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A B S T R A C T

Aversive conditions elicit anxiety responses that prepare the organism to an eventual threat. Nonetheless,
prolonged anxiety is a pathological condition associated with various neuropsychiatric disorders. Here, we
evaluated whether the conspecific alarm substance (CAS), a chemical cue that elicits aversion, influences an-
xiety-like behaviors and modulates brain oxidative stress-related parameters in wild-type (WT) and leopard (leo)
zebrafish following a repeated exposure protocol. CAS exposure was performed for 5min, once daily for 7
consecutive days. In the 8th day, animals were tested in the light/dark and novel tank tests and their brains were
further dissected for biochemical analyses. CAS chronically induced anxiogenic-like states in WT and leo po-
pulations when their behaviors were analyzed in the light/dark and novel tank tests. CAS also increased catalase
(CAT) and glutathione S-transferase (GST) activities, as well as non-protein thiol (NPSH) content in WT and leo,
but only leo had increased thiobarbituric reactive substance (TBARS) levels in the brain. At baseline conditions,
leo was more ‘anxious’ when compared to WT, displaying lower CAT activity and carbonylated protein (CP)
levels. Overall, CAS chronically triggers anxiety-like behavior in zebrafish populations, which may be associated
with changes in oxidative stress-related parameters. Furthermore, the use of different zebrafish populations may
serve as an interesting tool in future research aiming to investigate the neurobehavioral bases of neu-
ropsychiatric disorders in vertebrates.

1. Introduction

Anxiety- trauma- and stressor-related disorders constitute serious
public health problems worldwide (Kessler et al., 2005; Riaza Bermudo-
Soriano et al., 2012). Patients with such disorders may present ex-
acerbated fear and/or anxiety, which differ according to the proximity
of the threat (Baldwin et al., 2010, 2005; Smaga et al., 2015). Thus,
measuring fear/anxiety-like behaviors in animal models represents an
interesting strategy to understand how aversive conditions affect de-
fensive behaviors and help elucidate the mechanisms underlying var-
ious neuropsychiatric disorders (Atmaca et al., 2008; Kalueff et al.,
2007; Kuloglu et al., 2002b, 2002a; Maximino et al., 2010b; Ozdemir
et al., 2009).

Although reactive oxygen species (ROS) are produced during
aerobic metabolism, their excessive formation associated with reduced
antioxidant defenses culminates in oxidative stress (Moniczewski et al.,
2015; Rocha et al., 2003). Oxidative damage affects cellular structures,
neurotransmission, as well as transduction signaling pathways
(Halliwell, 2006; Hovatta et al., 2010), and correlates with various
neuropsychiatric conditions (Rammal et al., 2008; Smaga et al., 2015).
Cellular antioxidant defenses, such as glutathione, thioredoxin, super-
oxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
activities modulate ROS levels, thereby maintaining redox status
(Hagedorn et al., 2012). Mounting evidence shows that SOD and CAT
activities in the blood are stimulated in patients with social phobia
(Atmaca et al., 2008), panic disorder (Kuloglu et al., 2002b), and
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transient-compulsive disorder (Kuloglu et al., 2002b, 2002a), sug-
gesting a close relationship between neuropsychiatric diseases and
oxidative stress. Therefore, measuring behavioral phenotypes and brain
oxidant status in animal models help investigate evolutionarily con-
served mechanisms involved in the pathophysiology of anxiety- trauma-
and stressor-related disorders.

The zebrafish (Danio rerio) is a well-established model organism in
biochemical and neurobehavioral research (Fontana et al., 2018;
Kalueff et al., 2014; Rosemberg et al., 2012; Stewart et al., 2014). The
high degree of genetic conservation when compared to the human
genes (∼70%) (Howe et al., 2013) and the well-characterized beha-
viors (Kalueff et al., 2013) provide relevant insights into the genetic
bases involved in anxiety-related disorders (Egan et al., 2009; Shin and
Fishman, 2002). Moreover, behavioral endpoints that reflect anxiety-
like responses have been described in both wild-type (WT) and leopard
(leo) populations (Egan et al., 2009; Maximino et al., 2013; Quadros
et al., 2018, 2016). As compared to WT, leo spends more time in the
bottom area of the tank, displays increased shoaling, and prominent
scototaxis, suggesting a more ‘anxious’ behavior (Canzian et al., 2017;
Egan et al., 2009; Maximino et al., 2013). Both WT and leo present
different responses when exposed to the conspecific alarm substance
(CAS), a chemical cue that elicits defensive behaviors (Quadros et al.,

2018, 2016). CAS increases habenular c-fos expression and promotes
sympathetic activation, which stimulates adrenaline release and in-
creases blood glucose levels (Maximino et al., 2014; Ogawa et al.,
2014). In zebrafish, CAS exposure evokes freezing, erratic movements,
escaping behavior (Maximino et al., 2018a) and stimulates aggressive
behavior following a single exposure, suggesting activation of ‘fight-or-
flight’ responses (Quadros et al., 2018). Conversely, repeated CAS
promotes long-term changes in the CNS by inducing depressant-like
behaviors without changing aggression (Quadros et al., 2018). When
animals face aversive conditions, biochemical and physiological al-
terations occur to maintain homeostasis (Chrousos, 2009; Miller and
Raison, 2016; Mocelin et al., 2018). However, maladaptive responses
following prolonged aversive situations may play a role in anxiety-re-
lated disorders and correlated neurochemical mechanisms (Hassan
et al., 2016; Hovatta et al., 2010; Mocelin et al., 2015). Therefore, we
sought to investigate whether repeated CAS exposure (7 days) mod-
ulates defensive behaviors in WT and leo, as well as to explore the
putative involvement of oxidative stress in CAS-mediated responses.

Fig. 1. Schematic representation of experimental procedures and apparatus. (A) CAS extraction from naïveWT and leo donors and exposure protocol. The skin extract
was prepared on ice and 3.5 mL/L were used for the experiments. (B) Experimental apparatuses. The light/dark tank consisted of a glass apparatus divided into two
equally sized dark and lit areas. The compartments were delimited by opaque plastic self-adhesive films in black or white colors externally covering walls and floor.
The novel tank was divided into two areas (top and bottom) to assess vertical exploration.
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2. Materials and methods

2.1. Animals

Adult zebrafish (Danio rerio) of the short fin wild type (WT) and
leopard (leo) populations were obtained from a local supplier (Hobby
Aquários, RS, Brazil). Animals were 4–6 months-old and a 50:50
(male:female) proportion was used for the experiments. Because the
genetic bases were not fully elucidated, we used of the term “popula-
tion” to define both zebrafish phenotypes tested here. Animals were
separated by their respective phenotypes at a maximum density of four
fish per liter. Fish were allocated in 40 L tanks filled with non-chlori-
nated water and maintained under mechanical, biological, and che-
mical filtration (temperature and pH set at 27 ± 1 °C and 7.2 ± 0.1,
respectively) for 2 weeks before the experiments to acclimate to la-
boratory conditions. Illumination was provided by fluorescent lamps
under a photoperiod cycle (14h/10h, light/dark respectively). All ani-
mals used were fed thrice daily with commercial flake fish food (Alcon
BASIC™, Alcon, Brazil). The experiments fully adhered to the National
Institute of Health Guide for Care and Use of Laboratory. All protocols
were approved by the Ethics Commission on Animal Use of the Federal
University of Santa Maria (106/2014).

