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Optimistic and pessimistic cognitive judgement bias modulates
the stress response and cancer progression in zebrafish
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Cognitive judgement bias in decision-making under ambiguity occurs both in animals and humans, with some individuals
interpreting ambiguous stimulus as positive (optimism) and others as negative (pessimism). We hypothesize that judgement bias is
a personality trait and that individuals with a pessimistic bias would be more reactive to stressors and therefore more susceptible to
stress-related diseases than optimistic ones. Here, we show that zebrafish judgment bias is a consistent behavioral trait over time,
and that pessimistic and optimistic fish express phenotype-specific neurogenomic responses to stress. Furthermore, both
phenotypes show differential activation of the hypothalamic-pituitary-interrenal axis in response to chronic stress, suggesting that
optimists have a lower stress reactivity. Accordingly, optimists seem to be more resilient to disease than pessimists, as shown by a
lower tumorigenesis in a zebrafish melanoma line [Tg(mtifa:HRAS-GFP)]. Together these results indicate that judgement bias is
paralleled by differences in the stress response with implications for disease resilience.
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INTRODUCTION

Cognitive biases in decision-making have been extensively
documented both in animals and humans. A well-studied bias in
animal behavior is judgement bias in decision-making under
ambiguity, with some individuals interpreting ambiguous stimulus
as positive (optimism) and others as negative (pessimism) [1, 2].
There has been a great interest in the study of animal judgment
bias under ambiguity to assess animal affective states, based on
the principle that negative affective states induce pessimistic bias.
Experimental paradigms to assess judgment bias have thus been
developed for a broad range of species in recent years [e.g. [3, 4],
based on the evaluation of an ambiguous stimulus by the animals.
These studies have been mainly focused on the modulation of
judgment bias by situational or contextual factors (e.g. environ-
mental enrichment) that are expected to affect the affective state
of the animals. Judgment bias has therefore been traditionally
considered as a transient condition (i.e. a state). However, despite
its response to current affective state, it is possible that cognitive
judgment bias can also be consistent within individuals (i.e.
optimistic vs. pessimistic phenotypes), in which case it may be also
considered as a personality trait [5]. Although a number of studies
have shown consistency of individual differences in judgement
bias across repeated testing [6-8] or correlations with behavioral
measures such as responsiveness to specific challenges [9-11], to
the best of our knowledge, no research studies have comprehen-
sively addressed whether judgment bias may reflect a trait, which
may be partially due to the conceptual and methodological
difficulties inherent to the field of animal personality. Notably, the
possibility that behaviors observed in the judgement bias test

(JBT) are consistent across different contexts or even reflect
broader personality traits is particularly relevant, as this could lead
to potentially misleading interpretations of the results. However,
several tools that were previously developed in the psychological
literature and overcome these difficulties have been recapitulated
in an integrative theoretical framework [12], which offer a robust
and unified approach for the study of personality traits in animals.
This framework is mainly based on the analysis of repeatability
and several types of the validity (i.e. degree to which a test
measures the targeted trait) of the tests that are used to measure
the trait of interest.

The hypothesis that judgment bias may reflect a consistent
behavioral trait is rather relevant, since it may impact the way
individuals respond to and are affected by exposure to chronic
stress. In this scenario, it is expected that individuals with a
pessimistic bias trait would be more reactive to stressors, because
they would consistently interpret ambiguous stimuli as negative,
hence over activating the stress response and becoming more
susceptible to stress-related diseases than optimistic ones. In fact,
patients suffering from stress related disorders often exhibit a
pessimistic judgment bias, which frequently lead them to a
negative state [13].

Here, we used zebrafish (Danio rerio), an emerging model
organism in neuroscience and biomedicine [14, 15] to assess the
occurrence of consistent between-subject judgement bias, that is
the occurrence of optimistic and pessimistic phenotypes in the
population, and subsequently to test the hypothesis that
individuals with a pessimistic bias trait would be more reactive
to stressors and therefore more susceptible to stress-related

'GIMM - Gulbenkian Institute for Molecular Medicine, Oeiras 2780-156, Portugal. 2Department of Psychobiology, University of Valencia, Valencia 46010, Spain. 3ISPA - University
Institute for Psychological Social and Life Sciences, Lisboa 1149-041, Portugal. *Champalimaud Neuroscience Programme, Champalimaud Centre for the Unknown, Lisboa 1400-
038, Portugal. *These authors contributed equally: Felipe Espigares, M. Victoria Alvarado. ®email: ruiol@ispa.pt

Received: 26 May 2024 Revised: 27 January 2025 Accepted: 11 March 2025

Published online: 30 March 2025

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03311-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03311-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03311-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-025-03311-9&domain=pdf
http://orcid.org/0000-0002-6122-9031
http://orcid.org/0000-0002-6122-9031
http://orcid.org/0000-0002-6122-9031
http://orcid.org/0000-0002-6122-9031
http://orcid.org/0000-0002-6122-9031
http://orcid.org/0000-0003-1528-618X
http://orcid.org/0000-0003-1528-618X
http://orcid.org/0000-0003-1528-618X
http://orcid.org/0000-0003-1528-618X
http://orcid.org/0000-0003-1528-618X
https://doi.org/10.1038/s41398-025-03311-9
mailto:ruiol@ispa.pt
www.nature.com/tp

F. Espigares et al.

diseases than optimistic ones. For this purpose, we have first
assessed the repeatability and validity of judgement bias to
establish that judgment bias is a repeatable behavior that reflects
subjective expectations towards ambiguous stimuli. Then, we
characterized how optimistic and pessimistic individuals perceive
stressors and regulate body homeostasis in response to stress, by
documenting their changes in forebrain gene expression and in
the hypothalamic-pituitary-interrenal axis, respectively, in
response to chronic stress. Finally, we tested the hypothesis that
optimists are more resilient to stress-related diseases than
pessimists. For this purpose, and based on the evidence that
stress can facilitate cancer progression by modulating cancer
hallmarks that mediate the transformation of normal cells into
malignant cells [16], we have used a zebrafish melanoma line
[Tg(mtifa:HRAS-GFP)] to assess the effect of optimism/pessimism
on tumorigenesis.

