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ARTICLE INFO ABSTRACT

Editor: Julian Blasco The functional conservation of important selective serotonin reuptake inhibitor (SSRI) targets in non-target
organisms raises concerns about their potential adverse effects on the ecosystems. Although the environ-

Keywords: mental levels of SSRIs like paroxetine (PAR) have risen, the knowledge regarding the effects of long-term

Selective serotonin reuptake inhibitors exposure to PAR is limited. This study investigated the impact of sub-chronic exposure (21 days) to two sub-

Second-generation antidepressants
Zebrafish

Sub-chronic effects

Behaviour modification

lethal concentrations of PAR (40 and 400 pg/L) on the behaviour of adult zebrafish in different scenarios:
basal activity (under dark and light conditions), stress response (evoked by sudden light transitions) and stress
response recovery. A new framework was employed for the integrative study of fish's swimming performance
based on their innate ability to respond to light shifts. Several swimming-associated parameters (e.g., total
swimming distance, time of inactivity, swimming angles) and thigmotaxis were monitored for an integrated
analysis in each scenario. Data revealed reduced swimming activity, impaired behavioural response to stress and
alterations in stress recovery of PAR-exposed fish. An anxiolytic effect was particularly noticeable in fish basal
swimming activity in the dark at 400 pg/L and in the behavioural response to stress (from dark to light) and
stress recovery (from light to dark) for organisms exposed to 40 pg/L.

The detected PAR-induced behavioural modifications suggest a disruption of brain glucocorticoid signalling
that may have implications at the individual level (e.g., changing behavioural responses to predators), with
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potential repercussions on the population and community levels. Therefore, the applied protocol proved sensitive
in detecting behavioural changes induced by PAR.

1. Introduction

The consumption of selective serotonin reuptake inhibitors (SSRI)
antidepressants, like paroxetine (PAR), increased significantly due to the
COVID-19 pandemic associated with a higher incidence of depression
and anxiety (Diaz-Camal et al., 2022; Ferreira et al., 2023a). Hence,
their environmental presence is expected to increase as conventional
wastewater treatment plants (WWTPs) have shown to be ineffective in
removing them, constituting a global challenge to the aquatic environ-
ment (Hossain et al., 2021). Previous studies reported PAR concentra-
tions in surface waters of up to 270 ng/L (Arnnok et al., 2017; Sumpter
and Margiotta-Casaluci, 2022) and up to 3380 ng/L in WWTP effluents
from pharmaceutical manufacturing industries (Kleywegt et al., 2019),
with untreated sewage showing even higher levels, reaching up to 39.73
pg/L (Salgado et al., 2011). Because untreated sewage is occasionally
directly released into surface waters, the former can significantly impact
the latter (Nowakowska et al., 2020).

Current data show that SSRIs can affect the behaviour of non-target
organisms (Ansai et al., 2019; de Farias et al., 2020; Huang et al., 2019;
Martin et al., 2017, 2020; Nowakowska et al., 2020; Pelli and Con-
naughton, 2015; Saaristo et al., 2017; Salahinejad et al., 2022; Ven-
katachalam et al., 2023). For instance, some studies addressing the
effects of short-term exposure to PAR (1-400 pg/L) in zebrafish em-
bryos/larvae (3-6 days post-fertilization) reported early hatching,
developmental abnormalities (scoliosis), and altered swimming activity
(Nowakowska et al., 2020; Huang et al., 2019; Ferreira et al., 2023b).
Disruption of zebrafish juveniles’ swimming activity and stress response
has been reported after 120 h of exposure to a commercial formulation
of PAR (40 and 400 pg/L) (Ferreira et al., 2023b). Moreover, decreased
anxiety levels and fertility in zebrafish (juveniles and adults) were also
reported after 35 and 135 days of exposure to 100 pg/L PAR (Ven-
katachalam et al., 2023).

