (2012). Adapting 
the open field test to assess anxiety-related behavior in zebrafish. Zebrafish Protocols for 
Neurobehavioral Research NJ, Totowa: Humana Press, 181–189.

Goodson, J. L. (2005). The vertebrate social behavior network: evolutionary themes 
and variations. Horm. Behav. 48, 11–22. doi: 10.1016/j.yhbeh.2005.02.003

Gorissen, M., Manuel, R., Pelgrim, T. N., Mes, W., de Wolf, M. J., Zethof, J., et al. 
(2015). Differences in inhibitory avoidance, cortisol and brain gene expression in TL 
and AB zebrafish. Genes Brain Behav. 14, 428–438. doi: 10.1111/gbb.12220

Gouveia, A. Jr., Zampieri, R. A., Ramos, L. A., Silva, E. F., Mattioli, R., and Morato, S. 
(2005). Preference of goldfish (Carassius auratus) for dark places. Rev. Etol. 7, 63–66.

Gromer, D., Kiser, D. P., and Pauli, P. (2021). Thigmotaxis in a virtual human open 
field test. Sci. Rep. 11, 1–13.  doi: 10.1038/s41598-021-85678-5

Gronquist, D., and Berges, J. A. (2013). Effects of aquarium-related stressors on the 
zebrafish: a comparison of behavioral, physiological, and biochemical indicators. J. 
Aquat. Anim. Health 25, 53–65. doi: 10.1080/08997659.2012.747450

Haghani, S., Karia, M., Cheng, R.-K., and Mathuru, A. S. (2019). An automated assay 
system to study novel tank induced anxiety. Front. Behav. Neurosci. 13:180. doi: 10.3389/
fnbeh.2019.00180

Håkan Olsén, K., and Winberg, S. (1996). Learning and sibling odor preference in 
juvenile arctic char, Salvelinus alpinus (L.). J. Chem. Ecol. 22, 773–786. doi: 10.1007/
BF02033585

Hamilton, T., Paz-Yepes, J., Morrison, R., Palenik, B., and Tresguerres, M. (2014). 
Exposure to bloom-like concentrations of two marine Synechococcus cyanobacteria 
(strains CC9311 and CC 9902) differentially alters fish behaviour. Cons. Physiol. 2:cou 
020. doi: 10.1093/conphys/cou020

Hamilton, T. J., Tresguerres, M., and Kline, D. I. (2017). Dopamine D1 receptor 
activation leads to object recognition memory in a coral reef fish. Biol. Lett. 13:20170183. 
doi: 10.1098/rsbl.2017.0183

Hemelrijk, C., Reid, D., Hildenbrandt, H., and Padding, J. (2015). The increased 
efficiency of fish swimming in a school. Fish Fish. 16, 511–521. doi: 10.1111/faf.12072

Henriques-Alves, A. M., and Queiroz, C. M. (2016). Ethological evaluation of the 
effects of social defeat stress in mice: beyond the social interaction ratio. Front. Behav. 
Neurosci. 9:364. doi: 10.3389/fnbeh.2015.00364

Higuchi, Y., Soga, T., and Parhar, I. S. (2019). Social defeat stress decreases mRNA for 
monoamine oxidase a and increases 5-HT turnover in the brain of male Nile Tilapia 
(Oreochromis niloticus). Front. Pharmacol. 9:1549. doi: 10.3389/fphar.2018.01549

Hoglund, E., Balm, P., and Winberg, S. (2000). Skin darkening, a potential social signal 
in subordinate arctic charr (Salvelinus alpinus): the regulatory role of brain monoamines 
and pro-opiomelanocortin-derived peptides. J. Exp. Biol. 203, 1711–1721. doi: 10.1242/
jeb.203.11.1711

Holcombe, A., Howorko, A., Powell, R. A., Schalomon, M., and Hamilton, T. J. (2013). 
Reversed scototaxis during withdrawal after daily-moderate, but not weekly-binge, 
administration of ethanol in zebrafish. PLoS One 8:e63319. doi: 10.1371/journal.
pone.0063319

Holt-Lunstad, J., Smith, T. B., and Layton, J. B. (2010). Social relationships and 
mortality risk: a Meta-analytic review. PLoS Med. 7:e1000316. doi: 10.1371/journal.
pmed.1000316

Hope, B. V., Hamilton, T. J., and Hurd, P. L. (2019). Submerged plus maze: a novel test 
for studying anxiety-like behaviour in fish. Behav. Brain Res. 362, 332–337. doi: 
10.1016/j.bbr.2018.12.012

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jneumeth.2020.108637
https://doi.org/10.1038/s41598-020-75855-3
https://doi.org/10.3389/fvets.2021.749746
https://doi.org/10.1016/j.jep.2018.05.037
https://doi.org/10.1371/journal.pone.0173182
https://doi.org/10.46867/IJCP.2008.21.01.02
https://doi.org/10.1016/j.cub.2004.04.042
https://doi.org/10.1038/s41386-018-0283-6
https://doi.org/10.1038/s41386-018-0283-6
https://doi.org/10.1016/j.ntt.2011.09.008
https://doi.org/10.1016/j.bbr.2012.07.013
https://doi.org/10.1016/j.pnpbp.2006.06.015
https://doi.org/10.1590/S0100-879X2008005000015
https://doi.org/10.1016/S0166-4328(03)00137-2
https://doi.org/10.1016/j.bbr.2010.02.013
https://doi.org/10.1016/j.physbeh.2010.09.004
https://doi.org/10.1016/j.yhbeh.2013.12.010
https://doi.org/10.1007/s00213-021-05990-w
https://doi.org/10.1016/j.neuropharm.2021.108681
https://doi.org/10.1016/j.pnpbp.2020.110087
https://doi.org/10.1002/dev.21986
https://doi.org/10.1016/j.jhazmat.2020.124031
https://doi.org/10.1089/zeb.2016.1295
https://doi.org/10.1016/j.jpsychires.2022.07.053
https://doi.org/10.1098/rsbl.2012.0500
https://doi.org/10.1007/s10695-016-0203-9
https://doi.org/10.1016/j.nlm.2018.08.005
https://doi.org/10.1016/j.nlm.2018.08.005
https://doi.org/10.1016/S0091-3057(00)00422-6
https://doi.org/10.1016/j.bbr.2015.09.027
https://doi.org/10.1093/icb/45.2.263
https://doi.org/10.1016/j.yhbeh.2005.02.003
https://doi.org/10.1111/gbb.12220
https://doi.org/10.1038/s41598-021-85678-5
https://doi.org/10.1080/08997659.2012.747450
https://doi.org/10.3389/fnbeh.2019.00180
https://doi.org/10.3389/fnbeh.2019.00180
https://doi.org/10.1007/BF02033585
https://doi.org/10.1007/BF02033585
https://doi.org/10.1093/conphys/cou020
https://doi.org/10.1098/rsbl.2017.0183
https://doi.org/10.1111/faf.12072
https://doi.org/10.3389/fnbeh.2015.00364
https://doi.org/10.3389/fphar.2018.01549
https://doi.org/10.1242/jeb.203.11.1711
https://doi.org/10.1242/jeb.203.11.1711
https://doi.org/10.1371/journal.pone.0063319
https://doi.org/10.1371/journal.pone.0063319
https://doi.org/10.1371/journal.pmed.1000316
https://doi.org/10.1371/journal.pmed.1000316
https://doi.org/10.1016/j.bbr.2018.12.012


