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Abstract 

Background:  In humans the stress response is known to be modulated to a great extent by psychological factors, 
particularly by the predictability and the perceived control that the subject has of the stressor. This psychological 
dimension of the stress response has also been demonstrated in animals phylogenetically closer to humans (i.e. mam-
mals). However, its occurrence in fish, which represent a divergent vertebrate evolutionary lineage from that of mam-
mals, has not been established yet, and, if present, would indicate a deep evolutionary origin of these mechanisms 
across vertebrates. Moreover, the fact that psychological modulation of stress is implemented in mammals by a brain 
cortical top-down inhibitory control over subcortical stress-responsive structures, and the absence of a brain cortex 
in fish, has been used as an argument against the possibility of psychological stress in fish, with implications for the 
assessment of fish sentience and welfare. Here, we have investigated the occurrence of psychological stress in fish by 
assessing how stressor controllability modulates the stress response in European seabass (Dicentrarchus labrax).

Results:  Fish were exposed to either a controllable or an uncontrollable stressor (i.e. possibility or impossibility to 
escape a signaled stressor). The effect of loss of control (possibility to escape followed by impossibility to escape) 
was also assessed. Both behavioral and circulating cortisol data indicates that the perception of control reduces the 
response to the stressor, when compared to the uncontrollable situation. Losing control had the most detrimental 
effect. The brain activity of the teleost homologues to the sensory cortex (Dld) and hippocampus (Dlv) parallels the 
uncontrolled and loss of control stressors, respectively, whereas the activity of the lateral septum (Vv) homologue 
responds in different ways depending on the gene marker of brain activity used.

Conclusions:  These results suggest the psychological modulation of the stress response to be evolutionary con-
served across vertebrates, despite being implemented by different brain circuits in mammals (pre-frontal cortex) and 
fish (Dld-Dlv).
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Background
It has long been established that psychological fac-
tors, such as controllability and predictability, can be as 
important as intrinsic characteristics of the stressor (e.g. 
intensity) on the effects of stress in humans [1]. Interest-
ingly, this psychological dimension of the stress response 

was first investigated in laboratory animals, in particular 
in monkeys, dogs and rodents (e.g. [2–7]) and only sub-
sequently extended to humans (e.g. [8–10]). The semi-
nal studies of stressor controllability in animal models 
have compared the stress response in animals that can 
escape the stressor (i.e. that has control over the stressor, 
originally a tail-shock) to animals exposed to the same 
stressor but that have no control over it. The effects of 
lack of stressor control (aka learned helplessness), include 
increased anxiety, decreased social exploration, and 
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heightened fear conditioning and delayed fear extinction 
[1]. These effects are not observed in animals that have 
controllability over the stressor. Similarly, in humans, 
laboratory tasks that induce uncontrollable (but not 
controllable) stress impair fear extinction and executive 
functioning in a Stroop task [11, 12], and increase per-
ceived helplessness, depression and anger [13, 14].

Research on the neural mechanisms of stressor con-
trollability suggests that the blunted stress response 
induced by perceived stressor control is due to a corti-
costriatal circuit involving the ventral medial pre-frontal 
cortex (mPFC) and the posterior dorsomedial striatum 
that exerts top-down inhibitory control over subcorti-
cal stress-responsive structures, namely the serotoner-
gic system of the dorsal raphe nucleus and the amygdala 
[15]. At the neuroendocrine level, the hypothalamic–
pituitary–adrenal (HPA) axis response to stress has been 
shown to be influenced by controllability in humans, 
where in response to laboratory tasks, cortisol levels are 
lower in groups where stressor control is perceived than 
in groups where stressor control is not perceived [14] and 
perceived control is negatively correlated with cortisol 
[16, 17]. In contrast, in rodents the HPA stress response 
seems insensitive to stressor controllability, but repeated 
exposure to controllable stressors leads to a lower 
response [18–20]. Given the central role of the mPFC on 
stressor controllability, it could be questioned whether 
this psychological moderation of the stress response is 
also present in non-mammals that lack a cerebral cor-
tex. In this respect, querying its occurrence in fish, which 
represent a phylogenetically divergent vertebrate lineage 
from that of mammals [21], whose brains lack a mPFC 
homologue [22], is of major relevance. Its presence in fish 
would indicate that stressor controllability is an ancestral 
psychological trait that can be implemented by different 
neural substrates in fish and mammals. In fact, the com-
putations needed for similar cognitive abilities can be 
implemented by similar neuronal circuitry irrespective of 
its organization in a layered or nuclear architecture. This 
has recently been shown by the involvement of the meso-
pallium and nidopallium in the complex cognitive abili-
ties of birds [23–25].