RESULTS
Judgement bias is both a behavioral state and a trait
We have phenotyped individual zebrafish for judgement bias
using a previously validated test for this species that consists in a
Go/No-go task [17, 18]. In brief, fish were trained in a half radial
maze to Go to a Positive (P) arm of the maze (rewarded with food)
and No-Go to a Negative (N) arm (punished with hand net chase).
The P and N arms of the maze were positioned 180° from each
other and cued with different color marks (green vs. red), whilst
the three ambiguous arms (near positive (NP), ambiguous (A), and
near negative (NN)) were positioned at equidistant angles, each
separated by 45° between the two reference arms (Fig. 1A). After
the training phase the response of fish towards the P and N arms
was measured in the absence of the reinforcement cues. After P
and N arm testing, the response to the unreinforced ambiguous
arm (A) spatially located midway between the two reference arms
(N and P; 90°) and cued with a mixed colored card (i.e. half green,
half red) was tested. Since an accurate discrimination performance
between stimuli (presumably by a generalization response) in the
same experimental setup has already been demonstrated in
zebrafish [17], a shorter test phase omitting NP and NN cue testing
was implemented in this study (Supplemental Note 1). Seventy-
three male zebrafish out of the 80 tested (91.25%) learned the
discrimination between the P and N arm maze and were
subsequently tested for the A arm maze. The response to the A
arm shows a bimodal distribution of the frequency of the
Judgement Bias Score (JBS), characterized by a lower modal
extreme with optimistic-biased fish and a higher modal extreme
with pessimistic-biased fish (Fig. 1B). Given this bimodal distribu-
tion we have used the lower (optimists) and the upper (pessimists)
quartiles of the JBS-frequency distribution for further analyses. The
selection of quartiles in this experimental context, as opposed to
other divisions such as thirds, is informed by the bimodal
distribution which questions the biological significance of inter-
mediary phenotypes and offers an efficient data resolution and
effectively captures extreme values within our population where
behavioral differences are expected to be more pronounced. This
enables more distinct group comparisons, reducing overlap and
variability that could arise from including intermediate individuals.
The Judgement Bias Test was repeated over time to assess the
consistency of the responses to the ambiguous stimulus. A three-
day testing period was chosen in our study, with the test phase
conducted over three consecutive days. Judgement bias has
consistently been shown to be modulated by situational or
contextual factors that impact an animal’s response to ambiguous
stimuli, such as changes in health [19], social dynamics [20], cyclic
changes in reproductive state [21], or recent exposure to acute
stressor [22]. Longer-term or chronic factors, such as ageing or
transitions between life-history stages [17], can also affect
judgement bias and therefore compromise trait stability over
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prolonged periods of time. In fact, recent longitudinal and cross-
sectional research in humans has shown that personality traits
continue to change in adulthood [23-25]. This notion might be
supported by a rat study that tested for consistency over 7 weeks
and revealed a significant yet relatively low repeatability
coefficient for responses to ambiguous stimuli (Rimbiguous = 0.23)
[6]. Given these findings, we believe that shorter durations, as
established in previous studies [8], could provide a reliable
representation of the judgment bias trait for a given life-history
stage of the individual, minimizing potential confounding effects
driven by longer term factors. While our study benefited from a
shorter testing period, it would also be advantageous in the future
to conduct repeated measures over a longer time frame to assess
the consistency of the trait over the long-term including
seasonality and transitions in life-history stage. Our results show
that the latency to enter the ambiguous arm (A) decreased with
repeated testing (i.e. (Test 1 <Test 2 < Test 3; Fig. 1C; Table S1),
such that JBS values yielded a decrease in the number of
pessimistic responses over time (p =0.005; Fig. 1D; eta2:0.10,
95% Cl=[0.02, 1.00]). It is worth to mention that similar results
were found when the whole population (rather than just the
upper and lower quartiles) was analyzed (Fig. STA and S1B Fig;
Table S1). Repeatability analysis (i.e. analysis of the intraclass
correlation coefficient R) revealed that both measures of judgment
bias (i.e. latency to enter the ambiguous arm and JBS) were
significantly repeatable when the lower and upper quartiles were
considered for the analysis (latency to enter the A arm: R = 0.642;
[0.449, 0.773], p<0.001, Fig. 1E; JBS: R=0.512, [0.283, 0.67],
p <0.001, Fig. 1F). For the whole population, repeatability of the
behavioral measures of judgment bias, was lower but still
significant (latency to enter A: R=0.43, [0.274, 0.568], p < 0.001,
Fig. S1C; JBS: R=0.368; [0.216, 0.499], p < 0.001, Fig. S1D). These
data suggest that more extreme judgement bias phenotypes are
more consistent. However, the observed lower repeatability in the
whole population may not necessarily reflect reduced consistency
in intermediate individuals. Testing only the extremes of the
sample may create an ‘empty’ latency range where intermediate
fish would typically fall, potentially reducing the likelihood of rank-
order swapping during repeated measurements. This could
artificially increase the apparent consistency in the upper and
lower quartiles. In contrast, when the entire sample is included,
the absence of such a gap increases the chances of rank-order
shifts, potentially contributing to the lower repeatability. It is also
worth noting that, because of our specific protocol settings, a
ceiling effect is observed at the upper extreme of our data,
specifically in Test 1. A ceiling effect is more likely to impact
extreme values, which suggests that this effect may constrain the
variability of JBS within this range and potentially influence the
intraclass correlation coefficients. However, due to an apparent
decrease in the neophobic response towards the ambiguous
stimulus in Test 2 and Test 3 (which evoke a general decrease in
the JBS), the ceiling effect becomes residual in such tests, with
minimal impact on the intraclass correlation coefficients. In
other words, this decrease in neophobic response leads to a
broader distribution of the higher JBS scores in Tests 2 and 3,
reducing the influence of the ceiling effect on the overall
variability of the data and, consequently, on the intraclass
correlation coefficients.

