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Abstract
Rationale Several model organisms have been employed to
study the impacts of stress on biological systems. Different
models of unpredictable chronic stress (UCS) have been
established in rodents; however, these protocols are expen-
sive, long-lasting, and require a large physical structure. Our
group has recently reported an UCS protocol in zebrafish
with several advantages compared to rodent models. We
observed that UCS induced behavioral, biochemical, and
molecular changes similar to those observed in depressed
patients, supporting the translational relevance of the
protocol.
Objectives Considering that a pharmacological assessment is
lacking in this zebrafish model, our aim was to evaluate the
effects of anxiolytic (bromazepam) and antidepressant drugs
(fluoxetine and nortriptyline) on behavioral (novel tank test),
biochemical (whole-body cortisol), and molecular parameters

(cox-2, tnf-α, il-6, and il-10 gene expression) in zebrafish
subjected to UCS.
Results We replicated previous data showing that UCS induces
behavioral and neuroendocrine alterations in zebrafish, and we
show for the first time that anxiolytic and antidepressant drugs
are able to prevent such effects. Furthermore, we extended the
molecular characterization of the model, revealing that UCS
increases expression of the pro-inflammatory markers cox-2
and il-6, which was also prevented by the drugs tested.
Conclusions This study reinforces the use of zebrafish as a
model organism to study the behavioral and physiological
effects of stress. The UCS protocol may also serve as a screen-
ing tool for evaluating new drugs that can be used to treat
psychiatric disorders with stress-related etiologies.
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Introduction

Since the seminal work of Hans Selye (1936), the impact of
stress on biological systems has been studied in different mod-
el organisms. Several other researchers have subsequently
established the pillars of the stress response by understanding
the relationship between neuroendocrine axes and behavioral
phenotypes (Sapolsky 1982; Sapolsky et al. 1984; McEwen
et al. 1988; McEwen 2007). More recently, the links between
stress and inflammation began to be uncovered, with accumu-
lating evidence on the role of pro-inflammatory cytokines in
mood and anxiety disorders (Miller et al. 2009; Haroon et al.
2012; Hou and Baldwin 2012).

The deleterious effects of stress are especially relevant in
the context of modern life, as dysfunctions in stress response
pathways are increasingly involved in the etiology of periph-
eral and central nervous system disorders that contribute to a
significant share of the global burden of disease (Global
Burden of Disease Study 2013 Collaborators 2015). When
submitted to a stressful situation, the body promotes a series
of neuroendocrine changes seeking to adequately respond to
the demand. However, when the stress exceeds the adaptive
capacity of the body, it can predispose the individual to dis-
eases. In humans, this is particularly related to the etiology of
affective and anxiety disorders (Crowley and Girdler 2014;
McEwen et al. 2015). It is thus necessary to further develop
experimental models to better understand the neurobiology of
stress and to evaluate potential therapies aimed at preventing
and/or treating stress-related disorders.

In this attempt, different models of unpredictable chronic
stress (UCS) have been established in rodents (Willner et al.
1992; D’Aquila et al. 1994; Mineur et al. 2006; Yalcin et al.
2008). However, such protocols are expensive, long lasting
(up to 4–6 weeks), and require a large physical structure to
be implemented (Willner 1997, 2005). We have recently
established an UCS protocol in zebrafish with several advan-
tages compared to rodent models (Piato et al. 2011). We
observed behavioral and physiological alterations with trans-
lational relevance for neuropsychiatric disorders, including
anxiety-like behavior, cognitive impairment, increased corti-
sol and corticotrophin-releasing factor (CRF) levels, and de-
creased glucocorticoid receptor (GR) expression (Piato et al.
2011). These alterations were evident in zebrafish after only
7 or 14 days of UCS, contrasting with the 4 to 6 weeks of
stress required in rodent protocols, which is an interesting
and advantageous interspecies difference. Studies using sim-
ilar UCS protocols in zebrafish were published after our ini-
tial report, extending the knowledge on the effects of chronic
stress in this model organism (Chakravarty et al. 2013;
Manuel et al. 2014; Zimmermann et al. 2015; Pavlidis
et al. 2015). Although these data collectively support the
validity of the UCS model in zebrafish, a pharmacological
assessment is still lacking.

