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ARTICLE INFO ABSTRACT

Editor: Dr. Lawrence Lash

Oxytetracycline (OTC) is one of the broad-spectrum antibiotics widely used for the treatment of fish-farm
infection. Considering that behavior is directly related to reproduction, individual fitness, and survival, it is

Keywords: important to evaluate the impact of antibiotics on the behavioral repertoire in fish. Zebrafish (Danio rerio)
AnXiet.Y presents a well-described behavioral repertoire to reliably demonstrate complex responses to chemical com-
lé(e,}rl;:;?r pound exposure. This work aims to identify the role of OTC in comprehensive behavioral parameters and whole-
Oxytetracycline body cortisol levels in adult zebrafish. Here we report that OTC exposure (10, 20, and 100 mg/L) induces an
Zebrafish anxiogenic-like phenotype in the novel tank test. OTC exposure also changes the behavior of social interaction

with a shoal of unknown zebrafish - characterized as a stimulus group. Zebrafish exposed to OTC (10 mg/L)
remains a longer period in the stimulus zone when compared to the control group. Clonazepam (0.006 mg/L)
was able to reverse anxiogenic-like behavior and the changes in social behavior induced by OTC. We also
demonstrated that cortisol levels were significantly decreased after exposure to OTC (10, 20, and 100 mg/L),
which were not reversed by clonazepam. These findings highlight the growing utility of zebrafish as a model to

understand the impact of antibiotics on behavior and their underlying mechanisms.

1. Introduction

Since their discovery, antibiotics had been used for human health,
but also in the most diverse areas of animal production ranging from
bees and fish (Ignasiak and Maxwell, 2018; Leal et al., 2017) to poultry,
pigs, and cattle (Gajda et al., 2017; Omija et al., 1994). Currently, fish
production in intensive systems increases the biomass of the environ-
ment and can result in increased susceptibility to diseases that cause
financial loss. Therefore, it is essential to introduce constant prophy-
lactic methods, such as treatments with antibiotics, which are a common
practice among fish farms (Miranda et al., 2018). The dependence-
relationship on the use of antibiotics in aquatic systems presents as-
pects of resistance (Fauci and Morens, 2012; Monteiro et al., 2016b),
which is a global concern for animal and human health (Roth et al.,
2019).

Oxytetracycline (OTC), a broad-spectrum antibiotic, is essential for
veterinary use and is also used for treating infections in humans (Rok

et al., 2017). Despite the benefits, OTC, as well as other antibiotics, has
been shown to cause severe dysbiosis by reducing the microbial com-
munity and making room for opportunistic bacteria in the fish gut due to
their antibacterial activity (Leal et al., 2017; Lu et al., 2019; Omija et al.,
1994). In addition, in recent years, in vivo trials have proposed a rela-
tionship between the use of antibiotics and anxiety-like behavior (Li
et al., 2019; Lurie et al., 2015; Schmidtner et al., 2019) through intes-
tinal dysbiosis (Cryan et al., 2019; Han and Kim, 2019). Physiological
functions can be impaired during stress situations and compromise fish
welfare (Aerts et al., 2015), with environmental and financial impacts in
aquaculture.

Studies have demonstrated that OTC is more than 90% excreted via
the feces without significant biotransformation into the surrounding
water (Cravédi et al., 1987). OTC has been detected in several aquatic
environments around the world due to its continuous release and
persistence at concentrations ranging from 10 to 7993 ng/L (120-152
ng/L - Drweca river, Poland, Harnisz et al., 2015; 14-7993 ng/L - Ilha
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Solteira Reservoir, Brazil, Monteiro et al., 2016a; 10 ng/L - Luxembourg,
Pailler et al., 2009; 287 ng/L - Bohai Bay, China; Zou et al., 2011).
Despite the known antimicrobial action, the effects of OTC in behavioral
and biochemical parameters on aquatic systems and non-target species
remain to be better investigated. Previous studies have shown that long-
term exposure to OTC induced changes in fish behavior (increased hy-
peractivity) as well as also decreased cellular energy (Cellular Energy
Allocation, classified as energy available and energy consumption of an
organism) and antioxidant enzymes (Glutathione as an antioxidant;
Almeida et al., 2019b). Effects in alpha and beta diversity were also
described in the fish gut and water bacterial communities (Almeida
et al., 2019a). After the OTC exposure ceases, a recovery in energy
allocation and water and gut microbiomes was observed (Almeida et al.,
2021). Moreover, long-term exposure to low concentrations of OTC may
alter the endocrine responses through changes in T3 and TSH contents as
well as in genes involved in the hypothalamus-pituitary-thyroid (HPT)
axis, disrupting the thyroid system and the development of zebrafish (Yu
et al., 2020).