2.2. Conspecific alarm substance extraction and exposure protocol

CAS was extracted from donor fish previously euthanized, as de-
scribed elsewhere (Egan et al., 2009; Quadros et al., 2016; Maximino
et al., 2018b), by damaging the epithelial cells with a razor blade
(10–15 shallow slices on each side of the body). Fish were then washed
with 20mL distilled water in a Petri dish kept on ice, avoiding blood
contamination into solution. For chronic CAS exposure, zebrafish were
exposed individually to 1.75mL skin extract preparation into 500mL
tanks for 5min once daily during 7 consecutive days and tested on the
8th day (Quadros et al., 2018) (Fig. 1A). WT and leo populations were
exposed to CAS obtained from their phenotypically similar donor fish.
Control groups were handled in a similar manner, except that only
distilled water was added to the tank.

2.3. Behavioral measurements

All behavioral tests were performed between 09:00 a.m. and 4:00
p.m. Behavioral activities were registered in a single 6min session and
the apparatus was positioned on a stable surface. Throughout the ex-
periments, animals were handled carefully to minimize stress and the
water was changed after each trial. Behaviors were recorded using a
webcam connected to a laptop at 30 frames/s, and subsequently ana-
lyzed using appropriate video-tracking system (ANY-maze™, Stoelting
CO, USA). All tests were performed using two independent batches.

2.4. Behavioral tests

2.4.1. Light/dark test
Anxiety-like behaviors were determined using the light/dark test as

described previously (Maximino et al., 2010a, 2010c; Quadros et al.,
2016). The apparatus consisted of a rectangular tank (15 ×
10×25 cm, height, depth and length respectively), divided in two
equally-sized dark and lit areas (Fig. 1B). The compartments were
covered externally by opaque black or white self-adhesive films in the
walls and floor of the apparatus. Experimental tanks were filled with 2 L
non-chlorinated water and animals (n=12–14 per group) were placed
individually in the lit area of the apparatus before starting the test.
Behaviors were analyzed for 6min and the following endpoints were
measured: time spent in lit area, number of transitions to the lit area,
latency to enter the dark area, and number of risk assessments. Risk
assessment episodes were computed manually by two trained observers
(inter-rater reliability > 0.85) blinded to the experimental condition.

This behavior was counted when fish approximate the lit area without
crossing the pectoral fin, associated with a fast return to the dark
compartment (Kalueff et al., 2013; Maximino et al., 2014).

2.4.2. Novel tank test
Locomotor and vertical exploratory activity of fish, which reflects

habituation of novelty stress, were analyzed in rectangular tanks
(25 cm×15 cm×11 cm length, height and width respectively), filled
with 1.5 L of non-chlorinated water and divided into two equal hor-
izontal areas (bottom and top) (Egan et al., 2009; Rosemberg et al.,
2011, 2012) (Fig. 1B). Animals were individually placed in the test
tanks and their behaviors further analyzed for 6min. We measured the
distance traveled and absolute turn angle (locomotor-related end-
points), time spent in top area, transitions to top area, and the latency
to enter the top (vertical activity parameters). Both erratic movements
and freezing (aversive behavioral responses) were computed manually
by trained observers (inter-rater reliability > 0.85) blinded to the ex-
perimental condition. Freezing was defined as complete immobility
associated to increased opercular beat rate for at least 2 s, while erratic
movements were considered sharp changes in direction or velocity and
repeated rapid darting behavior (Kalueff et al., 2013).

2.5. Biochemical parameters

2.5.1. Tissue preparation
After CAS exposure, fish were previously anesthetized in water at

4 °C and subsequently euthanized by decapitation. Brains were dis-
sected on ice and transferred to microtubes for storage at −80 °C. For
each sample, two brains were pooled, homogenized in 500 μL of 50mM
Tris-HCl buffer, pH 7.4, and posteriorly centrifuged at 3000×g for
10min at 4 °C. Supernatants were removed for biochemical assays. All
tests were run in duplicate.

2.5.2. Antioxidant enzymatic defenses
Superoxide dismutase (SOD) activity was assessed based on the in-

hibition of superoxide radical reaction with adrenaline (Misra and
Fridovich, 1972). Samples (20–30 μg protein) were incubated with
50mM glycine-NaOH buffer, pH 10.0, in the presence of 1mM adre-
naline. The rate of adenochrome formation was measured on a micro-
plate reader and data were expressed as U SOD/milligram protein.

Catalase (CAT) activity was evaluated based on the rate of H2O2

decrease at 240 nm ultraviolet spectrophotometry (Aebi, 1984). Sam-
ples (0.01 mL, 20–30 μg protein) were mixed with 1mL of 50mM po-
tassium phosphate buffer, pH 7.0 and 0.05mL H2O2 (0.3M) was used as
substrate. Results were expressed as micromole/min/milligram protein.

Glutathione S-transferase (GST) activity was measured using 1mM
1-chloro-2,4-dinitrobenzene (CDNB) in ethanol, 10mM reduced glu-
tathione, 20mM potassium phosphate buffer, pH 6.5, and 20 μL of
samples (40–60 μg protein) (Müller et al., 2017; Nunes et al., 2017).
Enzyme activity was determined by variations in absorbance at 340 nm
using the molar extinction coefficient of 9.6mM/cm (Habig et al.,
1974). GST activity was measured according to the amount of enzyme
required to catalyze 1mol CDNB conjugate with GSH/min at 25 °C.
Results were expressed in nanomole GS-DNB/min/milligram protein.

2.5.3. Non-protein thiol content quantification
Non-protein thiol (NPSH) levels were determined as described

previously (Ellman, 1959). Briefly, 100 μL of sample (60–80 μg of pro-
tein) was mixed in 100 μL of TCA 10% and then centrifuged at 3000×g
for 10min. Later, 30 μL of the supernatant was mixed with 10 μL of 5,5-
dithio-bis-2-nitrobenzoic acid (DTNB) (0.01M) dissolved in ethanol.
The intense of yellow color developed was measured at 412 nm after
30min in a microplate reader. Results were expressed as nanomole
NPSH/milligram protein.
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2.5.4. Measurement of lipid peroxidation and protein carbonylation
Lipid peroxides were estimated by thiobarbituric reactive substance

(TBARS) production (Draper and Hadley, 1990). Briefly, 160 μL of 10%
Trichloroacetic acid (TCA) was added in 80 μL of samples (80–100 μg
protein) and subsequently centrifuged at 10,000×g for 10min. Later,
100 μL of the supernatant was added to an equal volume of 0.67%
thiobarbituric acid (TBA, 4,6-dihydroxypyrimidine-2-thiol) and heated
for 30min at 100 °C. TBARS levels were determined using mal-
ondialdehyde (MDA) as standard in a microplate reader at 532 nm.
Data were expressed as nanomole MDA/milligram protein.