Nonetheless, the available data concerning the effects of PAR on fish
behaviour is scarce, particularly regarding medium and long-term ef-
fects under environmentally realistic scenarios (Ferreira et al., 2023a).
The limited studies addressing the impact of PAR in fish did not consider
its influence under different light conditions, a handicap as fish behave
differently under light and dark conditions due to an intrinsic circadian
clock that allows them to detect changes in light conditions. Sudden
light transitions have been reported as stress inducers in fish that asso-
ciate these alterations as potential threats (Ferreira et al., 2023b,
2023c). They appear as a valuable approach to studying the impact of
environmental contaminants on stress and stress recovery responses. For
instance, fish seem to perceive the light/dark transition as the shadow of
a predator (Ferreira et al., 2023b). Since fish tend to quickly return to
their pre-stress swimming activity levels, any contaminant-induced
changes in stress-related behaviours may directly interfere with fish's
ability to adjust and optimize their response (e.g., predator escape/
avoidance) to a perceived threat (Ferreira et al., 2023b, 2023c). The
analysis of such behavioural modifications can be useful in providing
valuable insights into the potential impact on individual fitness (e.g.,
ability to respond to additional stressors).

The assessment of basal swimming performance in both light and
dark environments also holds significant environmental relevance. Any
changes in fish's usual swimming behaviour, beyond directly impacting
individual fitness (e.g., feeding capabilities and nutritional status), may
also influence dispersal, migration, and reproductive activities, vital for
population survival (Bertram et al., 2022; Brodin et al., 2014; Faimali
et al., 2017; Ferreira et al., 2023c).

Numerous studies have used zebrafish (Danio rerio) as a model or-
ganism to explore the effects of SSRIs on fish. These investigations offer

valuable insights applicable to vertebrates, including humans, due to the
high genomic and disease ortholog similarities along with the significant
conservation of monoaminergic systems (Adhish and Manjubala, 2023;
Xie et al., 2022). This study was motivated by the absence of data on
prolonged PAR exposure on fish swimming activity and behavioural
response to stress under different light conditions. Thus, for this pur-
pose, the effects of sub-chronic exposure to PAR were studied on D. rerio
behaviour in three different scenarios: basal activity, stress response and
stress recovery, based on fish's innate ability to react to light changes.
Two concentrations were tested: 40 and 400 pg/L, selected according to
previous tests conducted by the team (Ferreira et al., 2023b). An inte-
grated approach was employed to assess fish behaviour in each one of
the different scenarios, incorporating different swimming-related pa-
rameters (total swimming distance, total time of inactivity and swim-
ming angles) and thigmotaxis measurement to evaluate potential
disruption of the normal swimming pattern and stress response induced
by PAR.

2. Material and methods
2.1. Zebrafish husbandry

The zebrafish used in the experimental assay were obtained through
crossbreeding of animals from the Department of Biology, University of
Aveiro (Portugal) maintained under controlled conditions, as described
by Ferreira et al. (2023b). Animals were reared until the adult stage (8
months old) and fed with a commercially available artificial diet
(GEMMA Micro 500, Skretting USA).

2.2. Zebrafish exposure

Zebrafish adults (8 months old) measuring 2.78 4+ 0.25 cm and dis-
playing no apparent indicators of compromised health (i.e. presenting
normal morphology and behaviour) were exposed for 21 days to 0, 40,
and 400 pg/L of PAR (paroxetine hydrochloride hemihydrate (CAS
110429-35-1; TCI Europe). A stock solution of PAR (40 mg/L) was
prepared by dissolving the powder in reconstituted water [Milli-Q water
with the addition of marine salt “Instant Ocean Synthetic Sea Salt”
(Spectrum Brands, USA) to adjust conductivity to 800 + 50 pS/cm] and
further diluted to the desired test solutions. For this purpose, zebrafish
males and females were randomly distributed into 3 experimental
groups (with 9 replicates per treatment) at a density of 4 fish (2 females
and 2 males) per 0.75 L of test media: control (without PAR), 40 PAR
(40 pg/L of PAR), and 400 PAR (400 pg/L of PAR). Animals were daily
fed with GEMMA Micro 500 (Skretting USA) and checked for mortality
and any signs of distress. Every other day, 70 % of the test medium was
renewed. No mortality was observed throughout the exposure period.