Considering that behavior is directly related to reproduction, indi-
vidual fitness, and survival, it is important to evaluate the impact of
antibiotics on the behavioral repertoire in fish (Juntti and Fernald,
2016). In this sense, zebrafish is a useful animal model for toxicological
and neurobehavioral studies, since several behavioral tasks were already
developed in larval and adult stages (Basnet et al., 2019; Cognato et al.,
2012; Facciol and Gerlai, 2020; Gaspary et al., 2018). This species forms
shoals and dominance hierarchies and has neophiliac responses to new
environments/conditions, anxiety-like and aggressive behaviors (De
Abreu et al., 2019; Rambo et al., 2017; Reolon et al., 2018).

Since OTC is widely used for human and animal health and there is a
relationship between the presence of antibiotics in aquatic environments
and behavioral responses in fish, in this study we investigated the effects
of OTC on behavioral parameters, such as locomotion, anxiety, and so-
cial interaction in adult zebrafish. Considering that clonazepam acts as a
GABA-A receptor agonist and induces anxiolytic effects (Mohler, 2012;
Savage et al., 2018; Smart and Stephenson, 2019), we tested clonazepam
to evaluate if behavioral changes promoted by OTC are related to the
anxiety-like behavior. Given the possible complexity of interactions
between antibiotics and behavior, we also quantified cortisol levels to
address the potential mechanisms underlying the effects of OTC expo-
sure on the zebrafish behavior.

2. Methods
2.1. Animals and housing conditions

A total of 439 adult (7-8 months) zebrafish (strain AB) from our
breeding colony were used in equal proportions (male/female). Fish
were kept in automated recirculating systems (Zebtec, Tecniplast, Italy).
The Zebtec contain reverse osmosis filtered water at the recommended
temperature (28 °C + 2 °C), pH (7.0-7.5), conductivity (300-700 pS),
hardness (80-300 mg/L), ammonia, nitrite, nitrate, and chloride levels
for this species (Westerfield, 2007, 2000). The animals were maintained
on a light/dark cycle - 14/10 h. All fish are fed with commercial flakes
(TetraMin Tropical Flake Fish®) three times a day. Fourteen days post-
fertilization, we supplemented the diet with brine shrimp (Westerfield,
2000). The OTC-exposed fish were kept in the same parameters of water
quality, light, and food as the control animals. However, to expose them
to treatment, 10 fish were taken from at least four different tanks, and
then they were randomly distributed in the experimental tanks. All
procedures followed the guidelines of the Brazilian Council of Animal
Experimentation for Use of Fish in Research (CONCEA) and the Brazilian
legislation (Lei 11.794/08). The sample number to behavioral and
biochemical analyzes were based on previous studies performed for our
group (Altenhofen et al., 2019; Gaspary et al., 2018) and other research
groups that used zebrafish as an animal model (Kalichak et al., 2016;
Menezes and Da Silva, 2017). The protocols were approved by the
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Institutional Animal Care Committee from Pontificia Universidade
Catolica do Rio Grande do Sul (CEUA-PUCRS, protocol number 8950/
2018). This study was registered in the Sistema Nacional de Gestao do
Patrimonio Genetico e Conhecimento Tradicional Associado-SISGEN
(Protocol No. A3B073D).

