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The psychoactive drug Escitalopram affects swimming behaviour
and increases boldness in zebrafish (Danio rerio)
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Abstract
Selective serotonin re-uptake inhibitors are pharmaceuticals used to treat a range of psychological disorders. They are
frequently found in surface waters in populated areas. In recent years, they have been shown to affect the behaviour of
various aquatic organisms in a way that can have ecological effects. In this study, we exposed zebrafish of both sexes to
nominally 0.00, 0.15 and 1.50 µg L−1 Escitalopram in flow-through tanks for three weeks. Subsequently, ten swimming
behaviour parameters were quantified using high-resolution video tracking. There were noticeable gender differences in the
behaviour responses to Escitalopram. Female fish exposed to 1.50 µg L−1 Escitalopram had a lower maximum swimming
velocity, stopped less often and exhibited increased boldness (reduced thigmotaxis) compared to controls. Male fish exposed
to 1.50 µg L−1 had a lower maximum swimming velocity compared to control fish. At the end of exposures, both length and
weight of the females exposed to 1.50 µg L−1 Escitalopram were significantly less than the group of control fish. In addition,
males exposed to 1.50 µg L−1 Escitalopram were significantly shorter than control fish. The behaviour, weight and body
length of the fish exposed to nominally 0.15 µg L−1 was not significantly different from control fish in either sex. The results
of this study demonstrate that Escitalopram can affect subtle but ecologically important aspects of fish behaviour and lends
further credibility to the assumption that Escitalopram is an environmentally active pharmaceutical.
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Introduction

Selective serotonin re-uptake inhibitors (SSRI) are a group
of psychotropic, antidepressant pharmaceuticals. They exert
their effect by blocking the re-uptake of serotonin (5-HT)
into the pre-synaptic nerve ending, thereby prolonging the
bioavailability of extracellular serotonin in the synaptic

cleft. Because they are effective and have relatively mild
side effects, they are the drug of choice in the treatment of
depression and a range of other psychological disorders
(Vaswani et al. 2003; Stahl et al. 1998). In recent years, the
benefits of the SSRI group have been reflected in an
increasing use across different European contries (Abbing-
Karahahopian et al. 2014). For instance, a Danish study
showed, that the per mille of children (5–17 year) who were
prescribed a daily SSRI dose rose from 0,1 in 1995 to 3,3 in
2011 (Pottegård et al. 2014). The SSRI popularity are now
resulting in environmental registrations and the activity of
these anxiolytic drugs in natural environments have just
recently started to be elucidated. Prevoius studies have
reported, that the SSRIs will bioconcentrate in aquatic
wildlife including the fish brain (Grabicova et al. 2014,
2015; Brooks et al. 2005; Schultz et al. 2010; Nakamura
et al. 2008), where they can interfere with several 5-HT
regulated fish behaviours. 5-HT is an important central
neurotransmitter in the regulation of hormonal and neuronal
signalling in mammals and other vertebrates. It´s involved
in the regulation of appetite, reproduction and several
behavioural processes (Santos et al. 2010). Similar
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functions have been found in fish (Pérez Maceira et al.
2014; Prasad et al. 2015; Winberg and Thörnqvist 2016).
Furthermore, the activity of 5-HT plays a wide range of
physiological, but different, regulatory roles in many
invertebrates (Silva et al. 2015; Santos et al. 2010;
Daughton and Ternes 1999). Drugs, like the SSRI´s, that
increase the serotonergic tone could have a significant
impact on the control of these biological processes.

SSRI drugs share many of the hallmarks of classical
pollutants. They are highly lipophilic (Kwon and Armbrust
2008), exhibit poor degradation rates in sewage treatment
plants (STPs) (Vasskog et al. 2008; Yuan et al. 2013) and
are relatively persistent in the environment (Kwon and
Armbrust 2005; Benotti and Brownawell 2009; Lam et al.
2004). Some of them, like Citalopram, bind readily to
particles and sedimentation is likely the main route of
elimination from the water body. In the sediment, they can
remain for decades (Lahti and Oikari 2012), continuously
exposing sediment feeding organisms. For those reasons,
and because they were designed to alter human behaviour,
the SSRIs have attracted attention as environmental pol-
lutants in recent years. Escitalopram, the S-enantiomer of
the 1:1 racemate Citalopram, is generally regarded as the
most selective SSRI developed so far (Sánchez and Hyttel
1999).

The racemic mixture of S- and R-Citalopram has been
detected in STP effluents dominated by household waste-
water in concentrations ranging from 9.2 to 720 ng L−1 in
Scandinavian countries (Vasskog et al. 2006; Wahlberg
et al. 2008; Krog et al. 2015; Vasskog et al. 2008; Fick et al.
2011). Comparable SSRI concentrations in STP effluents
have been measuered in other nations around the world
(Silva et al. 2015).