The fact that optimism increases with repeated testing for
judgement bias indicates that individuals are progressively
getting familiar with the A arm, hence decreasing a neophobic
response towards it. This result is in line with the common view
of judgment bias as a measure of affective state. However, the
intra-individual consistency of judgement bias along time, as
revealed by the positive correlations of JBS across the 3 days of
testing, indicates a consistent degree of stability at the time of
measurement, with individuals maintaining their relative expres-
sion of the trait within the population distribution.
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Judgement bias clusters with boldness-related behaviors

The individuals screened (n=73) and selected (n=17 per
experimental group) for judgement bias were also phenotyped
for two established animal personality traits: (1) exploratory
behavior, using the open field test (OFT) [26] (Fig. 1G); and (2)
boldness, using the novel object test (NOT) [27], in which a novel
object (a marble) was introduced into the tank (Fig. 1H). It is worth
noting that, like rodents, adult zebrafish exhibit robust thigmo-
taxis, preferring to stay near the walls in open field test [28]. They
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also display habituation responses, gradually adjusting their
exploration behavior as they become familiar with novel
environments [29]. In this context, faster habituation and reduced
thigmotaxis—Ileaving the security of the tank’s periphery—have
been associated with more exploratory and risk-taking behaviors,
indicating lower anxiety levels [30]. This suggests that increased
activity and time spent away from the walls can be used as a
reliable indicator of exploratory behavior. Pessimistic fish exhib-
ited higher values for most behavioral measures of exploratory
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Fig. 1 Behavioral characterization of judgement bias in zebrafish. Behavioral characterization of judgment bias in male zebrafish
considering the upper and lower quartiles of the Judgment Bias Score (JBS; n=34). A Diagram of the half radial maze showing the two
reference (positive/rewarded (P) and negative/aversive (N)) and the ambiguous (A) locations that were used in the judgment bias test (JBT) for
zebrafish; B JBS-frequency distribution of the fish that learned the judgment bias task (n = 73); C Performance of male WT zebrafish in the
judgment bias paradigm with repeated testing. Different letters indicate significant differences between the experimental groups (Test 1, Test
2, and Test 3) for each Treatment (P, N, A) following planned comparisons tests. Data are expressed as mean +s.e.m.; D JBS of male WT
zebrafish with repeated testing. Different letters indicate significant differences between experimental groups (Test 1, Test 2, and Test 3)
following planned comparisons tests. Data are expressed as mean + s.e.m.; E Bootstrap repeatabilities for the latency to enter the ambiguous
arm of the behavioral apparatus; F Bootstrap repeatabilities for the JBS. G Diagram of the Open Field Test (OFT); H Diagram of the Novel
Object Test (NOT); I Degrees of correlation (r) between the different behavioral metrics, illustrated in the cladogram as degrees of association;
J First two components of a Principal Component Analysis (PCA) on all metrics derived from the judgment bias, open field and novel object
behavioral tests (JBT, OFT and NOT, respectively), comparing between optimistic and pessimistic fish in a behavioral parameter space. The first
two dimensions explain 35.1 and 25.2% of the variance, respectively.

Table 1. Principal component loadings from the correlation analysis.
Test Behavioral parameter Biological meaning of Principal component loadings®
the metric
PC1 Exploration PC2 Boldness PC3 Locomotor/ PC4
activity
JBT JBS Decision-making under 0.131 0.717 0.081 —-0.179
ambiguity
OFT Mean distance moved Mobility —0.571 —0.009 —0.645 0.374
Time spent in the inner zone Spatial preference 0.906 0.264 —0.031 0.017
Number of crossings between the Spatial examination 0.780 0.441 —0.282 0.114
inner and outer zones
Mean distance from walls Edge-orienting 0.885 0.421 —0.050 0.007
Mean angular velocity Mobility —0.804 0.139 0.200 —0.370
NOT Mean distance moved Mobility —0.491 0.409 —0.651 —0.157
Latency to the first approach to Willingness to take risks —0.143 0.707 —0.209 —0.162
the novel object
Time spent in the novel object Object examination 0.261 —0.594 —0.517 —0.486
zone
Number of crossings between the Object examination 0.496 —0.672 —0.346 —0.319
novel object and empty zones
Mean angular velocity Mobility —0.280 0.548 —0.117 —0.598
Eigenvalueb 3.861 2.750 1.417 1.071
% Variance explained 35.107 25.007 12.885 9.741

Loadings extracted by principal component analysis from the correlation matrix of behaviors across tests for zebrafish belonging to the upper and lower
quartiles of the JBS. Bold type indicates the strongest contributors (coefficient > 0.64) to each principal component (PC).

®Correlation between principal components and variable values.
PVariance of transformed data used for each component.

behavior than optimistic fish (Supplemental Note 1, Fig. S2A-S2E,
and Table S2). In contrast, optimistic fish approached more
frequently and spent more time in the novel object zone
(p<0.001 in both cases; Supplemental Note 1, Fig. S2F-2J, and
Table S2), suggesting that they have a higher motivation to
investigate novel objects (aka boldness) than pessimistic fish.

To assess the phenotypic architecture of judgment bias we
performed a principal component analysis (PCA) based on the
correlation matrix between the 11 behavioral measures extracted
from the 3 above-mentioned behavioral assays (Judgement Bias
Test, OFT and NOT). Four principal components (PC) were
extracted (cumulative variance explained of 82.7%; Fig. 11 and
Table 1): PC1 showed a strong loading of mobility, edge-orienting,
spatial preference and spatial examination measured in the OFT,
suggesting the occurrence of an exploratory behavior module;
PC2 showed a strong loading of JBS as well as of novel object
examination measured in the NOT, indicating the occurrence of a
boldness behavioral module which includes judgment bias;
PC3 showed a robust loading of mobility measured in both OFT
and NOT, suggesting the occurrence of a general locomotor/
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activity module; no additional behavioral modules were identified
in PC4. Using the first two components of the PCA to combine all
metrics load on PC1 and PC2 in a common behavioral parameter
space (Fig. 1J), shows that optimistic individuals are behaviorally
differentiable from pessimistic ones. Taken together, these results
indicate that the JBS clusters with novel object investigation,
thereby establishing a link between the response to ambiguous
stimuli and the willingness to take risks.

