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Simple Summary

The present study presents gene expression patterns in differently stressed male zebrafish.
These investigations are important for our understanding of stress responses in a fish
species that is frequently used in research. The investigation of the stress responses over
time represents unique insights into the effects of exposure to acute stress over time. Gene
expression analyses have been conducted to reveal genes contributing to the outcome of
stress application the most. The results show that genes of different pathways strongly
contribute to the stress responses in male zebrafish.

Abstract

Studies aiming at evaluating specific changes in gene expression in male zebrafish brains as
a consequence of the exposure to acute stressors have not been conducted so far. However,
the identification of genes that specifically respond to certain stress situations would
improve our understanding of stress responses in fish. For this, a stress trial with acutely
stressed male zebrafish was conducted, aiming at identifying relevant differences in gene
expressions in different brain parts over time. The qPCR results showed changes of
gene expression of genes belonging to the immediate early genes and the stress axis,
as well as genes regulating the appetite or serotonergic and dopaminergic pathways in
the different brain parts across all treatment groups. Several genes, including urotensin
1, corticotropin-releasing hormone-binding protein, and succinate dehydrogenase, were
identified as strongly contributing to the outcome of stress regulation, but these genes
considerably differ for each brain part. Thus, the study confirmed that the gene expression
patterns strongly depend on the species that is investigated, the quality of the stressor,
and the time point of investigation. Furthermore, the current results evaluating only the
responses of males will allow the evaluation of gender-specific responses to stress in this
fish species in the future.

Keywords: animal welfare; abiotic stress; stress regulation; marker genes; handling

1. Introduction
Distress is a common concern in aquaculture and research settings, since the well-

being of fish is influenced [1–3]. Fish are regularly exposed to different stressors that
include short-lived, acute stressors, such as handling, and chronic stressors that affect the
fish over longer periods of time, e.g., compromised water quality. In addition to negative
stressors, evidence is accumulating that also routine events such as feedings may induce
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stress responses in fish [4,5]. Furthermore, several studies indicate that stress responses
at the brain level of fish show species-specific differences [6–9]. For zebrafish, it has been
observed that the hunger level also influences the level of aggressiveness in females but
not in males [10], which indicates that gender-specific differences exist in stress responses
that also affect their behavior. Hence, investigating the responses to different stressors only
in males first is an important contribution to our current knowledge on stress responses in
fish, especially if the different regulation levels at the fish brain level are focused on.

One of the main pathways involved in stress responses of fish is the hypothalamic-
pituitary–interrenal (HPI) axis [11]. It regulates the secretion of cortisol, the primary
stress hormone in fish, which is involved in the coordination of physiological responses
to stressors and allows the fish to cope with stress [12]. Activation of the HPI axis begins
with the release of corticotropin-releasing factor (Crf), leading to the synthesis of proop-
iomelanocortin (Pomc) and stimulation of the interrenal cells to produce cortisol [13,14].
However, the availability of Crf and urotensin (Uro 1), which is also a ligand for the Crf
receptors [15,16], is strongly regulated by corticotropin-releasing hormone-binding protein
(Crh-bp, [17]). In addition, the effects on the crh-bp expression in the fish brain have been
found to be species-specific and also depend on the quality and duration of stress [7,18,19].
Nevertheless, both distress due to handling and feeding-related practices have been shown
to induce stress responses in fish. These may include anticipatory behaviors, which in-
clude increased locomotor activity at varying time points before the feeding event [20].
But increased aggression between individuals during and after feeding has also been ob-
served [21,22]. As mentioned above, zebrafish may show increased aggressiveness during
feeding, which may be influenced by the hunger level, especially in females [10].

Generally, elevated plasma cortisol levels are highly conserved responses to stress
across vertebrates and are widely used as a marker to assess the intensity of the stress
responses [23]. Therefore, stress hormone measurements are also included in the present
investigation for comparison. However, gene expression patterns in the fish brain may
add important information about the contribution of different regulation pathways to
the overall stress responses. In addition to the HPI axis, neural activity in the brain can
also be assessed as changes in the expression of immediate early genes (IEGs). These
genes typically have low expression levels during resting states but quickly respond to
neuronal activation [24]. Furthermore, stress commonly impacts the expression of genes
related to appetite regulation and feeding behavior in fish [25,26]. Crf appears to be
one of the central factors for the anorectic effects in fish, and its location in the brain
overlaps with the regions responsible for feed intake [27,28]. Its mRNA levels increase
after hypoxia or handling [29,30], but the effects of feeding events or feed omission on
crf expression have less frequently been investigated in fish [31]. Hence, the present
investigation represents an important contribution to our understanding of the HPI axis
activation in different stress scenarios. Furthermore, propiomelanocortin (Pomc) and
cocaine- and amphetamine-regulated transcript (Cart) are strong anorexigenic factors in
the fish brain [32–34]. Interestingly, intraperitoneal cortisol treatment resulted in a dose-
dependent up-regulation of the mRNA levels of the gene encoding for neuropeptide Y
(Npy) in the forebrain of goldfish, Carassius auratus [35], thereby allowing influences on
appetite regulation in fish. Furthermore, the mRNA levels of both, npy and ghrelin (ghrel),
another orexigenic factor in fish, increased in the zebrafish brain upon exposure to acute
stress [36]. Together, these orexigenic and anorexigenic factors allow the fine-tuning of
the appetite and feeding behavior. In addition, neuropeptides such as galanin (Gal) have
also been shown to be involved in the regulation of stress responses in the zebrafish
hypothalamus [37]. By investigating the expression levels of different orexigenic and
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anorexigenic factors, the present study adds further knowledge on interactions of the stress
axis and appetite regulation pathways in differently stressed zebrafish.

Moreover, serotonergic, dopaminergic, and opioid pathways are also involved in
stress responses of fish [38–40]. Similarly, involvement of the isotonergic system in the
regulation of the responses to different stressors was shown in several fish species [41–43].
Additionally, the opioid system mediates stress-induced analgesia, which subsequently
may further influence stress regulation in fish [9,44]. However, the involvement of opioid
receptors in stress responses of different brain parts in fish has not yet been monitored
over time.

There are considerable differences in the stress responses of male and female ze-
brafish [9], indicating that the same set of genes is not relevant for the development of
stress responses in female and male zebrafish. To further elucidate this, the present study
was conducted only with males. However, the aim of this study was also to investigate
the dynamics of gene expression regulation in four brain parts of adult male zebrafish
after exposure to acute stress to allow comparison with other fish species, as well as with
female zebrafish in the future. The effects of stress are known to be dynamic responses
that are different for stressors of different quality and intensity. Hence, the current identi-
fication of genes that specifically respond to certain stress situations within 30 to 90 min
after application of a stressor profoundly improves our understanding of stress responses
in fish.

2. Materials and Methods
2.1. Rearing Conditions

Prior to the experiment, the zebrafish (Danio rerio) belonging to wild-type x AB strain
F1 generations were reared in a 180 L glass tank (Juwel Rio 180, purchased from Hornbach
Baumarkt AG, Sursee, Switzerland) equipped with two biofilters (Eheim Aussenfilter
Professionel 4+ 250 and a Juwel Pumpe Eccoflow 1500, both purchased from Hornbach
Baumarkt AG, Sursee, Switzerland). The fish were up to 12 months old at the start of
the experiment. All fish were fed with fresh Artemia nauplii every day (Ocean Nutrition
Europe, Essen, Belgium) in the morning between 8:00 and 8:30 a.m. and in the afternoon
with commercial dry feeds (Zebrafeed, 200–400 mm size, by Sparos, Olhão, Portugal). From
these fish, three males for each treatment in duplicate were transferred to 2.3 L rearing
tanks (MC1B, Zebcare by Fleuren & Nooijen, Nederweert, The Netherlands) connected to a
recirculating aquaria system including a moving bed biofilter. The results from the regular
monitoring of water temperature, oxygen levels, pH, and conductivity levels can be found
in Appendices A.1 and A.2. The fish were reared under these conditions for 3 days, with
the feeding regime described above continued.

2.2. Experimental Design

After acclimatization as described above, the control fish were taken directly from
the 2.3 L tanks before the scheduled feeding. The remaining fish were either exposed
to air by netting for 1 min (air), with euthanasia started 30, 60, or 90 min after that, or
fed in the morning (feed), left unfed but receiving the filtered water in which the Artemia
nauplii had been thawed (feed contr), chased with a net for 1 min (chas), or confined with a
net for 1 min (conf). These treatments had been selected because distress and a positive
stimulus such as feed-rewarding can lead to different stress regulations in fish, as has
already been shown for common carp [45]. For the current study, all fish were euthanized
with an overdose of tricaine methanesulfonate (>150 mg/L MS-222, Sigma-Aldrich, Buchs,
Switzerland). From all fish, the weight (Mettler Toledo GmbH, Greifensee, Switzerland), the
total length, and the standard body length were recorded. From these values the Fulton’s
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condition factors were calculated by dividing the weight of each fish by its total length
cubed × 100 [46]. Furthermore, body mass indices (bmi) were calculated (weight
[g]/standard length [mm]2) for each fish. The heads of the fish were stored in RNAlater®

(Sigma-Aldrich, Buchs, Switzerland) for at least 24 h before the brains were cut into four dif-
ferent parts (telencephalon, hypothalamus, optic tectum, and rhombencephalon) by using
a stereomicroscope (VWR® VisiScope® STB150, VWR International, Dietikon, Switzerland).
All experiments and procedures had previously been approved by the Local Animal Care
Committee under license no. BE69/2020 and were in accordance with the guidelines set by
the Swiss Council on Animal Care.

2.3. qPCR Analyses

The primer pairs that were used for the gene expression studies can be found in
Appendix B.1 and had already been used in earlier studies [8]. All amplicons had a
size ranging from 110 bp to 200 bp. Prior to all analyses, the primer pairs were vali-
dated, and the respective PCR products were confirmed by Sanger sequencing [9] sup-
ported by the Microsynth AG (Balgach, Switzerland). For this, a cleanup of the PCR
products using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel AG, Urdorf,
Switzerland) was performed. The sequencing results were compared to known sequences
via the basic local alignment search tool (Blast-N) function from the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/ accessed on 2 May
2024). The primer efficiencies were checked by LinRegPCR (version 2020.2; available at
https://medischebiologie.nl/files/, accessed on 24 February 2024) and are reported in
Appendix B.1.

RNeasy Micro Kits (Qiagen AG, Hombrechtikon, Switzerland) were used for total
RNA extraction from each of the four brain parts, followed by determining the RNA content
on a plate reader (Tecan Infinite M200 Pro, Tecan Instruments, Crailsheim, Germany). After
that, 2 µL of total RNA were reverse-transcribed using the ProtoScript ReverseTranscription
Kit (NEB, distributed by BioConcept AG, Allschwil, Switzerland) and pre-amplified with
the PreAmp Master Mix from Fluidigm Corporation (South San Francisco CA, USA) as
described earlier [8]. After that, the pre-amplified cDNA was diluted four-fold, mixed
with the SsoFast™EvaGreen® Supermix with Low ROX master mix (Bio-Rad Laboratories
AG, Cressier, Switzerland) and the Fluidigm sample reagent (Fluidigm Corporation, South
San Francisco, CA, USA) according to the manufacturer’s protocol, loaded on BioMark™
Dynamic Array™ integrated fluidic circuit (IFC) plates (192 × 24, Fluidigm Corporation,
South San Francisco, CA, USA), and incubated in a JunoTM system (Fluidigm Corporation,
South San Francisco CA, USA) for 33 min. Subsequently, real-time qPCRs were run on a
BioMarkTM system (Fluidigm Corporation, South San Francisco CA, USA). The cycling
conditions included an initial activation at 95 ◦C for 10 min followed by 30 two-step cycles
(denaturation at 95 ◦C for 10 s and annealing/extension at 60 ◦C for 1 min).