Lai et al. 10.3389/fnbeh.2023.1205175

Frontiers in Behavioral Neuroscience 14 frontiersin.org

Hou, Z.-S., Wen, H.-S., Li, J.-F., He, F., Li, Y., and Qi, X. (2019). Effects of long-term 
crowding stress on neuro-endocrine-immune network of rainbow trout 
(Oncorhynchus mykiss). Fish Shellfish Immunol. 95, 180–189. doi: 10.1016/j.
fsi.2019.10.011

Huang, G.-B., Zhao, T., Muna, S. S., Bagalkot, T. R., Jin, H.-M., Chae, H.-J., et al. 
(2013). Effects of chronic social defeat stress on behaviour, endoplasmic reticulum 
proteins and choline acetyltransferase in adolescent mice. Int. J. Neuropsychopharmacol. 
16, 1635–1647. doi: 10.1017/S1461145713000060

Ieraci, A., Mallei, A., and Popoli, M. (2016). Social isolation stress induces anxious-
depressive-like behavior and alterations of neuroplasticity-related genes in adult male 
mice. Neural Plast. 2016, 1–13. doi: 10.1155/2016/6212983

Juth, V., and Dickerson, S. (2013). “Social stress” in Encyclopedia of behavioral 
medicine. eds. M. D. Gellman and J. R. Turner (New York, NY: Springer New York), 
1842–1843.

Kaidanovich-Beilin, O., Lipina, T., Vukobradovic, I., Roder, J., and Woodgett, J. R. 
(2011). Assessment of social interaction behaviors. J. Vis. Exp. 1–6. doi: 10.3791/2473-v

Kareklas, K., Teles, M. C., Nunes, A. R., and Oliveira, R. F. (2023). Social zebrafish: 
Danio rerio as an emerging model in social neuroendocrinology. J. Neuroendocrinol. 
1–18. doi: 10.1111/jne.13280

Kaur, K., Narang, R. K., and Singh, S. (2022). AlCl3 induced learning and memory 
deficit in zebrafish. Neuro Toxicol. 92, 67–76. doi: 10.1016/j.neuro.2022.07.004

Kawamura, G., Kasedou, T., Tamiya, T., and Watanabe, A. (2010). Colour preference 
of five marine fishes: bias for natural and yellow-dyed krill in laboratory tanks, sea cages 
and an earthen pond. Mar. Freshw. Behav. Physiol. 43, 169–182. doi: 
10.1080/10236244.2010.486885

Kihlstrom, JF. Unconscious cognition☆. Reference module in neuroscience and 
biobehavioral Psychology: Elsevier (2018).

Kim, J. L., Kim, S. S., Hwang, K.-S., Park, H.-C., Cho, S.-H., Bae, M. A., et al. (2022). 
Chronic exposure to butyl-paraben causes photosensitivity disruption and memory 
impairment in adult zebrafish. Aquat. Toxicol. 251:106279. doi: 10.1016/j.
aquatox.2022.106279

Kleinhappel, T. K., Pike, T. W., and Burman, O. H. P. (2019). Stress-induced changes 
in group behaviour. Sci. Rep. 9:17200. doi: 10.1038/s41598-019-53661-w

Koch, C. E., Leinweber, B., Drengberg, B. C., Blaum, C., and Oster, H. (2017). 
Interaction between circadian rhythms and stress. Neurobiol. Stress 6, 57–67. doi: 
10.1016/j.ynstr.2016.09.001

Kumari, S., Dhiman, P., Kumar, R., Rahmatkar, S. N., and Singh, D. (2023). Chemo-
kindling in adult zebrafish alters spatial cognition but not social novelty recognition. 
Behav. Brain Res. 438:114158. doi: 10.1016/j.bbr.2022.114158

Kuniishi, H., Nakatake, Y., Sekiguchi, M., and Yamada, M. (2022). Adolescent social 
isolation induces distinct changes in the medial and lateral OFC-BLA synapse and social 
and emotional alterations in adult mice. Neuropsychopharmacology 47, 1597–1607. doi: 
10.1038/s41386-022-01358-6

Kwan, G. T., Hamilton, T. J., and Tresguerres, M. (2017). CO2-induced ocean 
acidification does not affect individual or group behaviour in a temperate damselfish. R. 
Soc. Open Sci. 4:170283. doi: 10.1098/rsos.170283

Lachowicz, J., Niedziałek, K., Rostkowska, E., Szopa, A., Świąder, K., Szponar, J., et al. 
(2021). Zebrafish as an animal model for testing agents with antidepressant potential. 
Life 11:792. doi: 10.3390/life11080792

Lai, Y. H., Audira, G., Liang, S. T., Siregar, P., Suryanto, M. E., Lin, H. C., et al. (2020). 
Duplicated dnmt 3aa and dnmt 3ab DNA methyltransferase genes play essential and 
non-overlapped functions on modulating behavioral control in zebrafish. Genes (Basel) 
11:1322. doi: 10.3390/genes11111322

Larson, E. T., O’Malley, D. M., and Melloni, R. H. (2006). Aggression and vasotocin 
are associated with dominant–subordinate relationships in zebrafish. Behav. Brain Res. 
167, 94–102. doi: 10.1016/j.bbr.2005.08.020