Our purpose was to evaluate the effects of psychotropic
drugs on behavioral, biochemical, and molecular parameters
in zebrafish subjected to UCS. Since stress leads to behavioral
alterations relevant to both anxiety and depression, we chose
to evaluate the effects of bromazepam (a benzodiazepine an-
xiolytic), fluoxetine (a selective serotonin reuptake inhibitor
with both antidepressant and anxiolytic properties), and nor-
triptyline (a tricyclic antidepressant). Specifically, we evaluat-
ed the effects of treatment, stress, and their combination on the
novel tank test, cortisol levels, and inflammation-related
markers (cox-2, tnf-α, il-6 and il-10 gene expression). IL-6
and TNF-α are among the pro-inflammatory cytokines most
frequently reported to be increased in studies with depressed
patients—both are acute-phase response proteins (Dantzer
2006; Dantzer and Kelley 2007; Dowlati et al. 2010; Haroon
et al. 2012). But since it is the balance between anti- and pro-
inflammatory cytokines that determines the extent of the in-
flammatory response, we also chose to measure IL-10 as an
important representative of anti-inflammatory cytokines.
COX-2 was selected because of its involvement in a different
inflammatory pathway (mediated by prostaglandin produc-
tion), which was also shown to be altered in rodent (Li et al.
2015; Wang et al. 2015) and human studies (Gałecki et al.
2014).

Material and methods

Animals

A total of 450 wild-type short-fin strain adult zebrafish (Danio
rerio, 6 months old, 50:50 male/female ratio) were obtained
from the heterogeneous breeding stock of Universidade
Federal do Rio Grande do Sul. The fish were kept in 40-L
aquariums (2.5 fish per liter), filled with non-chlorinated fil-
tered water, with a light/dark cycle of 14/10 h (lights on at
07:00 a.m.), for at least 2 weeks before experiments. Tank
water was partially changed once per week and maintained
under appropriate conditions (temperature 26 ± 1 °C;
pH 7.0 ± 0.3; dissolved oxygen at 7.0 ± 0.4 mg/L; total am-
monia at <0.01 mg/L; total hardness at 5.8 mg/L; and alkalin-
ity at 22 mg/L CaCO3). The fish were fed twice a day with a
commercial flake fish food (Alcon BASIC®, Alcon, Brazil).
All protocols were approved by the Ethics Committee of
Universidade Federal do Rio Grande do Sul (#27614/2014).

Drugs

Bromazepam (BMZ, 0.5 mg/L) was acquired from Roche
(Rio de Janeiro, Brazil), fluoxetine (FLU, 0.01 mg/L) from
Sigma Pharma (São Paulo, Brazil), and nortriptyline (NOR,
0.01 mg/L) from Novartis (São Paulo, Brazil). Drug concen-
trations were determined based on pilot experiments that
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tested different concentrations reported in acute or subacute
studies available in the literature. We initially tested 1.0, 0.25,
and 0.05 mg/L for fluoxetine, and 2.0, 0.1, and 0.05 mg/L for
nortriptyline; due to observations of toxic effects (deaths, mo-
tor retardation, or other gross behavioral alterations) during
the 7 days of drug exposure, different concentrations had to
be tested in different sets of animals until the safe concentra-
tions used in this studywere reached (0.01mg/L for fluoxetine
and nortriptyline). For bromazepam, we used 0.5 mg/L, which
is the same concentration reported by Schaefer et al. (2015).
To evaluate whether the chosen drugs were able to prevent the
effects induced by UCS, drugs were delivered through water
immersion concomitantly to the 7 days of stressor presenta-
tion. Fish were daily transferred at 08:00 a.m. to tanks con-
taining fresh water (control groups) or fresh drug solutions
(treated groups). Tanks were not connected to a recirculation
system.

UCS protocol

The experimental design is shown in Fig. 1. The animals were
divided into control (non-stressed) and UCS groups. Within
each group, the animals were divided into control (without
treatment), bromazepam (0.5 mg/L), fluoxetine (0.01 mg/L),
or nortriptyline (0.01 mg/L). The UCS protocol followed our
previous study with slight adaptations (Piato et al. 2011;
Zimmermann et al. 2015). Stressors were presented randomly
twice a day during 7 days (day 0 to day 7) to avoid habitua-
tion. The stressors used were (i) heating tankwater up to 33 °C
(30 min); (ii) social isolation (45 min); (iii) cooling tank water
to 23 °C (30 min); (iv) crowding of 10 animals in a 250-mL
beaker (50 min); (v) low water level on housing tanks until
dorsal body wall was exposed (2 min); (vi) tank change, three
consecutive times with 30-min interval; and (vii) chasing with
a net (8 min). All stressors were applied between 08:00 a.m.
and 06:00 p.m. The non-stressed group was left undisturbed
throughout the experiments. Separate sets of fish were used
for the behavioral, cortisol, and molecular analyses. Samples