The initial results for each PCR run were calculated with Fluidigm Real-Time PCR
Analysis software (version 4.8.1, Fluidigm Corporation). This was followed by determi-
nation of the optimal reference genes for each brain part based on a set of 7–12 potential
reference genes using RefFinder (https://www.ciidirsinaloa.com.mx/RefFinder-master/,
accessed on 18 June 2025); more details are given in Appendix C.1. Subsequently, the indi-
vidual gene expression values were calculated relative to the expression of the reference
genes. This was followed by calculation of the normalized fold-change in expression of
each target gene relative to the control group as described by Taylor et al. [47].

https://www.ncbi.nlm.nih.gov/
https://medischebiologie.nl/files/
https://www.ciidirsinaloa.com.mx/RefFinder-master/
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2.4. Analysis of Body Corticosteroid Levels

Individual body homogenates, except for the heads of the fish, were prepared manually
with a handheld homogenizer (D1000, Merck & Cie, Buchs, Switzerland) and were extracted
twice with diethylether. Furthermore, the extracts were purified on C18 columns (SEP-
PAK VAC C18 1CC 100/BX, Waters AG, Dättwil, Switzerland), and cortisol and cortisone
were analyzed using a UHPLC–MS/MS system [31]. The individual steroid values were
calculated as ng steroid per g body weight.

2.5. Statistical Analysis

The gene expression values derived from each brain part were used to build mixed
models with a fully Bayesian approach using the brms package [48] in R studio (Version
1.2.1335) for each stressor separately, as explained earlier by Burren & Pietsch [49]. The
results from the models included point estimators and the individual SEMs, as well as the
posterior predictive p values. The significance was determined using Wald χ2-statistics for
the generalized linear models and F-statistics for the mixed models. Finally, the estimated
marginal means and the 95% credible intervals were calculated. A p < 0.05 was considered
statistically significant. Figures 1–4 show only significant gene expression differences from
these calculations. Additionally, principal component analyses (PCA) were performed to
identify certain gene clusters that typically correspond to the respective treatments. All
PCA were performed in R studio on individual gene sets as described earlier [31]. For
a given variable, the sum of the cos2 on all principal components is equal to one. For
the present study, the contribution of the two main components to the total variance as
displayed by the cos2 values is given for the individual treatment groups.

3. Results
3.1. Morphological Differences Between the Fish and Whole-Body Steroid Levels

As expected, the morphology of the adult zebrafish that were used for the experiment
showed no significant difference between the treatment groups (Appendices D.1 and D.2).
Hence, an effect of the treatment group assignment was not observed. The analysis of
the body stress hormone levels revealed that the levels of 11-deoxycorticosterone and
corticosterone in the whole-body samples were not quantifiable. Changes of the cortisone
and cortisol levels in the body homogenates were higher in fish belonging to the chasing,
confinement, and air-exposure groups than in fish that had been feed-rewarded or fish
from the feed-control group (Appendix E.1). The two-sided ANOVA showed no significant
effect of treatment on the cortisol levels. However, there was a significant influence of the
timepoint of sampling after application of the stressors on the steroid levels (p = 0.024;
Appendix E.2).

3.2. Immediate Early Genes and Metabolic Genes

The immediate early genes in the telencephalon showed different gene expression
patterns for all acute stressors that had been used (Figure 1). Only the distressed fish and
the feed-control fish displayed a mutual down-regulation of c-fos 60 min after treatment.
Furthermore, the feed-control fish were the only ones showing an up-regulation of citrsyn,
egr1, erk1, and gapdh. Moreover, the gapdh expression was not changed in the other brain
parts that were investigated. In addition, chased fish showed an up-regulation of palld. The
feed-control fish showed a down-regulation of this gene in the telencephalon, and also,
in the remaining brain parts, only down-regulation of palld was observed. The detailed
expression pattern visualizations for the telencephalon can be found in Figure S1, uploaded
in the repository.
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In the hypothalamus, only feed-reward, feed-control, and chased fish showed de-
creases of palld (Figure 1). The expression of egr1 displayed a difference between chased
and feed-control fish, with a decreased in the chased fish and an up-regulation of this gene
in the feed-control fish. In addition, a down-regulation c-fos was absent in the feed and the
air-exposure groups compared with the remaining treatment groups. A detailed visual-
ization of expression pattern in the hypothalamus can be found in Figure S2, uploaded in
the repository.

Immediate Early Genes (IEGs)
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Figure 1. Overview of the expression profiles of early immediate genes (IEGs) in the telencephalon
(tel), hypothalamus (hyp), optic tectum (opt), and rhombencephalon (rhomb) of male zebrafish 0,
30, 60, and 90 min after the treatment, whereby feed-rewarding, feed-control treatment, chasing,
confinement, and air exposure were used as stressors. N = 6 per treatment. The significance value
p < 0.05 was calculated from the Bayes models performed on the log2 values of the normalized gene
expression values; yellow = not changed, red = down-regulated, green = up-regulated.

In contrast to those in the telencephalon and the hypothalamus, the gene expression
patterns of c-fos in the optic tectum were increased in the feed and the feed-control groups
(Figure 1). The expression of citrsyn was only higher in the feed-reward and confinement
groups. The expression of egr-1 was only down-regulated in the feed-rewarded fish 60
and 90 min after treatment. In addition, erk-1 was only up-regulated in feed-rewarded
fish and down-regulated in confined fish. Furthermore, neurod was up-regulated in all
chased and air-exposed fish. In addition, pyrkin showed up-regulation in the feed-control
fish but down-regulation in chased and confined animals. The detailed expression pattern
visualizations can be found in Figure S3, uploaded in the repository.

The IEGs in the rhombencephalon showed increased expression of c-fos 60 min after
chasing and air exposure, as well as 90 min after treatment in the feed-control, chasing,
and air-exposure groups (Figure 1). The expression of citrsyn was only higher in the feed-
reward and air-exposure groups. The expression of egr-1 was not down-regulated in the
feed-control or the confinement treatment. In addition, erk-1 was only up-regulated in
air-exposed fish 90 min after treatment. Finally, palld did not show a down-regulation in
the feed-rewarded fish compared with the remaining treatments. The detailed expression
pattern visualizations can be found in Figure S4, uploaded in the repository.
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3.3. HPI Axis-Related Genes

The HPI axis-related genes in the telencephalon showed a down-regulation of crf2
in the feed-reward, confinement, and air-exposure groups, whereas the expression of the
crf-r2 was down-regulated at different time points in all treatments (Figure 2). Furthermore,
the expression of gr was only changed in the feed-control group. Furthermore, pomc A
was only up-regulated 30 min after chasing, whereas pomc B was up-regulated 60 and
90 min after feed-control treatment. The expression of uro 1 was only down-regulated in the
feed-control and confinement groups. The detailed visualization of the expression patterns
in the telencephalon can be found in Figure S1, uploaded in the repository.

HPI Axis-related Genes
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Figure 2. Overview of the gene expression profiles of HPI axis-related genes in the telencephalon
(tel), hypothalamus (hyp), optic tectum (opt), and rhombencephalon (rhomb) of male zebrafish 0,
30, 60, and 90 min after the treatment, whereby feed-rewarding, feed-control treatment, chasing,
confinement, and air exposure were used as stressors. N = 6 per treatment. The significance value
p < 0.05 was calculated from the Bayes models performed on the log2 values of the normalized gene
expression values; yellow = not changed, red = down-regulated, green = up-regulated.

In the hypothalamus, the expression of crf2 was not changed, but all groups showed
down-regulation of crf-r2 except for the air-exposed fish (Figure 2). An up-regulation of gr
was only noted for chased fish 30 min after treatment. An up-regulation of mr was observed
in feed-rewarded fish 90 min after treatment, whereas chased fish showed down-regulation
of this gene. In addition, pomc B was only down-regulated in confined fish 90 min after
treatment. A detailed description of the expression pattern in the hypothalamus can be
found in Figure S2, uploaded in the repository.

The investigation of the gene expression patterns of the HPI axis-related genes
in the optic tectum revealed that crf1 was only up-regulated in all feed-rewarded fish
(Figure 2). Furthermore, the expression of crf-r2 was down-regulated in this brain part in
air-exposed fish but up-regulated in confined fish, while these two groups both showed
a down-regulation of crh-bp. While gr changes were observed in the telencephalon and
hypothalamus, the optic tectum showed only a down-regulation of mr in the feed-rewarded
fish and a pomc B up-regulation in the optic tectum. The detailed expression pattern
visualization for this brain part can be found in Figure S3, uploaded in the repository.

The evaluation of HPI axis-related genes in the rhombencephalon revealed that the
feed-control fish were the only treatment group that did not show an up-regulation of crf1 in
this brain part (Figure 2). Changes of the gr were also absent in the rhombencephalon, and
the expression of mr was only down-regulated 30 min after air exposure. The expression



Animals 2025, 15, 2431 8 of 33

of pomc B was up-regulated in the feed-reward and air-exposure groups 30 min after
treatment. Furthermore, the expression of uro 1 was only down-regulated in chased fish
90 min after treatment. The detailed expression pattern visualization can be found in Figure
S4, uploaded in the repository.

3.4. Appetite-Related Genes

The investigation of appetite-related genes in the telencephalon revealed that agouti
was not down-regulated only in the feed-rewarded fish (Figure 3). These fish were also
the only ones that showed down-regulation of cart and up-regulation of cck-b 90 min
after treatment. The expression of grp was only down-regulated in chased fish 60 min
after treatment. Furthermore, an up-regualtion of npy was observed in feed-rewarded
and chased fish, whereas confined fish showed a down-regulation of this gene 90 min
after treatment. The detailed expression pattern visualizations can be found in Figure S1,
uploaded in the repository.

Appetite-related Genes
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Figure 3. Overview of the gene expression profiles of appetite-related genes in the telencephalon
(tel), hypothalamus (hyp), optic tectum (opt), and rhombencephalon (rhomb) of male zebrafish 0,
30, 60, and 90 min after the treatment, whereby feed-rewarding, feed-control treatment, chasing,
confinement, and air exposure were used as stressors. N = 6 per treatment. The significance value
p < 0.05 was calculated from the Bayes models performed on the log2 values of the normalized gene
expression values; yellow = not changed, red = down-regulated, green = up-regulated.

In the hypothalamus, agouti was only down-regulated in feed-rewarded fish 30 min
after treatment (Figure 3). The expression of cart was only down-regulated in some of the
feed-control and confinement groups. Only chased fish showed an up-regulation of cck-b
90 min after treatment. An up-regulation of gal was absent in the feed-control and the
air-exposure groups in this brain part. The expression of grp was not changed in any of
the treatments, but the expression of npy was increased in all treatments at different time
points except for the feed-control fish. The detailed expression pattern visualizations can
be found in Figure S2, uploaded in the repository.

The investigation of the gene expression patterns of the appetite-related genes in
the optic tectum revealed that the expression of agouti was not down-regulated in the
feed-reward and chased groups (Figure 3). The expression of cart was down-regulated
in feed-rewarded and air-exposed fish but up-regulated in feed-control fish 30 min after
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treatment. Cck-a and -b were only up-regulated in feed-rewarded fish 90 min after treatment.
Ghrel and grp showed similar expression patterns in feed-rewarded and confined fish. In
addition, the expression of npy was only increased in these two treatment groups. Finally,
the expression of ox was found to be changed only in the optic tectum, where it was
increased in confined fish and decreased in chased animals. The detailed visualization
and description of the expression patterns for this brain part can be found in Figure S3,
uploaded in the repository.

The appetite-related genes in the rhombencephalon showed no signficant changes of
agouti, although changes of this gene have been observed in the other three brain parts. In
addition, no down-regulation of cart was observed in the feed-rewarded fish, but was noted
in all remaining treatment groups (Figure 3). The expression of cck-a was up-regulated
in the feed-control fish and chased fish 60 min after treatment and in the air-exposed fish
90 min after treatment, whereas the expression of cck-b was only increased in air-exposed
fish. The expression of ghrel was not increased in the feed-control fish and the chased
fish. In addition, the expression of grp was down-regulated in chased and confined
fish at different time points and up-regulated in air-exposed fish 30 min after treatment.
The detailed expression pattern visualizations can be found in Figure S4, uploaded in
the repository.