Carbonylated protein (CP) levels were measured based on the pro-
tocol described elsewhere (Yan et al., 1995). Initially, 200 μL of protein
was added to 10mM 2,4-dinitrophenylhydrazine (DNPH) in 2 N hy-
drochloric acid and incubated for 1 h in dark. Later, 0.15mL of dena-
turing buffer (150mM sodium phosphate buffer, pH 6.8 containing SDS
3.0%), 0.5 mL of heptane (99.5%) and 0.5 mL of ethanol (99.8%) were
added, mixed for 40 s, and centrifuged for 15min at 3000×g. Proteins
were isolated, suspended twice in ethanol/ethyl acetate (1:1) and
mixed with 0.25mL of denaturing buffer. Data were measured color-
imetrically at 370 nm and calculated using the molar extinction coef-
ficient of 22,000M/cm. Protein carbonylation was expressed as nano-
mole carbonylated proteins/milligram protein.

2.6. Protein quantification

Protein was determined using the Coomassie blue method and bo-
vine serum albumin was used as standard (Bradford, 1976). Samples
were run in duplicate and the absorbance was measured at 595 nm.

2.7. Statistical analyses

Normality of data and homogeneity of variances were analyzed
using Kolmogorov–Smirnov and Bartlett's tests, respectively. Results
were expressed as means ± standard error of mean (S.E.M) and ana-
lyzed by two-way analysis of variance (ANOVA) (considering popula-
tion and treatment as factors), followed by Student–Newman–Keuls
multiple comparison test whenever necessary. Differences among
groups were set at p≤ 0.05 level.

3. Results

3.1. Repeated CAS exposure increases anxiety-like behaviors in WT and leo
populations

In the light/dark test (Fig. 2), two-way ANOVA yielded significant
effects of population and treatment for the time spent in lit area
(F1,48= 10.35, p=0.0023 and F1.48= 57.51, p < 0.0001 respec-
tively), transitions to the lit area (F1,48= 5.773, p=0.0202 and
F1.48= 61.55, p < 0.0001 respectively), and latency to enter the dark
area (F1,48= 6.485, p=0.0141 and F1.48= 28.01, p < 0.0001 re-
spectively). Repeated CAS exposure reduced the time spent in the lit
area and the number of transitions to the respective compartment in
both WT and leo. At the baseline, WT population spent more time in the
lit area, showing fewer transitions to the lit compartment and higher
latency to enter the dark area than leo. Furthermore, leo displayed more
risk assessment episodes than WT, but CAS only increased such beha-
vior in WT population (F1,48= 15.53, p=0.0003 for the interaction
term).

In the novel tank test (Fig. 3), although leo spent more time in
bottom than WT at the baseline, CAS reduced the time spent in top for
both populations (F1,25= 21.47, p < 0.0001 for the interaction term).
A significant population and treatment interaction for the transitions to
top area was observed (F1,25= 7.321, p=0.0121), in which only WT
showed decreased vertical activity following repeated CAS exposure.
Moreover, CAS increased the latency to enter the top area in both po-
pulations (F1,25= 55.92, p < 0.0001 for the treatment term). Two-way

ANOVA revealed significant effects of population, in which leo showed
more erratic movements than WT at the baseline (F1,25= 5.737,
p=0.0244). No differences were observed in distance traveled, abso-
lute turn angle, and freezing episodes among groups (data not shown).

3.2. CAS chronically alters antioxidant parameters and lipid peroxidation

Fig. 4 shows the effects of repeated CAS exposure on antioxidant
responses and oxidative stress biomarkers. Although SOD activity did
not differ among groups (Fig. 4A), significant effects of population
(F1,18= 8.514, p= 0.0092) and treatment (F1,18= 6.488, p= 0.0202)
were observed for CAT activity. CAS increased CAT activity only in leo,
which showed lower enzyme activity than WT at the baseline (Fig. 4A).
For GST activity (Fig. 4A) and NPSH levels (Fig. 4B), we verified sig-
nificant effects of treatment (F1,12= 33.11, p < 0.0001 and
F1,20= 20.47, p=0.0002 respectively), where both populations
showed a markedly increase in these antioxidant responses following
CAS exposure. Fig. 4C shows the effects of CAS on lipid peroxidation
and protein carbonylation. We observed higher TBARS levels in CAS-
exposed leo (F1,12= 10.5, p=0.0071 for the interaction term). Al-
though CAS did not induce protein carbonylation, CP levels were lower
in leo than WT at the baseline (F1,15= 4.703, p=0.0466 for the po-
pulation term).

4. Discussion

In this study, our novel data showed that repeated CAS exposure
induces anxiogenic-like behaviors and modulates oxidative stress
parameters in WT and leo populations. Basically, in the light/dark test,
CAS reduced the frequency of entries in the lit area, but decreased the
latency to enter the dark area and increased risk assessments only in
WT. In the novel tank test, CAS decreased the time spent in top area and
increased the latency to enter the top, while only WT population
showed reduced transitions to top area after CAS exposure. Although
CAS increased CAT and GST activities, as well as NPSH levels, in both
populations, only leo showed pronounced lipid peroxidation following
the exposure period. At baseline conditions, leo displayed a more ‘an-
xious’ phenotype, with reduced CAT activity and CP levels in the brain.
Overall, we suggest that repeated CAS exposure induces anxiogenic-like
behaviors in zebrafish, accompanied by changes in oxidant status in the
brain.

In ostariophysans, CAS plays a key role as a chemical cue of pre-
dation risk (Maximino et al., 2018a; Speedie and Gerlai, 2008). This
substance is released when epithelial cells are ruptured, triggering ro-
bust alert responses when fish face a potential threat (Egan et al., 2009;
Quadros et al., 2016; Sanches et al., 2015; Speedie and Gerlai, 2008).
CAS elicits anxiogenic-like behaviors since it markedly increases social
cohesion, geotaxis, and c-fos expression in habenula (Canzian et al.,
2017; Ogawa et al., 2014; Oliveira et al., 2017; Quadros et al., 2016).
Moreover, CAS increases blood glucose, ephinephrine, and serotonin
levels in the brain, suggesting activation of sympathetic nervous system
(Maximino et al., 2014). We have previously showed that CAS acutely
increases aggression in WT and leo, but induces depressant-like phe-
notypes following a repeated exposure protocol (Quadros et al., 2018).
Here, we hypothesized that CAS would chronically induce anxiogenic-
like effects causing an imbalance of oxidant status in the brain, in such a
way that differences in zebrafish populations could be predicted using
two behavioral tasks with a good correlation and similar sensitivity to
zebrafish anxiety-like states in vivo (Kysil et al., 2017). Our data con-
firmed that leo has a more ‘anxious’ behavior than WT and, after re-
peated exposure, both populations showed increased scototaxis and
reduced vertical activity in the light/dark and novel tank tests, re-
spectively. However, only WT had decreased latency to enter the dark
area and increased risk assessment episodes in the light/dark test, as
well as showed fewer transitions to top area in the novel tank test,
reinforcing a stronger sensitivity of the respective population following
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chronic CAS exposure. Although one could attribute the absence of
some effects in leo to a floor effect, anxiogenic-like states in WT and leo
were observed in both light/dark and novel tank tests using the pro-
tocol described here. Importantly, a single CAS exposure increases
shoaling in WT, but not in leo (Canzian et al., 2017), while caffeine,
another anxiogenic substance, elicits anxiety-like behaviors in leo by
increasing bottom-dwelling and whole-body cortisol levels depending
on the concentration tested (Rosa et al., 2018). These set of data re-
inforce the utility of zebrafish populations when different behavioral
domains are assessed. Although we did not perform a relationship be-
tween genes and behavior, our results suggest that genetic variations
between populations may contribute, at least partially, to the beha-
vioral differences observed when aversive stimuli are presented.

