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A B S T R A C T   

Stress response is essential for the organism to quickly restore physiological homeostasis disturbed by various 
environmental insults. In addition to well-established physiological cascades, stress also evokes various brain and 
behavioral responses. Aquatic animal models, including the zebrafish (Danio rerio), have been extensively used to 
probe pathobiological mechanisms of stress and stress-related brain disorders. Here, we critically discuss the use 
of zebrafish models for studying mechanisms of stress and modeling its disorders experimentally, with a 
particular cross-taxon focus on the potential evolution of stress responses from zebrafish to rodents and humans, 
as well as its translational implications.   

1. Introduction 

Stress response is a complex set of physiological reactions that aim to 
restore body homeostasis disturbed by various environmental insults by 
activating the sympatho-adrenomedullary system (SAM) and the 
hypothalamic-pituitary-adrenal axis (HPA) (Russell and Lightman, 
2019; Wendelaar Bonga, 1997b). Stress affects human and animal cen-
tral nervous system (CNS) via multiple mechanisms (Carlson and 
Rosser-Hogan, 1991; Johansson et al., 2010; Lee et al., 2015; Resnick 
et al., 2003), including dysregulated neurotransmitters, hormones and 
expression of key brain genes (Conrad, 2008; McGonigle, 2014; Russell 
and Lightman, 2019). While normal stress responses are fundamental for 
organismal survival, pathological stress can be detrimental, causing 

various brain illnesses, such as anxiety, depression and post-traumatic 
stress disorder (PTSD) (Cohen et al., 2007; Cohen and Williamson, 
1991; McEwen and Stellar, 1993). 

Animal models, especially rodents, have been extensively used to 
study neural mechanisms of stress and stress-related neuropathology 
(Campos et al., 2013; de Abreu et al., 2021; Patchev and Patchev, 2006; 
Spagnoli et al., 2016). In addition to mammals, the zebrafish (Danio rerio) 
and other fishes have demonstrated high relevance to modeling stress 
responses in vivo (Demin et al., 2020; Spagnoli et al., 2016), as they 
possess an evolutionarily conserved hypothalamic-pituitary-interrenal 
(HPI) stress axis that is structurally and functionally homologous to the 
mammalian HPA axis (Alsop and Vijayan, 2008, 2009). Fishes also have a 
generally similar brain architectonics (Wullimann et al., 1996) (Fig. 1), 
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with multiple shared neurotransmitters and hormones involved in stress 
responses, between the two taxa (Panula et al., 2010). Here, we evaluate 
the developing utility of zebrafish models for studying mechanisms of 
stress and stress-related disorders, with a particular focus on the evolution 
and translational relevance of stress responses in fish and rodents. 

2. Physical and psychological stress responses in fishes, rodents 
and humans 

Stress responses in vivo generally vary based on the type of stressors 
(physical or psychological) applied. In mammals, psychological stress 
(e.g., aversive environmental stimuli or predator-related cues) and 
physical stress (e.g., hemorrhage or infection) engage distinct neural and 
cellular networks in the brain (Dayas et al., 2001; Godoy et al., 2018). 
For instance, physical stressors are mainly processed by mammalian 
brainstem and hypothalamic regions (Dayas et al., 2001; De Kloet et al., 
2005; Fenoglio et al., 2006; Ulrich-Lai and Herman, 2009), where the 
SAM system provides rapid behavioral adaptations, such as alertness, 
vigilance and appraisal of the situation (De Kloet et al., 2005; Joëls and 
Baram, 2009). The HPA axis becomes activated later through the 
brainstem, with the paraventricular nucleus (PVN) of the hypothalamus 
activating or inhibiting this axis (Ulrich-Lai and Herman, 2009). Phys-
ical stressors also activate other brain structures that regulate autonomic 
stress responses, including nucleus of the solitary tract (NTS) and dor-
somedial hypothalamus (DMH) (Geerling et al., 2010). The key brain 
regions involved in physical stressors also include the amygdala, the 

hippocampus and the prefrontal cortex (PFC) that receive inputs from 
cortical and subcortical areas, whose outputs converge to subcortical 
relay sites, hence enabling downstream processing of limbic information 
(Ulrich-Lai and Herman, 2009). 

Psychological stressors can elicit strong physiological, behavioral 
and cognitive responses in humans (Skoluda et al., 2015) and rodents 
(Finnell et al., 2017; Pryce and Fuchs, 2017). Together with the pros-
encephalic nuclei, limbic circuits (the amygdala, the hippocampus, PVN, 
the ventral tegmental area and the nucleus accumbens) modulate psy-
chological stress in mammals (Russo and Nestler, 2013; Ulrich-Lai and 
Herman, 2009). The PFC is also important for stress responses (Rid-
derinkhof et al., 2004), as bilateral lesions of the prelimbic cortex (PLC) 
in rodents increase plasma level of the adrenocorticotrophic hormone 
(ACTH), corticosterone and the PVN expression of Fos protein (Diorio 
et al., 1993; Figueiredo et al., 2003b). In contrast, lesioning the infra-
limbic cortex (ILC) reduces corticosterone secretion, suggesting that PLC 
and ILC may play opposite roles in responses to psychological stressors 
(Sullivan and Gratton, 1999). Mammalian PFC also projects to the 
amygdala, forming a corticolimbic circuit critical for processing both 
emotional (Gabbott et al., 2005; LeDoux, 2007) and physical (e.g., re-
straint) stress (Cullinan et al., 1995; Janak and Tye, 2015). 