3.5. The Gene Expression Patterns of the Serotonergic and Dopaminergic Genes, Opioid, Isotocin,
and Prolactin Receptors

The remaining genes that were investigated in the telencephalon showed that iso pre
was not increased in the feed-rewarded fish (Figure 4), whereas the iso-r1 showed down-
regulation only in the feed-rewarded, the feed-control, and the confined fish at different
time points. The expression of mtor was only decreased in feed-control fish 30 min after
treatment. The opio d1b expression was not decreased in the feed-rewarded fish or the
air-exposed animals. The prola showed increased expression in the feed-rewarded fish
90 min after treatment and down-regulation in feed-control and confined fish 60 and/or
90 min after treatment. Finally, the tph expression was down-regulated in all treatments,
but at different time points. The detailed expression pattern visualizations can be found in
Figure S1, uploaded in the repository.

In contrast to the telencephalon, the expression of 5ht-tr a and b was changed in the
hypothalamus, displaying increased 5ht-tr a expression in chased and air-exposed fish
and increased 5ht-tr b expression in the feed-reward group (Figure 4). The expression
of 5ht-tr b was decreased only in the chased and confined fish 60 min after treatment.
Changes of the dopamine receptors have also not been observed in the telencephalon,
but in the hypothalamus, confined fish showed a decreased expression of dopar 2a 60 min
after treatment. In addition, the expression of dopar 2b was decreased in feed-reward,
feed-control, and chased fish 30 and/or 60 min after treatment. The expression of dopar
3 was increased in these treatment group at different time points, but not in confined or
air-exposed fish. Furthermore, the expression of iso pre was only decreased in confined fish,
which also showed an increased iso-r1 expression 60 min after treatment. The expression of
mtor was down-regulated in all treatments at different time points except for air-exposed
fish. In addition, only chased fish showed an increased mtor expression 60 min after
treatment. The opio d1a expression was only decreased in the hypothalamus of the feed-
rewarded fish, whereas the expression of opio d1b was found to be increased in feed-
rewarded, chased, and confined fish at different time points after treatment. Finally,
the prola expression was not increased in the feed-control and air-exposure groups but
was increased in the remaining treatment groups at different time point after treatment.
The detailed expression pattern visualizations can be found in Figure S2, uploaded in
the repository.
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Figure 4. Overview of the gene expression profiles of the serotonergic and dopaminergic genes,
opioid, isotocin and the prolactin receptors in the telencephalon (tel), hypothalamus (hyp), optic
tectum (opt), and rhombencephalon (rhomb) of male zebrafish 0, 30, 60, and 90 min after the treatment,
whereby feed-rewarding, feed-control treatment, chasing, confinement, and air exposure were used
as stressors. N = 6 per treatment. The significance value p < 0.05 was calculated from the Bayes
models performed on the log2 values of the normalized gene expression values; yellow = not changed,
red = down-regulated, green = up-regulated.

The gene expression patterns of the remaining genes in the optic tectum showed
increased 5ht-r expression in feed-rewarded, confined, and air-exposed fish (Figure 4). The
expression of dopar 2a was increased in feed-rewarded and confined fish, but the expression
of dopar 2b only down-regulated in confined fish 30 min after treatment. Iso pre was only
up-regulated in feed-rewarded fish 30 min after treatment. The expression of the iso-r1 was
only up-regulated in distressed fish, and only all air-exposed fish showed an up-regulation
of iso-r2. In addition, the expression of mtor was down-regulated in feed-rewarded fish
30 min after treatment and up-regulated in confined fish 60 and 90 min after treatment.
Furthermore, the expression of opio d1a was found to be up-regulated in feed-rewarded
and confined fish, whereas the expression of opio d1b was down-regulated only in confined
fish 90 min after treatment.

An increased prola expression was observed in feed-reward fish 30 min after treatment
and a down-regulation of this gene in confined fish 60 min after treatment. In contrast, prolb
was up-regulated in this brain part in all treatments groups at different time points after
treatment except for the chased fish. Changes of the th2 expression were only observed in
the optic tectum, and only the confined and air-exposed fish showed increases of its gene
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expression. In contrast to the telencephalon, which showed down-regulation of tph, the
optic tectum displayed up-regulation of this gene in the feed-rewarded and confined fish.
The detailed expression pattern visualizations and descriptions can be found in Figure S3,
uploaded in the repository.

The expression of 5ht-r in the rhombencephalon showed increased values in all treat-
ments but at different time points after treatment (Figure 4). The expression of dopar 2a was
increased only in the feed-control and air-exposure groups. Furthermore, the expression of
iso pre was increased in the feed-reward and air-exposure groups. The expression of mtor
and opio d1a was changed only in air-exposed fish 30 min after treatment. In contrast, the
expression of opio d1b was down-regulated in feed-rewarded, chased, and confined fish
at different time points after treatment. The expression of prola was down-regulated
only in chased fish 90 min after treatment and up-regulated in air-exposed animals
30 min after treatment. In contrast, all treatment groups showed up-regulation of prolb in
the rhombencephalon at different time points after treatment except for the feed-control
fish. Finally, up-regulation of tph was not observed in the feed-control and confinement
groups. The detailed expression pattern visualizations can be found in Figure S4, uploaded
in the repository.

3.6. Principal Component Analyses Revealing Gene Expression Patterns

The principal component analyses (PCA) for all genes and brain parts have been
uploaded in the repository. Based on these results, the two most important genes for each
brain regulation pathway were selected and used for additional PCA. For the genes in
the telencephalon, uro 1 and mtor were identified as genes with a strong relevance for the
expression patterns in this brain part (Figure 5). In contrast, the contribution of pomc B to
the outcome of gene expressions in the telencephalon was considerably low, and genes
such as cck-a and cck-b repeatedly are among the most contributing genes in this brain part.

Moreover, the genes with the highest influence in the hypothalamus of the male
zebrafish were appetite-related genes, such as agouti and gal, but the different stressors
resulted in different genes contributing to the stress responses in this brain part (Figure 6).

In the optic tectum of males, crh-bp often had the strongest ability to explain the
variability in the data sets obtained from the analysis of gene expression patterns after
application of the different stressors (Figure 7). The other genes with strong contributions
to the outcome in this brain part varied for each stressor.

Finally, the rhombencephalon showed the strongest influence of the genes ckap-5 and
succdh (Figure 8).

Selecting the optimal set of genes from these analyses for each brain part and each
treatment separately resulted in an overview of genes that mostly contributed to the gene
expression patterns in Figure 9. This figure revealed that a mixture of genes contributed to
the stress responses the most. The most frequently mentioned IEGs across all treatments
and all brain parts were succdh, gapdh, and egr-1. Similarly, the most frequently mentioned
HPI axis-related genes were uro-1 and crh-bp. The appetite genes with the highest frequency
were cck-a and -b and npy. From the remaining regulatory pathways in the brain, only gaba
ra was mentioned as frequently as the genes belonging to the IEGs, the HPI axis, or the
appetite-regulating genes. For future investigations of gene expression patterns in the brain
of stressed zebrafish, it is, therefore, recommended to use the most frequently contributing
genes mentioned here to allow an optimal assessment of the early stress responses in
this species.
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Figure 5. Gene expression analysis with principal component analyses (PCA) for the most contribut-
ing genes in each of the telencephalon showing their representation on the factor map as cos2 values,
whereby the numbers next to Dim1 and Dim2 indicate the percentage of the variance in the data sets
that is explained by the first two components of the PCA of male fish 0, 30 min, 60 min, and 90 min
after treatment; n = 6 per treatment.
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Figure 6. Gene expression analysis with principal component analyses (PCA) for the most contribut-
ing genes in each of the hypothalamus showing their representation on the factor map as cos2 values,
whereby the numbers next to Dim1 and Dim2 indicate the percentage of the variance in the data sets
that is explained by the first two components of the PCA of male fish 0, 30 min, 60 min, and 90 min
after treatment; n = 6 per treatment.
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Figure 7. Gene expression analysis with principal component analyses (PCA) for the most contribut-
ing genes in each of the optic tectum showing their representation on the factor map as cos2 values,
whereby the numbers next to Dim1 and Dim2 indicate the percentage of the variance in the data sets
that is explained by the first two components of the PCA of male fish 0, 30 min, 60 min, and 90 min
after treatment; n = 6 per treatment.
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Figure 8. Gene expression analysis with principal component analyses (PCA) for the most contribut-
ing genes in each of the rhombencephalon showing their representation on the factor map as cos2
values, whereby the numbers next to Dim1 and Dim2 indicate the percentage of the variance in the
data sets that is explained by the first two components of the PCA of male fish 0, 30 min, 60 min, and
90 min after treatment; n = 6 per treatment.
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Figure 9. Summary of the 5 most contributing gene to the first two dimensions in the principal
component analyses (PCA) in each brain part of male zebrafish 0, 30 min, 60 min, and 90 min after
treatment; genes belonging to the group of IEGs and metabolic genes are shaded in blue, HPI axis-
related genes are shaded in red, appetite-related genes are shaded in green, and the remaining genes
belonging to different pathways, including serotonergic or dopaminergic pathways, or involving
isotocin are shaded in yellow.

4. Discussion
In this study, acute negative stressors and feed reward were used to examine the

different effects of stressors on male zebrafish brains. There were no significant differences
in the measured morphological parameters between the males from the different treatment
groups (Appendices D.1 and D.2). However, the fish that were distressed appeared to
respond with higher stress hormone levels in the body than fish belonging to the feed group
or the feed-control group. Obviously, the quality of the stressor determines if there is a con-
siderable stress hormone response in zebrafish. That air exposure but not feed-rewarding
resulted in a significant cortisol response has also been observed for common carp (Cyprinus
carpio) 30 min after treatment [31]. Hence, the cortisol and cortisone responses to stress
are not only dependent on the quality of the stressor, although the quality of the stressors
in combination with the intensity of the treatments probably was not optimal to show
more differences in steroid levels between the different treatment groups in the present
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study. The study of Ramsay et al. [50] also indicated that feeding affects the cortisol levels
in whole-body homogenates of crowded adult zebrafish, which may indicate that similar
effects may also have occurred in the present study, using zebrafish that have not been
fed for one day before sampling, except for the feed-reward group. But the present study
clearly showed that stress hormone levels are time-dependent, as has been observed when
investigating the influence of the timepoint of sampling after application of the stressors
on steroid levels. A time-dependent effect of stressors on cortisol levels of zebrafish has
already been described [6,51]. This makes it difficult to choose the optimal time point for
stress hormone level analyses in experimental studies.

In addition, it has been assumed for a long time that stress hormone levels are sufficient
indicators of the stress levels in fish. This may be true, for example, if fish are acutely
distressed [52,53]. However, the study of Madaro et al. [54] indicated that heavily stressed
fish do not show increased blood stress hormone levels, and the study of Opinion et al. [55]
even demonstrated a down-regulation of the stress hormone levels in Atlantic salmon,
Salmo salar, after exposure to long-term stress. Hence, the measurement of stress hormones
in fish may not correspond to the actual stress level in fish, and gene-expression markers
as earlier indicators of stress may be better. Measuring the early stress responses allows
the evaluation of stress levels independently of the identity of the stressor. In this way,
different types of stressors or interactions of stressors can be assessed. Furthermore, the
focus on early stress responses may allow the application of countermeasures in rearing
facilities before obvious and irreversible harm has been done to the fish.

4.1. Immediate Early and Metabolic Genes as Stress Indicators

IEGs serve as valuable markers for brain neural activity involved in various processes,
including stress responses. The feed-control treatment caused the most changes in IEGs
expression in the telencephalon, whereby egr1, erk-1, and gapdh indicated increased neuronal
activity, and c-fos and palld showed decreased expression. Erk1 and Egr1 are involved in
memory processing and recall in fish [56,57]. Compared to that of common carp, Cyprinus
carpio [58], the expression of gapdh was less frequently involved in the stress responses in
the male zebrafish in the current study. Responses to stress commonly increase energy
expenditures and may also involve increased blood glucose levels in fish [31,59], which can
explain effects on the expression of genes involved in the carbohydrate metabolism.