were collected from animals that were not behaviorally tested
in order for gene expression and cortisol assessments to reflect
the status of the animals 24 h after the last stressor and to avoid
possible interference resulting from the acute exposure to the
novel tank test apparatus.

Novel tank test

On day 8, all animals were individually submitted to the novel
tank test (Levin et al. 2007; Egan et al. 2009) between 08:00
and 11:00 a.m. Briefly, animals were placed for 6 min in
24 × 8 × 20-cm (length × width × height) tanks with 15 cm
of water level. The water in the test apparatus was changed for
each animal. The tanks were virtually divided into three equal
horizontal sections (bottom, middle, and upper zones).
Behavioral tests were video recorded and analyzed with the
ANY-Maze tracking software (Stoelting Co., USA). The fol-
lowing parameters were quantified: total distance traveled,
time spent in the upper zone, and number of transitions to
the upper zone. Total distance moved was used as an indica-
tive of overall locomotor activity. Time spent in the upper
zone and transitions to the upper zone are distinct measures
of similar and generally related phenomena, and correspond in
rodents to the time spent and number of entries in the center of
the open-field arena. A decrease in any of these parameters is
thus mainly used as a proxy for anxiety behavior. Researchers
blinded to experimental groups conducted all behavioral tests
and analysis.

Cortisol measurement

The extraction and quantification of whole-body cortisol was
based on previously described methodology (Piato et al. 2011)
using a commercially available enzyme-linked immunosor-
bent assay kit (EIAgen™ CORTISOL test, BioChem
ImmunoSystems). Briefly, 24 h after the last stressor, fish
were gently captured and immediately frozen in liquid nitro-
gen, followed by storage at −20 °C until cortisol extraction. In
order to prevent a possible stress response induced by manip-
ulation, the time elapsed between capture and killing was less
than 10 s. Each zebrafish was weighed, and a pool of two fish
was minced and placed into a disposable stomacher bag with
2 mL of phosphate buffered saline (PBS, pH 7.4) for 6 min.
Ethyl ether was added and samples were centrifuged for
10 min at 3000 rpm, then immediately frozen in liquid nitro-
gen. The unfrozen portion (ethyl ether containing cortisol)
was decanted and the ethyl ether was transferred to a new tube
and completely evaporated under a gentle stream of nitrogen
for 2 h, yielding a lipid extract containing the cortisol. The
extract was stored at −20 °C until the ELISA was conducted
on the samples suspended with 1 mL of PBS buffer.

Fig. 1 Experimental design. Fish were submitted to a 7-day UCS
protocol or remained undisturbed. Throughout the UCS protocol, they
were exposed to bromazepam (BMZ), fluoxetine (FLU), nortriptyline
(NOR), or normal tank water (control). Twenty-four hours after the last
stressor, different sets of fish were submitted to behavioral test or
euthanized for the biochemical and molecular analysis
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Gene expression