Glucocorticoids, including human or fish cortisol and rodent corti-
costerone, are biosynthesized and released during stress, to reach their 
target organs (Joëls et al., 2018; Sadoul and Geffroy, 2019). The bio-
logical effects of these stress hormones are mediated by mineralocorti-
coid (MR) and glucocorticoid (GR) receptors (Katsu and Iguchi, 2016; 

Fig. 1. Selected examples of similarities and differences between fish and mammalian stress responses. Panel (A) summarizes brain areas involved in stress response 
in zebrafish, rodents and mammals (also see Table 3). Panel (B) illustrates sex differences in baseline stress glucocorticoid levels in humans, rodents and zebrafish 
(female mammals > males (Larsson et al., 2009), zebrafish males = females (Wong et al., 2019)). Panel (C) shows distinct effects of chronic social isolation across 
these species, increasing the risk of mental disorders (e.g., anxiety) in mammals (Lukkes et al., 2009; Santini et al., 2020), but seemingly reducing anxiety-like 
behavior in zebrafish (Parker et al., 2012; Shams et al., 2015). 
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McEwen et al., 2015; Pippal et al., 2011; Schaaf et al., 2008) that are 
co-expressed particularly abundantly in the limbic neurons (De Kloet 
et al., 2005; Herman et al., 2003; Joëls et al., 2012). Glucocorticoids are 
also responsible for biofeedback inhibition of ACTH secretion from the 
pituitary and corticotropin-releasing hormone (CRH) secretion from the 
hypothalamus (De Kloet et al., 2005; Russell and Lightman, 2019). As 
MRs are implicated in the appraisal and the onset of stress response, GRs 
(with a ~10-fold lower affinity for corticosteroids) are activated by high 
levels of these hormones (Reul and Kloet, 1985) and directly affect 
synaptic transmission, plasticity, learning, and memory (Finsterwald 
and Alberini, 2014), in addition to modulating multiple other (e.g., 
metabolic and immune) physiological systems (De Kloet et al., 2005). 

Like other vertebrates, various fish species display robust physio-
logical and behavioral stress responses (Schreck and Tort, 2016; Wen-
delaar Bonga, 1997b), with similar neurochemical and neuroendocrine 
mechanisms to those in mammals (Table 1). A small freshwater teleost 
fish, the zebrafish has rapidly become a powerful novel model system in 
stress neuroscience research (de Abreu et al., 2021; Demin et al., 2020; 
Kalueff et al., 2014b; Stewart et al., 2014). Similar to mammals, fish also 
display distinct, type-specific stress responses (Demin et al., 2020; Khan 
et al., 2017). For example, physical stressors like acute net chasing cause 
stronger cortisol release in zebrafish than do psychological stressors, 
such as the alarm substance or conspecific blood exposure (Abreu et al., 
2017). While zebrafish acutely subjected to a mild stressor (e.g., 1-min 
air exposure) show unaltered brain gene expression for interleukins 
(IL) IL-1β and IL-6, brain-derived neurotrophic factor (BDNF), interferon 
gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) (Kirsten et al., 
2020), a more severe acute stress (e.g., a 90-min exposure to cold water, 

bright light, vortex, shallow water and restraint) upregulates brain 
mRNA expression of all these genes (Yang et al., 2020). Taken together, 
these findings demonstrate that stress responses in both fish and mam-
mals are physiologically similar (and, hence, seemingly evolutionarily 
conserved), especially since they are both directly (and in a similar 
manner) influenced by the type, intensity, frequency and duration of 
stress. 

Similar to mammalian HPA axis, stress also activates the fish HPI axis 
to trigger the hypothalamus (especially nucleus preopticus, NPO, ho-
mologous to the mammalian PVN) to initiate CRH/ACTH cascade- 
stimulated synthesis and release of cortisol by the interrenal tissue 
(Sumpter et al., 1994; Wendelaar Bonga, 1997b). Released by NPO, CRH 
also stimulates the secretion of proopiomelanocortin (POMC) in the fish 
anterior pituitary, reaching it via direct projections from NPO (LederiS 
et al., 1994). POMC is an evolutionary conserved polypeptide expressed 
in fishes (Arends et al., 1998; Gonzalez-Nunez et al., 2003), rodents and 
humans (Chang et al., 1980), that acts as a precursor for ACTH, as well 
as α- and β-melanocyte-stimulating hormone (MSH). Like in mammals, 
fish ACTH is the primary hormone responsible for stimulating cortisol 
secretion (Wendelaar Bonga, 1997a) and controlling its biosynthesis via 
the melanocortin receptor 2 (MC2R) (Roebuck et al., 1984; Schioth 
et al., 1996). Produced cortisol is next released into the circulation 
where its effects on fish target organs, like in mammals, are modulated 
by MRs and GRs (Pippal et al., 2011; Schaaf et al., 2008). 

In addition to glucocorticoids, stress also triggers catecholamine 
release from fish chromaffin cells, with a rapid rise in blood glucose 
(Barton and Iwama, 1991; Randall and Ferry, 1992; Wendelaar Bonga, 
1997b), as well as epinephrine and norepinephrine (Eto et al., 2014; 
Nikinmaa, 1992). Stressors can also indirectly modulate brain neuro-
transmitters (Wendelaar Bonga, 1997b), such as serotonin and dopa-
mine and its metabolites, since zebrafish acutely isolated for 24 h exhibit 
increase serotonin and reduce its metabolite 5-hydroxyindoleacetic acid 
(5HIAA) levels, as well as dopamine and its metabolite 3,4-dihydroxy-
phenylacetic acid (DOPAC) (Shams et al., 2017). In addition to altered 
monoaminergic system, fish chromaffin cells also respond less to 
cholinergic stimulation following a prolonged physical stress (Reid and 
Perry, 1994). As fish share a high genetic homology of stress-related 
genes with their human and rodent analogs (i.e., estimated as 62–64% 
genetic sequence homology in zebrafish vs. humans and mice, Table 2), 
several other shared aspects of stress responses will be analyzed further, 
and compared across the three species. 