Aversive situations trigger an innate response that activates trans-
duction signaling pathways aiming to restore homeostasis (Chrousos
and Gold, 1992; McEwen, 2007). Thus, the maintenance of redox status
is extremely important for brain physiology since the imbalance be-
tween oxidants and antioxidant defenses culminates in oxidative stress
(Langley and Ratan, 2004; Zhang and Yao, 2013). Prolonged stressful
conditions are maladaptive, culminating in neurochemical impairments
that affect behavioral responses. For example, increased ROS may da-
mage various biomolecules (e.g., lipids, proteins, and DNA), thereby
affecting cellular viability, which are often associated with neurode-
generative diseases (Behl and Moosmann, 2002; Gutowicz, 2011;
Niedzielska et al., 2016), and anxiety-related disorders (Guney et al.,
2014; Hovatta et al., 2010; Niedzielska et al., 2016).

To investigate whether changes in redox status could influence CAS-
induced behaviors, we measured oxidative stress-related parameters in

the brain following a 7-day exposure protocol. Physiologically, SOD and
CAT play a synergic role to neutralize superoxide anion and hydrogen
peroxide, respectively (Gutteridge, 1984; Halliwell, 2006), while GST
catalyzes the conjugation of the reduced glutathione (GSH) to xeno-
biotic substrates for the purpose of detoxification (Dringen et al., 2000;
Pisoschi and Pop, 2015). Although the increased NPSH levels, CAT, and
GST activities in CAS-exposed leo suggest compensatory non-enzymatic
and enzymatic mechanisms aiming to regulate homeostasis, these ef-
fects do not protect against the lipid peroxidation in this population.
Although further experiments are needed to understand how anxiety-
like behaviors correlate with oxidant processes following chronic CAS
exposure, the differences in enzymatic antioxidant defenses at baseline
level observed here could reflect a higher susceptibility of oxidative
damage in leo and/or genetic variability between populations.

5. Conclusion

In conclusion, our novel data show that repeated CAS exposure
induces anxiety-like behaviors and modulates oxidative stress-related
biomarkers in zebrafish. Some behavioral and biochemical parameters
were substantially different in WT and leo, both at baseline and after
CAS exposure, suggesting population-dependent responses.
Furthermore, the anxious behavior following stressful situations could
be related to changes in oxidant status in the brain, since we demon-
strated a modulatory effect of CAS on oxidative stress-related end-
points. Although additional empirical data are necessary to elucidate
the mechanisms underlying alarm responses in zebrafish, we reinforce
the growing utility of this aquatic species in modeling anxiety-related

Fig. 2. Repeated CAS exposure induces anxiety-like states in WT and leo populations in the light/dark test. Animals were exposed to CAS (5 min daily for 7
consecutive days) and their behavioral activities were further recorded for 6 min in the 8th day. Data are represented as means ± S.E.M. and analyzed by two-way
ANOVA followed by Student–Neuman–Keuls multiple test whenever appropriate (*p < 0.01; **p < 0.01; ***p < 0.005, ****p < 0.001; n=12–14 per group).
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Fig. 3. Repeated CAS exposure modulates exploratory activities of WT and leo measured in the novel tank test. Animals were exposed to CAS (5 min daily for 7
consecutive days) and their behavioral activities were further recorded for 6 min in the 8th day. Data are represented as means ± S.E.M. and analyzed by two-way
ANOVA followed by Student–Neuman–Keuls multiple test whenever appropriate (*p < 0.05; ***p < 0.005, ****p < 0.001; n=7–9 per group).

Fig. 4. Antioxidant parameters and biomarkers of lipid and protein damage in the brain of WT and leo populations following repeated CAS exposure. (A) Enzymatic
antioxidant defenses (SOD, CAT, and GST activities); (B) Non-enzymatic antioxidant responses (NPSH amounts); (C) TBARS and CP levels. Data are represented as
means ± S.E.M. and analyzed by two-way ANOVA followed by Student–Neuman–Keuls multiple test whenever appropriate (*p < 0.05; **p < 0.01;
***p < 0.005; n = 4–6 per group).
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disorders. Thus, future studies aiming to correlate oxidative stress with
changes in neurotransmitter signaling pathways will bring novel op-
portunities to understand how conspecific alarm cues affects brain
functions.

Conflicts of interest

The authors declare that no competing interests exist.

Acknowledgments

This study was supported by Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Fundação de
Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS) and
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES)
– Financial code 001. V.A.Q. (processes number 88882.182127/
2018–01), L.V.R. (processes number 88882.182163/2018–01), F.V.C.
(processes number 88882.182161/2018-001), and TEM (processes
number 88882.182130/2018–01) were recipients of fellowship from
CAPES. F.V.S. was recipient of PIBIC/CNPq fellowship. V.L.L. and
D.B.R. are recipients of CNPq research productivity grant (312983/
2013-1 and 305051/2018-0, respectively) and their work is supported
by PROEX/CAPES fellowship grant (process number 23038.005848/
2018–31; grant number 0737/2018). D.B.R. also receives the
PRONEM/FAPERGS (process number 16/2551-0000248-7) fellowship
grant. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