Lee, J., Choi, M., Holland, M. M., Radey, M., and Tripodi, S. J. (2022). Childhood 
bullying victimization, substance use and criminal activity among adolescents: a 
multilevel growth model study. Int. J. Environ. Res. Public Health 20:770. doi: 10.3390/
ijerph20010770

Lee, A., Mathuru, A. S., Teh, C., Kibat, C., Korzh, V., Penney, T. B., et al. (2010). The 
habenula prevents helpless behavior in larval zebrafish. Curr. Biol. 20, 2211–2216. doi: 
10.1016/j.cub.2010.11.025

Lei, Y., Wang, D., Bai, Y., Nougaisse, J., Weintraub, N. L., Guo, M., et al. (2022). Leptin 
enhances social motivation and reverses chronic unpredictable stress-induced social 
anhedonia during adolescence. Mol. Psychiatry 27, 4948–4958. doi: 10.1038/
s41380-022-01778-2

Levin, E. D., Bencan, Z., and Cerutti, D. T. (2007). Anxiolytic effects of nicotine in 
zebrafish. Physiol. Behav. 90, 54–58. doi: 10.1016/j.physbeh.2006.08.026

Levin, E. D., and Cerutti, D. T. (2009). “Frontiers in neuroscience behavioral 
neuroscience of zebrafish” in Methods of behavior analysis in neuroscience. ed. J. J. 
Buccafusco (Boca Raton (FL): CRC Press/Taylor & Francis)

Lim, C. H., Soga, T., Levavi-Sivan, B., and Parhar, I. S. (2020). Chronic social defeat 
stress up-regulates Spexin in the brain of Nile Tilapia (Oreochromis niloticus). Sci. Rep. 
10:7666. doi: 10.1038/s41598-020-64639-4

Lim, C. H., Soga, T., and Parhar, I. S. (2023). Social stress-induced serotonin 
dysfunction activates spexin in male Nile tilapia (Oreochromis Niloticus). Proc. Natl. 
Acad. Sci. U. S. A. 120:e2117547120. doi: 10.1073/pnas.2117547120

Lindert, J., Paul, K. C., Lachman Margie, E., Ritz, B., and Seeman, T. (2022). Social 
stress and risk of declining cognition: a longitudinal study of men and women in the 
United  States. Soc. Psychiatry Psychiatr. Epidemiol. 57, 1875–1884. doi: 10.1007/
s00127-021-02089-7

Lucon-Xiccato, T., Conti, F., Loosli, F., Foulkes, N. S., and Bertolucci, C. (2020). 
Development of open-field behaviour in the medaka, Oryzias latipes. Biology 9:389. doi: 
10.3390/biology9110389

Lucon-Xiccato, T., and Dadda, M. (2014). Assessing memory in zebrafish using the 
one-trial test. Behav. Process. 106, 1–4. doi: 10.1016/j.beproc.2014.03.010

Lucon-Xiccato, T., and Dadda, M. (2016). Guppies show Behavioural but not cognitive 
sex differences in a novel object recognition test. PLoS One 11:e0156589. doi: 10.1371/
journal.pone.0156589

Lucon-Xiccato, T., Loosli, F., Conti, F., Foulkes, N. S., and Bertolucci, C. (2022). 
Comparison of anxiety-like and social behaviour in medaka and zebrafish. Sci. Rep. 12, 
1–11.  doi: 10.1038/s41598-022-14978-1

Ma, Y.-K., Zeng, P.-Y., Chu, Y.-H., Lee, C.-L., Cheng, C.-C., Chen, C.-H., et al. (2022). 
Lack of social touch alters anxiety-like and social behaviors in male mice. Stress 25, 
134–144. doi: 10.1080/10253890.2022.2047174

Magno, L. D. P., Fontes, A., Gonçalves, B. M. N., and Gouveia, A. Jr. (2015). 
Pharmacological study of the light/dark preference test in zebrafish (Danio rerio): 
waterborne administration. Pharmacol. Biochem. Behav. 135, 169–176. doi: 10.1016/j.
pbb.2015.05.014

Manuel, R., Gorissen, M., Zethof, J., Ebbesson, L. O. E., van de Vis, H., Flik, G., et al. 
(2014). Unpredictable chronic stress decreases inhibitory avoidance learning in 
Tuebingen long-fin zebrafish: stronger effects in the resting phase than in the active 
phase. J. Exp. Biol. 217, 3919–3928.  doi: 10.1242/jeb.109736

Marchetto, L., Barcellos, L. J. G., Koakoski, G., Soares, S. M., Pompermaier, A., 
Maffi, V. C., et al. (2021). Auditory environmental enrichment prevents anxiety-like 
behavior, but not cortisol responses, evoked by 24-h social isolation in zebrafish. Behav. 
Brain Res. 404:113169. doi: 10.1016/j.bbr.2021.113169

Mathur, P., Lau, B., and Guo, S. (2011). Conditioned place preference behavior in 
zebrafish. Nat. Protoc. 6, 338–345. doi: 10.1038/nprot.2010.201

Matsui, H. (2017). The use of fish models to study human neurological disorders. 
Neurosci. Res. 120, 1–7. doi: 10.1016/j.neures.2017.02.004

Matsunaga, W., and Watanabe, E. (2010). Habituation of medaka (Oryzias latipes) 
demonstrated by open-field testing. Behav. Process. 85, 142–150. doi: 10.1016/j.
beproc.2010.06.019

Maximino, C., Marques de Brito, T., Dias, C. A. G. M., Gouveia, A., and Morato, S. 
(2010). Scototaxis as anxiety-like behavior in fish. Nat. Protoc. 5, 209–216. doi: 10.1038/
nprot.2009.225

Maximino, C., Marques, T., Dias, F., Cortes, F. V., Taccolini, I. B., Pereira, P. M., et al. 
(2007). A comparative analysis of the preference for dark environments in five teleosts. 
Int. J. Comp. Psychol. 20, 351–367. doi: 10.46867/IJCP.2007.20.04.02

May, Z., Morrill, A., Holcombe, A., Johnston, T., Gallup, J., Fouad, K., et al. (2016). 
Object recognition memory in zebrafish. Behav. Brain Res. 296, 199–210. doi: 10.1016/j.
bbr.2015.09.016