In addition to physiological and genetic similarities discussed above, 
some interesting differences in neurobiology of zebrafish vs. mammalian 
stress responses also exist. For example, exposure of zebrafish to chronic 
stress increases brain BDNF levels (Song et al., 2018), which are usually 
reduced (in most, but not all, brain areas) by chronic stress in rodents 
and humans (Karege et al., 2002; Licinio and Wong, 2002; Radahmadi 
et al., 2015), as well as in patients with affective disorders, such as PTSD, 
anxiety and depression (Bremner et al., 2000; Chen et al., 2006; Duman 
and Monteggia, 2006; Mervaala et al., 2000). In contrast, the over-
expression of brain BDNF evokes anxiolytic and antidepressant effects in 
rodents (Deltheil et al., 2009; Gourley et al., 2008), with a similar 
therapeutic effect observed following a BDNF augmentation clinically 
(Brunoni et al., 2008; Zhou et al., 2017). The latter difference may result 
from a generally higher neuroprotective potential of fish (vs. potentially 
more ‘fragile’ mammalian) CNS, which may also play a role during 
stress. Another physiological difference concerns corticosteroid hor-
mones utilized by rodents, humans and fish for their stress responses: 
while humans and zebrafish utilize cortisol (and laboratory rodents do 
show some cortisol activity as well) (Bhat et al., 2007; Gong et al., 2015; 
Hawley and Keevil, 2016; Kulle et al., 2013), the major stress cortico-
steroid in reptiles, birds and laboratory rodents is corticosterone (Nussey 
and Whitehead, 2001; Raff et al., 2011; Sadoul and Geffroy, 2019; Usa 
et al., 2007). In zebrafish and humans, cortisol is produced in the ad-
renal gland during stress by 17-a hydroxylase, CYP17 (Wang and Ge, 
2004), an enzyme lacking in rodents (Gallo-Payet and Battista, 2011). As 

Table 1 
Selected examples of effects of acute stress response on fish cortisol levels.  

Acute stress response Species Increased 
cortisol 
levels 

References 

Alarm substance of 
conspecifics (15 
min) 

Zebrafish (Danio rerio) Whole- 
body 

Abreu et al. 
(2017) 

Social isolation for 
15 min 

Zebrafish Whole- 
body 

Kalueff et al. 
(2014a) 

Net chasing (2 min) Zebrafish Whole- 
body 

de Abreu et al. 
(2014) 

Net chasing (for 1 
min) 

Jundiá (Rhamdia quelen), 
nile tilapia (Oreochromis 
niloticus) 

Plasma (Barcellos 
et al., 1999;  
Cericato et al., 
2008) 

Physical restraint 
(15 min) 

Zebrafish Whole- 
body 

Abreu et al. 
(2017) 

Air exposure (1 
min) 

Zebrafish Whole- 
body 

Abreu et al. 
(2015) 

Repeated electric 
shock (20 V, 15 
mA, 100 Hz for 1 
min every 4 min, 
for 60 min) 

Nile tilapia Plasma Barreto and 
Volpato 
(2006) 

Acute handling and 
restraint 

Atlantic salmon (Salmo 
salar) 

Plasma Carey and 
McCormick 
(1998) 

Cold shock 
(28–18 ◦C) 

Matrinxã (Brycon 
amazonicus) 

Plasma Inoue et al. 
(2008) 

Aerial emersion 
handling stressor 

Pallid (Scaphirhynchus 
albus) and hybrid 
pallidxshovelnose 
(S. albusxplatorynchus) 
sturgeons 

Plasma Barton et al. 
(2000) 

Handling (30-s air 
exposure) 

Lake (Salvelinus 
namaycush), rainbow 
(Oncorhynchus mykiss), 
brown (Salmo trutta) and 
brook trouts (Salvelinus 
fontinalis) 

Plasma Barton (2000) 

Transportation for 
2h 

Lake, rainbow, brown and 
brook trouts 

Plasma Barton (2000)  
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such, some species differences in stress neuroendocrinology may play a 
role in how fish and rodents respond to acute and chronic stressors. 

Certain anatomical differences in brain morphology, especially 
within the limbic system of mammals and fishes (Fig. 1), may also 
contribute to some variance in physiological and behavioral responses to 
stress across these species (Herman et al., 2005; Price, 2013). For 
instance, acute restrain stress, a common stress protocol used to induces 
stress-related behaviors, differentially affects animal limbic system 
(Herman et al., 2005), in rats increasing, and in zebrafish decreasing, 
paraventricular nucleus CRH mRNA expression (Ghisleni et al., 2012; 
Liu et al., 2011). Likewise, lesions of rodent anterior cingulate and 
medial prefrontal cortex, lacking in zebrafish (Parker et al., 2013), 
enhance ACTH and corticosterone secretion following restraint stress 
(Diorio et al., 1993; Figueiredo et al., 2003a), which is impossible in 
zebrafish given the lack of prefrontal cortex. Together, this suggests that 
neuromorphological differences between fishes and mammals may 
contribute to some distinct physiological and behavioral responses to 
stress between zebrafish and mammals. Moreover, some physiological 
and behavioral responses to stress also differ between fish and mammals 
in models based on early maternal separation (Andersen et al., 1999). 
For example, while in rodents the latter stress increases anxiety-like 
behavior, hypothalamic CRF mRNA levels and corticosterone levels 
when adults (Bondar et al., 2018; Plotsky and Meaney, 1993; Vargas 
et al., 2016), early social deprivation does not seem to affect baseline 
whole-body cortisol levels in adult zebrafish (Shams et al., 2020). 
Furthermore, zebrafish maternal stress (maternal starvation for 4 days) 
decreases cell proliferation in larval offspring forebrain at 5 days 
post-fertilization (dpf), whereas 10-hpf embryos born from a starved 
mother show elevated cortisol levels, indicating that maternal starvation 
stress does induce neurodevelopmental changes in zebrafish (Higuchi, 