The experimental procedures complied with the 3 R's policy and with
legal and ethical standards outlined in the Portuguese legislation
(Decreto-Lei 113/2013) and European laws (Directive 2010/63/EU)
concerning the welfare of animals employed for scientific research and
were approved by the Animal Ethics Committee of the University of
Aveiro, Portugal. The experiments were carried out by researchers who
possessed FELASA certification.

2.3. Assessment of swimming performance

After the 21-day exposure period, the behaviour of the animals was
recorded using the Zebrabox tracking system (Viewpoint, Lyon, France)
that allowed the tracking of the movement of each fish. The behavioural
trials were conducted individually in a rectangular plastic tank (9.4 cm
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wide and 14.1 cm long) with 2.5 cm of the test media. The tracking
process lasted for 16 min and was preceded by an initial acclimation
period of 10 min in the dark. The tracking session started with 3 min of
darkness, followed by 10 min of light, and finished with an additional 3
min in the dark (Fig. 1).

2.3.1. Basal swimming activity

The basal swimming performance, under dark and light conditions,
was assessed as described by Ferreira et al. (2023c) (Fig. 1). The fish's
movement patterns were analysed considering the displayed swimming
angles. In this analysis, eight classes of angles were established and
analysed as described by Zhang et al. (2017) and Almeida et al. (2019).
These classes distinguish between high-amplitude angles (1 and 8; 2 and
7) that represent zig-zag movements with pronounced changes in di-
rection (indicating erratic or stressed behaviour), medium-amplitude
angles (3 and 6) corresponding to average turns, and low-amplitude
angles (4 and 5) signifying straightforward movements. Thigmotaxis
measurement was also monitored to assess anxiety levels based on the
innate preference of zebrafish to swim near the periphery of the test
area, avoiding the centre of the open area. Additionally, the total
swimming distance and the total inactivity time were also evaluated to
provide a more comprehensive evaluation of the fish's swimming
behaviour.

2.3.2. Behavioural stress response and stress recovery

To assess the possible effect of PAR on stress response and light
sensitivity, behavioural modifications induced by sudden light transi-
tions, both from dark to light and from light to dark, were evaluated,
considering total swimming distance, total time of inactivity, thigmo-
taxis and swimming angles. These parameters were evaluated at two-
time points: 1 and 3 min immediately before and after the light condi-
tion transition, as described by Ferreira et al. (2023c) (Fig. 1). This
approach allowed the study of the immediate stress response induced by
the light variations, as well as the ability of fish to recover from this
stress stimulus.

2.4. Data analysis

For the analysis of behavioural endpoints, a one-way analysis of
variance (ANOVA) was conducted when the assumptions of normality
and homoscedasticity of variances were fulfilled. Subsequently, the
pairwise post-hoc Holm-Sidak method (using SigmaPlot V.14.0 soft-
ware) was employed to assess the significant differences between the
experimental groups. If the assumptions were not met, a non-parametric

Stress response to
light transition
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0O min
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ANOVA was used followed by the multicomparison Dunn's test. To
evaluate differences in behaviour between dark and light conditions, a
Student t-test was employed. Results were considered statistically sig-
nificant at p < 0.05.

3. Results
3.1. Basal swimming activity

The D. rerio exposure to the two tested PAR concentrations led to
significant changes in the fish’s swimming performance and swimming
patterns, under both light and dark periods (Fig. 2A and B). Regarding
locomotor activity, an overall similar pattern of response was found for
light and dark conditions with 40 and 400 pg/L PAR-exposed fish
swimming significantly less than the control (Fig. 2A). PAR-exposed fish
displayed no significant differences between light conditions in terms of
distance moved, unlike controls that displayed a higher total swimming
distance in the light (Fig. 2A).