References

Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., Collins, J.E.,
Humphray, S., McLaren, K., Matthews, L., McLaren, S., Sealy, I., Caccamo, M.,
Churcher, C., Scott, C., Barrett, J.C., Koch, R., Rauch, G.-J., White, S., Chow, W.,
Kilian, B., Quintais, L.T., Guerra-Assunção, J.A., Zhou, Y., Gu, Y., Yen, J., Vogel, J.-H.,
Eyre, T., Redmond, S., Banerjee, R., Chi, J., Fu, B., Langley, E., Maguire, S.F., Laird,
G.K., Lloyd, D., Kenyon, E., Donaldson, S., Sehra, H., Almeida-King, J., Loveland, J.,
Trevanion, S., Jones, M., Quail, M., Willey, D., Hunt, A., Burton, J., Sims, S., McLay,
K., Plumb, B., Davis, J., Clee, C., Oliver, K., Clark, R., Riddle, C., Elliot, D., Eliott, D.,
Threadgold, G., Harden, G., Ware, D., Begum, S., Mortimore, B., Mortimer, B., Kerry,
G., Heath, P., Phillimore, B., Tracey, A., Corby, N., Dunn, M., Johnson, C., Wood, J.,
Clark, S., Pelan, S., Griffiths, G., Smith, M., Glithero, R., Howden, P., Barker, N.,
Lloyd, C., Stevens, C., Harley, J., Holt, K., Panagiotidis, G., Lovell, J., Beasley, H.,
Henderson, C., Gordon, D., Auger, K., Wright, D., Collins, J., Raisen, C., Dyer, L.,
Leung, K., Robertson, L., Ambridge, K., Leongamornlert, D., McGuire, S., Gilderthorp,
R., Griffiths, C., Manthravadi, D., Nichol, S., Barker, G., Whitehead, S., Kay, M.,
Brown, J., Murnane, C., Gray, E., Humphries, M., Sycamore, N., Barker, D., Saunders,
D., Wallis, J., Babbage, A., Hammond, S., Mashreghi-Mohammadi, M., Barr, L.,
Martin, S., Wray, P., Ellington, A., Matthews, N., Ellwood, M., Woodmansey, R.,
Clark, G., Cooper, J.D., Cooper, J., Tromans, A., Grafham, D., Skuce, C., Pandian, R.,
Andrews, R., Harrison, E., Kimberley, A., Garnett, J., Fosker, N., Hall, R., Garner, P.,
Kelly, D., Bird, C., Palmer, S., Gehring, I., Berger, A., Dooley, C.M., Ersan-Ürün, Z.,
Eser, C., Geiger, H., Geisler, M., Karotki, L., Kirn, A., Konantz, J., Konantz, M.,
Oberländer, M., Rudolph-Geiger, S., Teucke, M., Lanz, C., Raddatz, G., Osoegawa, K.,
Zhu, B., Rapp, A., Widaa, S., Langford, C., Yang, F., Schuster, S.C., Carter, N.P.,
Harrow, J., Ning, Z., Herrero, J., Searle, S.M.J., Enright, A., Geisler, R., Plasterk,
R.H.A., Lee, C., Westerfield, M., de Jong, P.J., Zon, L.I., Postlethwait, J.H., Nüsslein-
Volhard, C., Hubbard, T.J.P., Roest Crollius, H., Rogers, J., Stemple, D.L., 2013. The
zebrafish reference genome sequence and its relationship to the human genome.
Nature 496, 498–503. https://doi.org/10.1038/nature12111.

Aebi, H., 1984. Catalase in vitro. Methods Enzymol. 105, 121–126.
Atmaca, M., Kuloglu, M., Tezcan, E., Ustundag, B., 2008. Antioxidant enzyme and mal-

ondialdehyde levels in patients with social phobia. Psychiatr. Res. 159, 95–100.
https://doi.org/10.1016/j.psychres.2002.12.004.

Baldwin, D.S., Anderson, I.M., Nutt, D.J., Bandelow, B., Bond, A., Davidson, J.R.T., den
Boer, J.A., Fineberg, N.A., Knapp, M., Scott, J., Wittchen, H.-U., 2005. Evidence-
based guidelines for the pharmacological treatment of anxiety disorders: re-
commendations from the British Association for Psychopharmacology. J.
Psychopharmacol. Oxf. Engl 19, 567–596. https://doi.org/10.1177/
0269881105059253.

Baldwin, D.S., Allgulander, C., Altamura, A.C., Angst, J., Bandelow, B., den Boer, J.,
Boyer, P., Davies, S., Dell’osso, B., Eriksson, E., Fineberg, N., Fredrikson, M., Herran,
A., Maron, E., Metspalu, A., Nutt, D., van der Wee, N., Vázquez-Barquero, J.L., Zohar,
J., 2010. Manifesto for a European anxiety disorders research network. Eur. Coll.
Neuropsychopharmacol 20, 426–432. https://doi.org/10.1016/j.euroneuro.2010.02.
015.

Behl, C., Moosmann, B., 2002. Oxidative nerve cell death in Alzheimer's disease and

stroke: antioxidants as neuroprotective compounds. Biol. Chem. 383, 521–536.
https://doi.org/10.1515/BC.2002.053.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem 72,
248–254.

Canzian, J., Fontana, B.D., Quadros, V.A., Rosemberg, D.B., 2017. Conspecific alarm
substance differently alters group behavior of zebrafish populations: putative in-
volvement of cholinergic and purinergic signaling in anxiety- and fear-like responses.
Behav. Brain Res. 320, 255–263. https://doi.org/10.1016/j.bbr.2016.12.018.

Chrousos, G.P., 2009. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 5,
374–381. https://doi.org/10.1038/nrendo.2009.106.

Chrousos, G.P., Gold, P.W., 1992. The concepts of stress and stress system disorders.
Overview of physical and behavioral homeostasis. J. Am. Med. Assoc. 267,
1244–1252.

Draper, H.H., Hadley, M., 1990. Malondialdehyde determination as index of lipid per-
oxidation. Methods Enzymol. 186, 421–431.

Dringen, R., Gutterer, J.M., Hirrlinger, J., 2000. Glutathione metabolism in brain meta-
bolic interaction between astrocytes and neurons in the defense against reactive
oxygen species. Eur. J. Biochem. 267, 4912–4916.

Egan, R.J., Bergner, C.L., Hart, P.C., Cachat, J.M., Canavello, P.R., Elegante, M.F.,
Elkhayat, S.I., Bartels, B.K., Tien, A.K., Tien, D.H., Mohnot, S., Beeson, E., Glasgow,
E., Amri, H., Zukowska, Z., Kalueff, A.V., 2009. Understanding behavioral and phy-
siological phenotypes of stress and anxiety in zebrafish. Behav. Brain Res. 205,
38–44. https://doi.org/10.1016/j.bbr.2009.06.022.

Ellman, G.L., 1959. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77.
Fontana, B.D., Mezzomo, N.J., Kalueff, A.V., Rosemberg, D.B., 2018. The developing

utility of zebrafish models of neurological and neuropsychiatric disorders: a critical
review. Exp. Neurol. 299, 157–171. https://doi.org/10.1016/j.expneurol.2017.10.
004.

Guney, E., Fatih Ceylan, M., Tektas, A., Alisik, M., Ergin, M., Goker, Z., Senses Dinc, G.,
Ozturk, O., Korkmaz, A., Eker, S., Kizilgun, M., Erel, O., 2014. Oxidative stress in
children and adolescents with anxiety disorders. J. Affect. Disord. 156, 62–66.
https://doi.org/10.1016/j.jad.2013.11.016.

Gutowicz, M., 2011. [The influence of reactive oxygen species on the central nervous
system]. Postepy Hig. Med. Doswiadczalnej Online 65, 104–113.

Gutteridge, J.M., 1984. Lipid peroxidation initiated by superoxide-dependent hydroxyl
radicals using complexed iron and hydrogen peroxide. FEBS Lett. 172, 245–249.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases. The first en-
zymatic step in mercapturic acid formation. J. Biol. Chem. 249, 7130–7139.