2020). Notable physiological differences have also been demonstrated in 
animal models of physical vs. psychical stressors. For example, adult 
male rats exhibit GR-mediated hippocampal atrophy and behavioral 
abnormalities on the second week of physical (electric footshock) stress, 
but not until the fourth week of psychological stress (e.g., witnessing 
conspecifics experiencing electric foot shock) (Li et al., 2019). In ro-
dents, behavioral (e.g., thigmotaxis in the open field test) and molecular 
(e.g., decreased hippocampal GR expression) effects of such physical 
stressors appear early, but are relatively moderate, compared to the 
later-onset, but more pronounced impact of psychological stressors (Li 
et al., 2019). In zebrafish, while acute exposure to both physical 
(Ramsay et al., 2009) and chemical (Abreu et al., 2017) stressors in-
creases whole-body cortisol levels and evokes anxiety-like behavior, 
putative physiological differences between physical vs. psychological 
stressors remain poorly understood. As these two types of stressors may 
activate different brain areas and distinct pools of GR/MR receptors, this 
may cause potentially distinct behavioral and physiological responses 
depending on the type of stressor. 

In mammals, behavioral responses to acute stressor, often described 
as a 3-F (fight, freeze or flee) triad, are medicated by stress circuits, 
including the limbic-HPA regions comprised of cortex, hippocampus, 
nucleus accumbens, lateral septum, several hypothalamic nuclei, medial 
and cortical amygdaloid nuclei, dorsal raphe, locus coeruleus and 
brainstem nuclei (Brunoni et al., 2008; Ressler, 2010). It has recently 
been suggested that rodent stress response may also elicit characteristic 
self-grooming behavior as part of the ‘fight, freeze, flight or groom’ 
behavioral tetrad (Song et al., 2016b). While the prominent role of ro-
dent self-grooming behavior and its patterning under stress is being 
widely recognized (Kalueff et al., 2016b; Song et al., 2016a), and likely 
represents an evolutionarily conserved trait in multiple species, fishes 

Table 2 
Major zebrafish genes related to stress response and their human and mouse orthologues, based on the National Center for Biotechnology Information (NCBI) Genetic 
Testing Registry (GTR) database with % homology calculated based on protein identity using the HomoloGene database (www.ncbi.nlm.nih.gov/homologene/).  

Zebrafish genes Symbol Mouse genes Human genes % Homology 

Zebra-fish vs Human Zebra-fish vs Mouse Human vs Mouse 

Proopiomelanocortin a pomca POMC Pomc 41 43 71 
Melanocortin 2 receptor mc2r Mc2r MC2R 50 51 89 
Melanocortin 1 receptor mc1r Mc1r MC1R 58 58 76 
Corticotropin releasing hormone b crhb Crh CRH 92 42 83 
Corticotropin releasing hormone binding protein crhbp Crhbp CRHPB 63 61 87 
Fos proto-oncogene fos Fos FOS 61 62 93 
Jun proto-oncogene jun Jun JUN 78 79 97 
Brain derived neurotrophic factor bdnf Bdnf BDNF 80 79 97 
Early growth response protein 1 egr1 Egr1 EGR1 66 63 91 
Glucocorticoid receptor nr3c1 Nr3c1 NR3C1 54 55 90 
Mineralocorticoid receptor nr3c2 Nr3c2 NR2C2 54 53 90 

nr3c2vit 41 39 
Serotonin transporter slc6a4 Slc6a4 SLC6A4 70 70 92 
GABA (A) α6 receptor subunit gabra6 Gabra6 GABRA6 76 76 92 
Opioid receptor μ1 oprm1 Oprm1 OPRM1 78 81 94 
Tryptophan hydroxilase 1 Tph1a Tph1 TPH1 80 78 90 

Tph1b 77 75 
Tryptophan hydroxilase 2 tph2 Tph2 TPH2 76 79 93 
P2x ligand-gated ion channel 7 p2rx7 P2rx7 P2RX7 46 46 80 
Alpha-1 A adrenergic receptor adra1a Adra1a ADRA1A 62 61 91 
Alpha-1 B adrenergic receptor adra1ba Adra1b ADRA1B 68 67 96 

adra1bb 70 70 
Alpha-2 A adrenergic receptor adra2a Adra2a ADRA2A 67 68 92 
Alpha-2 B adrenergic receptor adra2b Adra2b ADRA2B 57 65 83 

adra2b-like 56 55 
Alpha-2 C adrenergic receptor adra2c Adra2c ADRA2C 68 65 89 
Alpha-2 D adrenergic receptor adra2d a a b 