Citalopram has been found in Danish and Swedish sur-
face waters in the range between 3–92 and 6,6–210 ng L−1,
respectively (Fick et al. 2011; Kragelund et al. 2015). A
worst-case scenario is the detection of 76 µg L−1, which
constitutes an extreme case from a site 150 m downstream a
sewage treatment plant in India, which receives large
amounts of wastewater from drug manufacturers (Fick et al.
2009). It has been predicted that the concentration needed in
the aquatic environment to reach human therapeutic levels
in fish is 141 ng L−1 for Citalopram (Fick et al. 2010). It
should be kept in mind however, that although levels of
individual SSRIs may be low, STP effluents often contain
more than one SSRI resulting in a considerable total SSRI
concentration (Schlüsener et al. 2015; Schultz et al. 2010;
Vasskog et al. 2008). Some of the SSRI metabolites also
retain some SSRI activity (Hiemke and Härtter 2000;
Pawlowski et al. 1985), adding to the total SSRI impact.

SSRIs have a wide range of physiological effects on fish.
Fluoxetine dissolved in water elevates the risk of embryonic

abnormalities in Japanese medaka (Oryzias latipes) in the
range between 0.1 and 5.0 µg L−1. At the lowest con-
centration, it increases the concentration of estradiol in
plasma, indicating that the dose-response curve might not
be linear (Foran et al. 2004). Fluoxetine at a concentration
of 32 µg L−1 also reduces the levels of ovarian 17β-estradiol
and the expression of the luteinising hormone receptor and
follicle stimulating hormone receptor as well as clutch size
in zebrafish (Lister et al. 2009). Effects on the
hypothalamus-pituitary-interrenal (HPI) axis are also
reported (Kreke and Dietrich 2008). The HPI axis is also
known as the stress axis and is likely responsible for many
of the reported behavioural effects of SSRI in fish.

From an ecological point of view, behavioural effects are
important because they have the potential to alter selective
pressures, predation risk, growth and other factors that are
important for both short term survival of the individual and
long term stability of the population. Many of the docu-
mented effects of SSRI on fish behaviour are such that they
may have an ecological effect by reducing growth or fitness,
decreasing competitive ability or increasing predation risk.
For example, Citalopram at a dose of 100 µg kg−1 b.w.
reduces aggression in rainbow trout (Lepage et al. 2005)
and 705 or 350 μg L−1 of fluoxetine had similar effects in
Siamese fighting fish (Betta splendens) (Forsatka et al.
2014). Further, Citalopram at 0.15 and 1.50 μg L−1 sig-
nificantly suppressed feeding in three-spine sticklebacks
(Kellner et al. 2015) and 54 μg L−1

fluoxetine significantly
decreased food intake and weight gain in goldfish (Car-
assius auratus) (Mennigen et al. 2010). Perhaps the most
commonly reported consequences of SSRI exposure are
anxiolytic effects when confronted with different stressors
such as novel environments (Kellner et al. 2016; Egan et al.
2009; Olsén et al. 2014), conspecific alarm pheromone
(Barbosa Junior et al. 2012) or predation risk (Weinberger
and Klaper 2014).

In the current study, we used an automated tracking
system with a high spatial and temporal resolution. We used
Escitalopram at nominal concentrations of 0.00 µg L−1, 0.15
and 1.50 µg L−1. The middle concentration is clearly
environmentally relevant and found in effluent dominated
surface waters. A concentration of 1.50 µg L−1 is higher
than normally found in nature, but was included in order to
predict effects in worst-case scenarios. We used both sexes
in order to increase the ecological relevance of the study
and to investigate if any effects are sex dependent. The aim
of the study was to gain a more detailed understanding of
the behavioural effects of SSRI on fish and the possible
consequences for both individual fish and fish populations.
To our knowledge, this is the first study addressing the
effects of this eutomer of Citalopram, Escitalopram, on fish
behaviour.
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Materials and methods

Specimens and experimental design

Totally three hundred adult wild type zebrafish (Danio
rerio) of both genders were obtained from Credo Fish
(Aalborg, Denmark), and transferred to a 100 × 45 × 45 cm
(length × width × height) glass stock tank at Institute of
Bioscience, Aarhus University, Denmark, filled with
approximately 167 L of water. The water was supplied from
a header tank containing aerated, demineralized water at
28 °C, mixed with tap water (16:1) and adjusted with NaCl
(1.8 g L−1), resulting in a conductivity of 235 µS cm−1.
Every second day, at least one third of the water was
replaced. At delivery, the fish were about four month old
and were acclimatized in the stock tank for three weeks.
Fish were fed daily with TetraMin® (Tetra Werke, Melle,
Germany) flake fodder in both the stock tank and later in the
exposure tanks. The amount of food were daily regulated so
that all food was eaten within five min (“the five-minute-
rule”) (Lawrence 2007), but not eaten within one min.