In teleost fish three pallial areas and one sub-pallial 
area have been suggested to play a role in cognitive and 
affective components of behavior: (1) the medial zone 
of the dorsal telencephalic area (Dm), which has been 
shown to be involved in emotional learning [26, 27] and 
is the putative homologue of the mammalian pallial 
amygdala [28, 29]; (2) the ventral division of the lateral 
telencephalic area (Dlv), which has been shown to be 
involved in spatial and time-related learning [30–32] 
and is the putative homologue of the mammalian hip-
pocampus [28, 29]; (3) the dorsal division of the lateral 

telencephalic area (Dld), which has been shown to inte-
grate multimodal sensory information and is the puta-
tive homologue of the sensory cortex [28, 29]; and (4) 
the ventral nucleus of the ventral telencephalic area 
(Vv), which has been shown to respond to stimulus 
salience [33] and is a putative homologue of the lateral 
septum and of the nucleus accumbens [34, 35]. The 
role of psychological factors in the regulation of the 
stress response in fish has been seldom addressed [36], 
and when it has, the focus has predominantly been on 
the effects of stressor predictability [37–40], in which 
species-specific neural responses have been reported 
[[e.g. increased activity in Vv in seabream, [33]; and 
increased activity in Dm and decreased activity in Dlv 
in Sea Bass, in which Vv was not sampled, [41]]. To the 
best of our knowledge, the effect of controllability in 
fish has been only addressed in a study in which rain-
bow trout (Oncorhynchus mykiss) had the chance to 
actively avoid being defeated by a larger conspecific in 
a conditioning paradigm. In this study, the trout that 
could escape the social stressor exhibited a lower cor-
tisol response to the conditioned stimulus than those 
that cannot escape social defeat [42]. However, this evi-
dence has not yet been investigated as supporting the 
occurrence of psychological stress in fish, and its neural 
bases have not been investigated yet in fish.

Here, we investigated the occurrence of stressor 
controllability in the European seabass (Dicentrarchus 
labrax), which is a key species for European aquacul-
ture. Thus, the results of this study will not only allow 
testing the hypothesis of the deep evolutionary origin 
of stressor controllability effects on the stress response 
and its brain substrates, but also has direct implica-
tions for the welfare of farmed fish. For this purpose, 
we used a conditioning protocol to associate a condi-
tioned stimulus (CS = light) with a stressor (US = con-
finement) under different conditions: (1) Controllable 
stressor (CTR)—fish had the choice to escape from 
US by a door; (2) Uncontrollable stressor (UnCTR)—
fish had no choice to escape from US; and (3) Loss of 
stressor control (CTRUn)—fish were subjected during 
5 conditioning sessions to the same conditions as CTR 
followed by 2 sessions under UnCTR conditions (Addi-
tional file  1: Table  S1). In the test session, all experi-
mental groups were exposed to the CS in the absence of 
the US. We have characterized the effects of controlla-
bility on the stress response at multiple levels: behavior, 
circulating cortisol and activation of the 4 candidate 
teleost homologues of tetrapod subcortical regions 
involved in cognitive appraisal of stressors discussed 
above (i.e. Dm, Dld, Dlv, Vv), using immediate early 
genes (IEG: egr-1, c-fos, bdnf and npas4) as markers of 
neural activity.
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Results
Effect of stressor controllability on behavior
Analysis of the behavior from the test session showed a 
significant effect of controllability on all behavioral vari-
ables measured (Table 1; Fig. 1a–d). Freezing was higher 
in the loss of control treatment, than in the uncontrolled 
or controlled treatments, and the latter two treatments 
also differed significantly (Fig. 1a). The number of escape 
attempts and shoal cohesion showed a similar pattern 
with both the uncontrolled and loss of control treat-
ments, showing higher levels that the control treatment 
(Fig.  1b, c). Conversely, exploration was significantly 
lower in the loss of control treatment than in any of the 
other two treatments (Fig. 1d).

Effect of stressor controllability on cortisol
Stressor controllability significantly affected cortisol lev-
els (Table 1): control over the stressor decreased cortisol 
levels, whereas loss of controllability induced higher cor-
tisol levels than uncontrolled stress itself (Fig. 1f ).