Beta-1 adrenergic receptor adrb1 Adrb1 ADRB1 64 63 90 
Beta-2 adrenergic receptor adrb2a Adrb2 ADRB2 58 56 87 

adrb2b 60 62 
Beta-3 adrenergic receptor adrb3a Adrb3 ADRB3 57 58 81 

Average % homology  64 62 88  

a Absent in fish. 
b Absent in mammals. 
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seem to lack clear-cut grooming analogous behavior, and its role in fish 
behavior remains unclear, thus meriting further scrutiny. Likewise, 
facial expression phenotypes have recently been linked to rodent social 
activity, aggression (Brecht and Freiwald, 2012), pain (Langford et al., 
2010; Sperry et al., 2018) and well-being status and stress (Andresen 
et al., 2020), thus, making facial expression potentially useful and sen-
sitive biomarker of stress in mammals (also see similar important role of 
human facial expression in stress (Mayo and Heilig, 2019). However, 
while mammals have a remarkably complex facial muscles (Brecht and 
Freiwald, 2012; Burrows et al., 2006), little is known about facial re-
sponses to stress in fishes, clearly meriting further translational studies. 

3. Effects of social environment and age on stress in zebrafish 
and mammals 

Social environment is a complex factor modulating rodent (Beery 
and Kaufer, 2015), human (Santini et al., 2020) and zebrafish behavior 
(Fontana et al., 2021). As already mentioned, social deficits, such as 
early deprivation, isolation, hierarchy, crowding and social instability, 
cause experimental stress in rodents and zebrafish (Beery and Kaufer, 
2015; Demin et al., 2020). For example, over-crowded zebrafish (40 
fish/L) exhibit higher whole-body cortisol than fish maintained at a low 
(0.25-fish/L) density (Ramsay et al., 2006). In rodents, crowding acti-
vates the HPA axis and causes social avoidance (Lee et al., 2018), ad-
renal hypertrophy (Christian, 1971) and elevated corticosterone (Brown 
and Grunberg, 1995). In zebrafish, social stress can also be modeled by 
social isolation, since zebrafish, individually housed for 2 weeks, spend 
less time in the bottom of the novel tank (an anxiolytic-like effect) 
(Parker et al., 2012) and more time in the center of the open-tank (an 
anxiolytic-like effect) (Shams et al., 2015). These socially isolated fish 
also display lower baseline cortisol levels (Parker et al., 2012) and 
blunted cortisol responses to an acute stressor (e.g., 2-min net chasing), 
than group-housed fish (Giacomini et al., 2015). While a short-term 
15-min social isolation evokes robust anxiety-like behavioral and 
cortisol responses in adult zebrafish (Kalueff et al., 2014a), rodent social 
isolation evokes hyperadrenocorticism, reduced body weight, altered 
blood composition and enhanced pain responsivity (in females) (Hatch 
et al., 1965; Valzelli, 1973), as well as anxiety/fear-like behaviors and 
poor social interaction (in males) (Lukkes et al., 2009). Overall, these 
findings demonstrate generally similar effects of social factors on the 
development of stress responses in zebrafish and mammals. 

However, there are also some interesting distinct effects of chronic 
social isolation stress between zebrafish, rodents and humans (Fig. 1), 
since in mammals it increases the risk of mental disorders (e.g., anxiety) 
(Lukkes et al., 2009; Santini et al., 2020), but causes an anxiolytic-like 
effect in zebrafish (Parker et al., 2012; Shams et al., 2015) (Fig. 1). On 
the one hand, these differences may be due to potentially faster adap-
tation to novel environment (e.g., to isolation) and brain modulation (e. 
g., altered neurogenesis) in fish compared to mammals (Grandel et al., 
2006; Kaslin et al., 2008). Another potential contributing factor can be 
some genetic differences, mostly due to teleost-specific genome dupli-
cation in zebrafish (Howe et al., 2013). For example, while mammals 
have two parathyroid hormone (PTH) receptor genes (PTH1R and 
PTH2R) vs. three in zebrafish (pth1r, pth2r and pth3r) (Gensure et al., 
2004; Hogan et al., 2005), already associated with social isolation effects 
(e.g., down-regulating pth2 gene in zebrafish (Anneser et al., 2020)). 

Age also plays an important role in modulating stress responses 
(Novais et al., 2017). In both men and women, evening cortisol is higher 
in older than younger subjects (Gutchess et al., 2019; Larsson et al., 
2009), and the HPA axis responsiveness varies during puberty, as 
15-year-old individuals display higher cortisol levels in response to so-
cial stress test than 9-11-year-olds (Gunnar et al., 2009). In rodents, 
behavioral impact of stress also differs between ages (Novais et al., 
2017), as adolescent female rats avoid a resident female, whereas adult 
females are more active and aggressive (Ver Hoeve et al., 2013). 
Adolescent female (but not male) rats exhibit less anxiety following 

social defeat stress, but equally high adult anxiety in both sexes 
(McCormick et al., 2008). Paralleling mammalian age-specific data, 
acute stress (e.g., 30-s air exposure) unalters anxiety-like behavior and 
whole-body cortisol in young (Aponte and Petrunich-Rutherford, 2019), 
but not adult zebrafish (Tran et al., 2014; Tran and Gerlai, 2015). Age 
also influences zebrafish locomotor activity, as aging 18-month old 
zebrafish are more immobile than young (6–9-months old) fish in the 
novel tank test (Evans et al., 2021). Collectively, this suggests that age 
gradually, and generally in a rather similar manner, impacts zebrafish, 
rodents and human stress responses. 