Escitalopram oxalate ((S)-1-[3-(Dimethylamino) propyl]-
1-(4-fluorophenyl)-1,3-dihydro-isobenzofuran-5-carbonitril,
oxalate) (CAS 128196-01-0) (purity 99.8%, HPLC analysis
with detection at 237 nm) was kindly donated by Lundbeck
Pharma A/S, Denmark. A stock solution was prepared one
day before exposure by dissolving 107.2 mg Escitalopram
oxalate in 1000 mL milli-Q water and stored at 5 °C in
darkness. From this stock solution, two 2-L working solu-
tions at 56 and 574 µg L−1, respectively, were prepared.
New working solutions were prepared weekly.

Six 47 × 29 × 19 cm glass exposure tanks each received
27 °C header tank water at a flow rate of 48.5 L day−1 in
average via a peristaltic pump (Ole Dich Instrument Makers
Aps, Hvidovre, Denmark). An outlet with a filter main-
tained the volume in the exposure tanks at approximately
26 L, resulting in a continuous flow-through system. Every
exposure tank was equipped with a heating element set to
27 °C. The oxygen content (96.0 ± 0.42% of air saturation)
was as recommended by OECD guideline no. 210 OECD
(1992). The pH during exposure was 7.14 ± 0.02. The loads
of ammonium, nitrite and nitrate were measured with Tet-
ratest (TetraWerke, Melle, Germany). None exceeded the
recommended values of 0.25 mg L−1 ammonium, 0.3 and
25 mg L−1 nitrate, respectively. Water quality, with respect
to temperature, oxygen, pH, ammonium, nitrate and nitrite,
was satisfying at all times during the experiment and there
were no differences between tanks. The light regime during
the experiment was 12:12 (light:dark) with a gradual
increase in light intensity.

Six exposure tanks constituted the three exposure groups.
A programmable peristaltic pump (Ismatec ICP-N, IDEX
Health and Science GmbH, Wertheim–Mondfeld,

Germany) continually dosed the control water and the
Escitalopram working solutions at 128 mL day−1 in average
to the inlet water, resulting in nominal tank concentrations
at 0.00 (controls), 0.15 and 1.50 µg L−1, respectively. At the
start of the three weeks exposure period, 150 preliminary
sexed zebrafish were selected from the stock tank and
sequentially distributed in the six exposure tanks. A typical
male zebrafish has non-visible papilla, a slim body shape, a
reddish coloration and a big anal fin with distinct markings.
A typical female zebrafish has a large visible urogenital
papilla, a round body shape, a bluish coloration and indis-
tinct anal fin coloration (Eaton and Farley 1974; Brion et al.
2004; Nash et al. 2004). First later (see below), after dis-
section, the true gender could be established. A small sur-
plus of fish allowed for some mortality during the exposure
period. The behaviour measurements of each group (at least
20 male and 20 female fish) took two days. Consequently,
in order to achieve the same exposure period for the three
groups, we inserted a one-day delay between exposures of
the groups. Faeces and fodder remains were daily removed
from the tanks.

Swimming behaviour measurements

The spontaneous swimming behaviour was quantified for
initially sexed 67 males and 64 females. The behaviour test
tanks (19.1 × 14.4 × 11.0 cm) contained 6 cm header tank
water (1.7 L) at ca. 27 °C. Four zebrafish, two females and
two males, were measured simultaneously in individual
tanks.

The four test tanks were placed on a sheet of glass 50 cm
above diffusely lit white paper (79 lux). The entire setup
was enclosed in a metal frame covered with a blackout
curtain in order to exclude visual disturbances. When
viewed from above, this arrangement resulted in clear sil-
houettes of the four fish. The scenario was recorded for
30 min. A GigE Vision colour progressive scan (non-
interlaced) CCD camera (Leutron Vision, Switzerland) was
mounted approximately 50 cm above the test tank. The
digital video signal from the camera consisted of a 1024 ×
768 pixel image, giving a 0.39 mm spatial resolution of the
visual field. The camera was interfaced with a three Giga-
hertz personal computer. The behavioural measurements
were controlled by the MOTIO vision system (Department
of Bioscience, University of Aarhus, Denmark). Prior to
recording, the interior of each of the four test tanks was
framed by software windows (Area Of Interest) plus a 60 ×
60 mm software Region Of Interest (ROI) in the centre of
the tank. Appropriate ranges of grey-levels, areas, peri-
meters and form, respectively, corresponding to the fish
silhouettes were likewise set in the software. The centroids
of the pixel assemblages fulfilling both grey-level and shape
criteria were calculated and recorded as the x,y positions of
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the four fish. The resultant time series of x, y coordinates
were stored in a primary data file together with information
on the experiment and calibration factors for the conversion
of pixel values into millimetres. During the 30-min
recording, the images were captured at 16 frames
per second (16 Hz). Subsequently, these time-series of fish
positions were transformed into series of connected vectors
and analysed by the MOTIO software. If the pixel assem-
blages did not fulfil both grey-level and shape criteria (fish
not identified), the latest know position was written to the
data file. When visible again, the new position and the last
known position were connected with a vector. Of course,
this result in a small underestimate of the true path. Our
quality criterion was that the fish should be visible for at
least 70% of the recording time in order to qualify for
further analyses.