The gene expression of cox-2 (cyclooxygenase 2), tnf-α (tu-
mor necrosis factor alpha), il-6 (interleukin 6), and il-10 (in-
terleukin 10) was determined by a quantitative real-time re-
verse transcription polymerase chain reaction (RT-qPCR) as-
say. 24 h after the last stressor, fish were cryoanesthetized,
euthanized by decapitation, and brains were dissected out.
Three independent assays for each group were performed,
and a pool of five whole zebrafish brains was used for each
independent experiment. The total RNA was isolated with
Trizol® reagent (Invitrogen, Carlsbad, CA, USA) in accor-
dance with the manufacturer’s instructions. RNA concentra-
t i o n and pu r i t y we r e mea su r ed by NanoDrop
Spectrophotometer (Thermo Fisher Scientific) and then treat-
ed with Deoxyribonuclease I, Amplification Grade
(Invitrogen) to prevent trace amounts of genomic DNA con-
tamination in accordance with themanufacturer’s instructions.
The cDNA was synthesized with ImProm-II™ Reverse
Transcription System (Promega) from 1 μg total RNA.
Quantitative PCR was performed using SYBR® Green I
(Invitrogen) to detect double-strand cDNA synthesis.
Reactions were done in a volume of 25 μL using 12.5 μL of
diluted cDNA (cDNAswere replaced by ultrapure water in the
negative controls), containing a final concentration of 0.2×
SYBR® Green I (Invitrogen), 100 μM dNTP, 1× PCR
Buffer, 3 mM MgCl2 0.25 U Platinum® Taq DNA
Polymerase (Invitrogen), 0.5 M of betaine (for il-10), 2 % of
the reaction of DMSO (for il-6, tnf-α), and 200 nM of each
reverse and forward primers (Table 1). The PCR cycling con-
ditions were an initial polymerase activation step for 5 min at
95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s at 60 °C
for annealing, and 15 s at 72 °C for elongation. At the end of
cycling protocol, a melting-curve analysis was included and
fluorescence measured from 60 to 99 °C and showed in all
cases one single peak. Each sample was analyzed in four tech-
nical replicates, and mean Cq values were used for further
analysis. ef1α and β-actin were used as reference genes for

normalization. Relative mRNA expression levels were deter-
mined with 7500 Real-Time Systems Software v.2.0.6
(Applied Biosystems). The efficiency per sample was calcu-
lated using LinRegPCR 2012.3 Software (http://LinRegPCR.
nl) and the stability of the reference gene, and the optimal
number of reference genes according to the pairwise
variation (V) was analyzed by GeNorm 3.5 Software
(http://medgen.ugent.be/genorm/). Relative mRNA
expression levels were determined using the 2-ΔΔCq
method (Bustin et al. 2013).

Statistical analysis

The normal distribution of the data was confirmed by
Kolmogorov-Smirnov and Levene tests. Results were ana-
lyzed by two-way ANOVA (stress and treatment as indepen-
dent factors) followed by Newman-Keuls post hoc test.
Differences were considered significant at p < 0.05. The data
are expressed as mean + standard error of mean (SEM). SPSS
20.0 for Windows was used to run the analyses.

Results

Table 2 summarizes the main statistical data. Figure 2 shows
the effects of BMZ (0.5 mg/L), FLU (0.01 mg/L), and NOR
(0.01 mg/L) on behavioral parameters in zebrafish submitted
to UCS. The UCS protocol did not alter the total distance
moved (Fig. 2a), while it decreased time spent (Fig. 2b) and
number of entries in the upper zone of the tank (Fig. 2c).
Treatment with BMZ, FLU, or NOR did not induce general
motor alterations as indicated by total distance traveled
(Fig. 2a). BMZ increased time spent and entries in the upper
zone, but only in stressed fish, and the antidepressants FLU
and NOR prevented the effects of UCS in these parameters
(Fig. 2b, c). Treatment with FLU and NOR in non-stressed
animals led to a decrease in the number of transitions to the
upper zone of the tank (Fig. 2c).

Table 1 Primer sequences for RT-qPCR experiments included in the study

Gene Forward/reverse primers Accession number Reference

β-actin 5′-AGACGCACAATCTTGAGAGCAG-3′/5′-
CGAGCTGTCTTCCCATCCA-3’

ENSDART00000055194 (Tang et al. 2007)

ef1α 5′-CTGGAGGCCAGCTCAAACAT-3′/5′-
ATCAAGAAGAGTAGTACCGCTAGCATTAC-3′

ENSDART00000023156 (Tang et al. 2007)

cox-2 5′-AACTAGGATTCCAAGACGCAGCATC-3′/5′-
AAATAAGAATGATGGCCGGAAGG-3′

ENSDART00000093609 (Leite et al. 2013)

tnf-α 5′-AGGAACAAGTGCTTATGAGCCATGC-3′/5′-
AAATGGAAGGCAGCGCCGAG-3′

NM_212859 (Leite et al. 2013)

il-6 5′-TCAACTTCTCCAGCGTGATG-3′/5′-
TCTTTCCCTCTTTTCCTCCTG-3′

NM_001261449.1 (Varela et al. 2012)

il-10 5′-TCACGTCATGAACGAGATCC-3′/5′-
CCTCTTGCATTTCACCATATCC-3’

BC163031 (Faikoh et al. 2014)
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Figure 3 shows that UCS increased cortisol levels; BMZ,
FLU, and NOR prevented this effect and were devoid of ef-
fects in non-stressed animals. Figure 4 shows the results of
gene expression analyses. The UCS protocol increased cox-2
and il-6 levels, which was prevented by all the drugs tested
(Fig. 4a, c). Treatment with NOR increased tnf-α and il-6 in
non-stressed animals (Fig. 4b, c) and increased il-10 in both
stressed and non-stressed animals (Fig. 4d).