Interestingly, some age aspects of the three model species may also 
factor into differential shaping of their stress responses. For example, 
humans become adults at the age of 20, old at 65, and live ~80 years 
(Wilson et al., 2019). Laboratory mice are considered adults at 2 months, 
old at 1.5–2 years, and have a lifespan of 2.5–3 years (Flurkey and 
Harrison, 2007), whereas laboratory zebrafish become young adults at 
the age of 3 months, old at 30 months, and live ~4 years (Kishi et al., 
2009). As such, humans have a shorter adulthood (75% of the respective 
lifespan), compared 83% in mice and especially 94% in zebrafish. The 
duration of ‘mature’ adulthood (from adult to old) also varies, ranging 
from ~56% in humans and mice to 63% in zebrafish. Likewise, humans 
seem to have relatively shorter old age (20%), compared to mice (33%) 
and zebrafish (38%). The latter aspects, in turn, may underlie potential 
species differences in stress responses. For example, this may hypo-
thetically render humans more vulnerable to stress (than mice and 
zebrafish) by being relatively more exposed to early-life stressors. At the 
same time, such age structure differences may also provide the three 
species with distinct temporal opportunities for coping, e.g., making 
zebrafish relatively more stress-resistant by ‘extending’ the life period 
when their brain is mature and can therefore most efficiently cope with 
stress, compared to mammals. Clearly, these features merit further 
scrutiny and further cross-species analyses. 

4. Sex differences in stress responses in zebrafish, rodents and 
humans 

Sex differences are increasingly reported in response of acute or 
chronic stressors exposure in zebrafish, rodents and humans. For 
example, unpredictable chronic stress lowers aggression and whole- 
body cortisol in female zebrafish (Rambo et al., 2017), but shows no 
differences in baseline cortisol levels between the sexes (Wong et al., 
2019). In salmonids, plasma cortisol is higher in females vs. males (Idler 
and Freeman, 1968), whereas female rodents show higher baseline 
corticosterone (Bangasser and Wicks, 2017; Handa et al., 1994; Kitay, 
1961) and corticosterone responses to stress (Bangasser and Valentino, 
2014; Seale et al., 2004) than males. This also parallels clinical data on 
higher baseline cortisol in women (Larsson et al., 2009), who are also 
more likely to develop serious stress-related disorders, including anxi-
ety, depression and PTSD (Hu et al., 2017; McLean et al., 2011; Patten 
et al., 2006). 

While crowding stress particularly strongly affects male mammals, it 
is either calming or inactive in females (Brown and Grunberg, 1995; 
Kotrschal et al., 2007). In rodents, even when the same event is stressful 
to both males and females, the sequelae of stress exposure may differ, for 
example, impairing classical conditioning in females, but improving in 
males (Wood and Shors, 1998). The most prominent model of rodent 
social stress is the social defeat, typically induced in a resident-intruder 
test where a test subject is paired with a dominant resident (Martinez 
et al., 1998). Some sex differences have also been observed in this rodent 
model (Steinman and Trainor, 2017), as both sexes show similar rates of 
freezing when confronted with an aggressive resident, yet females make 
more attempts to flee (Trainor et al., 2013). As zebrafish dominance is 
associated with a greater body size and aggression, dominant males are 
generally more aggressive than dominant females (Paull et al., 2010). 
While male zebrafish over-express whole-brain crf (Evans et al., 2021), 
adult females display higher locomotion after repeated daily stress 
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(Devaud et al., 2019). Thus, some sex differences in stress-related be-
haviors (e.g. (Fontana et al., 2019; Genario et al., 2020; Maeng and 
Milad, 2015; McHenry et al., 2014),) appear to be conserved across these 
species, thereby raising the possibility of their shared or overlapping 
natural evolution. 

5. Individual and strain differences in zebrafish, rodent and 
humans stress responses 

Individual differences strongly impact biological and behavioral 
stress responses, forming resilient and vulnerable groups (Heinzelmann 
and Gill, 2013). Vulnerable subjects poorly adjust to stressors and ex-
press inappropriate responses, while resilient subjects distinguish the 
adversity as less stressful, and employ adaptive behavioral and physio-
logical responses (Franklin et al., 2012). For example, human subjects 
who secrete a greater amplitude of cortisol diurnally demonstrate lesser 
limbic activation (e.g., amygdala, hippocampus and hypothalamus) 
when exposed to stressful video images (Cunningham-Bussel et al., 
2009). While C57BL6/J mice subjected to chronic social defeat can be 
separated into susceptible and resilient individuals based on their social 
interaction scores (Krishnan et al., 2007), selectively bred outbred 
Roman high- (RHA) and low-avoidance (RLA) rat sub-strains differ 
(RLA > RHA) in stress-evoked ACTH and corticosterone responses 
(Steimer and Driscoll, 2005). Similar to mammals, fishes exhibit pro-
nounced intraspecies variability in stress responses (Demin et al., 2019; 
Volgin et al., 2019). For instance, less aggressive zebrafish with a 
reactive stress coping style display higher whole-body cortisol peaks 
than their bolder, proactive counterparts (Wong et al., 2019). Individ-
ually in zebrafish locomotion (e.g., high vs. low activity) is associated 
with differences in stress-related phenotypes, as female high-activity 
fish are less anxious than low-activity females (Tran and Gerlai, 
2013). In addition, zebrafish also present individual differences in 
risk-taking behavior (e.g., predator inspection) between shy and bold 
individuals (Dugatkin et al., 2005). Collectively, this suggests a general 
conservation of stress resilient and vulnerability phenotypes across 
zebrafish and mammals. However, the exact evolutional role of such 
intraspecies variability remains unclear, and necessitates further 
studies. For instance, translational models of stress may benefit from 
targeting ‘core’ genetic and molecular elements of resilience/vulner-
ability phenotype represented simultaneously in all species. At the same 
time, recent study revealed no similarities between zebrafish, Atlantic 
salmon (Salmo salar) and European sea bass (Dicentrarchus labrax) in 
transcriptome signatures of their proactive behavior, highlighting some 
complication of cross-species studies of individual differences (Planellas 
et al., 2020). 