2.2. Oxytetracycline (OTC) exposure

The animals were chosen randomly and divided into the following
treatments: Water (control group), nominal concentrations of 10 mg/L,
20 mg/L, and 100 mg/L OTC (CAS number 79-57-2), considering a
density of two animals per liter. The concentrations chosen were based
on indications for use in fish production systems (10, 20, and 100 mg/L;
Noga, 2010), and studies using zebrafish as an animal model (10 mg/L;
Almeida et al., 2019b). The test solutions were dissolving using water
from the zebrafish recirculation system. For all groups, the exposure
time was 96 h, with treatment exchanged daily. The essential parame-
ters were monitored daily based on previous studies (Westerfield, 2000,
2007). After the novel tank test, more significant effects at 10 mg/L OTC
were observed, which was the concentration tested in the subsequent
assays.

2.3. Quantification of OTC by LC-UV

Oxytetracycline solution (10 mg/L) was quantified by liquid chro-
matography coupled to a UV detector (LC-UV). All collected samples
were frozen and stored at —20 °C. Before LC-UV analysis, samples were
thawed and diluted with formic acid for a final concentration of 0.1% of
the acid. The chromatographic system was an Agilent LC 1100 equipped
with a quaternary pump, autosampler, column oven, and a diode-array
detector (Agilent Technologies, USA). The separation was performed on
a Zorbax Extended-C18 RRHD (5 x 2.1 mm, 1.8 ym, Agilent Technol-
ogies, USA) column using a mobile phase consisted of 0.1% formic acid
and 0.1% formic acid in acetonitrile, in isocratic mode (83:17 v/v) and
flow of 0.25 mL/min. The total chromatographic run was 6 min, column
temperature of 40 °C, and an injection volume of 10 pL. Quantification
was performed by external standardization with calibration curve at
concentrations of 0.0, 5.0, 10.0, 50.0, 100.0 and 150.0 mg/L. Standards
were prepared individually in 0.1% formic acid at 1 mg/mL and diluted
with mobile phase before LC-UV analysis.

2.4. Clonazepam exposure

To understand the mechanisms involved in the behavioral changes
induced by OTC, we used clonazepam, a benzodiazepine drug widely
used for generalized and social anxiety (Dokkedal-Silva et al., 2019;
Perna et al., 2016). To validate the anxiety-like behavior, we tested a
concentration of 0.006 mg/L clonazepam for 10 min of exposure as a
positive control. The clonazepam concentration was chosen based on a
study where it was demonstrated that 0.006 mg/L clonazepam for 10
min had an excellent anxiolytic response in the zebrafish (Magno et al.,
2015). The fish were exposed to clonazepam in a 500 mL beaker before
being recorded for behavioral analysis.

2.5. Novel tank test

In experimental tanks with water (30 cm long x 15 cm high x 10 cm
wide), each fish was placed individually and recorded for 6 min (1280 x
720 pixels). After a 1 min habituation period, we analyzed the loco-
motion and exploratory patterns of the fish using the EthoVision XT®
tracking software (version 11.5, Noldus, Wageningen, Netherlands) at a
rate of 30 positions per second (Altenhofen et al., 2017; Gusso et al.,
2020). The following behavioral parameters were evaluated: distance
(m), erratic movement (deg/cm), turn angle (deg), time spent in the
upper zone (s), latency to enter the upper zone (s), crossings to the upper
zone, and freezing. Not moving time as a total absence of movement,
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except for gills and eyes at less than 0.59 cm/s, is defined as freezing.
The experiments were performed in experimental triplicate.

2.6. Social interaction

Immediately after the exposure period, each fish was placed in an
experimental tank (30 cm length x 15 cm height x 10 cm width). On
one side of the experimental tank, there was a tank with 10 fish classified
as “stimulus” and on the other side a tank with only water. The di-
mensions from the stimulus and the non-stimulus tank were 10 cm
length x 15 cm height x 10 cm width. After being introduced into the
tank, the fish had 1 min to acclimatize followed by a 5 min video
recording. To quantify social interaction and innate preference for
conspecifics, the experimental tank was virtually divided into two
halves: a “stimulus zone” closer to the “stimulus tank” and the other
remaining half closer to the empty tank. The fish preference for the
stimulus or non-stimulus side was assessed by dividing the aquarium
during the analysis. The time spent by the fish in each zone, the number
of times it crossed each zone, and latency to the first entry in the zone
were measured using the EthoVision XT® tracking software (version
11.5, Noldus, Wageningen, Netherlands). The social interaction protocol
was based on previous studies (Gerlai et al., 2000; Gusso et al., 2020;
Meshalkina et al., 2018). The experiments were performed in experi-
mental triplicate.