Genomic brain states of judgment bias phenotypes respond
differentially to chronic stress

Given the consistency of judgement bias we tested if the
optimistic and pessimistic behavioral phenotypes exhibit different
brain states, as measured by the transcriptome profiles of the
telencephalon and diencephalon, which are key brain areas for
cognitive functioning and physiology and behavior regulation,
respectively, and how these brain states respond to stress. For this
experiment, we used the same individuals previously analyzed for
assessing the judgement bias trait. Fish were therefore exposed to
a validated unpredictable chronic stress (UCS) protocol for

Translational Psychiatry (2025)15:111
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zebrafish during 1 month, and a comprehensive transcriptome
analysis, using RNA-seq, of the telencephalon and diencephalon
was performed at the end of the experiment using for each
experimental treatment (n =5 fish per experimental treatment:
control optimists, control pessimists, stressed optimists, and
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stressed pessimists stress). The number of animals used in our
RNA-seq experiment is consistent with that employed in studies
addressing neurogenomic responses in zebrafish [31].

In control conditions there were 21 differentially expressed (DE)
genes between optimists and pessimists in the telencephalon and
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Fig.2 Chronic stress-driven changes in the brain of optimistic and pessimistic zebrafish. Chronic stress-driven changes in gene expression
in the brain of judgment bias-related phenotypes (n =5 per experimental group: optimists control, pessimists control, optimists stress, and
pessimists stress). A Hierarchical clustering of optimistic individuals from each treatment (control versus stress; columns) and of DEG (lines) in
the telencephalon; B Hierarchical clustering of pessimistic individuals from each treatment (control versus stress; columns) and of DEG (lines)
in the telencephalon; C Hierarchical clustering of optimistic individuals from each treatment (control versus stress; columns) and of DEG (lines)
in the diencephalon; D Hierarchical clustering of pessimistic individuals from each treatment (control versus stress; columns) and of DEG
(lines) in the diencephalon. Heatmaps represent normalized gene expression levels (red, high expression; blue, low expression); E Venn
diagram showing the number of DEG shared between each control group and their stressed counterparts (control versus stress) in the
telencephalon and diencephalon; F Total number of DEG up- and down-regulated relative to each control group and their stressed
counterparts (control versus stress) in the telencephalon and diencephalon.

A Group [*] oc [¢] 0s [¢] PC[¢] PS  Phenotype ® Optimist 4 Pessimist B Group [#] oc [¢] 0S [*] PC [] PS  Phenotype ® Optimist 4 Pessimist C Group [*] oc [#] 0s [] PC [¢] PS  Phenotype ® Optimist 4 Pessimist
&) 05
o
=)
= S 5 0.20
— 40 204 oY
[=] © ©
2 5 £ a
[o%
5 al a 903 @0.15
S 20 a S b
4 ! s Ty 5 g
3 f JIn o2 3 k)
8, | —_ 2 o.10
[0} \ <01 5
> S
=
; 450 0.0 0.05
Control Stressed Control Stressed Control Stressed
Treatment Treatment Treatment

Group [¢] oc [¢] os PC[¢] PS  Phenotype ® Optimist 4 Pessimist

»)

PC[5] PS  Phenotype ® Optimist 4 Pessimist E Group [#] oc [¢] 0 [] PC [¥] PS  Phenotype ® Optimist 4 Pessimist F aroup [#] oc [3] os

c25
504 9 7 \ = 0.15
< 44 =
gos) % b a ab/ | cen b bb 2 g g
2 b \ & o\ 2
Q@ oz \ }a_) ? e ©0.09
O 0.
= V’ 44 - \ 4 (=]
= \ o' \ <
S \ £ \ 5 0.06
0.1 \ \
0.03
Control Stressed Control Stressed Control Stressed

Treatment Treatment Treatment
G Group [¢] oc [¢] 0s [¢] PC [¢] PS  Phenotype ® Optimist 4 Pessimist H Group [#] oc [¢] 0s [+] PC [¢] PS  Phenotype ® Optimist 4 Pessimist I Group [¢] oc [¢] 0S [+] PC [¢] PS  Phenotype ® Optimist 4 Pessimist
s &
- 0.25 . % 5 a
S £ ab
© 15 A
£020 b /\ b ¥ 5 5] 4 b ﬁ b
/ ] .
[ e - i
[
2 Al o Y
2015 A a ar
) AL
- A4 51.0 ¥
20.10 €
Control Stressed Control Stressed Control Stressed
Treatment Treatment Treatment

Fig.3 Differential levels of HPI axis-related factors between optimistic and pessimistic zebrafish. Differential levels of a comprehensive set
of factors associated with the HPI axis between judgment bias-related phenotypes exposed to the effects of chronic stress (n =12 per
experimental group: optimists control, pessimists control, optimists stress, and pessimists stress). A Cortisol; B crh expression in the
telencephalon; C gr expression in the telencephalon; D mr expression in the telencephalon; E mr/gr ratio in the telencephalon; F crh expression
in the diencephalon; G gr expression in the diencephalon; H mr expression in the diencephalon; | mr/gr ratio in the diencephalon. Different
letters indicate significant differences between the experimental groups following planned comparisons tests. Data are expressed as

mean xs.e.m.