There are also well-established strain and population differences in 
human stress responses (Miller and Kirschbaum, 2019). For instance, US 
and North European human subjects show lower cortisol stress re-
sponses and more severe depression then in some other European 
countries (e.g., Italy and Germany) (Kessler et al., 2015; Miller and 
Kirschbaum, 2019). Immobilization stress increases acoustic startle in 
Sprague–Dawley, but not Long–Evans rats (Faraday, 2002), whereas 
Fisher-344 rats show stress-related anhedonia, unlike more resilient 
Lewis rats (Ergang et al., 2015). Likewise, BALB/cJ mice are more 
vulnerable to stress, compared C57BL/6J (Razzoli et al., 2011) or 
SWR/J mice (Szklarczyk et al., 2012). In zebrafish, overt strain differ-
ences in stress responsivity also exist. For example, leopard, albino, AB 
and especially wild-derived strains considered to be highly sensitive to 
stress factors, whereas Tupfel long-fin (TL) and wild-type short-fin 
zebrafish are more resilient (Egan et al., 2009a; Kalueff et al., 2016a; 
Séguret et al., 2016; van den Bos et al., 2017a; van den Bos et al., 2017b; 
Vignet et al., 2013). The AB and TL zebrafish also differ in HPI axis 
activity (e.g., higher brain crf, gr-beta, bdnf, pcna, neurod1, cart4, igf1 and 
soc3a expression) in both larvae and adult AB zebrafish (Gorissen et al., 
2015; van den Bos et al., 2017a). 

Laboratory zebrafish strains also differ markedly in behavior and 

stress responses from wild-caught or wild-derived (e.g., WIK) fish pop-
ulations (Collier et al., 2017; Kalueff et al., 2016a). For instance, labo-
ratory strain (e.g., TAB line) is less sensitive to stress evoked by a 
conspecific alarm substance exposure than wild (Ogwang, 2008). 
Leopard and albino strains present a high-anxiety in the novel tank test 
than wild-type zebrafish (Egan et al., 2009b). In addition, AB zebrafish 
had higher basal whole-body cortisol and lower inhibitory avoidance 
and shoal cohesion than TL zebrafish (Gorissen et al., 2015). Overall, 
these findings demonstrate that individual and strain differences in CNS 
stress responses are also seen across species, likely representing yet 
another shared, evolutionarily conserved aspect of animal stress 
responsivity. 

6. Epigenetic modulations of stress response 

In addition to physiological and CNS responses discussed above, 
stress also involves various epigenetic processes (e.g., DNA methylation, 
histone modification and microRNA activity) in the brain (Badyaev, 
2005; Demin et al., 2020; Stankiewicz et al., 2013). For instance, human 
childhood trauma increases methylation of NR3C1 (nuclear receptor 
subfamily 3 group member 1) gene (Van Der Knaap et al., 2014), 
whereas acute rodent predator stress increases the number of hippo-
campal neurons with phosphorylated serine 10 of histone 3 (H3) 
(Bilang-Bleuel et al., 2005). Acute restraint in rodents increases brain 
tri-methylation of H3 lysine 9 and reduces mono-methylation and 
tri-methylation of H3 lysine 27 (Hunter et al., 2009). Rodent chronic 
social defeat increases the acetylation of H3 lysine 9 and lysine 14 in 
neurons and glial (Hinwood et al., 2011), while chronic stress lowers 
medial PFC DNA methyltransferase 3a (Dnmt3a) mRNA expression, and 
hence a global DNA methylation (Elliott et al., 2016). 

Zebrafish also represent a useful tool for studying brain epigenetic 
regulation during stress (Lakstygal et al., 2018). For instance, zebrafish 
exposure to acute severe stress upregulates CNS expression of several 
epigenetic genes, including dnmt3a, and dnmt3b, hat1 (histone acetyl-
transferase 1) and hdac4 (histone deacetylase) genes 10 days 
post-exposure (Yang et al., 2020). Paralleling this stress-induced upre-
gulation of zebrafish hdac4, adult rats exposed to a single prolonged 
stressor (e.g., 2-h restraint + 20-min forced swim stress) also increase 
the number of HDAC4-expressing PFC and hippocampal neurons (Sai-
laja et al., 2012; Zhang et al., 2020). Taken together, these findings 
suggest that some epigenetic mechanisms induced by stress (e.g., 
upregulation of HDAC4 by acute stressors) are similar across zebrafish 
and mammals, and hence may represent core, evolutionarily conserved 
molecular aspects of stress regulation in vertebrate CNS. 