The male and female swimming behaviour were evaluated
on the basis of the following ten parameters; (1) total swim-
ming distances (m), (2) Mean maximum swimming velocity
maintained for 1 sec (mm s−1), (3) average swimming velocity
(mm s−1), (4) number of stops, (5) time swimming (s), (6)
turning rate per second swum (degrees s−1), (7) turning bias
between right (negative degrees s−1) and left turns (positive
degrees s−1), (8) time spent in tank centre, ROI (s), (9)
swimming distance in ROI (m), (10) number of visits to ROI.
Additionally, for each track, frequency distributions of swim-
ming velocities (vector lengths) were extracted from the data
file. All velocities between > 1 and 300mm s−1 were clasified
into 20 catagories where each 15mm s−1 width interval
represents the time spent here during the recording period.

Determination of gender

After the 30-min behaviour measurement, each test fish was
killed in 0 °C water, lightly dried on filter paper, and placed
on the right side under an Olympus SZ 40 dissection
microscope (Olympus, Hatagaya, Tokyo, Japan). Hereafter,
the length was measured to the nearest mm and the fish was
weighed. The Fulton condition factor was calculated as
100 × weight/length3. Finally, under the dissection micro-
scope, the gender was definitively established by examining
the appearance of the gonads.

Actual concentrations of Escitalopram in tank water

Water was sampled from the six exposure tanks in the
middle of the exposure period. The samples were quick-
frozen and stored at −18 °C before analysed by HPLC-MS
without any further sample preparation.

Twenty-five µL was injected onto the HPLC column.
The HPLC-MS system used consisted of a Hewlett Packard
1100 series chromatograph (Palo Alto, California, USA)
equipped with a Quatpump, a degasser, column oven

(colcomp), an auto sampler (ALS), and a MSD detector.
Data were collected using the HP ChemStaion software,
version 6.03 (Palo Alto, California, USA).

The analytical column was a reversed phase Kinetex C18
(Phenomenex, Værløse, Denmark) column (4.6 mm I.D. x
50 mm, 2.6 µm particles). A linear gradient system was
applied. Eluent A consisted of 0.1% formic acid in MilliQ
water and eluent B 0.1% formic acid in methanol. The
gradient was applied from 30% B to 90 % B from 0–4 min,
maintained at 90% B for 1 min and then returned to 30% B
over 0.5 min. The flow-rate was 0.5 mL/min. The MSD
detector was equipped with an electrospray interface and
used in positive mode for SIM detection of the mass:m/z=
325.1.

The fragmentor voltage was set to 100 V. The voltage
over the capillary was kept at 5000 V. The temperature of
the nitrogen drying gas was set to 350 °C with a flow-rate of
9 L/min. The nebulizer gas pressure was 60 psig. The limit
of quantification is 0.05 ng/mL.

Statistical analyses

Differences in body weight, length and behaviour were
detected using ANOVA. If the ANOVA where data did not
comply with normality, logarithmic transformations resul-
ted in normality and ANOVA was carried out. Female-male
differences were examined with the t-test. The χ2-test was
used for comparison of frequency distributions, presuming
that the period between data points precluded correlation.
All statistical tests were performed in SPSS 24.0 for Win-
dows (IBM Corporation, New York, USA) except the χ2-
tests, which were performed in Excel (Microsoft Office
2016). Data are presented as mean value ± S.E.M. and using
a significance level of 0.05.

Results

The actual concentrations of Escitalopram in the 0.15 and
1.50 µg L−1 exposure tanks were 67 and 100% of the
nominal concentrations, revealing that the 0.15 µg L−1

concentration was lower than intended. In the text, tables
and figures below, the actual concentrations at 0.00, 0.10
and 1.50 µg L−1 are presented. The concentration of Esci-
talopram in the control tanks were below the limit of
detection and was therefore assumed to be zero. There was
no mortality in any of the six tanks during the three weeks
of exposure.

Body length and weight

In the female zebrafish, body length and body weight were
significantly lower after three weeks of exposure to the
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highest Escitalopram concentration (Fig. 1 and Table 1). In
males, the body lengths were also significantly shorter after
exposure to Escitalopram at 1.50 µg L−1, and there was a
significant weight difference between the two Escitalopram
exposure groups (Fig. 1 and Table 1). Mean Fulton condi-
tion factor for the females was 2.16 ± 0.07 (n= 19) for the
control group, 1.99 ± 0.05 (n= 18) for the 0.10 µg L−1

group and 2.03 ± 0.05 (n= 21) for the 1.50 µg L−1 group. In
the male fish, the mean Fulton condition factor was 1.60 ±
0.06 (n= 18) for the control group, 1.70 ± 0.04 (n= 18) for
the 0.10 µg L−1 group and 1.72 ± 0.03 (n= 23) for the
1.50 µg L−1 group. There were no statistically effects of
treatment on the Fulton condition factor in either females
(F= 2.24, p= 0.116) or males (F= 2.30, p= 0.109).