McCormick, C. M., Nixon, F., Thomas, C., Lowie, B., and Dyck, J. (2010). 
Hippocampal cell proliferation and spatial memory performance after social instability 
stress in adolescence in female rats. Behav. Brain Res. 208, 23–29. doi: 10.1016/j.
bbr.2009.11.003

Menezes, F. P., Padilha de Sousa, I., and Luchiari, A. C. (2020). Early mistreatment 
contributes to social behavior disorders in zebrafish. Front. Behav. Neurosci. 14

Miletto Petrazzini, M. E., Bisazza, A., Agrillo, C., and Lucon-Xiccato, T. (2017). Sex 
differences in discrimination reversal learning in the guppy. Anim. Cogn. 20, 1081–1091. 
doi: 10.1007/s10071-017-1124-4

Monleón, S., Duque, A., and Vinader-Caerols, C. (2015). Inhibitory avoidance 
learning in CD1 mice: effects of chronic social defeat stress. Behav. Process. 115, 64–69. 
doi: 10.1016/j.beproc.2015.03.003

Moreau, J.-L. (2022). Simulating the anhedonia symptom of depression in animals. 
Dialogues Clin. Neurosci.  4, 351–360. doi: 10.31887/DCNS.2002.4.4/jlmoreau

Moretz, J. A., Martins, E. P., and Robison, B. D. (2007). The effects of early and adult 
social environment on zebrafish (Danio rerio) behavior. Environ. Biol. Fish 80, 91–101. 
doi: 10.1007/s10641-006-9122-4

Mu, Y., Bennett, D. V., Rubinov, M., Narayan, S., Yang, C.-T., Tanimoto, M., et al. 
(2019). Glia accumulate evidence that actions are futile and suppress unsuccessful 
behavior. Cells 178, 27–43.e19. doi: 10.1016/j.cell.2019.05.050

Nadler, L. E., Killen, S. S., McClure, E. C., Munday, P. L., and McCormick, M. I. (2016). 
Shoaling reduces metabolic rate in a gregarious coral reef fish species. J. Exp. Biol. 219, 
2802–2805. doi: 10.1242/jeb.139493

Nakajo, H., Tsuboi, T., and Okamoto, H. (2020). The behavioral paradigm to induce 
repeated social defeats in zebrafish. Neurosci. Res. 161, 24–32. doi: 10.1016/j.
neures.2019.11.004

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.fsi.2019.10.011
https://doi.org/10.1016/j.fsi.2019.10.011
https://doi.org/10.1017/S1461145713000060
https://doi.org/10.1155/2016/6212983
https://doi.org/10.3791/2473-v
https://doi.org/10.1111/jne.13280
https://doi.org/10.1016/j.neuro.2022.07.004
https://doi.org/10.1080/10236244.2010.486885
https://doi.org/10.1016/j.aquatox.2022.106279
https://doi.org/10.1016/j.aquatox.2022.106279
https://doi.org/10.1038/s41598-019-53661-w
https://doi.org/10.1016/j.ynstr.2016.09.001
https://doi.org/10.1016/j.bbr.2022.114158
https://doi.org/10.1038/s41386-022-01358-6
https://doi.org/10.1098/rsos.170283
https://doi.org/10.3390/life11080792
https://doi.org/10.3390/genes11111322
https://doi.org/10.1016/j.bbr.2005.08.020
https://doi.org/10.3390/ijerph20010770
https://doi.org/10.3390/ijerph20010770
https://doi.org/10.1016/j.cub.2010.11.025
https://doi.org/10.1038/s41380-022-01778-2
https://doi.org/10.1038/s41380-022-01778-2
https://doi.org/10.1016/j.physbeh.2006.08.026
https://doi.org/10.1038/s41598-020-64639-4
https://doi.org/10.1073/pnas.2117547120
https://doi.org/10.1007/s00127-021-02089-7
https://doi.org/10.1007/s00127-021-02089-7
https://doi.org/10.3390/biology9110389
https://doi.org/10.1016/j.beproc.2014.03.010
https://doi.org/10.1371/journal.pone.0156589
https://doi.org/10.1371/journal.pone.0156589
https://doi.org/10.1038/s41598-022-14978-1
https://doi.org/10.1080/10253890.2022.2047174
https://doi.org/10.1016/j.pbb.2015.05.014
https://doi.org/10.1016/j.pbb.2015.05.014
https://doi.org/10.1242/jeb.109736
https://doi.org/10.1016/j.bbr.2021.113169
https://doi.org/10.1038/nprot.2010.201
https://doi.org/10.1016/j.neures.2017.02.004
https://doi.org/10.1016/j.beproc.2010.06.019
https://doi.org/10.1016/j.beproc.2010.06.019
https://doi.org/10.1038/nprot.2009.225
https://doi.org/10.1038/nprot.2009.225
https://doi.org/10.46867/IJCP.2007.20.04.02
https://doi.org/10.1016/j.bbr.2015.09.016
https://doi.org/10.1016/j.bbr.2015.09.016
https://doi.org/10.1016/j.bbr.2009.11.003
https://doi.org/10.1016/j.bbr.2009.11.003
https://doi.org/10.1007/s10071-017-1124-4
https://doi.org/10.1016/j.beproc.2015.03.003
https://doi.org/10.31887/DCNS.2002.4.4/jlmoreau
https://doi.org/10.1007/s10641-006-9122-4
https://doi.org/10.1016/j.cell.2019.05.050
https://doi.org/10.1242/jeb.139493
https://doi.org/10.1016/j.neures.2019.11.004
https://doi.org/10.1016/j.neures.2019.11.004


Lai et al. 10.3389/fnbeh.2023.1205175

Frontiers in Behavioral Neuroscience 15 frontiersin.org

Nakao, R., and Kitagawa, T. (2015). Differences in the behavior and ecology of wild 
type medaka (Oryzias latipes complex) and an orange commercial variety (himedaka). 
J. Exp. Zool. A Ecol. Genet. Physiol. 323, 349–358. doi: 10.1002/jez.1916

Norton, W. H. J., Manceau, L., and Reichmann, F. (2019). “The visually mediated 
social preference test: a novel technique to measure social behavior and behavioral 
disturbances in zebrafish” in Psychiatric disorders: Methods and protocols. ed. F. H. 
Kobeissy (Springer New York: New York, NY), 121–132.