Effect of stressor controllability on patterns of brain 
activation and neurogenomic states
Stressor controllability elicited different patterns of 
brain activation towards the stressor, as measured by the 
expression of immediate early genes, used as indicators 
of brain activity (Table  1; Fig.  2). In the Dlv, the loss of 
stressor control induced higher activity than either expo-
sure to a controlled stressor (as indicated by the expres-
sion of all IEGs), or exposure to an uncontrolled stressor 
(as indicated by the expression of c-fos, bdnf and npas1). 
In the Dld, the loss of stressor control induced higher 
activity than exposure to an uncontrolled, but not to a 
controlled stressor (as indicated by the expression of all 

IEGs), with similar levels of IEG expression in controlled 
and loss of control treatments. In Vv loss of control is 
associated with lower egr-1 expression than exposure 
to an uncontrolled stressor, and the expression of bdnf 
is higher when exposed to a controllable stressor than 
when exposed to either an uncontrolled stressor or when 
there is a loss of control of the stressor. Finally, for Dm 
there were no significant differences in IEG expression 
between treatments.

The neurogenomic states, as characterized by the pat-
tern of co-expression of the immediate early genes on 
each brain region, are specific for each experimental 
treatment (i.e. CTR vs. UnCTR vs. CTRUn) in Dm, Dld 
and Dlv (Fig. 3). The neurogenomic state of Vv is similar 
between controllable and uncontrolled treatments (see 
Additional file  1: Table  S1 for detailed information on 
QAP correlations, used to infer significance differences 
between pairs of co-expression matrices).

Correlations between controllability‑driven behavioral, 
physiological and neuromolecular responses
The expression of all genes in the Dlv was positively cor-
related both with cortisol and with freezing behavior, 
and negatively correlated with exploratory behaviour 
(Table  2). A negative correlation was observed between 
cortisol and the expression of bdnf in the Vv. Finally, 
there were positive correlations between cortisol and 
freezing behavior and escape attempts (Table 2).

Gene expression and physiological state predict stress 
coping state
A linear discriminant function analysis, combining IEGs 
expression on the target brain nuclei and cortisol levels, 
was used to assess if the perception of controllability of 

Table 1  Linear Mixed Model main effects of the behavioral, physiological and of IEGs mRNA responses expressed between 
experimental conditions (i.e. CTR = stressor controllability; UnCTR = stressor uncontrollability and CTRUn = loss of stressor 
controllability)

Time in freezing, frequency of escape events, shoal cohesion, and exploratory behavior expressed during the test session and cortisol levels and immediate early gene 
(IEGs) mRNA expression measured 30 min after the test session. IEGs mRNA from each of the candidate brain nuclei in seabass (i.e. Dm, Dld, Dlv and Vv) are indicated. 
Significant differences are expressed with * (p < 0.05)

Behaviors df Time freezing Escape events Shoal cohesion Exploratory behavior Cortisol

F p F p F p F p F p

2.15 17.55  < 0.001 2.88 0.087 3.74 0.048 13.9  < 0.001 45.1  < 0.001

Seabass nuclei Dm Dld Dlv Vv

IEGs F p F p F p F p

egr-1 2.4 1.07 0.425 1.66 0.297 2.53 0.194 2.66 0.184

c-fos 2.4 0.93 0.465 2.00 0.250 4.653 0.090 0.157 0.859

Bdnf 2.4 1.41 0.344 2.56 0.192 3.74 0.121 6.03 0.062

npas4 2.4 0.93 0.464 2.16 0.230 6.92 0.050* 0.43 0.675



Page 4 of 12Cerqueira et al. BMC Neurosci           (2021) 22:48 

the same stimuli elicits different internal states. Two 
discriminant functions were significantly loaded that 
explained 84% and 16% of variation (function 1: Wilk’s 
lambda = 0.171, chi-square = 18.57, p = 0.001; function 

2: Wilk’s lambda = 0.651, chi-square = 4.50, p = 0.034; 
Fig.  4). Function 1 was significantly loaded by bdnf 
expression in Dld (0.691), whereas function 2 was sig-
nificantly loaded by cortisol (0.786). These discriminant 

Fig. 1  Behavioral and physiological responses of seabass expressed by fish during the test session (experimental treatments: CTR = stressor 
controllability; UnCTR = stressor uncontrollability; CTRUn = loss of stressor controllability): a Time in freezing (%), b frequency of escape attempts, c 
shoal cohesion, d Exploratory behavior, f plasma cortisol concentrations measured 30 min after the test session. Linear mixed models with planned 
comparisons are indicated; * p < .05; ** p < .01; *** p < .001; ns—non-significant. All descriptive statistics are mean ± SEM
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functions allowed the correct classification of 87.5% 
of either CTR or UnCTR and 75% of CTRUn (overall 
83.3%). These 2 functions allowed the correct classifi-
cation of all individuals according to their stress coping 
state.