4.2. HPI Axis-Related Genes as Markers for Stress

The activity of the HPI axis in different brain parts was visible across all the treatments.
Activation of the HPI axis involves Gr and Mr, which mediate the effects of cortisol on
the organism. In contrast to most teleosts, zebrafish only have one Gr isoform [60]. The
importance of Mr is also emphasized by the fact that a loss of Gr is not lethal in juvenile
zebrafish [61]. However, the rapid locomotor response of zebrafish, as a response to
environmental stressors, appears to require HPI axis signaling via Gr but does not involve
Mr [62]. Although the stressors in this study did not significantly affect the expression of gr,
except in the feed-control group in the telencephalon, the expression of mr was influenced
by feed-rewarding, chasing, and air exposure. This emphasizes that not only Gr but also
Mr still have an impact on stress-response regulation. This is also supported by Faught &
Vijayan [63], suggesting involvement of Mr in energy management during stress responses.
Thus, Mr may be important in prolonged stress response in zebrafish [63,64]. This may
explain the observed changes of mr expression in the hypothalamus, the optic tectum, and
the rhombencephalon of different treatment groups.

Elevated pomc expression has been observed previously in acutely stressed ze-
brafish [52]. In this study, the levels of pomc A and pomc B expression varied across
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the treatments and brain parts. Interestingly, the levels of pomc B in the rhombencephalon
increased 30 min after feed reward but also after air exposure. Pomc is known to be a strong
anorectic factor, which could explain its increased transcript level not only after stressful
events but also after feeding events in the current study. Similar effects were observed
upon feeding of Atlantic salmon (Salmo salar), which showed increased expression of two
pomc isoforms within 3 h after receiving feed [65]. In summary, these investigations show
that the responses to stress in fish are often similar, but the timing of the responses appears
to be different.

The role of Crf in zebrafish exposed to acute stress is evident [9,66]. Uro 1, a paralogue
of Crf, has the ability to bind to Crf receptors r1 and r2 [67]. The Crh binding protein
appears to co-occur rather with Crf than with Uro 1 in the brain of adult zebrafish, thereby
reducing its availability and limiting the further release of Pomc [28,68]. The importance
of uro 1 expression in the zebrafish brain after exposure to acute stress was emphasized
by the PCA results in the present study. Although the expression of crh-bp did not show
frequent differences between the treatment groups, the PCA revealed that this gene strongly
contributed to the outcome of the gene expression patterns in the optic tectum. This further
confirms that the effects of stress on the crh-bp expression in the fish brain are species-
specific and depend on the quality and duration of stress [7,18,19], but also are specific
for the four brain parts. Therefore, it is recommended for future investigations to also use
brain part-specific investigations of the gene expression patterns after stress exposure.

4.3. Changes of Appetite-Related Genes After Exposure to Stress

Stress can affect the food intake of fish through the interaction of Npy and Crf neu-
rons [27,29]. Increased npy expression in the hypothalamus of zebrafish upon acute han-
dling stress [36] appear to be similar to the npy expression patterns in this study after
application of negative stressors, but they were also observed in the telencephalon of
fed males. Increased levels of npy 1.5 h after feeding have also been observed in the
whole brain of Atlantic salmon, although the reasons for this remained unclear [65], as
the npy expression typically increases before feeding or during fasting and decreases after
feeding [69,70].

The expression of ghrel was increased in the optic tectum at each time point after
confinement and air exposure, as well as 30 min after feeding. Our results, thus, align with
findings originating from Cortés et al. [36] that showed that the expression of both npy and
ghrel was increased in the zebrafish brain after exposure to acute stress. Cortés et al. [36]
proposed that these two pathways may quickly react to acute stress but are not involved in
short-term appetite suppression. In addition, the increase in expression of orexigenic genes
may be needed to counteract the anorexigenic effects of stress [36].

Similar to our previous study [9], cart showed lower expression after air exposure in
the optic tectum and rhombencephalon. Cart is involved in several physiological functions,
including appetite regulation and stress [34,71,72]. However, cart was also down-regulated
in the optic tectum 30 min and in the telencephalon 90 min after receiving a feed reward,
maybe due to its two-directional effects on appetite by acting as a short-term satiety
factor and a long-term starvation factor [73]. Accordingly, fasting for 3 days resulted in
down-regulation of cart in the hypothalamus of zebrafish in the study of Nishio et al. [74].
Nevertheless, Cart is also involved in the regulation of the energy balance and plays a role
in gustation and feeding behavior, which includes processing of diverse sensory stimuli
such as olfactory and visual inputs [75–77].

In the hypothalamus, increases of the gal expression have also been observed in the
current study. Gal appears to have multiple functions in the zebrafish brain, including
sleep regulation after increased neuronal activity [78], while absence of Gal can lead to
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neuronal hyperactivity [79]. In addition, this neuropeptide has recently been shown to be
involved in fine-tuning the stress responses in the hypothalamus of zebrafish [37]. Thus,
it was not surprising that this gene also strongly contributed to the outcome of the gene
regulation patterns in the hypothalamus, as revealed by the PCA.

In summary, the observed effects of the different acute stressors on the expression
of appetite genes confirm that acute stress affects the appetite gene regulations in a
stressor- and time-dependent way, which already has been noted for common carp in a
previous study [8].

4.4. Serotonergic and Dopaminergic Genes

Frustration as a trigger for aggression is a known phenomenon in vertebrates [41,80].
Vindas et al. [81] observed that Atlantic salmon show higher aggression towards con-
specifics when feeding was either omitted or delayed. Furthermore, serotonin and
dopamine pathways are known factors influencing aggression in social situations and
stress regulation [25,38]. In the current study, males belonging to the feed-control group
did not show clear patterns in expression of serotonin- and dopamine-related genes. In-
terestingly, chasing differently affected both 5ht-ra and 5htr b in the hypothalamus after
60 min, suggesting a down-regulation of this circuit. This hypothesis can be further sup-
ported by the down-regulation of the crf-r2 and mr in the same brain part 90 min after
chasing. Furthermore, a decrease in tph expression was observed in the telencephalon after
chasing. The telencephalon has been reported to be rich in serotonergic neurons, and Tph
can be a specific marker for serotonergic activity [82]. Thus, a reduced tph expression may
suggest a lower supply of serotonin. Nevertheless, lower expression of the Tph gene was
also observed after other treatments in the telencephalon. Taken together, this confirms
earlier findings that show a contribution of serotonergic pathways to the stress responses
in cyprinids [e.g, 8,26].

Interestingly, no significant differences in the expression of dopamine-related genes
were found in the telencephalon, whereas the remaining brain parts showed changes in
expression of the dopamine receptors. Increased dopaminergic activity was observed in
the hypothalamus of tilapia (Oreochromis mossambicus) and rainbow trout (Oncorhynchus
mykiss) as a result of acute stress [83,84], but also in the telencephalon of trout and common
carp [8,83]. Moreover, typical dopaminergic responses to starvation have been observed at
the level of the hypothalamus in goldfish, whereby the dopaminergic system is inhibited by
fasting [85]. In the same species, stimulation of D1 and D2 receptors reduced feeding [86].
Nevertheless, the D2 and D3 receptors investigated in the current study did not reveal a
consistent pattern for the specific stress situations. This further suggests that dopamine
receptors are dependent on the stressor type and severity but also on the brain part.

4.5. Involvement of Opioid, Isotocin, and Prolactin Receptors in Stress Responses

The isotonergic system in fish, although not fully understood in terms of its exact
physiological functions, has been shown to be responsive to various stressors [42,87]. In
this study, the isotocin precursor-encoding gene was generally up-regulated regardless of
the treatment, except for the hypothalamus 30 and 60 min after confinement, where it was
down-regulated. Interestingly, a consistent up-regulation of iso pre was observed in the
telencephalon of male fish after each treatment, except after the feed-reward treatment. On
the contrary, the iso pre expression was lower in the feed-reward and feed-control groups
60 min after the treatments in the telencephalon of females [9]. One explanation for this may
be the differences in numbers of the vasotocin/isotocin-reactive neurons between the sexes,
as observed in medaka, Oryzias latipes [88]. Furthermore, it has been indicated that isotocin
contributes to the mating success of male zebrafish [89]. Thus, increased activation of the
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isotocin system can be expected, as males from the current experiment had reared together
with females several days before the onset of the experiments. Additionally, isotocin
impacts social interactions in male goldfish, Carassius auratus [90], and the telencephalon
is recognized for its role in social behaviors. Nevertheless, it is important to consider that
mature nonapeptide measurements might provide a more accurate reflection of its function
compared to the expression profiles of unprocessed precursor mRNA [91].

Opioid and prolactin receptors both participate in stress responses; however, they
operate through different mechanisms. Opioids affect neurological stress reactions, whereas
prolactin influences physiological processes, including water and ion balance, under stress
conditions [92,93]. In this study, the expression of the opioid receptor D1B was decreased
in the telencephalon and rhombencephalon after chasing and confinement and in the optic
tectum after confinement. This supports the assumption that the opioid D1B receptor
type plays a role in stress responses [92], although co-regulation with other pathways may
occur given the widespread effects of the opioid system on the organism. Furthermore,
it is known that regulating prolactin levels is considered to be important during periods
of starvation but also during exercise for providing energy [94]. Our results show that
prolactin receptors may not be helpful in clearly distinguishing between the different
stressors. The prola and prolb were generally up-regulated at different time points in all
brain parts, except in the telencephalon.

4.6. Unsupervised Learning Methods

An earlier study revealed that different genes had strong influences on the PCA
results in male and female zebrafish when fish were sampled 60 min after treatment [9].
In the current study, the contribution of the genes was investigated for each treatment
separately to show the contribution of the genes over time. Metabolic genes that played
important roles in the stress responses were succdh and gapdh, which are important for the
carbohydrate metabolism [31,59], which may indicate changes in the energy expenditure of
the body.

IEGs that contributed strongly over the course of the investigations included erk-1 and
egr-1, but these two genes were among the most contributing genes in the telencephalon
and hypothalamus of fish from almost all treatment groups. Hence, these genes appear to
be important for the dynamics of the stress responses in these two brain parts but are less
specific for the distinct stressors in other brain parts.

As expected, a number of HPI-related genes contributed to the dynamics of the stress
responses in all treatments. As mentioned above, the contribution of crh-bp to the stress
dynamics in the optic tectum is present in all treatment groups. Crh-bp is known to prevent
further Crf signaling through Crh-r1 and -r2, and is, thus, considered to be an important
factor regulating the stress axis in fish [15,17]. According to the study of Doyon et al. [30],
increased crf-bp expression supports a more rapid return to homeostasis after exposure
to stress, which may explain why all treatment groups show a high contribution of crh-
bp to the gene-regulation dynamics in the optic tectum. In addition, dynamics of the gr
expression were most relevant in the feed-reward and the feed-control groups but not in
the remaining distress groups. Recent research has shown that, at least upon chronic stress,
Gr activation reduced feed intake in zebrafish [95]. In contrast, the present study shows
for the first time that gr dynamics may also be important for gene expression regulation
during feeding and feed omission.

Furthermore, dopa 2a was among the most contributing gene expressions in the stress
dynamics of feed-rewarded fish and confined fish. In addition, a contribution of th2
was observed only in the optic tectum of fed fish, further supporting involvement of
the dopamine pathway in feeding and motivation regulation [38,96]. Another pathway
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that should gain more attention in the fish brain is the balance of glutamate and gamma-
aminobutyric acid (GABA) in stress situations. The study of Li et al. [97] showed that
heat stress challenges stimulate the glutamate–glutamine pathway to prevent oxidative
damage in rainbow trout. Furthermore, our previous study on common carp revealed that
feed omission influenced the glutamate levels in the optic tectum, whereas the expression
of gabaa was increased in different brain parts and not specifically after application of a
distinct stressor [8]. In the present study, the expression of gabaa was not significantly
changed by the treatments but showed high contribution to the overall gene expression
patterns in the optic tectum and in the rhombencephalon, as shown by the PCA. For GABA,
it was, furthermore, assumed that it provides negative feedback for the HPI axis [98], which
may in part explain the high contribution of gabaa in the PCA of the present study.