Swimming behaviour

Of the totally 64 females and 67 males recorded in the test
tanks, only 58 females (19, 18 and 21 for the 0.00, 0.10 and
1.50 µg L−1 groups, respectively) and 59 males (18, 18 and
23 for the three concentrations) qualified for further beha-
viour analyses by visual inspection of displayed tracks and
the criterion of at least 70% visibility.

The swimming behaviour in females was more affected
by the Escitalopram treatment than in males, at least at the
highest Escitalopram concentration. There was a non-
significant increase in the females’ swimming distance
with increasing Escitalopram concentrations, which was
partly due to a slight increase in the average swimming

Fig. 1 Body lengths (a) and
weights (b) in female (●) and
male (●) zebrafish after three
weeks exposure to 0, 0.10 and
1.50 µg L−1 Escitalopram.
Different letters denote
statistically significant
differences (ANOVA; Tukey
post hoc test) with the
significance level at 0.05. Error
bars denote SEM. N for the
females are, 19, 18, 21 and for
the males 18, 18, 23 for the 0,
0.10 and 1.50 µg L−1groups,
respectively

Table 1 Body length and body weight of female and male zebrafish after three weeks exposure to Escitalopram

Treatment (µg L−1) Measure ± SEM Test F p Comparison Post hoc

Females

Body length (mm) 0.00 31.4 ± 0.5 ANOVA 6.35 0.003 0.00–0.10 0.616

0.10 30.6 ± 0.6 0.00–1.50 0.003

1.50 28.6 ± 0.7 0.10–1.50 0.048

Body weight (mg) 0.00 676.5 ± 35.3 ANOVA 9.50 <0.001 0.00–0.10 0,074

0.10 579.4 ± 30.1 0.00–1.50 <0.001

1.50 482.0 ± 30.5 0.10–1.50 0.089

Males

Body length (mm) 0.00 29.6 ± 0.5 ANOVA 5.33 0.008 0.00–0.10 0.861

0.10 29.2 ± 0.4 0.00–1.50 0.011

1.50 27.7 ± 0.4 0.10–1.50 0.044

Body weight (mg) 0.00 409.8 ± 17.6 ANOVA 3.16 0.050 0.00–0.10 0.772

0.10 426.9 ± 19.7 0.00–1.50 0.219

1.50 370.2 ± 13.4 0.10–1.50 0.049

Note: Tukey post hoc test. Entries in bold are statistically different
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velocity and a significantly lower number of swimming
quiescence periods for the fish exposed to 1.50 µg L−1 (Fig.
2a,c; Table 2). In contrast, the maximum velocity, main-
tained for 1 sec, increased in the group of females exposed to
0.10 µg L−1 Escitalopram, but significantly dropped in the
group receiving 1.50 µg L−1 (Fig. 2b; Table 2). Escitalopram
did not significantly alter any of the remaining swimming
behaviour components measured in this study (Table 2).

When introduced to a new environment, zebrafish typi-
caly display thigmotaxis, swimming in close proximity to
the tank walls (Baiamonte et al. 2016; Nema et al. 2016).
This phenomenon is a sign of anxiety (Baiamonte et al.
2016; Nema et al. 2016) and can be interpreted as a

defensive behaviour against potential predators in fish
(Sharma et al. 2009). Thus, a higher activity level of the
zebrafish in the central area of the test tank can be con-
sidered as an increased boldness (Winberg and Thörnqvist
2016). This boldness was stimulated in the females by
Escitalopram exposure. Female zebrafish, exposed to the
highest Escitalopram concentration (1.50 µg L−1), visited
the central area (ROI) significantly more frequent, spent
significantly more time there and were swimming sig-
nificantly longer distances in the ROI compared to the
unexposed control group (Fig. 2d–f; Table 2).

In male zebrafish, the highest exposure concentration at
1.50 µg L−1 significantly suppressed the mean maximum

Fig. 2 Swimming behaviour components in female (●) and male (●)
zebrafish after three weeks exposure to 0, 0.10 and 1.50 µg L−1 Esci-
talopram. (a) swum distance; (b) maximum velocity maintained for
one second; (c) average velocity; (d) time in central area of aquarium;
(e) swum distance in central area of aquarium; (f) number of visits to

central area of aquarium. Different letters denote statistically sig-
nificant differences (ANOVA; Tukey post hoc test) with the
significance level at 0.05. Error bars denote SEM. N for the
females are, 19, 18, 21 and for the males 18, 18, 23 for the 0, 0.10 and
1.50 µg L−1groups, respectively

490 S. V. Nielsen et al.



velocity (Fig. 2; Table 3) but otherwise, the remaining
swimming parameters only demonstrated statistically non-
significant variations from the unexposed fish (Fig. 2a–c;
Table 3) with one exception. The total time of active
swimming (Table 3) was significantly higher in both
exposure groups. In males, there was no statistically sig-
nificant increase in the time spent in the central area (ROI)
of the tank (increased boldness) although it is evident from
Fig. 2d that there is a strong tendency of spending more
time in the central area with increasing Escitalopram con-
centrations. There were only minor variations in the swum
distance within the ROI and number of visits to this area
(Fig. 2e, f; Table 3).