2.7. Whole-body cortisol determination

Immediately after treatment, the animals were removed using a net
and euthanized by hypothermic shock. Fish were frozen immediately
after euthanasia for further analysis. Each zebrafish was weighted,
minced, and placed into a test tube. It was added 3 mL phosphate-
buffered saline pH 7.4 (PBS) to each 0.5 g fish tissue to macerate
using IKA® T10 basic — ULTRA-TURRAX®. The homogeneous content
was transferred to a new test tube and ethyl ether (3 mL) was added 3
times. After each time that the ether was added, each tube was vortexed
(60 s), frozen in liquid nitrogen (30 s), and the not frozen portion (ethyl
ether containing cortisol) was transferred to a new tube to completely
evaporate giving rise to a lipid extract containing cortisol. After com-
plete ether evaporation (6 h), each sample was diluted with 0.2 mL of
phosphate-buffered saline (PBS), pH 7.4, and transferred to 1.5 mL
Eppendorf. We measured whole-body cortisol in duplicate samples of
extracted tissue and determined the concentration by an enzyme
immunoassay kit (ELISA; EIAgen CORTISOL test, Bio Chem Immuno
Systems) of tissue extracts resuspended in PBS (Gaspary et al., 2018;
Gusso et al., 2020). The linear regression test was performed between
the curves, showing a high positive correlation (R2 = 0.9997). The inter-
assay coefficient of variation was 1% to 7% and the intra-assay coeffi-
cient ranged from 1% to 5%. The experiments were performed in
experimental quadruplicate.

2.8. Statistical analysis

Data are expressed as mean =+ standard error of the mean (SEM). For
all comparisons, a significance level of p < 0.05 was considered. The
distribution of the data was evaluated for normality by the Shapiro-Wilk
test. Data from novel tank test and anxiety were evaluated with one-way
analysis of variance (ANOVA) followed by Tukey test as a post hoc. Social
interaction was analyzed by the Kruskal-Wallis test following Dunn’s
multiple comparisons test. The effects of OTC plus clonazepam on
locomotion, anxiety, social interaction, and cortisol were analyzed by
two-way analysis of variance (ANOVA), followed by Tukey test as a post
hoc. The non-normal data were adjusted through the Log-transformation
for each data and analyzed using two-way ANOVA. GraphPad Prism 8
(La Jolla, CA, USA) software was used for statistical analysis.

Toxicology and Applied Pharmacology 426 (2021) 115616

3. Results
3.1. Novel tank test

In all OTC concentrations, there were no changes in the locomotor
parameters tested, such as distance (F(3, ggy = 1.511, p = 0.2173;
Fig. 1A), freezing (F(3, g2) = 0.9251, p = 0.4325; Fig. 1B), and in erratic
movements (F(3, g4) = 0.5442, p = 0.6534; Fig. 1C) compared to control.
Following the anxiety parameters, we observed that animals exposed to
10 mg/L OTC took longer to entry the top of the tank compared to the
control group (F3, g5y = 10.97, p < 0.0001; Fig. 2A). For all OTC con-
centrations tested, we observed that fish entered the top less often than
the control group (F(3, 96y = 9.550, p < 0.0001; Fig. 2B). In addition, at
the concentrations of 10, 20, and 100 mg/L OTC, the fish spent less time
at the top than the control group (F(s, gg) = 10.82, p < 0.0001; Fig. 2C).

3.2. Social behavior

Fig. 3 demonstrated the effects of OTC on social interaction in
zebrafish. We observed a decrease in the latency to enter the stimulus
zone at 20 mg/L (H =10.19), p=0.0170; Fig. 3A). The group exposed to
10 mg/L OTC spent a longer time in the stimulus zone compared to the
control group (H = 13.43, p = 0.0195; Fig. 3B). In addition, zebrafish
exposed to 10 mg/L OTC has a lower frequency of entrances in the
stimulus zone (H = 12.48, p = 0.0042; Fig. 3C) when compared to the
control.