Novick, A. M., Miiller, L. C., Forster, G. L., and Watt, M. J. (2013). Adolescent social 
defeat decreases spatial working memory performance in adulthood. Behav. Brain Funct. 
9:39. doi: 10.1186/1744-9081-9-39

Nuvvula, S. (2016). Learned helplessness. Contemp. Clin. Dent. 7:426. doi: 
10.4103/0976-237X.194124

Ogawa, S., Pfaff, D. W., and Parhar, I. S. (2021). Fish as a model in social neuroscience: 
conservation and diversity in the social brain network. Biol. Rev. 96, 999–1020. doi: 
10.1111/brv.12689

Ogi, A., Licitra, R., Naef, V., Marchese, M., Fronte, B., Gazzano, A., et al. (2021). Social 
preference tests in zebrafish: a systematic review. Front. Vet. Sci. 7:590057. doi: 10.3389/
fvets.2020.590057

Ohnishi, K. (1997). Effects of telencephalic ablation on short-term memory and 
attention in goldfish. Behav. Brain Res. 86, 191–199. doi: 10.1016/S0166-4328(96)02265-6

Okon-Singer, H., Hendler, T., Pessoa, L., and Shackman, A. J. (2015). The neurobiology 
of emotion–cognition interactions: fundamental questions and strategies for future 
research. Front. Hum. Neurosci. 9:58. doi: 10.3389/fnhum.2015.00058

Oliveira, R. F. (2013). Mind the fish: zebrafish as a model in cognitive social 
neuroscience. Front. Neural. Circuits 7:131. doi: 10.3389/fncir.2013.00131

Oliveira, R. F., Silva, J. F., and Simões, J. M. (2011). Fighting zebrafish: characterization 
of aggressive behavior and winner-loser effects. Zebrafish 8, 73–81. doi: 10.1089/
zeb.2011.0690

Oliveira, R. F., Simões, J. M., Teles, M. C., Oliveira, C. R., Becker, J. D., and Lopes, J. S. 
(2016). Assessment of fight outcome is needed to activate socially driven transcriptional 
changes in the zebrafish brain. Proc. Natl. Acad. Sci. U. S. A. 113, E654–E661. doi: 
10.1073/pnas.1514292113

Onarheim, T., Janczak, A. M., and Nordgreen, J. (2022). The effects of social vs. 
individual housing of zebrafish on whole-body cortisol and behavior in two tests of 
anxiety. Front. Vet. Sci. 9:859848. doi: 10.3389/fvets.2022.859848

Paijmans, K. C., Booth, D. J., and Wong, M. Y. L. (2020). Predation avoidance and 
foraging efficiency contribute to mixed-species shoaling by tropical and temperate fishes. 
J. Fish Biol. 96, 806–814. doi: 10.1111/jfb.14277

Pavlidis, M., Sundvik, M., Chen, Y.-C., and Panula, P. (2011). Adaptive changes in 
zebrafish brain in dominant–subordinate behavioral context. Behav. Brain Res. 225, 
529–537. doi: 10.1016/j.bbr.2011.08.022

Pecio, Ł., Kozachok, S., Brinza, I., Boiangiu, R. S., Hritcu, L., Mircea, C., et al. (2022). 
Neuroprotective effect of Yucca schidigera Roezl ex Ortgies bark phenolic fractions, 
Yuccaol B and Gloriosaol a on scopolamine-induced memory deficits in zebrafish. 
Molecules 27:3692. doi: 10.3390/molecules27123692

Pellow, S., Chopin, P., File, S. E., and Briley, M. (1985). Validation of open: closed arm 
entries in an elevated plus-maze as a measure of anxiety in the rat. J. Neurosci. Methods 
14, 149–167. doi: 10.1016/0165-0270(85)90031-7

Pham, M., Raymond, J., Hester, J., Kyzar, E., Gaikwad, S., Bruce, I., et al. (2012). 
“Assessing social behavior phenotypes in adult zebrafish: shoaling, social preference, and 
Mirror biting tests” in Zebrafish protocols for neurobehavioral research. eds. A. V. Kalueff 
and A. M. Stewart (Totowa, NJ: Humana Press), 231–246.

Porseryd, T., Larsson, J., Kellner, M., Bollner, T., Dinnétz, P., and Hällström, I. P. 
(2019). Altered non-reproductive behavior and feminization caused by developmental 
exposure to 17α-ethinylestradiol persist to adulthood in three-spined stickleback 
(Gasterosteus aculeatus). Aquat. Toxicol. 207, 142–152. doi: 10.1016/j.
aquatox.2018.11.024

Porsolt, R. D., Brossard, G., Hautbois, C., and Roux, S. (2001). Rodent models of 
depression: forced swimming and tail suspension behavioral despair tests in rats and 
mice. Curr. Protoc. Neurosci. 14:8.10A.1-8.A. doi: 10.1002/0471142301.ns0810as14

Pusceddu, M. M., Hernandez-Baixauli, J., Puiggrós, F., Arola, L., Caimari, A., Del 
Bas, J. M., et al. (2022). Mediterranean natural extracts improved cognitive behavior in 
zebrafish and healthy rats and ameliorated lps-induced cognitive impairment in a sex 
dependent manner. Behav. Brain Funct. 18:5. doi: 10.1186/s12993-022-00190-8

Ramsay, J. M., Feist, G. W., Varga, Z. M., Westerfield, M., Kent, M. L., and Schreck, C. B. 
(2006). Whole-body cortisol is an indicator of crowding stress in adult zebrafish, Danio 
rerio. Aquaculture 258, 565–574. doi: 10.1016/j.aquaculture.2006.04.020

Ravi, V., and Venkatesh, B. (2018). The divergent genomes of Teleosts. Ann. Rev. Anim. 
Biosci. 6, 47–68. doi: 10.1146/annurev-animal-030117-014821

Rein, B., Ma, K., and Yan, Z. (2020). A standardized social preference protocol for 
measuring social deficits in mouse models of autism. Nat. Protoc. 15, 3464–3477. doi: 
10.1038/s41596-020-0382-9

Riga, D., Theijs, J. T., De Vries, T. J., Smit, A. B., and Spijker, S. (2015). Social defeat-
induced anhedonia: effects on operant sucrose-seeking behavior. Front. Behav. Neurosci. 
9:195. doi: 10.3389/fnbeh.2015.00195