Notably, stress responsivity is also modulated transgenerationally. 
For example, parental life events impact behavior of rodent offspring, 
since F1 from restrained (for 60 days) mothers and/or fathers show 
lower anxiety and serum cortisol and increased hippocampal mRNA 
expression of GR and BDNF than control F1 offspring from unstressed 
parents (He et al., 2016). Similar behavioral and molecular changes are 
also observed in F2 rodents (He et al., 2016). In humans, maternal 
cortisol affects the HPA axis function of the child, and may evoke their 
stress-related disorders later in life (Davis et al., 2007; Karlén et al., 
2013; Oberlander et al., 2008). Similarly, maternal cortisol may also 
regulate the development of the fish HPI axis, subsequently impacting 
larval stress response (Nesan and Vijayan, 2016), because the role of 
maternal cortisol in neurogenesis and behavior of larval zebrafish has 
already been reported (Best et al., 2017). In zebrafish, larvae exposed for 
6 days to fluoxetine (a selective serotonin reuptake inhibitor, SSRI) 
demonstrate lower cortisol levels in response to an acute stressor (e.g., 
net handling stressor) when adult (Vera-Chang et al., 2018). In addition, 
the suppression of stress response by fluoxetine persists for three 
consecutive generations in the unexposed descendants (Vera-Chang 
et al., 2018). Collectively, these findings demonstrate that while 
zebrafish (with an ex-uterus development) differ in developmental 
biology from mammals, behavioral and physiological effects of 
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parenteral exposure to stress or drugs and their transgenerational con-
sequences may be rather similar to mammals. 

7. Conclusion 

Mounting evidence summarized here, including homologous stress- 
related genes (Table 2), similar behaviors, overlapping brain anatomy 
(Fig. 1, Table 3) and shared epigenetic modulation, supports common, 
evolutionarily conserved mechanisms of various CNS stress responses in 
fish and mammals. Recognizing such common natural evolution across 
vertebrate taxa, our understanding how stress response has evolved 
across species may help develop more effective pharmacological and 
non-pharmacological therapies for various stress-related disorders (e.g., 
PTSD or depression). In addition, this knowledge may foster the devel-
opment of more robust animal experimental models to assess stress- 
related disorders, as well as their potential epigenetic modulation. 

However, some methodological limitations of animal experimental 
models of stress must also be considered. For instance, rodent stress- 
related behaviors are greatly influenced by extrinsic factors, such as 
experimenter identity (Katsnelson, 2014), as rodents manipulated by 
male (but not female) experimenters display reduced nociception (Sorge 

et al., 2014). In contrast, experimenter sex does not affect zebrafish 
anxiety assays, such as the novel tank and the light-dark tests (de Abreu 
and Kalueff, 2021; Lieggi et al., 2020; Stewart et al., 2015). Thus, fish 
models and tests may provide a higher reproducibility and replicability 
of data in stress studies, being less influenced by common environmental 
factors (de Abreu and Kalueff, 2021). 

Moreover, fish models also present some additional, fish-specific 
limitations. For example, fishes live in the aquatic environment, where 
stress hormones and other substances are constantly secreted (via urine/ 
feces) by fish (Vermeirssen and Scott, 1996) and other animals and 
humans (Calisto and Esteves, 2009). Thus, unlike rodents, fish may 
continuously absorb and bioaccumulate these substances (Brodin et al., 
2013), likely to play an important role in stress axis modulation. In 
addition, zebrafish may not experience stress-induce hyperthermia, as in 
rodents and humans (Jones et al., 2019). Finally, as many outstanding 
questions regarding the evolution of stress responses in fish and mam-
mals remain open (Table 4), addressing them in future translational 
cross-species studies may improve our understanding of the natural 
evolution of stress responses in animal kingdom. 
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Johansson, L., Guo, X., Waern, M., Östling, S., Gustafson, D., Bengtsson, C., Skoog, I., 
2010. Midlife psychological stress and risk of dementia: a 35-year longitudinal 
population study. Brain 133, 2217–2224. 

Jones, N.A.R., Mendo, T., Broell, F., Webster, M.M., 2019. No experimental evidence of 
stress-induced hyperthermia in zebrafish (Danio rerio). J. Exp. Biol. 222. 

Kalueff, A.V., Echevarria, D.J., Homechaudhuri, S., Stewart, A.M., Collier, A.D., 
Kaluyeva, A.A., Li, S., Liu, Y., Chen, P., Wang, J., Yang, L., Mitra, A., Pal, S., 
Chaudhuri, A., Roy, A., Biswas, M., Roy, D., Podder, A., Poudel, M.K., Katare, D.P., 
Mani, R.J., Kyzar, E.J., Gaikwad, S., Nguyen, M., Song, C., 2016a. Zebrafish 
neurobehavioral phenomics for aquatic neuropharmacology and toxicology 
research. Aquat. Toxicol. 170, 297–309. 

Kalueff, A.V., Echevarria, D.J., Stewart, A.M., 2014a. Gaining translational momentum: 
more zebrafish models for neuroscience research. Prog. Neuro Psychopharmacol. 
Biol. Psychiatr. 55, 1–6. 

Kalueff, A.V., Stewart, A.M., Gerlai, R., 2014b. Zebrafish as an emerging model for 
studying complex brain disorders. Trends Pharmacol. Sci. 35, 63–75. 

Kalueff, A.V., Stewart, A.M., Song, C., Berridge, K.C., Graybiel, A.M., Fentress, J.C., 
2016b. Neurobiology of rodent self-grooming and its value for translational 
neuroscience. Nat. Rev. Neurosci. 17, 45–59. 

Karege, F., Perret, G., Bondolfi, G., Schwald, M., Bertschy, G., Aubry, J.M., 2002. 
Decreased serum brain-derived neurotrophic factor levels in major depressed 
patients. Psychiatr. Res. 109, 143–148. 

Karlén, J., Frostell, A., Theodorsson, E., Faresjö, T., Ludvigsson, J., 2013. Maternal 
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