Hagedorn, M., McCarthy, M., Carter, V.L., Meyers, S.A., 2012. Oxidative stress in zeb-
rafish (Danio rerio) sperm. PLoS One 7, e39397. https://doi.org/10.1371/journal.
pone.0039397.

Halliwell, B., 2006. Oxidative stress and neurodegeneration: where are we now? J.
Neurochem. 97, 1634–1658. https://doi.org/10.1111/j.1471-4159.2006.03907.x.

Hassan, W., Noreen, H., Castro-Gomes, V., Mohammadzai, I., da Rocha, J.B.T., Landeira-
Fernandez, J., 2016. Association of oxidative stress with psychiatric disorders. Curr.
Pharmaceut. Des. 22, 2960–2974.

Hovatta, I., Juhila, J., Donner, J., 2010. Oxidative stress in anxiety and comorbid dis-
orders. Neurosci. Res. 68, 261–275. https://doi.org/10.1016/j.neures.2010.08.007.

Kalueff, A.V., Wheaton, M., Murphy, D.L., 2007. What's wrong with my mouse model?
Advances and strategies in animal modeling of anxiety and depression. Behav. Brain
Res. 179, 1–18. https://doi.org/10.1016/j.bbr.2007.01.023.

Kalueff, A.V., Gebhardt, M., Stewart, A.M., Cachat, J.M., Brimmer, M., Chawla, J.S.,
Craddock, C., Kyzar, E.J., Roth, A., Landsman, S., Gaikwad, S., Robinson, K., Baatrup,
E., Tierney, K., Shamchuk, A., Norton, W., Miller, N., Nicolson, T., Braubach, O.,
Gilman, C.P., Pittman, J., Rosemberg, D.B., Gerlai, R., Echevarria, D., Lamb, E.,
Neuhauss, S.C.F., Weng, W., Bally-Cuif, L., Schneider, H., 2013. Towards a compre-
hensive catalog of zebrafish behavior 1.0 and beyond. Zebrafish 10, 70–86. https://
doi.org/10.1089/zeb.2012.0861.

Kalueff, A.V., Stewart, A.M., Gerlai, R., 2014. Zebrafish as an emerging model for
studying complex brain disorders. Trends Pharmacol. Sci. 35, 63–75. https://doi.org/
10.1016/j.tips.2013.12.002.

Kessler, R.C., Chiu, W.T., Demler, O., Merikangas, K.R., Walters, E.E., 2005. Prevalence,
severity, and comorbidity of 12-month DSM-IV disorders in the national comorbidity
survey replication. Arch. Gen. Psychiatr. 62, 617–627. https://doi.org/10.1001/
archpsyc.62.6.617.

Kuloglu, M., Atmaca, M., Tezcan, E., Gecici, O., Tunckol, H., Ustundag, B., 2002a.
Antioxidant enzyme activities and malondialdehyde levels in patients with obsessive-
compulsive disorder. Neuropsychobiology 46, 27–32. https://doi.org/10.1159/
000063573.

Kuloglu, M., Atmaca, M., Tezcan, E., Ustundag, B., Bulut, S., 2002b. Antioxidant enzyme
and malondialdehyde levels in patients with panic disorder. Neuropsychobiology 46,
186–189. https://doi.org/10.1159/000067810.

Kysil, E.V., Meshalkina, D.A., Frick, E.E., Echevarria, D.J., Rosemberg, D.B., Maximino,
C., Lima, M.G., Abreu, M.S., Giacomini, A.C., Barcellos, L.J.G., Song, C., Kalueff, A.V.,
2017. Comparative analyses of zebrafish anxiety-like behavior using conflict-based
novelty tests. Zebrafish 14, 197–208. https://doi.org/10.1089/zeb.2016.1415.

Langley, B., Ratan, R.R., 2004. Oxidative stress-induced death in the nervous system: cell
cycle dependent or independent? J. Neurosci. Res. 77, 621–629. https://doi.org/10.
1002/jnr.20210.

Maximino, C., Marques de Brito, T., Dias, C.A.G. de M., Gouveia, A., Morato, S., 2010.
Scototaxis as anxiety-like behavior in fish. Nat. Protoc. 5, 209–216. https://doi.org/
10.1038/nprot.2009.225.

Maximino, C., do Carmo Silva, R.X., Dos Santos Campos, K., de Oliveira, J.S., Rocha, S.P.,
Pyterson, M.P., Dos Santos Souza, D.P., Feitosa, L.M., Ikeda, S.R., Pimentel, A.F.N.,
Ramos, P.N.F., Costa, B.P.D., Herculano, A.M., Rosemberg, D.B., Siqueira-Silva, D.H.,

V.A. Quadros, et al. Neurochemistry International 129 (2019) 104488

7

https://doi.org/10.1038/nature12111
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref2
https://doi.org/10.1016/j.psychres.2002.12.004
https://doi.org/10.1177/0269881105059253
https://doi.org/10.1177/0269881105059253
https://doi.org/10.1016/j.euroneuro.2010.02.015
https://doi.org/10.1016/j.euroneuro.2010.02.015
https://doi.org/10.1515/BC.2002.053
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref7
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref7
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref7
https://doi.org/10.1016/j.bbr.2016.12.018
https://doi.org/10.1038/nrendo.2009.106
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref10
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref10
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref10
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref11
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref11
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref12
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref12
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref12
https://doi.org/10.1016/j.bbr.2009.06.022
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref14
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1016/j.jad.2013.11.016
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref17
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref17
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref18
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref18
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref19
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref19
https://doi.org/10.1371/journal.pone.0039397
https://doi.org/10.1371/journal.pone.0039397
https://doi.org/10.1111/j.1471-4159.2006.03907.x
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref22
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref22
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref22
https://doi.org/10.1016/j.neures.2010.08.007
https://doi.org/10.1016/j.bbr.2007.01.023
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1016/j.tips.2013.12.002
https://doi.org/10.1016/j.tips.2013.12.002
https://doi.org/10.1001/archpsyc.62.6.617
https://doi.org/10.1001/archpsyc.62.6.617
https://doi.org/10.1159/000063573
https://doi.org/10.1159/000063573
https://doi.org/10.1159/000067810
https://doi.org/10.1089/zeb.2016.1415
https://doi.org/10.1002/jnr.20210
https://doi.org/10.1002/jnr.20210
https://doi.org/10.1038/nprot.2009.225
https://doi.org/10.1038/nprot.2009.225


Lima-Maximino, M., 2018a. Sensory ecology of ostariophysan alarm substances. J.
Fish Biol. https://doi.org/10.1111/jfb.13844.

Maximino, C., de Brito, T.M., Colmanetti, R., Pontes, A.A.A., de Castro, H.M., de Lacerda,
R.I.T., Morato, S., Gouveia, A., 2010a. Parametric analyses of anxiety in zebrafish
scototaxis. Behav. Brain Res. 210, 1–7. https://doi.org/10.1016/j.bbr.2010.01.031.