Finally, a number of genes involved in appetite regulation are among the most impor-
tant genes contributing highly to the gene expression patterns in the differently treated fish.
The dynamics of npy were highly important in all treatments, which confirms the findings of
a previous study on common carp [8]. In contrast, the cocaine- and amphetamine-regulated
transcript (Cart), known as a strong anorexigenic factor in the fish brain [34], was among
the five most contributing genes in the air-exposed fish. This further confirms that negative
stress induces anorexigenic effects in the hypothalamus of fish. In addition, the expression
dynamics of gal only contributed to the overall expression patterns in the hypothalamus of
fish treated with the feed reward and in chased fish. Although this neuropeptide has been
described as a modulator of the stress responses in the hypothalamus of zebrafish [37], it
remains unclear why the expression dynamics of this gene have only been most relevant for
the feed-rewarded and the chased fish. The present study also indicated a high contribution
of cck-a and cck-b on the outcome of the gene expression changes upon stress. The study
of Forsman et al. [99] showed that Cck is a short-term post-prandial satiation factor in
trout. Furthermore, fasting is known to affect cck expression in the brain and the intestine
of fish [100–102]. In addition, acute stress has been shown to influence the cck expression
in common carp [26], which may be one regulatory pathway exerting the anorectic effects
of stress. These interactions may also explain the present results for the cck-a and cck-b
expression for male zebrafish.

Taken together, our results confirm that acute stress responses in zebrafish are stressor-
and species-specific and show distinct dynamics over time. Future investigations will
reveal if the stress responses in female zebrafish differ from the gene expression pattern in
acutely stressed males.

5. Conclusions
Distress differently regulates gene expression in fish. Generally, the male zebrafish

showed more differences between gene expression patterns after the different acute stress
treatments compared with carp [8,58]. This strongly confirms that gene regulation at the
brain level is species- and stress-specific. In addition, the expression patterns were different
depending on the quality of the stressors and the timepoint after stressor application. Future
investigations in female zebrafish would be required to draw conclusions on gender-specific
characteristics in stress regulation.
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//www.mdpi.com/article/10.3390/ani15162431/s1, Figure S1. Gene expression profiles (expressed
as marginal means derived from the Bayes models performed on the log2 values of the normalized
gene expression values) in the telencephalon of male control fish (group 1) and fish after the treatment
(30 min = 2; 60 min = 3; 90 min = 4) whereby the following different treatments have been applied as
described in the Material & Methods section: feed rewarding, feed control, chasing, confinement and
air exposure, marginal means ± SEM; n = 6 per treatment, means of groups with the same letters are
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not significantly different from each other, p < 0.05); Figure S2. Gene expression profiles (expressed as
marginal means derived from the Bayes models performed on the log2 values of the normalized gene
expression values) in the hypothalamus of male control fish (group 1) and fish after the treatment
(30 min = 2; 60 min = 3; 90 min = 4) whereby the following different treatments have been applied as
described in the Material & Methods section: feed rewarding, feed control, chasing, confinement and
air exposure, marginal means ± SEM; n = 6 per treatment, means of groups with the same letters are
not significantly different from each other, p < 0.05); Figure S3. Gene expression profiles (expressed
as marginal means derived from the Bayes models performed on the log2 values of the normalized
gene expression values) in the optic tectum of male control fish (group 1) and fish after the treatment
(30 min = 2; 60 min = 3; 90 min = 4) whereby the following different treatments have been applied as
described in the Material & Methods section: feed rewarding, feed control, chasing, confinement and
air exposure, marginal means ± SEM; n = 6 per treatment, means of groups with the same letters
are not significantly different from each other, p < 0.05); Table S1. Danio-morpho2-male; Table S2.
PCR-Danio-V2-Log2-fold-changes-males.
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Appendix A
Appendix A.1

Table A1. Water parameters (based on daily means) from a Minosys system (Minosys GmbH, Bönigen,
Switzerland) for the zebrafish experiment.

Parameter Mean Min Max SD

O2 [mg/L] 7.87 6.53 8.08 0.25
O2 [%] 103.75 84.46 105.59 3.42

temperature [◦C] 27.39 26.58 28.58 0.51
pH 8.39 7.96 8.48 0.10

Appendix A.2

Table A2. Water parameters taken from a manual device (HQ40D, Hach-Lange GmbH, Volketswil,
Switzerland) for the zebrafish group tank, whereas the nitrogen values were determined using Merck
tests (Merck group, Switzerland) for ammonia (Cat.no. 1147520001), nitrite (Cat.no. 1147760002), and
nitrate (Cat.no. 1097130002).

Parameter Mean Min Max SD

O2 [mg/L] 8.46 6.69 104.50 8.53
O2 [%] 100.65 7.81 108.10 8.64

temperature [◦C] 26.10 24.00 28.00 0.91
pH 8.39 7.75 8.82 0.19

conductivity [µS/cm] 518.62 480.00 561.00 27.05
NH4-N [mg/L] 0.02 0.00 0.08 0.02
NO2-N [mg/L] 0.02 0.00 0.05 0.01
NO3-N [mg/L] 23.90 8.50 41.80 6.90

Appendix B
Appendix B.1

Table A3. Primer pairs selected for the gene expression studies. All primers have been designed
in Primer 3 [103]. The designed primer pairs are assumed to be not able to discriminate between
potential transcript variants of the same gene.

Primer Name Primer Efficiency (%) Sense Sequence (5′-3′) Anti-Sense Sequence (5′-3)

18S 91 TGGTGGTGCATGGCCGTTCTT TAAGAAGTTGGGACGCCGAC
5ht-r 102 TCTCACCGTCCAAGCACTTC CTGGGAAGAAGGTGGAGCTG

5ht trb 101 TGTCAAGCAGTTCACCAGACT GGGAGAAACTGAAGGAGGCC
agouti 101 GAGACGCAGAGAAAACTCATTC ACAGCTTTGCCCAGATCCTC
bact 110 GCCGTGACCTGACTGACTAC GCCCATCTCCTGCTCAAAGT
cart 103 GCAAGCGTCATTCCCAGGTG GAAGAAAGTGTTGCAGGCGG
cck-a 110 TGGAGTTCAGTCTAATGTCGG TGCGGTATGAGCCTTTGGTT
cck-b 119 AACTCCTCGATGAACAGCCG TGAGTATTCATATTCCTCAGCGC
cfos 111 ATCGCCAACCTGCTCAAAGA AGTGACGATCTCTGGGACTG
ckap 104 TCGGACACTGAAGACACTGC GTTTGACCACTCGCCTCAGA

citrsyn 101 GAGCCACAGTTCACAGAGCT TGAAGGAGAGGTAGGGGTCG
crf1 101 TTCCACCGCCGTATGAATGT CGAGCCGGATGAAGTACTCC

crf-r1 107 CCAGAGGGCAGTTTCACCAT CTGTCCAAGGCTGAGCTCTC
crf-r2 108 AATTCAGAGGGGTGGCATGG CCCAATCCAATTCAGCTACACC
crhbp 120 GTGTCTGGATATGGTGGCCG TTAATGAAATCTCCTCCTCTGC

dopar 2a 101 GGGACTTCAATGCCACGGAA AGTTGGTGGTGGTCTGCAAA
ef 106 CCACCGGCCATCTGATCTAC ACACCCAGGCGTACTTGAAG

eiFa 106 GGCGTGTTATGGATATGAAGGC CCTTCTGTTCGCTCCAGTGT
egr-1 100 CTTACACAGGCCGTTTCACC GAGGAAGAGGGGTGAGTTGC
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Table A3. Cont.

Primer Name Primer Efficiency (%) Sense Sequence (5′-3′) Anti-Sense Sequence (5′-3)

erk-1 108 GATCAATGACATCCTGAGAGCT CAGAAAGTAGCAGATATGGTC
gal 96 TCCTCTGATGCTCCTGTGGA AAATGTGCTCTGCTCGGTGA

gapdh 106 CATCCTGCACCACTAACTGC GTCTTCTGTGTGGCGGTGTA
gr 103 TCAGTGGAATGCAGCAGAGG GTGTGTGCCAGTCTTTCCAC

iso pre 106 UGUUUCGGCCCCAGTATCTGC GCCTTTCCAGACATCTCACA
iso-r1 106 GAAACCTGTGCGTCCTTGTG GGACTTGAAAAACCGCCACC
iso-r2 98 TGAATCCCCTCAAGCGGAAC TGAAGTAATACATGCGAGACTGG

mr 103 ATGGAAAGTGCGTCGCTGAGG GTTGTGCTGACCTTCTACCGC
neuro d2 94 TCGAACTGGACCGACAAGTG TCCTCTTCTTCTTCCTCGTCG

npy 103 CCAACAAAACCCGACAACCC GGAAGAATTTGAGACTACGCT
opio d1a 104 CAAGACGCAACTTTCCAGCC CATCAGGAACGAAATCAAAACG
opio d1b 117 TCATCTGCGTTGTGGGACTC GGAAGGGCAATGTACTGGTGG

palld 101 ATCTCCACCTCTCCCACCTC TGCGAGCTGTATCCGATGGG
pomc A 103 GCAAACGCAGACCCATCAAG CTCGTTATTTGCCAGCTCGC
pomc B 103 GTCAAAAACAACGGGAAGTATCG TCAGGGGTTTGTGGGATTCG
pyrkin 119 TGAGATCAGAACTGGGCTTA GTTCTTGTAGTCCAACCACAGG
succdh 110 AGCAGGGGAAGCAGCAGTAC GAGAGTCGATCATCCAGCGG

tph 106 GTCACAGCACAGACCCTCTC CTTTTGCACATCTTCGTCTG
tub 114 GCCTTACAACTCCATCCTGACC CGCTCAATGTCAAGGTTCCT
th1 103 AGCAGCTCCACATCTTCCAC TCCTCGATCAAACTCTGCCG
th2 112 CTGTAAGCAAAACGGAGCAGT CTGATCTTGGTATGGTTGAACTGC