Romaguera, F., and Mattioli, R. (2008). Chlorpheniramine impairs spatial choice 
learning in telencephalon-ablated fish. Biol. Res. 41, 341–348. doi: 10.4067/
S0716-97602008000300010

Root, D. H., Zhang, S., Barker, D. J., Miranda-Barrientos, J., Liu, B., Wang, H. L., et al. 
(2018). Selective brain distribution and distinctive synaptic architecture of dual 
glutamatergic-GABAergic neurons. Cell Rep. 23, 3465–3479. doi: 10.1016/j.
celrep.2018.05.063

Rosa, L. V., Costa, F. V., Gonçalves, F. L., and Rosemberg, D. B. (2022). Acetic acid-
induced nociception modulates sociability in adult zebrafish: influence on shoaling 
behavior in heterogeneous groups and social preference. Behav. Brain Res. 434:114029. 
doi: 10.1016/j.bbr.2022.114029

Rossi, G. S., and Wright, P. A. (1953). Does leaving water make fish smarter? Terrestrial 
exposure and exercise improve spatial learning in an amphibious fish. Proc. Biol. Sci. 
2021:20210603.

Roy, T., Suriyampola, P. S., Flores, J., López, M., Hickey, C., Bhat, A., et al. (2019). 
Color preferences affect learning in zebrafish, Danio rerio. Sci. Rep. 9:14531. doi: 
10.1038/s41598-019-51145-5

Saleem, S., and Kannan, R. R. (2018). Zebrafish: an emerging real-time model system 
to study Alzheimer’s disease and neurospecific drug discovery. Cell Death Dis. 4:45. doi: 
10.1038/s41420-018-0109-7

Salena, M. G., Turko, A. J., Singh, A., Pathak, A., Hughes, E., Brown, C., et al. (2021). 
Understanding fish cognition: a review and appraisal of current practices. Anim. Cogn. 
24, 395–406. doi: 10.1007/s10071-021-01488-2

Sánchez-Vázquez, F. J., López-Olmeda, J. F., Vera, L. M., Migaud, H., 
López-Patiño, M. A., and Míguez, J. M. (2019). Environmental cycles, melatonin, and 
circadian control of stress response in fish. Front. Endocrinol. 10:279. doi: 10.3389/
fendo.2019.00279

Sandi, C., and Haller, J. (2015). Stress and the social brain: behavioural effects and 
neurobiological mechanisms. Nat. Rev. Neurosci. 16, 290–304. doi: 10.1038/nrn3918

Santos, M. E. S., Horký, P., Grabicová, K., Hubená, P., Slavík, O., Grabic, R., et al. 
(2021). Traces of tramadol in water impact behaviour in a native European fish. 
Ecotoxicol. Environ. Saf. 212:111999. doi: 10.1016/j.ecoenv.2021.111999

Saszik, S. M., and Smith, C. M. (2018). The impact of stress on social behavior in adult 
zebrafish (Danio rerio). Behav. Pharmacol. 29:53. doi: 10.1097/FBP.0000000000000338

Saverino, C., and Gerlai, R. (2008). The social zebrafish: behavioral responses to 
conspecific, heterospecific, and computer animated fish. Behav. Brain Res. 191, 77–87. 
doi: 10.1016/j.bbr.2008.03.013

Schluessel, V., and Bleckmann, H. (2012). Spatial learning and memory retention in 
the grey bamboo shark (Chiloscyllium griseum). Zoology 115, 346–353. doi: 10.1016/j.
zool.2012.05.001

Shams, S., Chatterjee, D., and Gerlai, R. (2015). Chronic social isolation affects 
thigmotaxis and whole-brain serotonin levels in adult zebrafish. Behav. Brain Res. 292, 
283–287. doi: 10.1016/j.bbr.2015.05.061

Shams, S., Khan, A., and Gerlai, R. (2021). Early social deprivation does not affect 
cortisol response to acute and chronic stress in zebrafish. Stress 24, 273–281. doi: 
10.1080/10253890.2020.1807511

Shams, S., Seguin, D., Facciol, A., Chatterjee, D., and Gerlai, R. (2017). Effect of social 
isolation on anxiety-related behaviors, cortisol, and monoamines in adult zebrafish. 
Behav. Neurosci. 131, 492–504. doi: 10.1037/bne0000220

Shapiro, M. S., and Jensen, A. L. (2009). Parameters of rewards on choice behavior in 
Siamese fighting fish (Betta splendens). Behav. Process. 82, 30–38. doi: 10.1016/j.
beproc.2009.03.007

Shishis, S., Tsang, B., and Gerlai, R. (2022). The effect of fish density and tank size on 
the behavior of adult zebrafish: a systematic analysis. Front. Behav. Neurosci. 16:934809. 
doi: 10.3389/fnbeh.2022.934809

Sittichai, R., and Smith, P. K. (2015). Bullying in south-east Asian countries: a review. 
Aggress. Violent Behav. 23, 22–35. doi: 10.1016/j.avb.2015.06.002

Smeets, T., Dziobek, I., and Wolf, O. T. (2009). Social cognition under stress: 
differential effects of stress-induced cortisol elevations in healthy young men and 
women. Horm. Behav. 55, 507–513. doi: 10.1016/j.yhbeh.2009.01.011

Soares, M. C., Gerlai, R., and Maximino, C. (2018). The integration of sociality, 
monoamines and stress neuroendocrinology in fish models: applications in the 
neurosciences. J. Fish Biol. 93, 170–191. doi: 10.1111/jfb.13757

Steenbergen, P. J., Richardson, M. K., and Champagne, D. L. (2012). The light–dark 
preference test for larval zebrafish. Zebrafish Protocols for Neurobehavioral Research. NJ, 
Totowa: Humana Press, 21–35.