3.3. Quantification of OTC by LC-UV

Considering that we observed more significant effects with 10 mg/L
OTC in the behavioral analysis, this concentration was chosen for the
subsequent tests. OTC (10 mg/L) was quantified in tank solutions by the
LC-UV method and resulted in a concentration of 9.44 + 1.06 mg/L,
which are values very close to the nominal concentration. Therefore, we
maintained this concentration expressed as the nominal concentration.

3.4. Effects of clonazepam after OTC exposure on behavioral parameters

To evaluate the mechanisms involved in the anxiogenic-like re-
sponses induced by OTC, animals were exposed to 0.006 mg/L clonaz-
epam for 10 min. The treatment with clonazepam after OTC exposure
(10 mg/L) did not alter the distance covered (OTC; F(y, sg) = 1.813,p =
0.1833); (clonazepam; F(;, 58y = 0.9313, p = 0.3385); (Interaction; F(;,
s8) = 1.392, p = 0.2428; Fig. 4A), freezing (OTC Fq, sg) = 1.071, p =
0.3049; clonazepam F(;, sg) = 2.544, p = 0.1161; interaction F(;, sg) =
0.4871, p = 0.4880; Fig. 4B), and erratic movements (OTC; F(1, 57) =
0.7029, p = 0.4053; clonazepam; F(1, 57y = 2.619, p = 0.1111; interac-
tion; F(y, 57) = 0.06673, p = 0.7971; Fig. 4C).

Fig. 5 demonstrates an increase of latency to first in the top (s) in
zebrafish exposed to 10 mg/L compared to the non-exposed group (p =
0.0004). When added clonazepam, we did not see changes in time to get
to the top (OTC; F(1, 56y = 30.85, p < 0.0001; clonazepam; F(1, s56) =
4.195, p = 0.0452; interaction; F(1, 56) = 0.1548, p = 0.6955; Fig. 5A).
We observed that there was a significant decrease in the top entries in
the group exposed to 10 mg/L OTC in relation to the control non-
exposed (p = 0.0287); (OTC; F(1, s9) = 2.396, p = 0.127; clonazepam,;
F, 59) = 0.09941, p = 0.7537; interaction; F(;, 59y = 5.417, p = 0.0234;
Fig. 5B). The results demonstrated a decrease in time spent in the top in
zebrafish exposed to OTC compared to the non-exposed (p = 0.0409).
We also found that OTC plus clonazepam spent more time at the top
compared to the OTC alone (p = 0.0107), suggesting that clonazepam
reversed the anxiogenic-like behavior induced by OTC (OTG; F(1, e0) =
12.45, p = 0.0008; clonazepam; F(1, 60y = 18.22, p < 0.0001; interaction;
Fa, 60) = 0.01665, p = 0.8978; Fig. 5C).

Regarding the social interaction parameters, there were no changes
in the latency to enter in the stimulus zone after exposure to 10 mg/L
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OTC followed by clonazepam (OTC; F(1, ¢4) = 0.004671, p = 0.8590;
clonazepam; F(;, 64y = 0.8655, p = 0.0538); interaction; F(;, 64y = 0.2639,
p = 0.8818; Fig. 6A). However, we observed that the group exposed to
10 mg/1 OTC spent a longer time in the stimulus zone compared to the
control group (p = 0.0072) and this effect was reversed by clonazepam
(p < 0.0001); (OTC; F(q, 87y = 1.792, p = 0.1842; clonazepam; F(y, g7) =
37.93. p < 0.0001; interaction; F(1, g7y = 11.23, p = 0.0012; Fig. 6B). In
addition, we observed that zebrafish exposed to 10 mg/L OTC have a
lower frequency of entrances in the stimulus zone (p = 0.0091). Clo-
nazepam per se also induced a decrease in the frequency of entries in the
stimulus zone (p < 0.0001) and it was unable to reverse the effects
induced by OTC (OTC; F1, gs) = 1.232, p = 0.2702; clonazepam,; F(1, gs)
= 24.69. p < 0.0001; interaction; F(1, g6y = 9.624, p = 0.0026; Fig. 6C).