5 in the diencephalon, whereas after exposure to chronic stress DE
genes were 43 and 2, respectively (Fig. S3A-3F; Table S3 and S4).
These results suggest a low differential gene expression between
the two non-stressed phenotypes, particularly in the diencepha-
lon. In contrast, the transcriptomic response to chronic stress
within each phenotype was more pronounced (Fig. 2A-F). In
response to stress optimists have a higher transcriptomic response
in the diencephalon (33 and 50 DE genes between control and
stressed conditions in the telencephalon and diencephalon,
respectively; Fig. 2A and G Table S3 and S4), whereas pessimists
have a small response in the diencephalon and a higher response
in the telencephalon (48 and 10 DE genes between control and
stressed conditions in the telencephalon and diencephalon,
respectively; Fig. 2B and D). Interestingly, there was almost no
overlap in the lists of DE expressed genes in response to stress
between optimists and pessimists in either the telencephalon or
the diencephalon (Fig. 2E). Looking into the total number of
transcripts that were either up- or down-regulated in a phenotype,
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optimistic fish under stressed conditions had more transcripts
down-regulated and fewer transcripts up-regulated in the
diencephalon, whereas their pessimistic counterparts had the
opposite pattern with fewer transcripts down-regulated and more
transcripts up-regulated (Fig. 2F). In the telencephalon, the overall
pattern of directional change of pessimists was similar to that of
optimists. Taken together, these results indicate that the two
judgement bias phenotypes show different brain transcriptomic
responses to chronic stress, suggesting differences in cognitive
processing of stressors (in the telencephalon) as well as in the
regulation of body homeostasis and behavior (in the diencepha-
lon). In fact, the hierarchical clustering of these comparisons (i.e.
optimistic control versus optimistic stressed and pessimistic
control versus pessimistic stressed; Fig. 2A-D) indicated that all
individuals from each treatment (control vs. stress) were grouped
together in separate clusters, reflecting a high consistency of their
transcriptome profiles. On the contrary, a consistent clustering
was rarely observed in the comparisons between optimists and
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pessimists either in control or stressed conditions (Fig. S3A-3D).
Finally, Gene Ontology (GO) analysis of DE genes detected
overrepresentation of specific biological process, molecular
processes and cellular component GO terms according to
cognitive bias phenotype (Supplemental Note 2, Table S5 and S6).
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In summary, the observed divergence in stress-driven changes
in neurogenomics states between optimists and pessimists
suggests that these two behavioral phenotypes have different
responses to stress.
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Fig. 4 Differences in onset and progression of melanoma tumor between optimistic and pessimistic zebrafish. Differences in onset and
progression of melanoma tumor between judgment bias-related phenotypes exposed to the effects of chronic stress (n=7-11 per
experimental group: optimists control, pessimists control, optimists stress, and pessimists stress). A Representative image of juvenile
transgenic zebrafish harboring melanoma tumor and its corresponding histological section; B Performance of juvenile melanoma zebrafish
and their WT siblings in the judgment bias paradigm (n =32 each group). Different letters indicate significant differences between the
experimental groups (transgenic fish and WT) for each Treatment (P, N, A) following planned comparisons tests. Data are expressed as
mean s.e.m.; C JBS of juvenile melanoma zebrafish and their WT siblings. Different letters indicate significant differences between
experimental groups (transgenic fish and WT); D Melanoma occurrence over time in juvenile transgenic fish (OC optimists control; PC
pessimists control; OS optimists stress; PC pessimists stress). Asterisks indicate statistically significant differences between the experimental
groups at each sampling point: *p < 0.05, **p < 0.01, ***p <0.001; E Tumor fraction (%) in the different experimental groups of juvenile
melanoma fish. Different letters indicate significant differences between the experimental groups following planned comparisons tests.
F PCNA-positive tumor cells (%) in the different experimental groups of juvenile melanoma fish. Different letters indicate significant
differences between the experimental groups following planned comparisons tests.

Judgement bias modulates the response to chronic stress
Given the differences in brain transcriptome responses to stress
described above, we tested whether differences in judgment bias
may be associated to inter-individual variation in the stress
response at different levels of the hypothalamic-pituitary-
interrenal (HPI) axis. For this experiment, we used the same
individuals previously analyzed for assessing the judgement bias
trait. Therefore, using the same experimental protocol, we also
assessed the consequences of chronic stress in optimistic and
pessimistic zebrafish at the end of the experiment by measuring
cortisol levels under control and stressed conditions (n =12 per
experimental group) as well as expression levels of key genes
related to the HPI axis in the brain (i.e. telencephalon and
diencephalon), namely corticotropin releasing hormone (crh), and
glucocorticoid (gr) and mineralocorticoid (mr) receptors. We also
calculated the mr/gr ratio, which is a key factor in the regulation of
stress reactivity [32].

Chronic stress had a residual main effect (p =0.058; Table S7)
on cortisol levels, with stressed fish showing lower cortisol levels
than control fish. Indeed, planed comparisons revealed that
control optimists and pessimists have similar levels of circulating
cortisol, but pessimists decrease their cortisol levels in response to
stress (p = 0.036) whereas optimists do not (Fig. 3A). Stressed fish,
irrespective of phenotype, also displayed higher levels of crh
transcript levels at both the telencephalon (p=0.052) and
diencephalon (p = 0.014) (Fig. 3B and F). Regarding the expression
of gr and mr receptors in the telencephalon, there was an
interaction effect between phenotype (optimists vs. pessimists)
and treatment (p = 0.008 and p = 0.005, respectively). In control
conditions, optimists have higher levels of expression of both
receptor types than pessimists (p =0.015 and p = 0.001, respec-
tively), resulting also in a higher mr/gr ratio in optimists (p = 0.003)
(Fig. 3C-E). When exposed to stress, optimists decreased mr levels
(p =0.027), resulting in a significant decrease of their mr/gr ratio
(p =0.034). In contrast, in response to stress, pessimists showed a
significant increase in gr levels (p =0.022), and a non-significant
trend to increased mr levels (p =0.096), resulting in unchanged
mr/gr ratio in comparison to control conditions. As a result, after
exposure to chronic stress there were no significant differences
between optimists and pessimists on their expression levels of gr,
mr or the mr/gr ratio. Notably, phenotype had a significant main
effect (p =0.003) on the mr/gr ratio.

Regarding the expression of gr and mr receptors in the
diencephalon, there are no significant differences between
optimists and pessimists in control conditions, but the mr/gr ratio
is higher in optimists (p =0.0014) (Fig. 3G-I; Table S7). When
exposed to stress optimists showed no significant changes in
either gr or mr receptor levels, but they showed a non-significant
trend for decreased mr/gr ratio (p =0.056), whereas pessimists
showed increase gr levels (p =0.011), but no significant changes
in either mr or mr/gr ratio. As a result, after exposure to chronic
stress gr levels are significantly lower in optimists than in
pessimists (p =0.015), but there were no significant differences
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between them in either mr levels or mr/gr ratio. Notably,
phenotype had a significant main effect (p <0.001) for the mr/gr
ratio.

The higher mr/gr ratios detected in optimists both in the
telencephalon and diencephalon may protect them against
chronic stress, hence promoting resilience to disease.