The total time spent in inactivity in dark and light conditions dis-
played an opposite pattern of response. Under dark conditions, the time
of inactivity increased with PAR concentration increase (Fig. 2B),
whereas under light conditions, fish total inactivity time in exposed fish
was significantly lower than in the control (Fig. 2B). All pairwise com-
parisons between dark and light conditions within each PAR treatment
revealed significant differences, with control fish, in light, being more
inactive than PAR-exposed fish (Fig. 2B). Under dark conditions, fish
exposed to 400 pg/L PAR displayed decreased thigmotaxis when
compared to control and 40 pg/L PAR-exposed fish (Fig. 2C) whereas in
light conditions no significant differences between experimental groups
were found in terms of thigmotactic behaviour (Fig. 2C).

The fish trajectory measured through the analysis of swimming an-
gles has shown that under light conditions exposed fish (40 and 400 pg/
L) exhibited decreased frequency of high amplitude angles of class 1 and
8 (Fig. 2D) compared to control. In the dark condition, no significant
differences were found between exposed and non-exposed organisms for
this class of angles (Fig. 2D). The effects of PAR exposure on fish tra-
jectory were further noticeable on 400 pg/L PAR exposed fish that also
displayed decreased frequency of class 2 and 7 angles in both light and
dark conditions in comparison with control and 40 pg/L fish (Fig. 2E).
No differences between experimental groups were observed in terms of
medium and low amplitude angles (Fig. 2F and G).

Stress response to
light transition

(Almin) (Almin)
Stress Stress
recovery recovery
(A3min) (ASmin)
3 min | |
Light (10 min) | Dark (3 min)I
s 26 min
-ON Light - OFF

Fig. 1. Schematic representation of the behavioural assessment design with the different time points used to analyse fish basal swimming activity (in dark and light
conditions) and the response and recovery from stress induced by sudden light transitions (from dark to light and from light to dark).
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Fig. 2. Paroxetine (PAR) sub-chronic (21 days) effects on Danio rerio adults' basal swimming activity under light and dark conditions. The parameters analysed were:
A) Total Swimming Distance (mm); B) Total Time Spent in Inactivity (%); C) Total Distance in the Outer Area (%); D) Angles of Classes 1 and 8 (%); E) Angles of
Classes 2 and 7 (%); F) Angles of Classes 3 and 6 (%); G) Angles of Classes 4 and 5 (%). The dark period is represented by black bars, and the light period is
represented by white bars. Values are presented as mean + standard error. * indicates significant differences between the dark and light periods for each tested
condition. Different lower-case letters indicate significant differences across treatments for dark conditions and different capital letters for light conditions. Statistical
analysis was performed using a one-way ANOVA followed by Holm-Sidak’s test and an ANOVA on ranks followed by Dunn’s test (p < 0.05).

3.2. Behavioural stress response evoked by sudden light transitions and
recovery from stress

3.2.1. The dark/light transition
The total swimming distance and thigmotaxis measured during the

stress response to the dark/light transition were significantly lower in
400 pg/L PAR exposed organisms than in control and 40 pg/L PAR
(Fig. 3A and Q). In response to the same light stressor, 40 pg/L PAR
exposed fish also revealed decreased swimming distance as well as
increased time of inactivity when compared to the control and 400 pg/L
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Fig. 3. Behavioural response to stress induced by sudden light transitions (from dark to light and from light to dark) of Danio rerio adults after paroxetine (PAR) sub-
chronic (21 days) exposure. The parameters analysed were: A) Total Swimming Distance (mm); B) Total Time Spent in Inactivity (%); C) Total Distance Outer (%); D)
Angles of Classes 1 and 8 (%); E) Angles of Classes 2 and 7 (%); F) Angles of Classes 3 and 6 (%); G) Angles of Classes 4 and 5 (%). Values are presented as mean +
standard error. The dark/light transition is represented by white bars, and the light/dark transition is represented by black bars. * indicates significant differences
between the dark/light and the light/dark transitions for each tested condition. Different lower-case letters indicate significant differences across treatments for dark
conditions and different capital letters for light conditions. Statistical analysis was performed using a one-way ANOVA followed Holm-Sidak’s test and an ANOVA on

ranks followed by Dunn’s test (p < 0.05).