Escitalopram response patterns differed between female
and male zebrafish. Unexposed males swum significantly
faster (t-test; p= 0.009) than the corresponding control

females with a significantly lower (t-test; p= 0.013) turning
rate. At 0.1 µg L−1, females increased their maximum
swimming velocity, whereas it decreased in males (Fig. 2b).
Also, it is worth noticing that at 0.1 µg L−1, the males vis-
ited the central area significantly more often (t-test; p=
0.048) than females. At 1.5 µg L−1, the reverse was true.

The frequency distributions of velocities revealed that
both sexes spent significantly more time at lower velocities
after the highest (1.50 µg L−1) Escitalopram exposure
(females, χ2= 36, df 20, p < 0.020; males, χ2= 33, df 20, p
< 0.025). From the graphic representation, it is not quite as
evident that also the velocity frequency distribution of the
lower (0.10 µg L−1) group was significantly different from
the control group (females, χ2= 34, df 20, p < 0.025; males,
χ2= 33, df 20, p= 0.025). Even between the two Escita-
lopram exposed groups there were significant differences in

Table 2 Behavioral measurements in female zebrafish exposed to 0, 0.10 and 1.50 µg L−1 Escitalopram

Behavioral component Treatment (µg L−1) Measure ± SEM Test F-value p Comparison Post hoc

Swimming distance (m) 0.00 (n= 19) 85.71 ± 6.56 ANOVA (log trans) 1.683 0.195 0.00–0.10 0.813

0.10 (n= 18) 89.54 ± 5.90 0.00–1.50 0.178

1.50 (n= 21) 97.30 ± 4.38 0.10–1.50 0.489

Maximum velocity (mm s−1) 0.00 (n= 19) 177.88 ± 9.52 ANOVA 10.332 <0.001 0.00–0.10 0.098

0.10 (n= 18) 210.30 ± 13.76 0.00–1.50 0.050

1.50 (n= 21) 142.13 ± 8.67 0.10–1.50 <0.001

Average velocity (mm s−1) 0.00 (n= 19) 50.17 ± 3.42 ANOVA (log trans) 1.103 0.339 0.00–0.10 0.473

0.10 (n= 18) 53.43 ± 2.36 0.00–1.50 0.359

1.50 (n= 21) 54.19 ± 2.43 0.10–1.50 0.987

Number of stops 0.00 (n= 19) 27.11 ± 8.76 ANOVA (log trans) 3.838 0.028 0.00–0.10 0.715

0.10 (n= 18) 29.67 ± 7.92 0.00–1.50 0.101

1.50 (n= 21) 8.62 ± 1.45 0.10–1.50 0.026

Total time swimming (s) 0.00 (n= 19) 1696 ± 43 ANOVA 3.161 0.050 0.00–0.10 0.787

0.10 (n= 18) 1657 ± 60 0.00–1.50 0.193

1.50 (n= 21) 1795 ± 2 0.10–1.50 0.050

Turning rate (degrees s−1) 0.00 (n= 19) 295.1 ± 11.2 ANOVA 1.942 0.103 0.00–0.10 0.162

0.10 (n= 18) 323.4 ± 9.8 0.00–1.50 0.932

1.50 (n= 21) 300.3 ± 10.5 0.10–1.50 0.279

Turning bias (degrees s−1) 0.00 (n= 19) 0.33 ± 2.28 ANOVA 1.784 0.177 0.00–0.10 0.930

0.10 (n= 18) 1.42 ± 2.12 0.00–1.50 0.185

1.50 (n= 21) 5.47 ± 1.83 0.10–1.50 0.355

Time in ROI (s) 0.00 (n= 19) 86.71 ± 18.05 ANOVA (log trans) 5.776 0.005 0.00–0.10 0.945

0.10 (n= 18) 68.60 ± 12.51 0.00–1.50 0.021

1.50 (n= 21) 137.18 ± 16.43 0.10–1.50 0.010

Path in ROI (m) 0.00 (n= 19) 4.34 ± 0.68 ANOVA (log trans) 8.484 0.001 0.00–0.10 0.996

0.10 (n= 18) 4.28 ± 0.62 0.00–1.50 0.002

1.50 (n= 21) 7.71 ± 0.66 0.10–1.50 0.003

Number of visits to ROI 0.00 (n= 19) 78.3 ± 11.2 ANOVA 11.215 <0.001 0.00–0.10 0.984

0.10 (n= 18) 75.6 ± 10.5 0.00–1.50 0.001

1.50 (n= 21) 139.3 ± 11.1 0.10–1.50 <0.001

Note: Tukey post hoc test. Entries in bold are statistically different
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the administration of swimming velocities (females, χ2=
74, df 20, p < 0.005; males, χ2= 69, df 20, p < 0.001).