Discussion
In this study, we have shown that stressor controllabil-
ity modulates the stress response of sea bass, as meas-
ured by behavioral, physiological and neural indicators. 
It is important to highlight that a conditioning protocol 
was used in this study and that in the test phase fish were 
responding to the CS alone and not to the stressor itself. 
Hence, the results presented herein confirm the findings 
of previous studies [43, 44], that during the test phase of 
the experiment sea bass have the ability to recall mem-
ories of previous aversive events that they have been 
exposed to in the training period. Given that the training 
period allowed individuals to assess their ability to con-
trol the stressor, their response in the test phase should 
reflect their stress-coping ability given the available infor-
mation on stressor controllability.

At the behavioral level, the perception of control 
over the stressor significantly reduces the expression of 

defensive behaviors, namely freezing, escape attempts 
and shoal cohesion, and increases exploratory behavior. 
Furthermore, freezing, which is a universal fear response, 
characterized by a state of attentive immobility [45, 46], is 
higher in the group who lost control of the stressor than 
in the uncontrolled stressor treatment. These results are 
consistent with the finding in rodents that freezing is a 
hallmark of learned helplessness, lasting longer in situa-
tions where no escape from a stressor is available than 
when escaping is possible [1, 47]. Thus, it is plausible 
that sea bass have learned that outcomes in the loss of 
control treatment, came independent of their response, 
and hence further increased their freezing behavior. The 
higher shoal cohesion, observed in the uncontrollable 
and lack of control of stressor treatments, is in agree-
ment with the use of shoal cohesion as a measure of anxi-
ety and fear in fish [48, 49]. Thus, stressor controllability 
seems to reduce anxiety/fear in zebrafish facing an aver-
sive stimulus.

At the physiological level, the response of circulating 
cortisol levels to the stressor was higher in the uncon-
trollable than in the controllable treatment, and the lack 
of control elicited even higher levels. Cortisol release 
is known to be involved in the modulation of arousal, 

Fig. 2  Expression (mean ± SEM) of the immediate early genes egr-1, c-fos, bdnf and npas4 in the Dm, Dld, Dlv and Vv regions of Sea bass brain 
under different experimental conditions (CTR = stressor controllability; UnCTR = stressor uncontrollability; CTRUn = loss of stressor controllability). 
Significant differences (planned comparisons) in expression levels between experimental conditions (i.e. CTR vs. UnCTR; CTR vs. CTRUn and UnCTR 
vs. CTRUn) are indicated by asterisks: * p < .05; ** p < .01; *** p < .001; ns—non-significant
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Fig. 3  Neurogenomic states of seabass, as described by correlation (r) matrices of immediate early genes expression in the different brain nuclei 
(Dm, medial zone of the dorsal telencephalic area; Dl, lateral zone of the dorsal telencephalic area; Dld, dorsal lateral zone of the dorsal telencephalic 
area; Dlv, ventral lateral zone of the dorsal telencephalic area; Vv, ventral nucleus of the ventral telencephalic area) for each experimental treatment 
(CTR = stressor controllability; UnCTR = stressor uncontrollability; CTRUn = loss of stressor controllability); Color scheme represents r-values from 
− 1 (blue) to 1 (red); Asterisks indicate significant correlations after p-value adjustment for multiple correlations: *p < 0.05; **p < 0.01; ***p < 0.001; 
different capital letters indicate significantly different co-expression patterns among experimental treatments, and different small letters indicate 
significantly different co-expression patterns among brain nuclei, using the QAP correlation test

Table 2  Pearson correlations between controllability-driven behavioral, physiological and of IEGs mRNA responses expressed 
between experimental conditions (i.e. CTR = stressor controllability; UnCTR = stressor uncontrollability and CTRUn = loss of stressor 
controllability)

Time in freezing, frequency of escape events, and exploratory behavior expressed during the test session and cortisol levels and immediate early gene (IEGs) mRNA 
expression measured 30 min after the test session. IEGs mRNA from each of the candidate brain nuclei in seabass that presented significant correlations (i.e. Dlv and 
Vv) are indicated. Significant differences are expressed with * (p < 0.05)