3.5. Whole-body cortisol levels

We observed that cortisol levels decreased in exposed fish to 10, 20,
and 100 mg/L OTC when compared to the control group (F (3.47) =
5.382; p = 0.0029; Fig. 7A). The exposure to 0.006 mg/L clonazepam
after the fish had been exposed to 10 mg/L OTC did not show recovery of
cortisol levels (OTG; F(1, 46) = 4.594, p = 0.0374; clonazepam; F(1, 4¢6) =
0.1011. p = 0.7520; Interaction; F(1, 46) = 1.913, p = 0.1733; Fig. 7B).

4. Discussion

The current study demonstrated that exposure to OTC caused
anxiogenic-like behavior and altered the social behavior of adult
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Fig. 7. Whole-body cortisol response of zebrafish exposed to (A) OTC. Data were analyzed by one-way ANOVA, followed by post hoc Tukey’s test movements
(Control n=15; 10 mg/L n = 13; 20 mg/L n = 12; 100 mg/L n = 11). (B) Whole-body cortisol levels of zebrafish exposed to OTC followed by clonazepam. Data were
analyzed by two-way ANOVA, followed by Tukey’s multiple comparisons test. Data are expressed as mean + SEM. (Control n = 15; Oxytetracycline n = 13; Clo-
nazepam = 11; Oxytetracycline plus clonazepam n = 11). * indicate significant difference at p < 0.05 and ** p < 0.01.
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zebrafish. In addition, a decrease in whole-body cortisol levels was
observed after exposure to OTC. Clonazepam exposure reversed the
changes observed in the novel tank test and social interaction, i.e., in the
time spent in the top zone and time spent in the stimulus zone,
respectively.

In the novel tank test, the zebrafish preferred to remain at the bottom
of the tank in all OTC concentrations tested. Our results showed a sig-
nificant effect at the concentration of 10 mg/L OTC, where the zebrafish
stay longer at the bottom of the tank and takes longer to enter the top
zone when compared to the control group. The novel tank test stands out
as an exploratory test that can be considered analogous to the open-field
test in rodents (Mocelin et al., 2019). Zebrafish begins to explore the
novel tank slowly and over time, usually during the total time, it ex-
plores all the tank (Kysil et al., 2017; Stewart et al., 2012). The reduction
of exploration especially in the top part of the novel tank can be indic-
ative of anxiogenic-like behavior (Stewart et al., 2012; Valcarce et al.,
2020). However, zebrafish exposed to OTC did not present significant
differences in the immobile time (i.e., freezing). The zebrafish instinct is
to look for safe places, especially when the environment is unknown
(Cachat et al., 2010b; Egan et al., 2009). The search for a place to protect
against predators in an unknown environment includes specific behav-
ioral parameters such as reduced exploration and freezing in the first
minute (Cachat et al., 2010a; Stewart et al., 2012). In addition, we did
not observe changes in distance, suggesting that the anxiety-related ef-
fects induced by OTC were not linked with locomotor changes.

To investigate the anxiety-like behavior observed, clonazepam ef-
fects were evaluated on behavioral changes induced by OTC. Benzodi-
azepines such as clonazepam behave as a GABA-A receptor agonist and
act by increasing the frequency of chloride channel opening. The GABA-
A stimulated by clonazepam opens the chloride channel resulting in
neuron hyperpolarization and decrease firing. As a result, clonazepam
induces calming effects and reduces neurons excitability in the brain
(Mohler, 2012; Savage et al., 2018; Smart and Stephenson, 2019). A
study revealed that zebrafish presents a GABA-A subunit with receptor
characteristics similarly conserved in vertebrates (Sadamitsu et al.,
2021). In addition, it was previously demonstrated that the clonazepam
at 0.006 mg/L prevents the anxiolytic effects in zebrafish without
sedation effects (Magno et al., 2015). Our results demonstrated a similar
distance, freezing, and erratic movements in the fish previously exposed
to OTC plus clonazepam when compared to OTC or control groups,
suggesting that clonazepam did not alter the locomotor behavior.
However, clonazepam was able to reverse the effects induced by OTC in
time spent in the top. Therefore, these findings demonstrated that OTC
induces an anxiety-like behavior reverted by clonazepam.