Discussion

The current study demonstrates that exposure to relatively
low levels of Escitalopram may have both direct effects on
fitness in the form of reduced size and gives rise to changes
in zebrafish behaviour. The lower, environmentally rele-
vant, concentration at 0.10 µg L−1 had no significant effects
on zebrafish behaviour, which is in agreement with Por-
seryd et al. (2017), who found no effect of Citalopram at
0.10 µg L−1 on the zebrafish locomotor activity. On the
other hand, the 15 times higher concentration at 1.50 µg L−1

affected several of the quantified behaviour components in
at least one sex. Escitalopram also affected the mean
maximum velocity in both sexes, increased the time spent
and distance swum in the central part of the test tank (ROI)
as well as the number of entries into the ROI by the females.
In addition, the female and male response to treatment were
significantly different regarding body weight, mean max-
imum velocity, number of visits to the ROI and distance
swum inside the ROI.

Escitalopram affected body length and body weight in
both sexes during the three weeks of exposure. Please note
that this conclusion is based upon a random distribution of
the fish to the test tanks and thus assuming an equal size
distribution before exposure. This cannot be verified since
we, in order to minimize stress, did not measure length and

Table 3 Behavioral measurements in male zebrafish exposed to 0, 0.10 and 1.50 µg L−1 Escitalopram

Behavioral
component

Treatment (µg L−1) Measure ± SEM Test F-value p Comparison Post hoc

Swimming
distance (m)

0.00 (n= 18) 82.48 ± 6.17 ANOVA 0.953 0.392 0.00–0.10 0.387

0.10 (n= 18) 94.48 ± 7.14 0.00–1.50 0.925

1.50 (n= 23) 85.71 ± 5.24 0.10–1.50 0.563

Maximum
Velocity (mm s−1)

0.00 (n= 18) 222.5 ± 12.8 ANOVA (log trans) 4.887 0.011 0.00–0.10 0.082

0.10 (n= 18) 182.8 ± 8.9 0.00–1.50 0.010

1.50 (n= 23) 176.4 ± 11.8 0.10–1.50 0.745

Average velocity
(mm s−1)

0.00 (n= 18) 55.20 ± 3.38 ANOVA 1.134 0.329 0.00–0.10 0.995

0.10 (n= 18) 54.78 ± 3.21 0.00–1.50 0.387

1.50 (n= 23) 49.72 ± 2.43 0.10–1.50 0.445

Number of stops 0.00 (n= 18) 77.61 ± 17.74 ANOVA (log trans) 0.947 0.394 0.00–0.10 0.360

0.10 (n= 18) 33.67 ± 8.77 0.00–1.50 0.749

1.50 (n= 23) 61.17 ± 13.29 0.10–1.50 0.746

Total time
swimming (s)

0.00 (n= 18) 1492 ± 75 ANOVA 4.557 0.015 0.00–0.10 0.039

0.10 (n= 18) 1694 ± 56 0.00–1.50 0.022

1.50 (n= 23) 1700 ± 34 0.10–1.50 0.996

Turning rate
(degrees s−1)

0.00 (n= 18) 257.8 ± 8.6 ANOVA 0.824 0.444 0.00–0.10 0.433

0.10 (n= 18) 274.3 ± 9.5 0.00–1.50 0.623

1.50 (n= 23) 269.5 ± 8.9 0.10–1.50 0.922

Turning bias
(degrees s−1)

0.00 (n= 18) 4.22 ± 2.71 ANOVA 0.940 0.397 0.00–0.10 0.902

0.10 (n= 18) 5.77 ± 2.29 0.00–1.50 0.659

1.50 (n= 23) 1.28 ± 2.25 0.10–1.50 0.383

Time in ROI (s) 0.00 (n= 18) 92.8 ± 16.0 ANOVA (log trans) 1.187 0.313 0.00–0.10 0.926

0.10 (n= 18) 113.4 ± 24.2 0.00–1.50 0.315

1.50 (n= 23) 168.3 ± 38.4 0.10–1.50 0.537

Path in ROI (m) 0.00 (n= 18) 5.28 ± 0.61 ANOVA (log trans) 0.188 0.829 0.00–0.10 0.839