Behaviours Freezing behaviour Escape Attempts Exploratory Behaviour Cortisol

Brain nuclei genes n Rp p n Rp p n Rp p n Rp p

DLV egr1 24 0.483 0.017 24 − 0.465 0.022 23 0.444 0.034

cfos 24 0.533 0.007 24 − 0.7  < 0.001 23 0.526 0.01

bdnf 24 0.466 0.022 24 − 0.624 0.001 23 0.537 0.008

npas4 24 0.492 0.015 24 − 0.498 0.013 23 0.535 0.008

VV Bdnf 24 − 0.594 0.003

Cortisol 69 0.473 < 0.001 69 0.426  < 0.001
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vigilance, attention and memory formation [50], facilitat-
ing the encoding of emotion-related memory in fish [33]. 
Indeed, individuals in the controlled stressor treatment 
displayed the lowest cortisol concentrations, suggesting 
that the perception of control, rather than lack or loss 
of control over a stressful event, is effectively appraised 
as less harmful. Thus, and in accordance to previous 
research [37, 42, 51], psychological stress increases the 
synthesis and release of cortisol, in association with fear 
and anxiety states as suggested by the behavioral data. In 
fact, the cortisol results are in agreement with the behav-
ioral data supporting a buffering role of controllability in 
the physiological stress response, and the occurrence of 
a helplessness state in lack or loss of control situations. 
Finally, it is worth noting that the cortisol levels meas-
ured in this study are within those previously reported 
for this species, even with different protocols [33, 43, 44].

At the neuromolecular level, the pattern of co-expres-
sion of the immediate early genes (egr-1, c-fos, and 
npas4) and the neural plasticity gene bdnf, used in this 
study to capture the neurogenomic state of target brain 
regions, was specific for each experimental treatment in 
each of the sampled brain regions (Dm, Dld, Dlv, Vv). 
Taking the expression of the immediate early genes as 
a proxy for neuronal activity, these results indicate that 

the perception of control, the lack of control and the 
loss of control of a stressor, are each represented at the 
brain level by a specific pattern of functional connectiv-
ity (i.e. pattern of co-activation) between these four brain 
regions. Finally, we have used linear discriminant func-
tion analyses to check if the measured behavioral, physi-
ological and neuromolecular variables could efficiently 
discriminate the three experimental treatments. Two dis-
criminant function correctly classified 83.3% of individu-
als according to the stressor coping state that they have 
been exposed to. Thus, physiological and neurogenomic 
state may well discriminate between three distinct stress 
coping states. Our data can be interpreted as evidence for 
the occurrence of cognitive abilities in fish corresponding 
to different appraisal of their environmental stressors.

Moreover, when brain regions are analyzed individu-
ally, they show different patterns.

There are no differences in the expression of any of the 
measured genes in Dm, the putative teleost homologue 
of the tetrapod pallial amygdala [28, 29], across the three 
experimental treatments, suggesting that this area is not 
involved in the processing of stress controllability. This 
is a surprising result, given the established role of Dm in 
emotional learning in teleost fish [27, 45] and the previ-
ous results in sea bass showing a differential expression of 
egr1 in response to stressor predictability [41]. It is thus, 
possible that despite the fact that both predictability and 
controllability are cognitive appraisal variables that mod-
ulate the stress response they might be processed by dif-
ferent neural networks. In fact, while the former depends 
on stored information in memory about relations 
between stimuli (i.e. stimulus–stimulus learning or clas-
sical conditioning), the later depends on stored informa-
tion about relations between responses and stimuli (i.e. 
stimulus–response learning or instrumental condition-
ing) [52]. Therefore, the effect of predictability is based 
on perceived contingencies between stimuli (i.e. stimulus 
expectancies), hence relying on the perceived probability 
of occurrence of the anticipated event; whereas control-
lability is based on contingencies between stimulus and 
response (i.e. response expectancies), hence relying on 
the perceived probability of response outcomes [33, 52]. 
Thus, whereas stimulus-stimulus contingencies seem to 
be associated with the differential activation of Dm, as 
measured by egr1 expression, stimulus–response contin-
gencies do not seem to require differential activation of 
this region.