Judgement bias modulates cancer progression
Given the differential response of optimistic and pessimistic
zebrafish to chronic stress, we decided to test if it translates into
differential susceptibility/ resilience to disease. Because optimists
seem to have a lower stress reactivity, we hypothesized that they
should have a lower allostatic load, hence being more resilient to
stress-induced disease than pessimists. Based on the known
association between stress and cancer we decided to test this
hypothesis using a zebrafish melanoma model (mitfa:HRAS) that
exhibits full penetrance by 3 months of age [33]. For this
experiment, we used a new batch of fish consisting of transgenic
zebrafish and their age-matched wild-type (WT) siblings. There-
fore, transgenic (mitfa:HRAS®'?-GFP) zebrafish and their WT
siblings were phenotyped for judgement bias between 44 and
66 days post hatching (dph), before melanoma onset, using our
previously validated protocol [17, 18]. Subsequently, transgenic
fish were exposed to chronic stress. Half the optimists and half the
pessimists were therefore exposed to the unpredictable chronic
stress protocol for 1 month, and the other half of each phenotype
remained undisturbed (control group) to assess the effect of stress
on tumorigenesis (n = 20 fish per experimental group). Individuals
were checked weekly for the occurrence of melanoma.
Tg(mitfa:HRAS®"2Y-GFP) individuals (Fig. 4A) are more pessimis-
tic than their WT siblings (Table S8), even before the first signs of
melanoma (44-66 dph), as shown by transgenic fish exhibiting
increased latencies to enter the ambiguous arm (p < 0.001; Fig. 4B)
and having higher JBS values (p<0.001; Fig. 4C; Cohen'’s
d=-0.92, 95% Cl=[-1.45, —0.40]). The first tumor incidences
were recorded on week 9, which matches previously described
tumor onset on this line [34]. Interestingly, in undisturbed fish the
cumulative percentage of tumor incidence is significantly lower in
optimists than in pessimists at weeks 9 and 10 (p =0.043 and
p =0.043, respectively; Fig. 4D), indicating an earlier onset of
melanoma in pessimistic individuals (Table S9 and S10). Chronic
stress increases cumulative percentage of tumor incidence in
optimists (p <0.001) but had no effect on pessimists (p = 0.15),
which already had a high cumulative percentage in undisturbed
conditions, resulting in no difference between optimists and
pessimists under chronic stress. At 98 dph all individuals were
euthanized and tumor fraction, and PCNA positive tumor cells
were quantified. Pessimistic, but not optimistic, individuals
showed an increase in tumor fraction in response to chronic
stress (Fig. 4E; Table S11), with pessimists showing already a
higher level of tumor cell proliferation than optimists, as
measured by PCNA, before exposure to stress (Fig. A4F;
Table S11).
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The fact that pessimists show a higher susceptibility to
tumorigenesis and higher levels of tumor cell proliferation than
optimists indicate that optimistic individuals are more resilient to
disease than the pessimistic ones.

DISCUSSION

Our results indicate that judgement bias, usually considered as a
behavioral state, can also be seen as a trait (i.e. individually
consistent over time), that is correlated with boldness-related
behaviors. When exposed to chronic stress pessimistic and
optimistic fish presented different neuromolecular responses, as
measured by transcriptome changes in the telencephalon and
diencephalon, suggesting that they perceive stressors and
regulate body homeostasis in response to stress differently.
Furthermore, optimists show higher mineralocorticoid receptor/
glucocorticoid receptor ratios in both brain areas, and other
differences in the hypothalamic-pituitary-interrenal axis that
suggest that they have a lower stress reactivity. Accordingly,
optimists seemed to be more resilient to disease than pessimists,
as shown by a lower tumorigenesis of optimists in a zebrafish
melanoma line [Tg(mtifa:HRAS-GFP)]. Together these results
indicate that cognitive bias is a personality trait paralleled by
differences in the stress response with implications for disease
resilience.

Judgement bias in animals has been seen as a state variable
that indicates the affective state of the individuals, and has been
widely used in animal welfare studies (i.e. pessimistic bias seen as
reporting negative affective state and poor welfare). The
occurrence of judgement bias as a trait, that is as a relatively
stable behavioral feature of the individual over time (aka
personality trait), requires showing significant repeatability across
repeated tests over time [35, 36], as well as the establishment of
several types of test validity [12]. In this study, we established the
repeatability of judgement bias, as well as its ecological validity
(i.e. the relationship between the targeted trait and other
ecologically important traits). The latter included the use of open
field and novel object tests alongside JBT to identify cross-context
trait characteristics. Together with the implementation of a JBT
protocol that has previously demonstrated a correlation between
the trait’s theoretical definition and the subject’s response to
ambiguous stimuli—evidenced by a generalization response
indicating that individuals categorize different cues as predicting
specific associated events [17]—these efforts advance the
assessment of judgement bias trait beyond previous studies by
providing a higher degree of reliability and validity for our JBT.
Interestingly, the distribution of JBS in the population shows a
bimodal distribution suggesting disruptive selection for the
evolution of alternative phenotypes in this judgement bias
dimension. Together, these results indicate that judgment bias
can be seen as a trait. Furthermore, our PCA analysis indicates that
the response to the ambiguous stimulus in the judgement bias
test is correlated with the response to the novel object test,
positively linking the response to an ambiguous stimulus with the
willingness to take risks. A similar link between boldness-related
traits and judgment bias has already been reported in a recent
study, in which dogs that were rated as more prone to non-social-
fear were also more likely to display an optimistic response [37]. It
is noteworthy that the lower (optimists) and the upper (pessimists)
quartiles of the JBS-frequency distribution were selected for these
analyses. Individuals at the extremes of trait distributions have
been shown to use different strategies to cope with novel or
challenging situations [38, 39]. Furthermore, they exhibit less
behavioral flexibility compared to individuals in the middle range
[40]. These findings suggest that individuals at the extremes tend
to display more consistent behavioral patterns, which reduces
variability and facilitates clearer comparisons. However, this
selection method also has limitations, as it omits individuals in
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the middle range of the trait continuum—who may perform
better in certain contexts than those at the extremes [41] —
thereby narrowing the scope of the findings. Nonetheless, the fact
that there is a bimodal distribution of the judgement bias
phenotype we believe that the inclusion of intermediate
individuals in our study would add limited value.