PAR exposed fish (Fig. 3B). In terms of swimming angles, no significant
differences between treatments were found concerning high amplitude
(class 1 and 8), medium (class 3 and 6) and low (class 4 and 5) amplitude
angles (Fig. 3D, F and G). However, significant differences were found in
the frequency of class 2 and 7 angles (high amplitude), with fish exposed
to 400 pg/L PAR displaying higher frequency than control and 40 pg/L

(Fig. 3E).

Regarding stress recovery, no statistical differences were found be-
tween experimental conditions concerning total swimming distance and
distance spent in the outer zone of the well (Fig. 4A and C). However,
fish exposed to PAR 40 ug/L revealed a longer period of inactivity than
control and 400 pg/L PAR fish (Fig. 4B). Effects of PAR exposure were
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Fig. 4. Recovery response of Danio rerio adults to stress induced by sudden light transitions (from dark to light and from light to dark) after paroxetine (PAR) sub-
chronic (21 days) exposure. The parameters analysed were as follows: A) Total Swimming Distance (mm); B) Total Time Spent in Inactivity (%); C) Total Distance
Outer (%); D) Angles of Classes 1 and 8 (%); E) Angles of Classes 2 and 7 (%); F) Angles of Classes 3 and 6 (%); G) Angles of Classes 4 and 5 (%). Values are presented
as mean =+ standard error. The dark/light transition is represented by white bars, and the light/dark switch is represented by black bars. * indicates significant
differences between the dark/light and the light/dark transitions for each tested condition. Different lower-case letters indicate significant differences across
treatments for dark conditions and different capital letters for light conditions. Statistical analysis was performed using a one-way ANOVA followed by Holm-Sidak’s

test and an ANOVA on ranks followed by Dunn’s test (p < 0.05).

also noticeable in terms of class 2 and 7 swimming angles (high
amplitude), with 400 pg/L PAR exposed fish displaying lower frequency
of this class of angles than control (Fig. 4E). These organisms (400 pg/L)
also showed a lower frequency of high amplitude angles of class 1 and 8,
unlike control and 40 pg/L exposed fish (Fig. 4D). In terms of medium

and low amplitude angles, no effects of PAR were observed in these
classes of angles (Fig. 4F and G).

3.2.2. The light/dark transition
The analysis of the stress response to the light/dark shift revealed a
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non-significant decrease trend in the total distance travelled by fish
exposed to PAR when compared to the control (Fig. 3A). Fish exposed to
40 pg/L PAR reacted to this light stress increasing inactivity time (unlike
control and 400 pg/L) (Fig. 3B), whereas those exposed to 400 pg/L PAR
increased thigmotaxis (when compared to control and 40 pg/L PAR-
exposed fish) (Fig. 3C). Fish exposed to PAR 40 pg/L also exhibited
heightened frequency of high amplitude angles of class 1, 2, 7 and 8 in
comparison to non-exposed fish (control) (Fig. D and E). No differences
between exposed and non-exposed organisms were found in terms of
medium angles (class 3 and 6), but significant differences were found in
low amplitude angles (class 4 and 5) with exposed fish presenting
decreased frequency of this class of angles (Fig. 3F and G).

Considering the recovery response from stress induced by this light
transition, no significant differences between PAR treatments and con-
trol were found in swimming distance and distance swam in the outer
zone (Fig. 4A and C). However, the same U-inverted response, previ-
ously observed in the stress response, was found for total time spent in
inactivity, with 40 pg/L PAR-exposed fish being significantly less active
than control and 400 pg/L PAR-exposed fish (Fig. 4B). No significant
differences in fish trajectory angles were found between control and PAR
treatments (Fig. 4D, E, F and G).