In contrast, the four measured genes show similar dif-
ferential patterns of expression in both in Dld and Dlv. In 
Dld, the teleost putative homologue of the sensory cor-
tex [28, 29], the expression of all four genes was higher 
in the loss of control treatment than in the uncontrolled 
stressor treatment. Interestingly, the controlled stressor 

Fig. 4  Linear discriminant analysis of cortisol and egr-1, c-fos, bdnf 
and npas4 expressed in the candidate brain nuclei from seabass. 
The significant functions 1 and 2 highlight the three coping 
responses of fish under three experimental conditions: CTR = stressor 
controllability (circles); UnCTR = stressor uncontrollability; 
CTRUn = loss of stressor controllability (triangles). Discriminant scores 
for each individual are plotted and stars represent the centroid of 
each classified group
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treatment elicited a pattern of gene expression for the 
four genes that is not significantly different from any of 
the other two treatments, but is much closer to the loss of 
control treatment. This suggests that the pattern of acti-
vation of this region reflects the commonalities between 
the controlled stressor and the loss of control treatment, 
which reside on the training during the first 5 train-
ing sessions in which similar contingencies between the 
CS stimulus and the escape response were established. 
Therefore, the activation of this area seems to be related 
to response expectancies. The fact that Dld is a sensory 
higher processing area that receives and integrates mas-
sive visual inputs [28, 29, 53], is congruent with the fact 
that the training used a visual CS. Also, the involvement 
of Dld in short-term memory and in the performance of 
activity under stressful situations in goldfish, suggests the 
potential involvement of this area in memory processes 
in fish [54]. In the Dlv, which is the putative teleost hom-
ologue of the hippocampus [28, 29], the expression of all 
four genes was significantly higher in the loss of control 
treatment than either in the controlled or uncontrolled 
stressor treatments, which have similar levels of expres-
sion. Therefore, the activation of this area seems to reflect 
the violation of expectancies in the test phase experi-
enced by the individuals of the loss of control group, 
which may act as an error signal in the response expec-
tancies. Although this region has been mainly associated 
with spatial learning, increasing evidence has linked its 
activity with time-related learning [30, 31], which might 
be the basis for its involvement in the here reported vio-
lation of response expectancies.

The Vv, which is the putative teleost homologue of the 
lateral septum and of the nucleus accumbens [34, 35], is 
the only brain region where the expression of the four 
genes was not similar, and only two genes showed differ-
ent levels of expression between the experimental treat-
ments, egr-1 and bdnf. The expression of egr-1 was higher 
in the uncontrollable stressor treatment than either in 
the controlled or loss of control treatment, which did 
not differ between them. Hence, this pattern of expres-
sion seems to be associated with the training for per-
ceiving the stressor as uncontrollable (i.e. CS signals a 
lack of a coping response). It is important to note that 
c-fos and npas1 have similar patterns, but the compari-
sons between treatments were not significant. Interest-
ingly, these patterns of response are exactly the inverse 
of the patterns of expression of all four genes in the Dld 
reported above, which seem to be associated with the 
response expectancies (i.e. CS signals a coping escape 
response) in the controlled and loss of stressor control 
treatments. On the other hand, bdnf presents a specific 
pattern of expression in the Vv, with higher levels in con-
trollable than in either uncontrollable or loss of stressor 

control treatments. This result is in line with the inhibi-
tion of bdnf mRNA expression in whole telencephalon 
samples in Atlantic salmon, in response to the omission 
of an expected reward [55]. Thus, the higher expression 
of bdnf in the Vv seems to be related to perceived stress 
coping which is probably associated with lower anxiety 
and fear. This interpretation is supported by the estab-
lished role of bdnf in the nucleus accumbens on reward 
and motivational state [56].

The occurrence of stressor controllability in fish that 
lack the cortical areas (e.g. mPFC) known to regulate the 
stress response as a function of perceived stressor con-
trol, through a top-down inhibitory control over sub-
cortical stress-responsive structures [15], illustrates how 
similar cognitive abilities (i.e. learning response contin-
gencies) may be implemented by different neural circuits 
that have evolved separately in divergent vertebrate taxa 
(i.e. teleost vs. mammals). In recent years, research on the 
neuronal basis of the well develop cognitive capacities of 
birds, which also lack a layered cerebral cortex, reached 
similar conclusions. Irrespective of layered (in mammals) 
or nuclear (in birds) telencephalic neuronal architectures, 
cognitive ability seems to rely on associative capacities 
implemented by interneurons placed between sensory 
input and motor output neurons, which integrate sensory 
input and information stored in memory [23–25]. Thus, 
the view that fish are not able of complex cognitive abili-
ties due to their relatively smaller brains that lack a cor-
tical area homologous to that of mammals (e.g. [57, 58], 
which has direct implications for fish sentience and wel-
fare, should be revised.