The establishment of judgement bias as a personality trait raises
the possibility that individuals with different judgement bias
phenotypes (i.e. optimists/pessimists) may respond differently to
stressors, and therefore express differential resilience to stress-
related diseases. We have tested the hypothesis that optimists and
pessimists perceive and respond differently to stress by looking
into whole-genome changes in gene expression in two key brain
regions for the stress response: (1) the telencephalon, which
includes brain associative areas that integrate multimodal sensory
stimuli and assess the salience and valence of environmental
stimuli [42, 43], and (2) the diencephalon, which regulates bodily
responses to stress through the modulation of central peptide
systems and neuroendocrine axis [44, 45]. Of the differentially
expressed genes in the telencephalon of chronically stressed
optimists, some of them were identified to have a role in the
mediation of the detrimental effects of chronic stress (e.g. avp,
fads2, kif11a) and others in sterol metabolism (i.e. hsd17b7, sqlea,
sc5d; Gene Ontology Biological Processes ‘Sterol biosynthetic
process’ and ‘Cholesterol metabolic process’), which has also been
shown to be dysregulated under stress in other organisms [46].
Differentially expressed genes in the brain of stressed pessimists
include a set of genes (e.g. upregulated: nrid4a, nr1d4b; down-
regulated: apoeb, kcnj2a, cldnila) previously linked to stress in
multiple species [47-49]. Notably, claudins (c/dn) have previously
been identified as a molecular biomarker of stress with an impact
on health and cognition [50]. The fact that chronic stress induces
different profiles of gene expression between optimists and
pessimists in both brain regions, indicates phenotype-specific
neurogenomic responses to stress at the brain level. It is important
to note that these data primarily identify neurogenomic
differences between these personality traits and stress responses.
However, they do not establish a direct link between judgement
bias-related phenotypes and stress reactivity. Given the complex-
ity of linking changes in gene expression to specific behavioral
outcomes, it is difficult to speculate on the functional con-
sequences of the observed gene expression profiles in optimists
and pessimists based on the current data. The brain’s response to
stress involves intricate networks of genes, signaling pathways,
and interactions that extend beyond isolated expression patterns.
Moreover, the functional implications of these genomic changes
depend on downstream processes, such as protein synthesis,
post-translational modifications, and cell-to-cell communication,
which are not captured in our current analysis. Future research to
evaluate functional genomic changes associated with behavioral
phenotypes could involve targeted gene knockdown (e.g., CRISPR,
RNAI) or overexpression to directly link the differential expression
of genes such as avp, nrid4a, and cldnila to changes in
physiology and behavior. Additionally, longitudinal studies could
track optimists and pessimists over time to assess whether these
gene expression differences are also associated to long-term
stress resilience, survival, reproductive success, or cognitive
performance. Finally, integrating multi-omics approaches would
also help uncover downstream effects of these genomic changes,
providing a more comprehensive understanding of their func-
tional impact. In parallel, the neuroendocrine stress axis (i.e. HPI)
also showed differences between the two phenotypes. The
expression of crh in the diencephalon and cortisol levels were
used as indicators of the activity of the HPI axis, whereas the
expression of the gr and mr receptors, provided a measure of the
sensitivity of the target tissues (telencephalon and diencephalon)
to circulating cortisol. In particular, the mr/gr ratio has been used
as a marker of stress vulnerability, since detrimental effects of
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chronic stress on cognition seem to be GR-mediated, and
unbalanced mr/gr ratios in the limbic brain have been associated
to impaired functioning of the emotional and cognitive systems
under stress [32]. Higher mr/gr ratios are therefore indicative of
more resilient responses to chronic stress. In baseline conditions
there were no differences in cortisol levels between optimists and
pessimists, and in response to chronic stress pessimists, but not
optimists, decrease cortisol levels. Given that there were no
differences between phenotypes neither changes in response to
chronic stress in the expression of crh, the stress-driven
hypocortisolism observed in pessimists does not seem to be
due to a down-regulation of the HPI axis but rather to the
equivalent of stress-induced adrenal insufficiency described in
mammals [51]. While no studies have specifically examined
“adrenal insufficiency” in zebrafish—who lack adrenal glands
and instead rely on interrenal cells in the head kidney for cortisol
production—the conserved zebrafish stress axis, compared to that
of mammals [28, 52], supports the potential for an analogous
mechanism. This interpretation is based on unexpected findings
and may benefit from further investigation, while it is true that
decreased cortisol levels have been broadly reported in patients
with a post-traumatic stress disorder [53] and also in healthy
individuals living under stress conditions [54-56]. In baseline
conditions, optimistic fish also exhibit a higher mr/gr ratio than
pessimists, suggesting the latter may have a higher susceptibility
to detrimental consequences of chronic stress. Interestingly, under
chronic stress, this ratio decreases in optimists but remains
relatively stable in pessimists. This intriguing pattern suggests that
while optimistic individuals may have an initial advantage with a
higher mr/gr ratio, they could also harbor a mechanism to
attenuate stress-related elevations in glucocorticoids and miner-
alocorticoids. Therefore, Mr binding in optimists could prevent
excessive Gr binding and its associated stress effects, whilst also
decreasing mr/gr ratio. In contrast, the stability of the mr/gr ratio in
pessimists under chronic stress may indicate a higher suscept-
ibility to the detrimental consequences of prolonged stress
exposure. These results are in agreement with those found in
Arctic charr, in which more reactive individuals were characterized
by lower mr/gr ratios in comparison to proactive charr showing
decreased tolerance and performance under stress [57].