Discussion

In this study, we confirmed previous data showing that unpre-
dictable chronic stress induces behavioral and neuroendocrine
alterations in zebrafish, and we show for the first time that our
model predicted the anti-stress activity of both anxiolytic and
antidepressant drugs. The behavioral analysis was refined
using an automated tracking system, since in our previous
report we evaluated behavior through manual observation.
Furthermore, we extended the molecular characterization of
the model, revealing UCS-induced gene expression changes

in the pro-inflammatory markers cox-2 and il-6, which were
also prevented by the drugs tested.

Interestingly, while FLU and NOR exposure in stressed
animals restored swimming in the upper zone of the tank to
control levels, BMZ further increased this parameter in
stressed animals, thus decreasing basal anxiety levels only
when in conjunction with the stress protocol. Although FLU
and NOR per se decreased the number of transitions to the
upper zone, time spent in this zone was not significantly al-
tered by these drugs; cortisol levels, which are highly corre-
lated with anxiety-like behavior in zebrafish models (Egan

Table 2 Results of analysis of variance (ANOVA)

Dependent variable Effects F value DF P value

Total distance Treatment 4.36 3, 117 0.0059

Stress 0.43 1, 117 0.5154

Treatment × stress 0.63 3, 117 0.5959

Time in upper Treatment 13.38 3, 117 0.0001

Stress 2.17 1, 117 0.1436

Treatment × stress 7.55 3, 117 0.0001

Transitions to upper Treatment 17.67 3, 117 0.0001

Stress 2.03 1, 117 0.1564

Treatment × stress 8.05 3, 117 0.0001

Cortisol Treatment 9.68 3, 94 0.0001

Stress 3.33 1, 94 0.0711

Treatment × stress 19.37 3, 94 0.0001

COX-2 Treatment 3.85 3, 16 0.0300

Stress 8.84 1, 16 0.0090

Treatment × stress 6.11 3, 16 0.0057

TNF-α Treatment 15.57 3, 16 0.0001

Stress 1.25 1, 16 0.2791

Treatment × stress 2.99 3, 16 0.0619

IL-6 Treatment 4.67 3, 16 0.0158

Stress 0.17 1, 16 0.6901

Treatment × stress 7.52 3, 16 0.0023

IL-10 Treatment 9.44 3, 16 0.0008

Stress 1.35 1, 16 0.2626

Treatment × stress 2.85 3, 16 0.0705

The table summarizes the main effects of and the interaction between
treatment and stress. Significant effects (p < 0.05) are given in italic font

DF degrees of freedom

Fig. 2 Effects of bromazepam (BMZ), fluoxetine (FLU), and
nortriptyline (NOR) on behavioral parameters (novel tank test) in
zebrafish submitted to unpredictable chronic stress (S+) or not (S−).
Data are expressed as mean + standard error of mean (SEM). n = 13–
18. Two-way ANOVA followed by Newman-Keuls post hoc test
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et al. 2009; Herculano and Maximino 2014), were also not
altered by FLU and NOR per se. Together, these data indicate
that the behavioral effects of chronic treatment with psycho-
tropic drugs may differ depending on the stress condition.
Another factor that has been shown to determine whether
anxiogenic or anxiolytic effects are induced by antidepres-
sants in zebrafish and rodents is treatment duration (Borsini
et al. 2002; Herculano and Maximino 2014; Gray and Hughes
2015). This is in agreement with the fact that monoaminergic
pathways, especially serotonergic, are implicated in anxiety
circuits (Tovote et al. 2015), and the effects of reuptake inhib-
itors involve changes in synaptic plasticity that develop grad-
ually over long-term use (Santarelli et al. 2003; Djavadian

2004; Martinowich and Lu 2007). However, regarding drug
effects only in stressed animals, we observe that all the com-
pounds we tested had the same preventive effects, i.e., all three
drugs were effective in counteracting stress-induced anxiety
behavior.