Maximino, C., de Brito, T.M., da Silva Batista, A.W., Herculano, A.M., Morato, S.,
Gouveia, A., 2010b. Measuring anxiety in zebrafish: a critical review. Behav. Brain
Res. 214, 157–171. https://doi.org/10.1016/j.bbr.2010.05.031.

Maximino, C., Puty, B., Matos Oliveira, K.R., Herculano, A.M., 2013. Behavioral and
neurochemical changes in the zebrafish leopard strain. Genes Brain Behav. 12,
576–582. https://doi.org/10.1111/gbb.12047.

Maximino, C., Lima, M.G., Costa, C.C., Guedes, I.M.L., Herculano, A.M., 2014. Fluoxetine
and WAY 100,635 dissociate increases in scototaxis and analgesia induced by con-
specific alarm substance in zebrafish (Danio rerio Hamilton 1822). Pharmacol.
Biochem. Behav. 124, 425–433. https://doi.org/10.1016/j.pbb.2014.07.003.

Maximino, C., Meinerz, D.L., Fontana, B.D., Mezzomo, N.J., Stefanello, F.V., de S Prestes,
A., Batista, C.B., Rubin, M.A., Barbosa, N.V., Rocha, J.B.T., Lima, M.G., Rosemberg,
D.B., 2018b. Extending the analysis of zebrafish behavioral endophenotypes for
modeling psychiatric disorders: fear conditioning to conspecific alarm response.
Behav. Process. 149, 35–42. https://doi.org/10.1016/j.beproc.2018.01.020.

McEwen, B.S., 2007. Physiology and neurobiology of stress and adaptation: central role of
the brain. Physiol. Rev. 87, 873–904. https://doi.org/10.1152/physrev.00041.2006.

Miller, A.H., Raison, C.L., 2016. The role of inflammation in depression: from evolu-
tionary imperative to modern treatment target. Nat. Rev. Immunol. 16, 22–34.
https://doi.org/10.1038/nri.2015.5.

Misra, H.P., Fridovich, I., 1972. The role of superoxide anion in the autoxidation of
epinephrine and a simple assay for superoxide dismutase. J. Biol. Chem. 247,
3170–3175.

Mocelin, R., Herrmann, A.P., Marcon, M., Rambo, C.L., Rohden, A., Bevilaqua, F., de
Abreu, M.S., Zanatta, L., Elisabetsky, E., Barcellos, L.J.G., Lara, D.R., Piato, A.L.,
2015. N-acetylcysteine prevents stress-induced anxiety behavior in zebrafish.
Pharmacol. Biochem. Behav. 139 Pt B, 121–126. https://doi.org/10.1016/j.pbb.
2015.08.006.

Mocelin, R., Marcon, M., D’ambros, S., Mattos, J., Sachett, A., Siebel, A.M., Herrmann,
A.P., Piato, A., 2018. N-acetylcysteine reverses anxiety and oxidative damage in-
duced by unpredictable chronic stress in zebrafish. Mol. Neurobiol. https://doi.org/
10.1007/s12035-018-1165-y.

Moniczewski, A., Gawlik, M., Smaga, I., Niedzielska, E., Krzek, J., Przegaliński, E., Pera,
J., Filip, M., 2015. Oxidative stress as an etiological factor and a potential treatment
target of psychiatric disorders. Part 1. Chemical aspects and biological sources of
oxidative stress in the brain. Pharmacol. Rep. PR 67, 560–568. https://doi.org/10.
1016/j.pharep.2014.12.014.

Müller, T.E., Nunes, S.Z., Silveira, A., Loro, V.L., Rosemberg, D.B., 2017. Repeated
ethanol exposure alters social behavior and oxidative stress parameters of zebrafish.
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 79, 105–111. https://doi.org/10.
1016/j.pnpbp.2017.05.026.

Niedzielska, E., Smaga, I., Gawlik, M., Moniczewski, A., Stankowicz, P., Pera, J., Filip, M.,
2016. Oxidative stress in neurodegenerative diseases. Mol. Neurobiol. 53,
4094–4125. https://doi.org/10.1007/s12035-015-9337-5.

Nunes, M.E., Müller, T.E., Braga, M.M., Fontana, B.D., Quadros, V.A., Marins, A.,
Rodrigues, C., Menezes, C., Rosemberg, D.B., Loro, V.L., 2017. Chronic treatment
with paraquat induces brain injury, changes in antioxidant defenses system, and
modulates behavioral functions in zebrafish. Mol. Neurobiol. 54, 3925–3934. https://
doi.org/10.1007/s12035-016-9919-x.

Ogawa, S., Nathan, F.M., Parhar, I.S., 2014. Habenular kisspeptin modulates fear in the
zebrafish. Proc. Natl. Acad. Sci. U. S. A 111, 3841–3846. https://doi.org/10.1073/
pnas.1314184111.

Oliveira, T.A., Idalencio, R., Kalichak, F., Dos Santos Rosa, J.G., Koakoski, G., de Abreu,
M.S., Giacomini, A.C.V., Gusso, D., Rosemberg, D.B., Barreto, R.E., Barcellos, L.J.G.,

2017. Stress responses to conspecific visual cues of predation risk in zebrafish. PeerJ
5, e3739. https://doi.org/10.7717/peerj.3739.

Ozdemir, E., Cetinkaya, S., Ersan, S., Kucukosman, S., Ersan, E.E., 2009. Serum selenium
and plasma malondialdehyde levels and antioxidant enzyme activities in patients
with obsessive-compulsive disorder. Prog. Neuro-Psychopharmacol. Biol. Psychiatry
33, 62–65. https://doi.org/10.1016/j.pnpbp.2008.10.004.

Pisoschi, A.M., Pop, A., 2015. The role of antioxidants in the chemistry of oxidative stress:
a review. Eur. J. Med. Chem. 97, 55–74. https://doi.org/10.1016/j.ejmech.2015.04.
040.

Quadros, V.A., Silveira, A., Giuliani, G.S., Didonet, F., Silveira, A.S., Nunes, M.E., Silva,
T.O., Loro, V.L., Rosemberg, D.B., 2016. Strain- and context-dependent behavioural
responses of acute alarm substance exposure in zebrafish. Behav. Process. 122, 1–11.
https://doi.org/10.1016/j.beproc.2015.10.014.

Quadros, V.A., Costa, F.V., Canzian, J., Nogueira, C.W., Rosemberg, D.B., 2018.
Modulatory role of conspecific alarm substance on aggression and brain monoamine
oxidase activity in two zebrafish populations. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry. https://doi.org/10.1016/j.pnpbp.2018.03.018.

Rammal, H., Bouayed, J., Younos, C., Soulimani, R., 2008. Evidence that oxidative stress
is linked to anxiety-related behaviour in mice. Brain Behav. Immun. 22, 1156–1159.
https://doi.org/10.1016/j.bbi.2008.06.005.