Given the known link between stress and cancer, we have
assessed differences in tumorigenesis in a melanoma line
[Tg(mtifa:HRAS-GFP)] between optimists and pessimists exposed
to chronic stress. We found a highly significant association
between judgement bias phenotype and tumorigenesis in
unstressed individuals, with a higher melanoma incidence at an
early age in pessimistic individuals. The exposure to chronic stress
has a significant impact in tumorigenesis in optimists, that start
from a low melanoma incidence, but not in pessimists that start
already from high melanoma incidence levels even before stress
exposure. Notably, before exposure to stress pessimists already
exhibited higher proliferation of tumor cells than optimists, as
revealed by PCNA, and after exposure to stress pessimists also
shown more enlarged tumors relative to their body size. The link
between stress and cancer has been discussed for decades
without solid clinical or epidemiological evidence. However,
recent animal studies have shown that stress can facilitate
cancer progression by regulating molecular and systemic
mechanisms that mediate hallmarks of cancer, such as changes
in NK cell proliferation, angiogenesis, tumor vascularization and
invasiveness and metastasis [58-64]. Moreover, animal studies
have shown that exposure to stress during a critical phase of
cancer has a greater impact on its progression than non-
synchronized stress episodes [16]. This is particularly relevant
because in our experiment exposure to chronic stress over-
lapped with the known melanoma onset period in the zebrafish
line used [34]. Our results confirm the role of stress on
tumorigenesis and further indicate that between subject
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differences can be explained by personality traits, such as the
judgement bias phenotypes studied here.

In summary, our work suggests that psychological factors (i.e.
cognitive judgement bias) play a role on the regulation of the
brain processing of stress and on the physiological stress
response, with an impact in stress-related disease (e.g. cancer).
Elucidating how such psychological factors affect stress vulner-
ability and its associated disease susceptibility could improve our
understanding of individual differences in cancer outcomes, and
opens the way to conceptualize psychological interventions that
might mitigate disease states.

METHODS

Fish and housing

Fish used for this study were 4-5 months old male wild-type zebrafish
(Danio rerio) of the Tuebingen (TU) line and 1.5-3 months old males of the
Tg(mitfa:HRAS®'?-GFP) line originally developed by the Hurlstone
Laboratory (Manchester University, U.K.). All procedures were performed
in accordance with the relevant guidelines and regulations for animal
experimentation.

Experiment 1

Behavioral assays. Individual zebrafish were first screened in an optimistic
- pessimistic dimension by using a previously validated judgment bias test
for this species [17, 18, 65]. In brief, a go/no-go task was designed in a half
radial maze where individual zebrafish were trained to approach a positive
cue (P; food reward) and to avoid a negative cue (N; punishment). Once
fish were able to distinguish between P and N cues (as indicated by
different latencies to enter each cued arm), their response to an
ambiguous (A) cue (an intermediate location/color cue between the P
and N locations/color cues) was then tested. In order to assess if
judgement bias of the A stimulus of the JBT is associated with other
behavioral phenotypes, fish that learned the discrimination between N and
P stimuli were selected and tested in an open field test (OFT) and in a
novel object test (NOT).

Unpredictable chronic stress (UCS) protocol. Screened individuals (i.e.
optimistic and pessimistic zebrafish) were exposed to a validated UCS
protocol for this fish species [66], in which individuals were subjected to a
variety of stressors. Each individual experienced two stressors each day, at
varying times, for 30 days. All fish of the same experimental tank were
given the same stressor at the same time.

RNA isolation, gPCR and RNA-Sequencing. Total RNA was isolated from the
frozen telencephalon and diencephalon. Isolation of total RNA was
performed using the RNeasy® Lipid Tissue Mini Kit (Quiagen), according
to the manufacturer's instructions. The first-strand of cDNA was
synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad). All assays were
run using 384-well optical plates on a QuantStudio™ 7 Flex Real-Time PCR
System (Applied Biosystems™, Thermo Fisher). RNA-Seq libraries were
prepared according to the lllumina RNA-Seq protocol and sequenced at
the Genomics Unit of Instituto Gulbenkian de Ciéncia using a NextSeq
system to generate single-end 75-bp reads.

Cortisol analysis. Whole body cortisol levels were used as a proxy for
circulating cortisol levels [67]. Cortisol levels were assessed using an
enzyme immunoassay (EIA) kit (Cayman Chemical Company) following the
manufacturer’s instructions.

Experiment 2

Behavioral assay and stress protocol. Transgenic zebrafish from 44-66 dph
(i.e. before melanoma onset [34]) were tested for judgment bias and
compared with age-matched WT siblings’ fish. Based on the JBT, transgenic
fish that learned the task were classified in an optimistic/pessimistic
dimension before entering a UCS experiment (as described in Experiment 1).
Fish showing visible tumor masses before entering the judgment bias
screening were discarded from the experiment.

Tumor assessment. Tumor appearance was assessed macroscopically on a

weekly basis, from week 9 (66 dph; experiment start day) to week 13
(98 dph; experiment end date). Individuals were scored for the onset of a
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vertical growth phase (the lesion develops vertically, forming a nodule),
and the presence of an outgrowth in any direction was visually monitored.

Tumor measurements. Fish were euthanized the day after the UCS
protocol ended. Whole fish were fixed, decalcified, and then processed for
paraffin-embedding. Immunohistochemical detection of PCNA was per-
formed using a mouse monoclonal PCNA antibody (PCNA (P10): sc-56;
Santa Cruz Biotecnology; dilution 1/100). PCNA-positive cells were revealed
by incubation with 3,3’-diaminobenzidine tetrahydrochloride (Liquid
DAB + ; Palex). Tumor fraction and PCNA positive tumor cells were scored
blindly to phenotype and treatment.

Statistical analyses

The following statistical tests were run in R (v.4.2.2) and SigmaStat (v.3.5).
Analysis of the judgment bias testing in WT (Experiment 1) and melanoma
fish (Experiment 2) was performed with the R software [68] packages
“Ime4” [69] and “afex” [70] for the linear mixed effects models (GLMM) and
the “emmeans” package [71] for planned comparisons. Generalized linear
mixed models (GLMMs) were also used for the analyses of cortisol and
stress-related gene expression levels (Experiment 1) and the hallmarks of
cancer progression (Experiment 2). A non-parametric two-tailed Kruskal-
Wallis test, was used to analyze the JBS in melanoma (Experiment 2) fish.
Statistical analyses of the behaviors performed in the OFT and NOT
(Experiment 1) were analyzed using a two-way ANOVA followed by an all
pairwise multiple comparison procedure (Holm-Sidak's test).

DATA AVAILABILITY

Data is made available as supplementary material to the manuscript.
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