uro1 105 AGCAGGACAACAGCTTGGAG CTATTTCCCAACCTCGTCGA

18S RNA: based on FJ915075 for zebrafish (Danio rerio) 18S small subunit ribosomal RNA, patrial sequence; 5ht-r:
based on the NM_001129893 for zebrafish 5-hydroxytryptamine receptor 2C, G-protein coupled-like 1; 5ht trb:
based on the sequence for zebrafish (DQ285099) for the serotonin transporter b; agouti: based on the sequence
for the agouti-related neuropeptide (NM_001328012); bactin: based on the sequence for beta actin of zebrafish
(AF025305); cart: based on the cocaine- and amphetamine-regulated transcript 4 for zebrafish (NM_001082932); cck-
a: based on the predicted sequence for zebrafish cholecystokinin a (XM_001346104); cck-b: based on the predicted
sequence for zebrafish cholecystokinin b (XM_002665615); c-fos: based on the complete cds for zebrafish cfos
(DQ003339); ckap: based on the sequence for the cytoskeleton-associated protein 5 of zebrafish (NM_001037667.3);
citrsyn: based on the sequence for the citrate synthase of zebrafish (BC045362); crf1: based on the sequence
XM_009298729.3 for the corticotropin-releasing hormone of zebrafish; crf-r1: based on the sequence XM_691254.6
for zebrafish; crf-r2: based on the sequence for the corticotropin-releasing-hormone receptor 2 (NM_001113644);
crh-bp: based on the sequence for the corticotropin-releasing-hormone-binding protein (BC164122) of zebrafish;
dopar 2a: based on the sequence NM_183068, available for the dopamine receptor D2a of zebrafish; ef: based on the
complete sequence ZEFEF1AL for the elongation factor 1 alpha of zebrafish; eiFa: based on the complete sequence
for the eIF2 alpha subunit of zebrafish; erk1: based on the complete cds for zERK1 (AB030902); gal: based on the
sequence for the galanin/GMAP prepropeptide for zebrafish (galn – 100006361); gapdh: based on the partial cds for
the glyceraldehyde-3-phosphate dehydrogenase of zebrafish (AY818347); gr: based on the sequence for the nuclear
receptor subfamily 3 (nr3c1, glucocorticoid receptor) of zebrafish (NM_001020711); iso pre: based on the sequence
for isotocin of zebrafish (AY069956); iso-r1: based on the sequence for the isotocin receptor-like 1 mRNA for
zebrafish (FJ556869); iso-r2: based on the sequence for the isotocin receptor-like 2 mRNA for zebrafish (FJ556870);
mr: based on the sequence for the nuclear receptor subfamily 3, group C, member 2 (nr3c2, mineralcorticoid
receptor) of zebrafish (NM_001100403); neurod: based on the complete cds for neuroD of zebrafish (AF017302); npy:
based on the cds for the neuropeptide y of zebrafish (NM_131074); opio d1a: based on the sequence NM_131258 for
the zebrafish opioid receptor delta 1a; opio d1b: based on the sequence NM_212755 for the zebrafish opioid receptor
delta 1b; palld: based on the predicted sequence for palladin, the cytoskeletal associated protein, transcript variant
X1 (XM_021468620); pomc A: based on the sequence for the proopiomelanocortin a mRNA of zebrafish (BC133874);
pomc B: based on the predicted Danio rerio proopiomelanocortin b transcript variant X1 (XM_005170169.4); pyrkin:
based on the Danio rerio pyruvate kinase mRNA (BC165710); succdh: based on the succinate dehydrogenase
complex subunit D integral membrane protein a mRNA of zebrafish (BC079507); tph: based on the tryptophane
hydroxylase 2 of zebrafish (NM_001310068); th1: based on the Danio rerio tyrosine hydroxylase mRNA of zebrafish
(NM_131149); th2: based on the tyrosine hydroxylase mRNA of Danio rerio (NM_001001829); tub: based on
the sequence for the zebrafish tubulin alpha 1a (NM_001190982); uro1: based on the sequence for the Danio
rerio urotensin 1 mRNA (BC124468). 5ht tra: based on the mRNA sequence for the serotonin transporter a
(DQ285098) for zebrafish (Danio rerio); crf2: based on the mRNA sequence for the corticotropin-releasing hormone
b (NM_001007379) for zebrafish (Danio rerio); dopar 2b: based on the sequence for the dopamine receptor D2b
(NM_197936) for zebrafish; dopar 3: based on the mRNA sequence for the dopamine receptor D3 (NM_183067) for
zebrafish; gabaa: Danio rerio gamma-aminobutyric acid (GABA) A receptor alpha 1 (NM_001077326); grp: based
on the sequence for the gastrin-releasing peptide mRNA for zebrafish (grp – 559978); ox: based on the mRNA
sequence for the hypocretin (orexin) neuropeptide precursor for Danio rerio (hcrt – 613239); prola: based on the
mRNA sequence for the prolactin receptor a transcript variant X2 for zebrafish (XM_021468801); prolb: based on
the mRNA sequence for the prolactin receptor b transcript variant X1 for zebrafish (XM_005165610).
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Appendix C
Appendix C.1

Table A4. Comprehensive gene stability as assessed by RefFinder (https://www.ciidirsinaloa.com.
mx/RefFinder-master/, accessed on 18 June 2025), based on the algorithms of the Delta CT method,
the Best Keeper method, normFinder, and GeNorm.

Gender Brain Part Geometric Mean of the Ranking Values
from Each Individual Method

male telencephalon ckap5: 1.00
hypothalamus ckap5: 1.32 / ef: 1.57
optic tectum succdh: 1.00

rhombenecephalon ckap5: 1.19

Appendix D
Appendix D.1
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Figure A1. Morphological characteristics of the treatment groups exposed to air (air), chased (chasing)
or confined (confine), the control fish (contr), fish without feeding (feed contr), or fish fed in the
morning (feed) with the different timing: 0 = control, A: after 30 min, B: after 60 min, and C: after
90 min; TL = total body length [cm], SL = standard body length [cm], weight [g], condition = Fulton’s
condition factor, bmi = body mass index [g/cm2], n = 6 for each group.

Appendix D.2

Table A5. Results of the two-sided ANOVA tests for the morphological characteristics; TL = total
body length [cm], SL = standard body length [cm], weight [g], condition = Fulton’s condition factor,
bmi = body mass index [g/cm2], Df = degrees of freedom, n = 6 for each group.

Df Sum Sq Mean Sq F Value Pr(>F)

TL

group 5 0.288 0.05760 1.549 0.183
timing 2 0.043 0.02161 0.581 0.561
residuals 86 3.198 0.03718

SL

group 5 0.2715 0.05430 2.288 0.0529
timing 2 0.0591 0.02954 1.245 0.2931
residuals 86 2.0405 0.02373

Weight

group 5 0.0353 0.007053 1.255 0.2909
timing 2 0.0274 0.013709 2.439 0.0933
residuals 86 0.4834 0.005621

Condition

group 5 0.0971 0.01942 0.610 0.6924
timing 2 0.1762 0.08811 2.768 0.0684
residuals 86 2.7378 0.03184

bmi

group 5 0.000094 1.874 × 10−5 0.49 0.7828
timing 2 0.000193 9.632 × 10−5 2.52 0.0864
residuals 86 0.003288 3.823 × 10−5
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Appendix E
Appendix E.1

Figure A2. Cortisol and cortisone levels in body homogenates of fish belonging to the different
treatment groups: 1 = controls, in yellow feed (2 = 30 min, 3 = 60 min, 4 = 90 min after treatment), in
red feed control (5 = 30 min, 6 = 60 min, 7 = 90 min after treatment), in blue air exposure (8 = 30 min,
9 = 60 min, 10 = 90 min after treatment), in green confinement (11 = 30 min, 12 = 60 min, 13 = 90 min
after treatment), and in lilac chased fish (14 = 30 min, 15 = 60 min, 16 = 90 min after treatment);
n = 6 per group.
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Appendix E.2

Table A6. Two-sided ANOVA results for the steroid data of male zebrafish. Signif. Code: * = 0.05.

Df Sum Sq Mean Sq F Value Pr(>F)

cortisol:

group 1 241 241.5 1.116 0.2940
timing 14 6209 443.5 2.049 0.0238 *
residuals 80 17313 216.4

cortisone:

group 1 6.23 6.226 2.481 0.1192
timing 14 71.99 5.142 2.049 0.0239 *
residuals 80 200.75 2.509

References
1. Conte, F.S. Stress and the welfare of cultured fish. Appl. Anim. Behav. Sci. 2004, 86, 205–223. [CrossRef]
2. Barber, I. Parasites, behaviour and welfare in fish. Appl. Anim. Behav. Sci. 2007, 104, 251–264. [CrossRef]
3. Toni, M.; Manciocco, A.; Angiulli, E.; Alleva, E.; Cioni, C.; Malavasi, S. Review: Assessing fish welfare in research and aquaculture,

with a focus on European directives, Animal 2019, 13, 161–170. Animal 2019, 13, 161–170. [CrossRef]
4. Laguë, M.; Reebs, S.G. Food-anticipatory activity of groups of golden shiners during both day and night. Can. J. Zool. 2000,

78, 886–889. [CrossRef]
5. Sánchez, J.A.; López-Olmeda, J.F.; Blanco-Vives, B.; Sánchez-Vázquez, F.J. Effects of feeding schedule on locomotor activity

rhythms and stress response in sea bream. Physiol. Behav. 2009, 98, 125–129. Available online: https://www.sciencedirect.com/
science/article/pii/S0031938409001838 (accessed on 13 August 2025). [CrossRef] [PubMed]

6. Fuzzen, M.L.; Alderman, S.L.; Bristow, E.N.; Bernier, N.J. Ontogeny of the corticotropin-releasing factor system in rainbow trout
and differential effects of hypoxia on the endocrine and cellular stress responses during development. Gen. Comp. Endocrinol.
2011, 170, 604–612. [CrossRef]

7. Bernier, N.J.; Gorissen, M.; Flik, G. Differential effects of chronic hypoxia and feed restriction on the expression of leptin and its
receptor, food intake regulation and the endocrine stress response in common carp. J. Exp. Biol. 2012, 215, 2273–2282. [CrossRef]

8. Pietsch, C.; Pawlak, P.; Konrad, J. Acute stress effects over time on the gene expression and neurotransmitter patterns in the carp
(Cyprinus carpio) brain. Animals 2024, 14, 3413. [CrossRef]

9. Pietsch, C.; Konrad, J.; Wernicke von Siebenthal, E.; Pawlak, P. The multiple faces of stress in the zebrafish (Danio rerio) brain.
Front. Physiol. 2024, 15, 1373234. [CrossRef]

10. Ariyomo, T.O.; Watt, P.J. Effect of hunger level and time of day on boldness and aggression in the zebrafish Danio rerio. J. Fish.
Biol. 2015, 86, 1852–1859. [CrossRef] [PubMed]

11. Yuan, M.; Fang, Q.; Lu, W.; Wang, X.; Hao, T.; Chong, C.-M.; Chen, S. Stress in Fish: Neuroendocrine and Neurotransmitter
Responses. Fishes 2025, 10, 307. [CrossRef]

12. Madaro, A.; Kristiansen, T.S.; Pavlidis, M.A. How Fish Cope with Stress? In The Welfare of Fish; Kristiansen, T., Fernö, A., Pavlidis,
M., van de Vis, H., Eds.; Springer: Cham, Switzerland, 2020; Volume 20. [CrossRef]

13. Mommsen, T.P.; Vijayan, M.M.; Moon, T.W. Cortisol in teleosts: Dynamics, mechanisms of action, and metabolic regulation. Rev.
Fish. Biol. Fish. 1999, 9, 211–268. [CrossRef]

14. Huising, M.O.; Metz, J.R.; van Schooten, C.; Taverne-Thiele, A.J.; Hermsen, T.; Verburg-van Kemenade, B.M.L.; Flik, G. Structural
characterisation of a cyprinid (Cyprinus carpio L.) CRH, CRH-BP and CRH-R1, and the role of these proteins in the acute stress
response. J. Mol. Endocrinol. 2004, 32, 627–648. [CrossRef]

15. Westphal, N.J.; Seasholtz, A.F. CRH-BP: The regulation and function of a phylogenetically conserved binding protein. Front.
Biosci. 2006, 11, 1878–1891. [CrossRef] [PubMed]

16. Manuel, R.; Metz, J.R.; Flik, G.; Vale, W.W.; Huising, M.O. Corticotropin-releasing factor-binding protein (CRF-BP) inhibits CRF-
and urotensin-I-mediated activation of CRF receptor-1 and -2 in common carp. Gen. Comp. Endocrinol. 2014, 202, 69–75. [CrossRef]

17. Huising, M.O.; Flik, G. The remarkable conservation of corticotropin-releasing hormone (CRH)-binding protein in the honeybee
(Apis mellifera) dates the CRH system to a common ancestor of insects and vertebrates. Endocrinology 2005, 146, 2165–2170.
[CrossRef]

18. Alderman, S.L.; Raine, J.C.; Bernier, N.J. Distribution and regional stressor-induced regulation of corticotrophin-releasing factor
binding protein in rainbow trout (Oncorhynchus mykiss). J. Neuroendocr. 2008, 20, 347–358. [CrossRef] [PubMed]