Riaza Bermudo-Soriano, C., Perez-Rodriguez, M.M., Vaquero-Lorenzo, C., Baca-Garcia, E.,
2012. New perspectives in glutamate and anxiety. Pharmacol. Biochem. Behav. 100,
752–774. https://doi.org/10.1016/j.pbb.2011.04.010.

Rocha, M.J., Rocha, E., Resende, A.D., Lobo-da-Cunha, A., 2003. Measurement of per-
oxisomal enzyme activities in the liver of brown trout (Salmo trutta), using spec-
trophotometric methods. BMC Biochem. 4, 2.

Rosa, L.V., Ardais, A.P., Costa, F.V., Fontana, B.D., Quadros, V.A., Porciúncula, L.O.,
Rosemberg, D.B., 2018. Different effects of caffeine on behavioral neurophenotypes
of two zebrafish populations. Pharmacol. Biochem. Behav. 165, 1–8. https://doi.org/
10.1016/j.pbb.2017.12.002.

Rosemberg, D.B., Braga, M.M., Rico, E.P., Loss, C.M., Córdova, S.D., Mussulini, B.H.M.,
Blaser, R.E., Leite, C.E., Campos, M.M., Dias, R.D., Calcagnotto, M.E., de Oliveira,
D.L., Souza, D.O., 2012. Behavioral effects of taurine pretreatment in zebrafish
acutely exposed to ethanol. Neuropharmacology 63, 613–623. https://doi.org/10.
1016/j.neuropharm.2012.05.009.

Sanches, F.H.C., Miyai, C.A., Pinho-Neto, C.F., Barreto, R.E., 2015. Stress responses to
chemical alarm cues in Nile tilapia. Physiol. Behav. 149, 8–13. https://doi.org/10.
1016/j.physbeh.2015.05.010.

Shin, J.T., Fishman, M.C., 2002. From Zebrafish to human: modular medical models.
Annu. Rev. Genom. Hum. Genet. 3, 311–340. https://doi.org/10.1146/annurev.
genom.3.031402.131506.

Smaga, I., Niedzielska, E., Gawlik, M., Moniczewski, A., Krzek, J., Przegaliński, E., Pera,
J., Filip, M., 2015. Oxidative stress as an etiological factor and a potential treatment
target of psychiatric disorders. Part 2. Depression, anxiety, schizophrenia and autism.
Pharmacol. Rep. PR 67, 569–580. https://doi.org/10.1016/j.pharep.2014.12.015.

Speedie, N., Gerlai, R., 2008. Alarm substance induced behavioral responses in zebrafish
(Danio rerio). Behav. Brain Res. 188, 168–177. https://doi.org/10.1016/j.bbr.2007.
10.031.

Stewart, A.M., Grossman, L., Nguyen, M., Maximino, C., Rosemberg, D.B., Echevarria,
D.J., Kalueff, A.V., 2014. Aquatic toxicology of fluoxetine: understanding the knowns
and the unknowns. Aquat. Toxicol. Amst. Neth 156, 269–273. https://doi.org/10.
1016/j.aquatox.2014.08.014.

Yan, L.J., Traber, M.G., Packer, L., 1995. Spectrophotometric method for determination of
carbonyls in oxidatively modified apolipoprotein B of human low-density lipopro-
teins. Anal. Biochem. 228, 349–351. https://doi.org/10.1006/abio.1995.1362.

Zhang, X.Y., Yao, J.K., 2013. Oxidative stress and therapeutic implications in psychiatric
disorders. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 46, 197–199. https://doi.
org/10.1016/j.pnpbp.2013.03.003.

V.A. Quadros, et al. Neurochemistry International 129 (2019) 104488

8

https://doi.org/10.1111/jfb.13844
https://doi.org/10.1016/j.bbr.2010.01.031
https://doi.org/10.1016/j.bbr.2010.05.031
https://doi.org/10.1111/gbb.12047
https://doi.org/10.1016/j.pbb.2014.07.003
https://doi.org/10.1016/j.beproc.2018.01.020
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1038/nri.2015.5
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref41
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref41
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref41
https://doi.org/10.1016/j.pbb.2015.08.006
https://doi.org/10.1016/j.pbb.2015.08.006
https://doi.org/10.1007/s12035-018-1165-y
https://doi.org/10.1007/s12035-018-1165-y
https://doi.org/10.1016/j.pharep.2014.12.014
https://doi.org/10.1016/j.pharep.2014.12.014
https://doi.org/10.1016/j.pnpbp.2017.05.026
https://doi.org/10.1016/j.pnpbp.2017.05.026
https://doi.org/10.1007/s12035-015-9337-5
https://doi.org/10.1007/s12035-016-9919-x
https://doi.org/10.1007/s12035-016-9919-x
https://doi.org/10.1073/pnas.1314184111
https://doi.org/10.1073/pnas.1314184111
https://doi.org/10.7717/peerj.3739
https://doi.org/10.1016/j.pnpbp.2008.10.004
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1016/j.beproc.2015.10.014
https://doi.org/10.1016/j.pnpbp.2018.03.018
https://doi.org/10.1016/j.bbi.2008.06.005
https://doi.org/10.1016/j.pbb.2011.04.010
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref56
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref56
http://refhub.elsevier.com/S0197-0186(19)30102-0/sref56
https://doi.org/10.1016/j.pbb.2017.12.002
https://doi.org/10.1016/j.pbb.2017.12.002
https://doi.org/10.1016/j.neuropharm.2012.05.009
https://doi.org/10.1016/j.neuropharm.2012.05.009
https://doi.org/10.1016/j.physbeh.2015.05.010
https://doi.org/10.1016/j.physbeh.2015.05.010
https://doi.org/10.1146/annurev.genom.3.031402.131506
https://doi.org/10.1146/annurev.genom.3.031402.131506
https://doi.org/10.1016/j.pharep.2014.12.015
https://doi.org/10.1016/j.bbr.2007.10.031
https://doi.org/10.1016/j.bbr.2007.10.031
https://doi.org/10.1016/j.aquatox.2014.08.014
https://doi.org/10.1016/j.aquatox.2014.08.014
https://doi.org/10.1006/abio.1995.1362
https://doi.org/10.1016/j.pnpbp.2013.03.003
https://doi.org/10.1016/j.pnpbp.2013.03.003

	Involvement of anxiety-like behaviors and brain oxidative stress in the chronic effects of alarm reaction in zebrafish populations
	Introduction
	Materials and methods
	Animals
	Conspecific alarm substance extraction and exposure protocol
	Behavioral measurements
	Behavioral tests
	Light/dark test
	Novel tank test

	Biochemical parameters
	Tissue preparation
	Antioxidant enzymatic defenses
	Non-protein thiol content quantification
	Measurement of lipid peroxidation and protein carbonylation

	Protein quantification
	Statistical analyses

	Results
	Repeated CAS exposure increases anxiety-like behaviors in WT and leo populations
	CAS chronically alters antioxidant parameters and lipid peroxidation

	Discussion
	Conclusion
	Conflicts of interest
	Acknowledgments
	References