3.2.3. Comparison of fish behavioural response pattern between both dark/
light and light/dark transitions

When comparing the behavioural response to stress induced by each
light transition, a similar pattern of response was found for control and
400 pg/L PAR-exposed fish that swam a longer distance following the
light/dark transition than after the dark/light switch (Fig. 3A). How-
ever, fish exposed to 40 pg/L revealed an opposite trend swimming
longer distances after the dark/light transition. Major differences were
also found for total time spent in inactivity, where a U-shaped response
was found in dark/light transition, whilst an inverted U-shaped response
in light/dark transition (Fig. 3B), with 40 pg/L PAR presenting distinct
response patterns between both light transitions (dark/light versus
light/dark). Fish exposed to 40 pg/L PAR did not display a differentiated
response concerning inactivity time after being subjected to the two
types of light stressors. Concerning the total distance covered by fish in
the outer area (thigmotactic behaviour), both control and PAR-exposed
fish revealed a similar trend to swim higher distances upon the light/
dark switch (Fig. 3C). In 40 pg/L PAR-exposed fish significant differ-
ences between light transitions were found, unlike the other experi-
mental groups (Fig. 3C).

In terms of swimming trajectory, fish from all experimental groups
exhibited a higher proportion of high amplitude angles (class 1, 2, 7 and
8) in response to the dark/light transition (Fig. 3D and E). However,
unlike control fish, 40 and 400 pg/L PAR-exposed fish did not respond
differently to light transitions in terms of class 4 and 5 angles. (Fig. 4G).

Concerning the recovery response, fish did not respond differently to
light transitions in terms of total swimming distance and frequency of
class 4 and 5 angles (low amplitude), regardless of the experimental
group (Fig. 4A and G). However, regarding inactivity time, total distance
swam in the outer zone of the arena, and class 2 and 7 angles frequency,
fish exposed to 40 pg/L PAR displayed a differentiated response to the
two light transitions unlike control and 400 pg/L PAR fish (Fig. 4B, C
and E). Concerning the frequency of class 3 and 6 angles (medium
amplitude), PAR-exposed fish (40 and 400 pg/L PAR) reacted differently
to each light transition unlike the control (Fig. 4F). Additionally, fish
exposed to 400 pg/L PAR also displayed disruption of the normal
response pattern in the frequency of high amplitude angles (class 1 and
8) as these organisms did not respond differently to the light transitions
throughout the recovery response, unlike the other experimental groups
(Fig. 4D).

4. Discussion and conclusions

The use of psychoactive therapeutic agents became a recurrent and
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growing trend, with unforeseen consequences for the environment. In
the past years, their environmental presence has raised low levels of
concern, as no mortality has been reported at environmental levels.
Nonetheless, they are pharmacologically active biomolecules and their
potential to adversely affect biota in the long term and on ecologically
relevant endpoints, such as behaviour is far from being understood. This
study was motivated by the critical imperative to address a knowledge
gap seeking to understand the medium-term effects of sub-lethal PAR
levels on behavioural endpoints in environmentally relevant scenarios
that may provide relevant information concerning biological and
ecological implications that remain unexplored. As far as the authors are
aware, data are absent regarding the enduring impacts of PAR on fish
basal swimming activity and behavioural response to stress under
different light conditions.