Sterlemann, V., Rammes, G., Wolf, M., Liebl, C., Ganea, K., Müller, M. B., et al. (2010). 
Chronic social stress during adolescence induces cognitive impairment in aged mice. 
Hippocampus 20, 540–549. doi: 10.1002/hipo.20655

Stewart, A., Gaikwad, S., Kyzar, E., Green, J., Roth, A., and Kalueff, A. V. (2012). 
Modeling anxiety using adult zebrafish: a conceptual review. Neuropharmacology 62, 
135–143. doi: 10.1016/j.neuropharm.2011.07.037

Stewart, A. M., Gaikwad, S., Kyzar, E., and Kalueff, A. V. (2012). Understanding spatio-
temporal strategies of adult zebrafish exploration in the open field test. Brain Res. 1451, 
44–52. doi: 10.1016/j.brainres.2012.02.064

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/jez.1916
https://doi.org/10.1186/1744-9081-9-39
https://doi.org/10.4103/0976-237X.194124
https://doi.org/10.1111/brv.12689
https://doi.org/10.3389/fvets.2020.590057
https://doi.org/10.3389/fvets.2020.590057
https://doi.org/10.1016/S0166-4328(96)02265-6
https://doi.org/10.3389/fnhum.2015.00058
https://doi.org/10.3389/fncir.2013.00131
https://doi.org/10.1089/zeb.2011.0690
https://doi.org/10.1089/zeb.2011.0690
https://doi.org/10.1073/pnas.1514292113
https://doi.org/10.3389/fvets.2022.859848
https://doi.org/10.1111/jfb.14277
https://doi.org/10.1016/j.bbr.2011.08.022
https://doi.org/10.3390/molecules27123692
https://doi.org/10.1016/0165-0270(85)90031-7
https://doi.org/10.1016/j.aquatox.2018.11.024
https://doi.org/10.1016/j.aquatox.2018.11.024
https://doi.org/10.1002/0471142301.ns0810as14
https://doi.org/10.1186/s12993-022-00190-8
https://doi.org/10.1016/j.aquaculture.2006.04.020
https://doi.org/10.1146/annurev-animal-030117-014821
https://doi.org/10.1038/s41596-020-0382-9
https://doi.org/10.3389/fnbeh.2015.00195
https://doi.org/10.4067/S0716-97602008000300010
https://doi.org/10.4067/S0716-97602008000300010
https://doi.org/10.1016/j.celrep.2018.05.063
https://doi.org/10.1016/j.celrep.2018.05.063
https://doi.org/10.1016/j.bbr.2022.114029
https://doi.org/10.1038/s41598-019-51145-5
https://doi.org/10.1038/s41420-018-0109-7
https://doi.org/10.1007/s10071-021-01488-2
https://doi.org/10.3389/fendo.2019.00279
https://doi.org/10.3389/fendo.2019.00279
https://doi.org/10.1038/nrn3918
https://doi.org/10.1016/j.ecoenv.2021.111999
https://doi.org/10.1097/FBP.0000000000000338
https://doi.org/10.1016/j.bbr.2008.03.013
https://doi.org/10.1016/j.zool.2012.05.001
https://doi.org/10.1016/j.zool.2012.05.001
https://doi.org/10.1016/j.bbr.2015.05.061
https://doi.org/10.1080/10253890.2020.1807511
https://doi.org/10.1037/bne0000220
https://doi.org/10.1016/j.beproc.2009.03.007
https://doi.org/10.1016/j.beproc.2009.03.007
https://doi.org/10.3389/fnbeh.2022.934809
https://doi.org/10.1016/j.avb.2015.06.002
https://doi.org/10.1016/j.yhbeh.2009.01.011
https://doi.org/10.1111/jfb.13757
https://doi.org/10.1002/hipo.20655
https://doi.org/10.1016/j.neuropharm.2011.07.037
https://doi.org/10.1016/j.brainres.2012.02.064


Lai et al. 10.3389/fnbeh.2023.1205175

Frontiers in Behavioral Neuroscience 16 frontiersin.org

Tea, J., Alderman, S. L., and Gilmour, K. M. (2019). Social stress increases plasma 
cortisol and reduces forebrain cell proliferation in subordinate male zebrafish (Danio 
rerio). J. Exp. Biol. 222:jeb 194894. doi: 10.1242/jeb.194894

Teles, M. C., and Oliveira, R. F. (2016). “Quantifying aggressive behavior in zebrafish” 
in Zebrafish: Methods and protocols. eds. K. Kawakami, E. E. Patton and M. Orger 
(Springer New York: New York, NY), 293–305.

Thangaleela, S., Ragu Varman, D., Sivasangari, K., and Rajan, K. E. (2021). Inhibition of 
monoamine oxidase attenuates social defeat-induced memory impairment in goldfish, 
(Carassius auratus): a possible involvement of synaptic proteins and BDNF. Comp. Biochem. 
Physiol. Part C Toxicol. Pharm. 239:108873. doi: 10.1016/j.cbpc.2020.108873

Thomas, F. S. K., Higuchi, Y., Ogawa, S., Soga, T., and Parhar, I. S. (2021). Acute social 
defeat stress upregulates gonadotrophin inhibitory hormone and its receptor but not 
corticotropin-releasing hormone and ACTH in the male Nile Tilapia (Oreochromis 
niloticus). Peptides 138:170504. doi: 10.1016/j.peptides.2021.170504

Tian, S.-W., Xu, F., and Gui, S.-J. (2018). Apelin-13 reverses memory impairment and 
depression-like behavior in chronic social defeat stressed rats. Peptides 108, 1–6. doi: 
10.1016/j.peptides.2018.08.009

Tunbak, H., Vazquez-Prada, M., Ryan, T. M., Kampff, A. R., and Dreosti, E. (2020). 
Whole-brain mapping of socially isolated zebrafish reveals that lonely fish are not loners. 
elife 9:e55863. doi: 10.7554/eLife.55863

Tveit, G. M., Anders, N., Bondø, M. S., Mathiassen, J. R., and Breen, M. (2022). 
Atlantic mackerel (Scomber scombrus) change skin colour in response to crowding stress. 
J. Fish Biol. 100, 738–747. doi: 10.1111/jfb.14987

Tzschentke, T. M. (2010). “Conditioned place preference and aversion” in Encyclopedia 
of psychopharmacology. eds. I. P. Stolerman and L. H. Price (Berlin, Heidelberg: Springer 
Berlin Heidelberg), 1–7.