19. Ketchesin, K.D.; Stinnett, G.S.; Seasholtz, A.F. Corticotropin-releasing hormone-binding protein and stress: From invertebrates to
humans. Stress 2017, 20, 449–464. [CrossRef]

https://doi.org/10.1016/j.applanim.2004.02.003
https://doi.org/10.1016/j.applanim.2006.09.005
https://doi.org/10.1017/S1751731118000940
https://doi.org/10.1139/z00-019
https://www.sciencedirect.com/science/article/pii/S0031938409001838
https://www.sciencedirect.com/science/article/pii/S0031938409001838
https://doi.org/10.1016/j.physbeh.2009.04.020
https://www.ncbi.nlm.nih.gov/pubmed/19410591
https://doi.org/10.1016/j.ygcen.2010.11.022
https://doi.org/10.1242/jeb.066183
https://doi.org/10.3390/ani14233413
https://doi.org/10.3389/fphys.2024.1373234
https://doi.org/10.1111/jfb.12674
https://www.ncbi.nlm.nih.gov/pubmed/25882908
https://doi.org/10.3390/fishes10070307
https://doi.org/10.1007/978-3-030-41675-1_11
https://doi.org/10.1023/A:1008924418720
https://doi.org/10.1677/jme.0.0320627
https://doi.org/10.2741/1931
https://www.ncbi.nlm.nih.gov/pubmed/16368564
https://doi.org/10.1016/j.ygcen.2014.04.010
https://doi.org/10.1210/en.2004-1514
https://doi.org/10.1111/j.1365-2826.2008.01655.x
https://www.ncbi.nlm.nih.gov/pubmed/18208552
https://doi.org/10.1080/10253890.2017.1322575


Animals 2025, 15, 2431 30 of 33

20. Klaren, P.H.M.; van Dalen, S.C.M.; Atsma, W.; Spanings, F.A.T.; Hendriks, J.; Flik, G. Voluntary timing of food intake increases
weight gain and reduces basal plasma cortisol levels in common carp (Cyprinus carpio L.). Physiol. Behav. 2013, 122, 120–128.
[CrossRef]

21. Grant, J.W.; Girar, I.L.; Breau, C.; Weir, L.K. Influence of food abundance on competitive aggression in juvenile convict cichlids.
Anim. Behav. 2002, 63, 323–330. [CrossRef]

22. Oikonomidou, E.; Batzina, A.; Karakatsouli, N. Effects of food quantity and distribution on aggressive behaviour of gilthead
seabream and European seabass. Appl. Anim. Behav. Sci. 2019, 213, 124–130. [CrossRef]

23. Sadoul, B.; Geffroy, B. Measuring cortisol, the major stress hormone in fishes. J. Fish. Biol. 2019, 94, 540–555. [CrossRef]
24. Cole, A.J.; Saffen, D.W.; Baraban, J.M.; Worley, P.F. Rapid increase of an immediate early gene messenger RNA in hippocampal

neurons by synaptic NMDA receptor activation. Nature 1989, 340, 474–476. [CrossRef]
25. Höglund, E.; Sørensen, C.; Bakke, M.J.; Nilsson, G.E.; Overli, O. Attenuation of stress-induced anorexia in brown trout (Salmo

trutta) by pre-treatment with dietary l-tryptophan. Br. J. Nutr. 2007, 97, 786–789. [CrossRef] [PubMed]
26. Pawlak, P.; Burren, A.; Seitz, A.; Pietsch, C. Effects of different acute stressors on the regulation of appetite genes in the carp

(Cyprinus carpio L.) brain. R. Soc. Open Sci. 2023, 10, 230040. [CrossRef] [PubMed]
27. Bernier, N.J. The corticotropin-releasing factor system as a mediator of the appetite-suppressing effects of stress in fish. Gen.

Comp. Endocrinol. 2006, 146, 45–55. [CrossRef] [PubMed]
28. Alderman, S.L.; Bernier, N.J. Localization of corticotropin-releasing factor, urotensin I, and CRF-binding protein gene expression

in the brain of the zebrafish, Danio rerio. J. Comp. Neurol. 2007, 502, 783–793. [CrossRef]
29. Bernier, N.J.; Craig, P.M. CRF-related peptides contribute to stress response and regulation of appetite in hypoxic rainbow trout.

Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R982–R990. [CrossRef]
30. Doyon, C.; Trudeau, V.L.; Moon, T.W. Stress elevates corticotropin-releasing factor (CRF) and CRF-binding protein mRNA levels

in rainbow trout (Oncorhynchus mykiss). J. Endocrinol. 2005, 186, 123–130. [CrossRef]
31. Pawlak, P.; Burren, A.; Seitz, A.; Glauser, G.; Pietsch, C. Differential effects of acute eustress and distress on gene regulation

patterns in the carp (Cyprinus carpio L.) brain. Aquacult Res. 2022, 53, 5075–5096. [CrossRef]
32. Lin, X.; Volkoff, H.; Narnaware, Y.; Bernier, N.J.; Peyon, P.; Peter, R.E. Brain regulation of feeding behavior and food intake in fish.

Comp. Biochem. Physiol. Part. A Mol. Integr. Physiol. 2000, 126, 415–434. [CrossRef] [PubMed]
33. Cerdá-Reverter, J.M.; Schiöth, H.B.; Peter, R.E. The central melanocortin system regulates food intake in goldfish. Regul. Pept.

2003, 115, 101–113. [CrossRef]
34. Volkoff, H. The neuroendocrine regulation of food intake in fish: A review of current knowledge. Front. Neurosci. 2016, 10, 540.

[CrossRef]
35. Bernier, N.J.; Bedard, N.; Peter, R.E. Effects of cortisol on food intake, growth, and forebrain neuropeptide Y and corticotropin-

releasing factor gene expression in goldfish. Gen. Comp. Endocrinol. 2004, 135, 230–240. [CrossRef] [PubMed]
36. Cortés, R.; Teles, M.; Oliveira, M.; Fierro-Castro, C.; Tort, L.; Cerdá-Reverter, J.M. Effects of acute handling stress on short-term

central expression of orexigenic/anorexigenic genes in zebrafish. Fish. Physiol. Biochem. 2018, 44, 257–272. [CrossRef]
37. Corradi, L.; Bruzzone, M.; dal Maschio, M.; Sawamiphak, S.; Filosa, A. Hypothalamic galanin-producing neurons regulate stress

in zebrafish through a peptidergic, self-inhibitory loop. Curr. Biol. 2022, 32, 1497–1510. [CrossRef]
38. Summers, C.H.; Winberg, S. Interactions between the neural regulation of stress and aggression. J. Exp. Biol. 2006, 209, 4581–4589.

[CrossRef]
39. Gesto, M.; Soengas, J.L.; Míguez, J.M. Acute and prolonged stress responses of brain monoaminergic activity and plasma cortisol

levels in rainbow trout are modified by PAHs (naphthalene, beta-naphthoflavone and benzo(a)pyrene) treatment. Aquat. Toxicol.
2008, 86, 341–351. [CrossRef]

40. Gesto, M.; Soengas, J.L.; Rodríguez-Illamola, A.; Míguez, J.M. Arginine vasotocin treatment induces a stress response and exerts a
potent anorexigenic effect in rainbow trout, Oncorhynchus mykiss. J. Neuroendocr. 2014, 26, 89–99. [CrossRef]

41. Almeida, O.; Gozdowska, M.; Kulczykowska, E.; Oliveira, R.F. Brain levels of arginine-vasotocin and isotocin in dominant and
subordinate males of a cichlid fish. Horm. Behav. 2012, 61, 212–217. [CrossRef] [PubMed]

42. Skrzynska, A.K.; Maiorano, E.; Bastaroli, M.; Naderi, F.; Míguez, J.M.; Martínez-Rodríguez, G.; Mancera, J.M.; Martos-Sitcha, J.A.
Impact of air exposure on vasotocinergic and isotocinergic systems in gilthead sea bream (Sparus aurata): New insights on fish
stress response. Front. Physiol. 2018, 9, 96. [CrossRef]

43. Skrzynska, A.K.; Martos-Sitcha, J.A.; Martínez-Rodríguez, G.; Mancera, J.M. Unraveling vasotocinergic, isotocinergic and stress
pathways after food deprivation and high stocking density in the gilthead sea bream. Comp. Biochem. Physiol. Part. A Mol. Integr.
Physiol. 2018, 215, 35–44. [CrossRef]

44. Thomson, J.S.; Deakin, A.G.; Cossins, A.R.; Spencer, J.W.; Young, I.S.; Sneddon, L.U. Acute and chronic stress prevents responses
to pain in zebrafish: Evidence for stress-induced analgesia. J. Exp. Biol. 2020, 22, jeb224527. [CrossRef] [PubMed]

45. Pawlak, P.; Konrad, J.; Seitz, A.; Pietsch, C. Effects of an acute negative and positive stimulus on immune-related gene expression
in the pituitary and head kidney of carp (Cyprinus carpio L.). Aquacult Fish. 2024, in press. [CrossRef]

https://doi.org/10.1016/j.physbeh.2013.08.020
https://doi.org/10.1006/anbe.2001.1891
https://doi.org/10.1016/j.applanim.2019.02.010
https://doi.org/10.1111/jfb.13904
https://doi.org/10.1038/340474a0
https://doi.org/10.1017/S0007114507450280
https://www.ncbi.nlm.nih.gov/pubmed/17349093
https://doi.org/10.1098/rsos.230040
https://www.ncbi.nlm.nih.gov/pubmed/36816841
https://doi.org/10.1016/j.ygcen.2005.11.016
https://www.ncbi.nlm.nih.gov/pubmed/16410007
https://doi.org/10.1002/cne.21332
https://doi.org/10.1152/ajpregu.00668.2004
https://doi.org/10.1677/joe.1.06142
https://doi.org/10.1111/are.15994
https://doi.org/10.1016/S1095-6433(00)00230-0
https://www.ncbi.nlm.nih.gov/pubmed/10989336
https://doi.org/10.1016/S0167-0115(03)00144-7
https://doi.org/10.3389/fnins.2016.00540
https://doi.org/10.1016/j.ygcen.2003.09.016
https://www.ncbi.nlm.nih.gov/pubmed/14697310
https://doi.org/10.1007/s10695-017-0431-7
https://doi.org/10.1016/j.cub.2022.02.011
https://doi.org/10.1242/jeb.02565
https://doi.org/10.1016/j.aquatox.2007.11.014
https://doi.org/10.1111/jne.12126
https://doi.org/10.1016/j.yhbeh.2011.12.008
https://www.ncbi.nlm.nih.gov/pubmed/22206822
https://doi.org/10.3389/fphys.2018.00096
https://doi.org/10.1016/j.cbpa.2017.10.012
https://doi.org/10.1242/jeb.224527
https://www.ncbi.nlm.nih.gov/pubmed/32699156
https://doi.org/10.1016/j.aaf.2024.09.004


Animals 2025, 15, 2431 31 of 33

46. Fulton, T.W. Rate of growth of seas fishes. In 20th Sci. Investig. Fish. Div. Scot. Rept.; 1902; Volume 3, pp. 326–439.
47. Taylor, S.C.; Nadeau, K.; Abbasi, M.; Lachance, C.; Nguyen, M.; Fenrich, J. The ultimate qPCR experiment: Producing publication-

quality, reproducible data the first time. Trends Biotechnol. 2019, 37, 761–774. [CrossRef] [PubMed]
48. Bürkner, P.-C. brms: An R package for Bayesian multilevel models using Stan. J. Stat. Soft 2017, 80. [CrossRef]
49. Burren, A.; Pietsch, C. Distress regulates different pathways in the brain of common carp: A preliminary study. Animals 2021,

11, 585. [CrossRef]
50. Ramsay, J.M.; Feist, G.W.; Varga, Z.M.; Westerfield, M.; Kent, M.L.; Schreck, C.B. Whole-body cortisol is an indicator of crowding

stress in adult zebrafish, Danio rerio. Aquaculture 2006, 25, 565–574. [CrossRef]
51. Pavlidis, M.; Digka, N.; Theodoridi, A.; Campo, A.; Barsakis, K.; Skouradakis, G.; Samaras, A.; Tsalafouta, A. Husbandry of

zebrafish, Danio rerio, and the cortisol stress response. Zebrafish 2013, 10, 524–531. [CrossRef]
52. Pavlidis, M.; Theodoridi, A.; Tsalafouta, A. Neuroendocrine regulation of the stress response in adult zebrafish, Danio rerio. Prog.