Swimming behaviour is directly correlated with several fitness-
related behaviours in many aquatic organisms (Faimali et al., 2017;
Ferreira et al., 2023c). Specifically for fish, swimming performance has a
direct connection to a wide spectrum of ecologically relevant behav-
iours, playing an important role in encounter rates, predator-prey in-
teractions (to eat or to be eaten), and a key element in dispersal and
migration-related behaviours (Brodin et al., 2014; Faimali et al., 2017;
Ferreira et al., 2023c¢). It is also directly associated with anxiety and fear
responses that are part of a repertoire of coping strategies to optimize
and enhance organisms' fitness in response to any potential threats (e.g.,
predation) (Salahinejad et al., 2022). In gregarious fish species, any
disturbance to swimming performance can also jeopardize the cohesion
of shoaling behaviour, consequently heightening vulnerability to pre-
dation (Brodin et al., 2014; Faimali et al., 2017; Ferreira et al., 2023b).
This study data revealed that the anxiolytic effect induced by PAR was
more evident under dark conditions, where exposed fish exhibited
reduced swimming distance and inactive periods. These effects were
particularly pronounced in fish exposed to 400 pg/L, as decreased
erratic behaviour and thigmotaxis reduction were exclusive to these
organisms. Under light conditions, exposed fish also showed reduced
swimming distance and erratic behaviour, supporting decreased stress
behaviour. The effects of PAR were more evident under dark conditions
a period where fish displayed a higher number of swimming-associated
parameters affected, supporting the idea that fish behavioural response
is dependent on the type of light stimulus, probably due to the
involvement of a different network of glucocorticoid-mediated signal-
ling pathways. In a study addressing the effects of zebrafish juveniles'
acute (96 h) exposure to PAR (40 and 400 pg/L), Ferreira et al. (2023b)
also observed an anxiolytic effect. Although, in this case, it was more
evident in fish exposed to 40 pg/L under light conditions. These different
outcomes are probably related to the exposure period and with fish life
stage. In the context of human physiology, the therapeutic effects of
SSRIs on individuals only become noticeable after a treatment period
spanning 3-4 weeks. The pharmacokinetics and pharmacodynamics of
SSRIs are complex and not well understood, particularly concerning
long-term exposures. In addition, there may be potential interference
from sex-related hormones, since in the juvenile stage, unlike the adult
stage, the fish have not yet reached sexual maturity. The assessment of
behavioural changes resulting from sudden light transitions revealed
that exposed and non-exposed fish responded differently to this stress
stimulus. The data from this study offers evidence that prolonged
exposure to PAR can influence both the initial stress response and the
subsequent recovery ability of fish from stressors. A study performed by
Ferreira et al. (2023b), found that the sudden transition from dark to
light acts as a startling trigger resulting in fish increased stress. In this
study, in response to the dark/light transition, control fish exhibited
increased freezing (supported by a heightened inactivity period) and
erratic swimming. These observations are consistent with a fright re-
action to a sudden scare, suggesting heightened stress. In this study,
upon this light transition, PAR-exposed fish (40 pg/L and 400 pg/L),
displayed lower thigmotaxis than control fish and concentration-specific
responses in erratic behaviour (increased only at 400 pg/L) and in
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swimming distance (decreased only at 40 pg/L). These PAR-induced
changes in the stress response suggest a heightened reaction in organ-
isms exposed to 400 pg/L, while exposure to 40 pg/L appeared to have
an anxiolytic effect. The effects of PAR on fish's ability to recover from
this stressor were observed in animals exposed to 400 pg/L which
revealed a higher frequency of high amplitude angles (class 2 and 7)
than the control group, which can be associated with increased stress-
related behaviour. These outcomes highlight the relevance of light
transitions as a good model for assessing potential anxiolytic effects.

Upon light to dark shift, control fish reacted with a decrease in
freezing behaviour (as they spend less time inactive), an increase in
swimming distance (although not statistically significant), and a ten-
dency towards straight motion. Ferreira et al. (2023b), suggested that
this light transition may be interpreted by fish as a potential threat, such
as the shadow of a predator, to which they adjust their behaviour to
minimize the risk of predation. Unlike control fish, PAR-exposed fish
upon this light stimulus displayed reduced straight motion. Addition-
ally, fish exposed to 40 pg/L PAR increased erratic behaviour, and 400
pg/L organisms exhibited increased thigmotaxis, suggesting increased
stress/anxiety-like behaviour. However, while 400 pg/L PAR fish dis-
played no differences in the recovery to this light transition (light/dark),
fish exposed to 40 pg/L appeared to have a delay in this recovery
response supported by increased inactivity periods. These different
response patterns to these two different light transitions (from dark to
light and from light to dark) are intrinsically linked to fish’s ability to
perceive and be sensitive to light, thus responding differently depending
on the type of stimulus. Overall, the present study data suggest that PAR
may disturb light perception and subsequently impact the fish’s opto-
motor response, a visually mediated behaviour. A possible pathway for
the observed behavioural alterations may be related to the disruption of
the functional connections between the retina and the hypothalamus-
pituitary-interrenal (HPI) axis linking light perception to glucocorti-
coid production, thereby influencing stress response (Muto et al., 2013;
Sakamoto and Sakamoto, 2019). Additionally, the existence of func-
tional interactions between the serotonergic and the adrenergic system
and the HPI axis, may also been involved in the observed PAR-induced
behavioural changes, as it is known that SSRIs, like PAR, act on the
serotonergic system, thus playing a significant role in modulating the
stress response (Kreke and Dietrich, 2008; Sumpter and Margiotta-
Casaluci, 2022).