The effects of chronic stress on the hypothalamus–pitui-
tary–interrenal (HPI) axis have already been studied in
zebrafish (Piato et al. 2011; Manuel et al. 2014; Pavlidis
et al. 2015). Now, we show that BMZ, FLU, and NOR
completely prevented the 3-fold increase in cortisol levels
induced by the UCS protocol. This is in agreement with pre-
vious work that explored the effects of benzodiazepines and
antidepressants on this neuroendocrine parameter in rodents
(Song et al. 2006; Banasr et al. 2007; Zhao et al. 2012) and
humans (Pomara et al. 2005; Piwowarska et al. 2012).

Substantial evidence supports a role for the immune system
in the pathogenesis of depression, and the relationship be-
tween stress and neuroinflammation has been established in
both clinical and preclinical studies (Dowlati et al. 2010;Maes
et al. 2011; Leonard and Maes 2012). This led to the cytokine
hypothesis of depression, which postulates that the activation
of the peripheral immune system, with release of pro-
inflammatory cytokines, is involved in the neuroendocrine
and neurochemical changes associated with the disease
(Schiepers et al. 2005; Maes 2011). Indeed, immune activa-
tion caused by injection of cytokines, lipopolysaccharide
(LPS), or interferon-α (IFN-α) induces mood and cognitive
impairments in humans and in animal models (Reichenberg
et al. 2001; Dantzer 2006). Furthermore, the effects of cyto-
kines on microglia activity may affect the maintenance of

Fig. 3 Effects of bromazepam (BMZ), fluoxetine (FLU), and
nortriptyline (NOR) on cortisol levels in zebrafish submitted to
unpredictable chronic stress (S+) or not (S−). Data are expressed as
mean + standard error of mean (SEM). n = 8–20. Two-way ANOVA
followed by Newman-Keuls post hoc test

Fig. 4 Effects of bromazepam
(BMZ), fluoxetine (FLU), and
nortriptyline (NOR) on brain gene
expression in zebrafish submitted
to unpredictable chronic stress
(S+) or not (S−). a
cyclooxygenase-2 (cox-2), b
tumor necrosis factor alpha (tnf-
α), c interleukin 6 (il-6), and d
interleukin 10 (il-10). Data are
expressed as mean + standard
error of mean (SEM) of three
independent experiments (n = 3).
Two-way ANOVA followed by
Newman-Keuls post hoc test
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neuronal and synaptic health (Hanisch and Kettenmann
2007).

Here, we show that UCS increased gene expression of the
pro-inflammatory markers IL-6 and COX-2, without altering
TNF-α or IL-10. The lack of activation of IL-10 expression
suggests that increase expression of pro-inflammatory cyto-
kines is unopposed, so the net effect is of increased immune
activation in stressed animals. While COX-2 is an enzyme
induced by cytokines (Kubera et al. 2011), it also influences
cytokine expression, since the main product of COX-2, pros-
taglandin E2 (PGE2), stimulates the production of IL-6
(Hinson et al. 1996; Müller et al. 2009). PGE2 concentration
is also increased in depressed patients and decreases following
antidepressant treatment (Calabrese et al. 1986). Anti-
inflammatory drugs that inhibit COX-2 activity are being in-
vestigated as a possible treatment for depression, but the re-
sults obtained so far are mixed (Eyre et al. 2015).

We also observed that all the drugs tested in this study
prevented the UCS-induced increase in brain inflammatory
markers, which is in agreement with studies using in vivo
LPS or IFN-α rat models (Castanon et al. 2004; Myint et al.
2007; O’Sullivan et al. 2009). Antidepressants have also been
shown to modulate cytokine levels in rodent models of chron-
ic stress and in humans (Kubera et al. 2011; Hannestad et al.
2011).While all drugs were equally effective in preventing the
inflammatory effects of stress, NOR also had induced robust
effects by itself. This tricyclic antidepressant increased tran-
script levels of all the three cytokines in non-stressed animals,
and il-10 also in stressed ones. Similar effects have already
been reported for imipramine, an antidepressant chemically
related to NOR (Kubera et al. 2004). Considering that differ-
ent psychotropic drugs have been shown to influence NF-κB
signaling at different levels of the pathway (Troib and Azab
2015), it is possible that the non-specific increase of cytokine
expression induced by NOR is due to modulation of this tran-
scription factor that regulates cytokine production.
Antidepressants may influence immune responses through
other pathways as well, such as macrophage activation
(Nazimek et al. 2016b; Nazimek et al. 2016a). Although the
overall results are mixed and the exact mechanisms remain to
be elucidated (Bartholomä et al. 2002; Troib and Azab 2015),
clinical observations have led researchers to speculate that the
therapeutic activity of antidepressant drugs may be associated
with their effects on cytokine production (Kenis and Maes
2002; Hannestad et al. 2011; Leonard 2014).