Conclusions
Here we present behavioral, physiological and neuromo-
lecular evidence for the modulation of the stress response 
by the perception of stressor controllability in fish, sug-
gesting a deep evolutionary origin of this cognitive ability 
in vertebrate evolution, which is implemented by differ-
ent neural substrates in divergent vertebrate taxa. These 
results also have implications for fish welfare opening the 
way for using psychological factors in the management of 
farmed fish, namely in handling and husbandry practices.

Methods
Experimental fish
Seabass were obtained from the experimental research 
station of IFREMER in Palavas-les-Flots (France) and 
housed in fibre glass tanks (500 L) during 8  months at 
Ramalhete Research Station from Centre of Marine Sci-
ences (Faro, Portugal), until the start of the experiment 
in May of 2013. At the start of the experiments the body 
mass of the fish was 47.12 ± 6.80 g (mean ± SEM).
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Experimental procedures
Seventy-two individuals, randomly selected from the 
stock tank were measured, weighted and tagged with a 
floy tag (Floy Tag Manufacturing Inc, Seattle, USA) with a 
multicolour pearl attached behind the dorsal fin. Groups 
of 4 fish were randomly distributed by twelve experimen-
tal aquaria of approximately 80 l (70 × 40 × 30 cm depth) 
in an open water under standard housing conditions 
until the start of the experiments (temperature 18 ± 3 °C, 
salinity 35 ± 2 ‰, dissolved oxygen above 75%, and a 12 
L: 12 D photoperiod). The experiment was developed 
in three runs, using 24 fish/run. All aquaria walls were 
covered with opaque partitions in order to prevent con-
tact between focal animals and the experimenter. Each 
aquarium was provided with a confinement net attached 
to a white rigid structure, with the same size as the lat-
eral walls of the tank (Additional file  1: Fig. S1). Each 
run lasted 12 days, including 8 days of acclimation to the 
experimental tanks and the last 4 to the experimental 
period (2 training sessions per day at 10:00 and 15:00 h; 
the last session of the fourth day was the test session). 
During this period fish were hand-fed twice a day at 
08:00 h and 18:00 h at 3% of biomass day−1.

During the training sessions fish were trained to learn 
an association between a light (CS; on for 2 min) and a 
subsequent 5 min confinement (unconditioned stimulus: 
US). The light (12 V, 10 W) was hung in the top of a lat-
eral wall of the aquarium, on the opposite side of the con-
finement net. Confinement consisted in moving the net 
into the light wall direction until reach 15% of the aquar-
ium volume. Fish were tested under different conditions: 
i) Controllable situation (CTR)—fish had the choice to 
escape from US (confinement) by a door of 10 cm2; ii) 
Uncontrollable situation (UnCTR)—fish had no choice 
to escape from US; iii) Loss of Controllability (CTRUn)—
fish were subjected during 5 conditioning sessions to the 
same conditions as CTR followed by 2 sessions under 
UnCTR conditions (Additional file  1: Table  S2). In all 
cases, the event was created by signalling (CS) the aver-
sive stimulus. In the test session all experimental groups 
were exposed to the CS in the absence of the US. Each 
aquarium was labelled with a different number to permit 
further blind analysis of the different samples taken.

Behavioral analysis
Behavior was video recorded (top view) during the CS 
of the test session. Video recordings were labelled with a 
number by a researcher different from the one involved 
in the different analysis to permit a blind analysis of the 
behaviour. Behavioral responses of 72 fish to the CS 
was analysed with computerized multi-event recorder 
software (Observer XT®, from Noldus, Wageningen, 

Netherlands). The conditioned response was assessed 
by: time in freezing (total time without any movement), 
escape behavior (i.e. fish swimming strongly, going close 
to the tank walls or moving in a way consistent with 
escape attempts), shoal cohesion (1—low cohesion i.e., 
fish were spread in the tank; 2—medium cohesion i.e., 2 
fish were together; 3—high cohesion i.e., three or more 
fish together) and exploratory behavior (measured by 
the time fish spent in different areas of the tank: 1—light 
side area; 2—centre of the tank; 3—confinement net area) 
summarized by the formula:

 where A is the arithmetic mean of the time fish spent 
in each one of the areas of the tank, and t the maximum 
time found for any of the areas tested. When exploratory 
behavior is high, this ratio should be close to 1, while it 
should be close to 0 when exploratory behavior is low.