Ueno, H., Takahashi, Y., Murakami, S., Wani, K., Matsumoto, Y., Okamoto, M., et al. 
(2022). Effect of simultaneous testing of two mice in the tail suspension test and forced 
swim test. Sci. Rep. 12, 1–14.  doi: 10.1038/s41598-022-12986-9

van der Kooij, M. A., Jene, T., Treccani, G., Miederer, I., Hasch, A., Voelxen, N., et al. 
(2018). Chronic social stress-induced hyperglycemia in mice couples individual stress 
susceptibility to impaired spatial memory. Proc. Natl. Acad. Sci. U. S. A. 115, E10187–
E10196. doi: 10.1073/pnas.1804412115

Varga, Z. K., Zsigmond, Á., Pejtsik, D., Varga, M., Demeter, K., Mikics, É., et al. (2018). 
The swimming plus-maze test: a novel high-throughput model for assessment of 
anxiety-related behaviour in larval and juvenile zebrafish (Danio rerio). Sci. Rep. 8, 1–11.

Vila Pouca, C., and Brown, C. (2017). Contemporary topics in fish cognition and 
behaviour. Curr. Opin. Behav. Sci. 16, 46–52. doi: 10.1016/j.cobeha.2017.03.002

Vinogradov, I. M., Jennions, M. D., Neeman, T., and Fox, R. J. (2021). Repeatability of 
lateralisation in mosquitofish Gambusia holbrooki despite evidence for turn alternation 
in detour tests. Anim. Cogn. 24, 765–775. doi: 10.1007/s10071-021-01474-8

Volff, J. N. (2005). Genome evolution and biodiversity in teleost fish. Heredity 94, 
280–294. doi: 10.1038/sj.hdy.6800635

Walf, A. A., and Frye, C. A. (2007). The use of the elevated plus maze as an assay of 
anxiety-related behavior in rodents. Nat. Protoc. 2, 322–328. doi: 10.1038/nprot.2007.44

Wallace, K. J., Choudhary, K. D., Kutty, L. A., Le, D. H., Lee, M. T., Wu, K., et al. (1845). 
Social ascent changes cognition, behaviour and physiology in a highly social cichlid fish. 
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2022:20200448.

Wallace, K. J., and Hofmann, H. A. (2021). Equal performance but distinct behaviors: 
sex differences in a novel object recognition task and spatial maze in a highly social 
cichlid fish. Anim. Cogn. 24, 1057–1073. doi: 10.1007/s10071-021-01498-0

Ward, A. J. W., Herbert-Read, J. E., Sumpter, D. J. T., and Krause, J. (2011). Fast and 
accurate decisions through collective vigilance in fish shoals. Proc. Natl. Acad. Sci. U. S. 
A. 108, 2312–2315. doi: 10.1073/pnas.1007102108

Way, G. P., Southwell, M., and McRobert, S. P. (2016). Boldness, aggression, and shoaling 
assays for zebrafish behavioral syndromes. J. Vis. Exp. 1–8. doi: 10.3791/54049-v

Webb, P. W. (1984). Body form, locomotion and foraging in aquatic vertebrates. Am. 
Zool. 24, 107–120. doi: 10.1093/icb/24.1.107

Winberg, S., Nilsson, A., Hylland, P., Söderstöm, V., and Nilsson, G. E. (1997). 
Serotonin as a regulator of hypothalamic-pituitary-interrenal activity in teleost fish. 
Neurosci. Lett. 230, 113–116. doi: 10.1016/S0304-3940(97)00488-6

Wood, L. S., Desjardins, J. K., and Fernald, R. D. (2011). Effects of stress and 
motivation on performing a spatial task. Neurobiol. Learn. Mem. 95, 277–285. doi: 
10.1016/j.nlm.2010.12.002

Xu, J. J., Fu, S. J., and Fu, C. (2019). Physiological and behavioral stress responses to 
predators are altered by prior predator experience in juvenile qingbo (Spinibarbus 
sinensis). Biol. Open 8. doi: 10.1242/bio.041012

Yoshida, M., Nagamine, M., and Uematsu, K. (2005). Comparison of behavioral 
responses to a novel environment between three teleosts, bluegill Lepomis macrochirus, 
crucian carp Carassius langsdorfii, and goldfish Carassius auratus. Fish. Sci. 71, 314–319. 
doi: 10.1111/j.1444-2906.2005.00966.x

Zizza, M., Di Lorenzo, M., Laforgia, V., Furia, E., Sindona, G., Canonaco, M., et al. 
(2017). HSP90 and pCREB alterations are linked to mancozeb-dependent behavioral 
and neurodegenerative effects in a marine teleost. Toxicol. Appl. Pharmacol. 323, 26–35. 
doi: 10.1016/j.taap.2017.03.018

https://doi.org/10.3389/fnbeh.2023.1205175
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://doi.org/10.1242/jeb.194894
https://doi.org/10.1016/j.cbpc.2020.108873
https://doi.org/10.1016/j.peptides.2021.170504
https://doi.org/10.1016/j.peptides.2018.08.009
https://doi.org/10.7554/eLife.55863
https://doi.org/10.1111/jfb.14987
https://doi.org/10.1038/s41598-022-12986-9
https://doi.org/10.1073/pnas.1804412115
https://doi.org/10.1016/j.cobeha.2017.03.002
https://doi.org/10.1007/s10071-021-01474-8
https://doi.org/10.1038/sj.hdy.6800635
https://doi.org/10.1038/nprot.2007.44
https://doi.org/10.1007/s10071-021-01498-0
https://doi.org/10.1073/pnas.1007102108
https://doi.org/10.3791/54049-v
https://doi.org/10.1093/icb/24.1.107
https://doi.org/10.1016/S0304-3940(97)00488-6
https://doi.org/10.1016/j.nlm.2010.12.002
https://doi.org/10.1242/bio.041012
https://doi.org/10.1111/j.1444-2906.2005.00966.x
https://doi.org/10.1016/j.taap.2017.03.018

	Teleosts as behaviour test models for social stress
	1. Introduction
	2. Social stress in teleost models
	3. Behavioural tests in fish models
	3.1. Emotions
	3.1.1. Novel tank test
	3.1.2. Scototaxis test
	3.1.3. Elevated plus maze
	3.1.4. Zebrafish tail immobilization test
	3.1.5. Anhedonia
	3.2. Sociability
	3.2.1. Mirror-biting test
	3.2.2. Social preference test
	3.2.3. Shoaling test
	3.3. Cognitive function
	3.3.1. Conditioned place preference/conditioned place avoidance
	3.3.2. Y-maze test
	3.3.3. T-maze
	3.3.4. Novel object recognition test
	3.4. General discussion

	4. Future perspectives
	5. Conclusion
	Author contributions

	References