We have previously demonstrated that UCS increases both
cortisol and CRF expression levels, while it decreases GR
expression (Piato et al. 2011). A body of work provides evi-
dence that stress-induced GR reduction may be mediated by
inflammatory cytokines such as IL-6 (Pace et al. 2007).
Although we did not measure GR in this study, we can infer
that the UCS-induced decrease in GR expression may be re-
lated to the observed increase in il-6.

Following our first report on the effects of this UCS protocol
in zebrafish (Piato et al. 2011), several other groups have
investigated different outcomes induced by this model.
Stressed zebrafish showed anxiety-like behavior, impaired
neurogenesis, and mitochondrial toxicity (Chakravarty et al.
2013). Moreover, chronic stress protocols increased pro-
opiomelanocortin, mineralocorticoid receptors, prolactin,
brain-derived neurotrophic factor, hypocretin/orexin, and c-
fos expression (Manuel et al. 2014; Pavlidis et al. 2015).
This work further extends the molecular characterization of
the UCS model to include increased brain expression of cox-2
and il-6, and is the first report on the effects of psychotropic
drugs counteracting chronic stress in zebrafish, in agreement
with rodent models (Muscat et al. 1992; Willner 2005; Zhao
et al. 2012). A full pharmacological validation is yet to be
achieved; however, this is an important first step to better
characterize the predictive validity of the model.

There are several possible variations in the experimental
design to investigate drug effects in zebrafish submitted to
UCS. Since the 7-day protocol induces the same behavioral
and endocrine changes observed after 14 days of UCS (Piato
et al. 2011) and is significantly less time- and space-consum-
ing, we chose the shorter protocol as the starting path to look
at drug effects in this model. We then chose to apply the drugs
from the beginning of UCS because antidepressant drugs re-
quire chronic administration before people can experience its
positive effects. Further studies with decreased treatment du-
ration may be carried out to determine the minimum length of
treatment required for each drug to revert the effects of stress.

A limitation of our study is that we cannot, at this point,
determine whether the 7-day UCS protocol in zebrafish more
closely models anxiety or depression, since the behavioral
endpoints employed here are sensitive to the administration
of both anxiolytic and antidepressant drugs. Further studies
and the use of other behavioral measures are necessary to
better dissect this issue, though most patients suffering from
mood disorders present with both depression and anxiety
symptoms (Belzer and Schneier 2004; Kessler et al. 2005;
Beesdo et al. 2010). Important next steps also include evalu-
ating different treatment schedules in zebrafish submitted to a
more prolonged period of UCS. The behavioral tests should
also be extended to include long-term memory testing, for
example, in order to elucidate whether these drugs can also
prevent the cognitive deficits induced by UCS. Phenotypes
more specific to depressive disorders, such as anhedonia,
should also be addressed through tasks that involve reward
processing. Although in this study we assessed the gene ex-
pression of inflammatory markers, investigating whether the
findings would be similar for the protein content is also im-
portant and a goal for future studies.

Since small hydrophilic molecules are readily taken up
through the fish gills or skin, we took advantage of this fact
and used water immersion for drug delivery. However, a
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drawback of this method is the possibility that the drug being
administered may influence gill physiology and thus its own
absorption. This is another limitation of our study, although
we did not observe any visual or behavioral signs of irritation
to the fish gills in the treated groups, and no such effects have
been reported in the literature for the drugs we tested.

Zebrafish is an adequate model organism to study the ef-
fects of stress on behavioral and physiological parameters, and
further studies are warranted. Moreover, the UCS protocol
may serve as a screening tool for evaluating new drugs that
can be used to combat stress. Future studies are necessary to
further develop the UCS protocol in zebrafish as a model to
study the neurobiological mechanisms involved in several
psychiatric disorders with stress-related etiologies.
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