Blood collection and Hormone Analysis
Thirty min after the test session, fish were caught (n = 72) 
and euthanized with an overdose of 2-phenoxyethanol 
(1 ‰, Sigma-Aldrich). Blood was immediately collected 
from the caudal vein and centrifuged at 2000g for 25 min. 
Plasma was frozen in dry ice and stored at − 80 °C until 
further processing. Plasma cortisol were then determined 
using a commercial ELISA kit RE52061 (IBL Hamburg, 
Germany), with a sensitivity of 2.5 ng ml−1, and intra and 
inter-assay coefficients of variation (CV) of 2.9 and 3.5%, 
respectively. Samples were identified according to the 
videos labelling.

Brain microdissection and immediate early genes (IEGs) 
expression
Eight individuals from each experimental treatment 
(n = 24) were randomly selected for the assessment of 
immediate early gene mRNA expression. After sacrifice 
(see above) the skull, with the brain inside, was removed 
from the fish, embedded in Tissue-Tek®, and kept at 
− 80 °C until further processing. Labelling of the samples 
were performed as for the blood samples. Thick brain 
telencephalon coronal Sects.  (150  µm) were obtained 
using a cryostat (Leica, CM 3050S). Brain nuclei of inter-
est (Dm, Dld, Dlv, and Vv), identified according to the 
available brain atlas [59, 60], were microdissected (see 
Additional file 1: Fig. S2 and Additional file 2 for detailed 
description). Tissue was collected directly into lysis 
buffer from Qiagen Lipid Tissue Mini Kit (#74804; Valen-
cia, CA), total RNA extracted from the samples, reverse 
transcribed to cDNA (BioRad iScript cDNA Synthesis 
Kit; Valencia, CA), and used as a template for quantita-
tive polymerase chain reactions (qPCR) of the following 
IEGs: egr-1, c-fos, bdnf and npas4. The geometric mean of 

(1)A/tmaximum
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the expression of two previously established housekeep-
ing genes, eef1a and 18S, was used as an internal control 
(see additional file for qPCR conditions and Additional 
file 1: Table S3 for primer sequences).

Statistical analysis
Label scheme was deciphered before the statistical analy-
sis to allocate each number to the respective treatment 
group. All samples were included in the analysis. The 
assumptions of normality and homoscedasticity were 
confirmed by analysis of the residuals whereas homoge-
neity of variance was checked by Levene’s test. Descrip-
tive statistics are expressed as mean ± standard error of 
the mean (SEM) and log or arcsine transformation was 
used to achieve homogeneity when required.

A linear mixed model (LMM) was used to assess 
the effect of each experimental condition (i.e. CTR vs. 
UnCTR; CTR vs. CTRUn; UnCTR vs. CTRUn) on the 
behavioral variables assessed in the test session, on cor-
tisol levels and on IEGs mRNA expression (egr-1, c-fos, 
bdnf and npas4) in each brain region of seabass (Dm, 
Dld, Dlv and Vv). Given that we have used more than 
one individual from the same tank in each condition, we 
accounted for sampling dependence by adding a random 
effect for the "tank" factor in each LMM. In general, we 
did not find an effect of the "tank" variable on the meas-
ured responses.

All LMM were estimated using the restricted maxi-
mum likelihood method. A priori planned comparisons 
were used to test for specific differences between experi-
mental conditions, namely: CTR vs. UnCTR; CTR vs. 
CTRUn; UnCTR vs. CTRUn. Pearson correlations were 
used to depict the association between behavioral vari-
ables, between behavior and cortisol, and between those 
and gene expression.

Separate stepwise linear discriminant analyses (LDA) 
was used to define which brain nuclei state (i.e. imme-
diate early genes expression in different brain nuclei) 
and cortisol expression better predict the coping 
responses to aversive events. The F test statistic was 
used as a measure of the contribution of each variable 
(cortisol concentration and IEGs expression in each 
brain region) to the discriminant functions. An F-value 
above 3.84 was used as the selection criteria for predic-
tors to enter the model and predictors were removed 
when the F-value dropped below 2.71 (e.g. Maruska 
et  al. [61]). Heatmaps of Pearson correlations matri-
ces, with adjusted p-values [62] were used to assess 
the neurogenomic states of fish, where the quadratic 
assignment procedure (QAP) correlation test with 
5000 permutations [63] test the differences in gene co-
expression patterns between brain areas within each 

experimental condition, and between experimental 
conditions within each brain area. The null hypothesis 
of the QAP test is that when p > 0.05 there is no associa-
tion between matrices, hence a non-significant p-value 
indicates that the correlation matrices are different. 
LMM, LDA, neurogenomic states and QAP correla-
tions were performed using R® (R Development Core 
Team). Statistical significance was taken at p < 0.05.
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