PAR long-term anxiolytic like-effects have recently been reported in
zebrafish juveniles (90- and 120-days post-fertilization) exposed for 12
weeks during development to PAR at 100 pg/L (Venkatachalam et al.,
2023). Previous studies with the SSRI fluoxetine also described behav-
ioural alterations (reduced feeding, exploratory and swimming behav-
iours) and anxiolytic responses in adults and juveniles of several fish
species (e.g., D. rerio, Oryzias latipes, Gambusia holbrooki, Poecilia retic-
ulata, Pimephales promelas) after chronic exposure to a fluoxetine con-
centration range from 0.004 up to 32100 pg/L (de Farias et al., 2020;
Martin et al., 2017, 2020; Pelli and Connaughton, 2015; Saaristo et al.,
2017). Nevertheless, these studies exclusively conducted the behav-
ioural evaluation during daylight hours. Considering that fish possess
the capacity to perceive changes in light and to react accordingly, it
becomes crucial to understand how SSRIs may modulate behaviour
under different light conditions (Ferreira et al., 2023b). The present
study findings suggest a potential anxiolytic effect of prolonged expo-
sure to PAR, in light and dark conditions (more pronounced under dark
conditions and at 400 pg/L) and upon the sudden shift from dark to light
for organisms exposed to 40 pg/L. In comparison, a heightened reaction
was observed in response to the light/dark shift (more noticeable at 400
pg/L). Ferreira et al. (2023b) also reported an anxiolytic effect in the
light and during recovery to the dark/light transition, and a higher stress
behaviour upon the light/dark switch (more pronounced at 40 pg/L), in
zebrafish juveniles after acute exposure (120h) to a commercial
formulation of PAR (40 and 400 pg/L). The latest appeared to elicit more
effects as a higher number of swimming-associated parameters were
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reported to be affected during basal activity and throughout stress
response and stress recovery (Ferreira et al., 2023b). This fact may be
due to the existence of long-term compensatory mechanisms, such as
serotonin receptors’ desensitization, associated with SSRIs chronic
exposure (McDonald, 2017). In humans, prolonged SSRI treatment leads
to a significant decrease in serotonin transporter (SERT) expression and
function, despite increased extracellular serotonin levels (Homberg
et al., 2007). In addition, exposed fish seem to become more reactive to
stress induced by the light/dark shift but less sensitive to the dark/light
switch. Further investigation is required to gain deeper insights into
these different response patterns of PAR-exposed fish during each light
transition, shedding light on the underlying factors responsible for these
differences.

The observed effects of PAR on fish swimming behaviour and stress
response may be translated into alterations of fitness-related behaviours
with implications at the individual level (e.g., ability to feed properly
and to avoid predators) but also in interactions with conspecifics (e.g.,
shoaling cohesion) and with other species. These PAR-induced swim-
ming alterations may also hold ecological implications as behaviour is
closely related to individual fitness and population persistence (Brodin
et al., 2014).

These outcomes suggest PAR potential for neuroendocrine disruption
(e.g., glucocorticoid signalling in the brain) leading to dysregulation of
the stress axis. Considering the obtained results, it becomes highly
relevant to perform additional studies to address the mechanisms
involved in the observed responses and confirm the neuroendocrine
disruption, particularly concerning glucocorticoid signalling pathways.
This research could potentially help to identify and validate new bio-
markers for SSRIs' neurobehavioural toxicity.

The protocol used in the present study constitutes a new methodo-
logical approach sensitive to screen for SSRIs' behavioural effects,
allowing an integrative and robust study of zebrafish behaviour in
different scenarios with significant ecological relevance.
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