Neuropsychopharmacol. Biol. Psychiatry 2015, 60, 121–131. [CrossRef] [PubMed]
53. Madaro, A.; Nilsson, J.; Whatmore, P.; Roh, H.J.; Grove, S.; Stien, L.H.; Olsen, R.E. Acute stress response on Atlantic salmon: A

time-course study of the effects on plasma metabolites, mucus cortisol levels, and head kidney transcriptome profile. Fish. Physiol.
Biochem. 2023, 49, 97–116. [CrossRef]

54. Madaro, A.; Olsen, R.E.; Kristiansen, T.S.; Ebbesson, L.O.E.; Nilsen, T.O.; Flik, G.; Gorissen, M. Stress in Atlantic salmon: Response
to unpredictable chronic stress. J. Exp. Biol. 2015, 218, 2538–2550. [CrossRef]

55. Opinion, A.G.R.; Vanhomwegen, M.; De Boeck, G.; Aerts, J. Long-term stress induced cortisol downregulation, growth reduction
and cardiac remodeling in Atlantic salmon. J. Exp. Biol. 2023, 226, jeb246504. [CrossRef]

56. Rajan, K.E.; Ganesh, A.; Dharaneedharan, S.; Radhakrishnan, K. Spatial learning-induced egr-1 expression in telencephalon of
goldfish Carassius auratus. Fish. Physiol. Biochem. 2011, 37, 153–159. [CrossRef] [PubMed]

57. Rajan, K.E.; Thangaleela, S.; Balasundaram, C. Spatial learning associated with stimulus response in goldfish Carassius auratus:
Relationship to activation of CREB signalling. Fish. Physiol. Biochem. 2015, 41, 685–694. [CrossRef] [PubMed]

58. Pietsch, C.; Pawlak, P.; Konrad, J. Acute stress effects over-time on the stress axis in the carp (Cyprinus carpio) brain. Aquacult Res.
2025, 2025, 1121460. [CrossRef]

59. Liu, B.; Wang, M.; Xie, J.; Xu, P.; Ge, X.; He, Y.; Miao, L.H.; Pan, L. Effects of acute cold stress on serum biochemical and immune
parameters and liver HSP70 gene expression in GIFT strain of Nile tilapia (Oreochromis niloticus). Shengtai Xuebao/ Acta Ecol. Sin.
2011, 31, 4866–4873.

60. Schaaf, M.J.M.; Chatzopoulou, A.; Spaink, H.P. The zebrafish as a model system for glucocorticoid receptor research. Comp.
Biochem. Physiol. Part. A: Mol. Integr. Physiol. 2009, 153, 75–82. [CrossRef]

61. Griffiths, B.B.; Schoonheim, P.J.; Ziv, L.; Voelker, L.; Baier, H.; Gahtan, E.A. A zebrafish model of glucocorticoid resistance shows
serotonergic modulation of the stress response. Front. Behav. Neurosci. 2012, 6, 68. [CrossRef]

62. Lee, H.B.; Schwab, T.L.; Sigafoos, A.N.; Gauerke, J.L.; Krug, R.G., II; Serres, M.R.; Jacobs, D.C.; Cotter, R.P.; Das, B.; Petersen, M.O.;
et al. Novel zebrafish behavioral assay to identify modifiers of the rapid, nongenomic stress response. Genes. Brain Behav. 2019,
18, e12549. [CrossRef]

63. Faught, E.; Vijayan, M.M. The mineralocorticoid receptor functions as a key glucose regulator in the skeletal muscle of zebrafish.
Endocrinol. 2022, 163, bqac149. [CrossRef]

64. Faught, E.; Vijayan, M.M. The mineralocorticoid receptor is essential for stress axis regulation in zebrafish larvae. Sci. Rep. 2018,
8, 18081. [CrossRef] [PubMed]

65. Valen, R.; Jordal, A.-E.O.; Murashita, K.; Rønnestad, I. Postprandial effects on appetite-related neuropeptide expression in the
brain of Atlantic salmon, Salmo salar. Gen. Comp. Endocrinol. 2011, 171, 359–366. [CrossRef] [PubMed]

66. Ghisleni, G.; Capiotti, K.M.; Da Silva, R.S.; Oses, J.P.; Piato, Â.L.; Soares, V.; Bogo, M.R.; Bonan, C.D. The role of CRH in behavioral
responses to acute restraint stress in zebrafish. Progr Neuro-Psychopharmacol. Biol. Psych. 2012, 36, 76–182. [CrossRef]

67. Suda, T.; Kageyama, K.; Sakihara, S.; Nigawara, T. Physiological roles of urocortins, human homologues of fish urotensin I, and
their receptors. Peptides 2004, 25, 1689–1701. [CrossRef]

68. McClennen, S.J.; Cortright, D.N.; Seasholtz, A.F. Regulation of pituitary corticotropin-releasing hormone-binding protein
messenger ribonucleic acid levels by restraint stress and adrenalectomy. Endocrinology 1998, 139, 4435–4441. [CrossRef]

69. Narnaware, Y.K.; Peyon, P.P.; Lin, X.; Peter, R.E. Regulation of food intake by neuropeptide Y in goldfish. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2000, 279, R1025–R1034. [CrossRef]

70. Campos, V.F.; Robaldo, R.B.; Deschamps, J.C.; Seixas, F.K.; McBride, A.J.A.; Marins, L.F.; Okamoto, M.; Sampaio, L.A.; Collares, T.
Neuropeptide Y gene expression around meal time in the Brazilian flounder Paralichthys orbignyanus. J. Biosci. 2012, 37, 227–232.
[CrossRef] [PubMed]

71. Mo, C.; Cai, G.; Huang, L.; Deng, Q.; Lin, D.; Cui, L.; Wang, Y.; Li, J. Corticotropin-releasing hormone (CRH) stimulates cocaine-
and amphetamine-regulated transcript gene (CART1) expression through CRH type 1 receptor (CRHR1) in chicken anterior
pituitary. Mol. Cell Endocrinol. 2015, 417, 166–177. [CrossRef]

https://doi.org/10.1016/j.tibtech.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30654913
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.3390/ani11020585
https://doi.org/10.1016/j.aquaculture.2006.04.020
https://doi.org/10.1089/zeb.2012.0819
https://doi.org/10.1016/j.pnpbp.2015.02.014
https://www.ncbi.nlm.nih.gov/pubmed/25748166
https://doi.org/10.1007/s10695-022-01163-4
https://doi.org/10.1242/jeb.120535
https://doi.org/10.1242/jeb.246504
https://doi.org/10.1007/s10695-010-9425-4
https://www.ncbi.nlm.nih.gov/pubmed/20714804
https://doi.org/10.1007/s10695-015-0038-9
https://www.ncbi.nlm.nih.gov/pubmed/25739351
https://doi.org/10.1155/are/1121460
https://doi.org/10.1016/j.cbpa.2008.12.014
https://doi.org/10.3389/fnbeh.2012.00068
https://doi.org/10.1111/gbb.12549
https://doi.org/10.1210/endocr/bqac149
https://doi.org/10.1038/s41598-018-36681-w
https://www.ncbi.nlm.nih.gov/pubmed/30591705
https://doi.org/10.1016/j.ygcen.2011.02.027
https://www.ncbi.nlm.nih.gov/pubmed/21377470
https://doi.org/10.1016/j.pnpbp.2011.08.016
https://doi.org/10.1016/j.peptides.2004.03.027
https://doi.org/10.1210/endo.139.11.6311
https://doi.org/10.1152/ajpregu.2000.279.3.R1025
https://doi.org/10.1007/s12038-012-9205-7
https://www.ncbi.nlm.nih.gov/pubmed/22581328
https://doi.org/10.1016/j.mce.2015.09.007


Animals 2025, 15, 2431 32 of 33

72. Shewale, S.A.; Gaupale, T.C.; Bhargava, S. Temperature dependent changes in cocaine- and amphetamine regulated transcript
(CART) peptide in the brain of tadpole, Sylvirana temporalis. Gen. Comp. Endocrinol. 2015, 220, 61–69. [CrossRef]

73. Zhang, X.; Gao, Y.; Tang, N.; Qi, J.; Wu, Y.; Hao, J.; Wang, S.; Chen, D.; Li, Z. One evidence of cocaine- and amphetamine-regulated
transcript (CART) has the bidirectional effects on appetite in Siberian sturgeon (Acipenser baerii). Fish. Physiol. Biochem. 2018,
44, 411–422. [CrossRef]

74. Nishio, S.; Gibert, Y.; Berekelya, L.; Bernard, L.; Brunet, F.; Guillot, E.; Le Bail, J.C.; Sánchez, J.A.; Galzin, A.M.; Triqueneaux, G.;
et al. Fasting induces CART down-regulation in the zebrafish nervous system in a cannabinoid receptor 1-dependent manner.
Mol. Endocrinol. 2012, 6, 1316–1326. [CrossRef]

75. Kanwal, J.S.; Finger, T.E.; Caprio, J. Forebrain connections of the gustatory system in ictalurid catfishes. J. Comp. Neurol. 1988, 278,
353–376. [CrossRef] [PubMed]

76. Copeland, D.L.; Duff, R.J.; Liu, Q.; Prokop, J.; Londraville, R.L. Leptin in teleost fishes: An argument for comparative study. Front.
Physiol. 2011, 2, 26. [CrossRef] [PubMed]

77. Akash, G.; Kaniganti, T.; Tiwari, N.K.; Subhedar, N.K.; Ghose, A. Differential distribution and energy status–dependent regulation
of the four CART neuropeptide genes in the zebrafish brain. J. Comp. Neurol. 2014, 522, 2266–2285. [CrossRef] [PubMed]

78. Reichert, S.; Pavón Arocas, O.; Rihel, J. The neuropeptide galanin is required for homeostatic rebound sleep following increased
neuronal activity. Neuron 2019, 104, 370–384. [CrossRef] [PubMed]

79. Rieser, N.N.; Ronchetti, M.; Hotz, A.L.; Neuhauss, S.C.F. Guardian of excitability: Multifaceted role of galanin in whole brain
excitability. eLife 2024, 13, RP98634. [CrossRef]

80. Duncan, I.J.; Wood-Gush, D.G. Frustration and aggression in the domestic fowl. Anim. Behav. 1971, 19, 500–504. [CrossRef]
81. Vindas, M.A.; Folkedal, O.; Kristiansen, T.S.; Stien, L.H.; Braastad, B.O.; Mayer, I.; Øverli, Ø. Omission of expected reward agitates

Atlantic salmon (Salmo salar). Anim. Cogn. 2012, 15, 903–911. [CrossRef]
82. Lillesaar, C. The serotonergic system in fish. J. Chem. Neuroanat. 2011, 41, 294–308. [CrossRef] [PubMed]
83. Gesto, M.; Lopez-Patino, M.A.; Hernandez, J.; Soengas, J.L.; Miguez, J.M. The response of brain serotonergic and dopaminergic

systems to an acute stressor in rainbow trout: A time course study. J. Exp. Biol. 2013, 216, 4435–4442. [CrossRef]
84. Chabbi, A.; Ganesh, C.B. Evidence for the involvement of dopamine in stress-induced suppression of reproduction in the cichlid

fish Oreochromis mossambicus. J. Neuroendocr. 2015, 27, 343–356. [CrossRef]
85. De Pedro, N.; Delgado, M.J.; Alonso-Bedate, M. Fasting and hypothalamic catecholamines in goldfish. J. Fish. Biol. 2001,

58, 1404–1413. [CrossRef]
86. De Pedro, N.; Delgado, M.J.; Pinillos, M.L.; Alonso-Bedate, M. A1-adrenergic and dopaminergic receptors are involved in the

anorectic effect of corticotropin-releasing factor in goldfish. Life Sci. 1998, 62, 1801–1808. [CrossRef]
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