Our findings also demonstrated that adult zebrafish exposed to OTC
presented an altered social behavior. OTC, at the concentration of 10
mg/L, induced a more dependency of the animals with the co-specific
group (i.e., stimulus group) since they quickly move to the stimulus
zone to stay in contact with the shoal. As prey, zebrafish naturally have
mild anxiety-like behavior, which can be shaped by psychopharma-
ceutical compounds like clonazepam (Zenki et al., 2020). In our results,
an anxiety-like behavior was observed in a novel tank test that coincides
with social interaction. In addition, the animals exposed to OTC at a
concentration of 10 mg/L remained in contact with the shoal for a longer
time, which was reversed by clonazepam exposure.

To evaluate the involvement of the hypothalamic-pituitary-
interrenal (HPI) axis in the anxiogenic-like behavior induced by OTC,
we analyzed the whole-body cortisol levels in zebrafish exposed to 10,
20, and 100 mg/L OTC. Our results demonstrated a reduction in the
cortisol levels in zebrafish exposed to OTC; however, cortisol was not
recovered to the normal levels after clonazepam exposure. A study
demonstrated that socially anxious individuals presented a reduced
cortisol reactivity, which may be due to inadequate energy mobilization,
leading to poor social performance (Cris, 2016). In addition, reduced
cortisol response is a well-documented phenomenon that occurs in
zebrafish after prolonged stress (Giacomini et al., 2015; Shams et al.,
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2017) and exposure to xenobiotics (Giacomini et al., 2016; Gusso et al.,
2020). Our results demonstrated a reduction in cortisol levels in OTC-
treated groups, which presented an anxiogenic-like phenotype. Despite
the exact mechanism by which OTC reduced cortisol response is un-
known, our results suggest that the fish decreased their capacity to
display an adequate response to an adverse environment and maintain
homeostasis. Therefore, further studies may focus on molecular conse-
quences of OTC exposure on the HPI axis, especially on glucocorticoid
receptor and corticotropin-releasing factor. Likewise, while exploratory
and social behaviors were the focus here, analyses of other important
behavioral paradigms also merit further investigation. For instance,
while the novel tank test showed no effects after OTC exposure on lo-
comotor parameters, evaluate other behaviors, such as aggression and
cognition will be needed.

OTC plays a crucial role as a prophylactic and treatment measure in
the production of fish as salmon and tilapia (Botelho et al., 2015;
Miranda et al., 2018). OTC was found in the water in all sample seasons
(Monteiro et al., 2016a), suggesting a continuous exposure to this
compound for the fishes. The effects caused by OTC on zebrafish have a
strong relationship with the microbiota since this compound is unable to
cross the blood-brain barrier. OTC has a high molecular weight and it is
hydrophilic, which causes a restriction in the passage to the brain
(Chemello et al., 2016; Kalaiarasi et al., 2016). HPLC analysis in
zebrafish exposed to OTC showed the highest proportion of the com-
pound in the intestine both in fish exposed through water and iron oxide
nanoparticles that carrying the compound (Chemello et al., 2016). As a
cause of dysbiosis, OTC can eliminate some groups of intestinal bacteria
and, at the same time, favor the growth of other groups (Navarrete et al.,
2008). In our study, we found an anxiogenic-like phenotype after
exposure to OTC, which could be related to changes in the fish micro-
biota, which was already investigated in previous studies (Almeida
et al., 2021). The intestinal microbiota can regulate neurotransmitters
such as serotonin (5-HT; 5-hydroxytryptamine) (Desbonnet et al., 2010).
A recent study showed that exposure of zebrafish to 100 pg/L OTC
reduced serotonin levels (Zenki et al., 2020). Hence, in future works, the
analysis of serotoninergic and other neurotransmitter systems be helpful
to better understand the impact of antibiotics on behavioral responses
induced by OTC.

5. Conclusion

In summary, this study demonstrated behavioral responses induced
by OTC characterized as an anxiety-like behavior and changes in social
interaction in zebrafish, which were reverted by clonazepam. This study
highlights the importance to investigate the effects of antibiotics on
behavioral responses and the mechanisms underlying these responses
since they are extensively used in veterinary medicine and food pro-
duction with potential risks of long-term exposure to environmental
antibiotics in human health.
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