0.10 (n= 18) 6.24 ± 0.79 0.00–1.50 0.871

1.50 (n= 23) 6.38 ± 0.81 0.10–1.50 0.995

Number of visits
to ROI

0.00 (n= 18) 97.3 ± 9.2 ANOVA (log trans) 0.066 0.937 0.00–0.10 0.950

0.10 (n= 18) 107.8 ± 12.0 0.00–1.50 0.943

1.50 (n= 23) 111.6 ± 13.1 0.10–1.50 1.000

Note: Tukey post hoc test. Entries in bold are statistically different
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weight before exposure. Most likely, the size difference can
be attributed to reduced food intake and thus inhibition of
growth rate. Several authors (Kellner et al. 2015; Mennigen
et al. 2009; Silva et al. 2015; Weinberger and Klaper 2014)
have previously demonstrated suppressed feeding rates in
fish in response to SSRI exposure. For instance, another
SSRI pharmaceutical, Fluoxetine, decreased feeding rates
and weight gain in female goldfish (Mennigen et al. 2009,
2010) and hybrid striped bass (Gaworecki and Klaine
2008).

Another reason why treatment affected the body weight
in the females may be that they carry eggs and consequently
have a more variable weight than the males. Reduced food
intake may reduce egg production and therefore weight in
the females. A more disturbing possibility is that Escitalo-
pram could have intrinsic properties that affect egg pro-
duction. Serotonin participates in the modulation of the
reproductive neuroendocrine (HPG) axis (Toufexis et al.
2014), which consists of a communication between the
hypothalamus, pituitary and the gonads. Among other
important functions in fish, the sex steroid estradiol and
associated receptors play crucial roles for the growing
oocyte (Chakraborty et al. 2011; Menuet et al. 2004; Rani
et al. 2010) and the SSRI fluoxetine reduces the levels of
circulating estradiol as well as expression of oestrogen
receptor mRNA in some brain regions in goldfish (Menni-
gen et al. 2008). However, except for determination of
gender, gonads were not examined in the current study,
implying that this possibility remains to be investigated.

The Fulton condition factor decreased slightly with
treatment in the females and increased in the males, but
there were no significant effects in either of the two genders,
indicating that the relationship between weight and length
did not change.

General swimming behaviour was moderately affected
by Escitalopram in both sexes, with a few exceptions. The
distances swum during the 30 min measuring period, aver-
age swimming velocity and turning behaviour were statis-
tically similar for the three groups. The mean maximum
velocity, which is the highest velocity maintained by the
fish for 1 sec was significantly reduced by the high Escita-
lopram treatment in both sexes, demonstrating a reduced
usage of higher swimming velocities. Further, both females
and males demonstrated a more continuous swimming
activity under the influence of Escitalopram. The number of
swimming quiescence periods decreased significantly in
females exposed to the highest Escitalopram concentration
and the time in locomotor activity increased significantly in
males exposed to both concentrations. It has previously
been reported that anxiety increases locomotor activity in
zebrafish and that the SSRI fluoxetine inhibits this stress-
induced increase (Giacomini et al. 2016). In the Siamese
fighting fish (Betta splendens) (Kohlert et al. 2012) and in

Chinook salmon (Oncorhynchus tshawytscha) (Clements
and Schreck 2007), fluoxetine reduces baseline locomotor
activity measured as vertical and horizontal movement in
grid covered test arenas, respectively. The current study
supports these findings.

The frequency distribution of employed velocities sig-
nifies how the fish administer its swimming velocity. Typi-
cally, both terrestrial and aquatic animals spend most time at
lower velocities with exponentially decreasing time allo-
cated to increasing velocities (Baatrup and Bayley 1993;
Henriksen et al. 2016). In the present study, the distributions
were significantly different between the three treatments in
both genders, clearly demonstrating that Escitalopram alters
this component of the general swimming behaviour. Thus,
Escitalopram decreases the time allocated to higher velo-
cities, supporting a suppressed locomotor activity. It is worth
noticing that the biological importance of this quantitative
result still needs to be elucidated.

The wall-seeking (thigmotactic) swimming behaviour
diminished in female zebrafish under the influence of
Escitalopram. The number of entries into the central area of
the tank (ROI), the time spent in the ROI and the distance
swum within the ROI significantly increased in females
treated with 1.50 µg L−1 Escitalopram, indicating a severe
reduction of thigmotaxis. Other fish studies have also
repported increased central movement in the test aquariums
after chronic SSRI exposure (Clements and Schreck 2007;
Ansai et al. 2016). No effect of treatment on those variables
was evident in the male fish, which demonstrates sex-
dependent effects on anxiety/antipredator behaviours. In
their novel tank experiment, Porseryd et al. (2017) found
that Citalopram at 0.1 µg L−1 significantly increased the
number of transitions to the upper half of the tank but no
effect on latency to first transition in male zebrafish. The
phenomenon of thigmotaxis as an anxiety response is well
established in zebrafish (Baiamonte et al. 2016; Jantzen
et al. 2016; Nema et al. 2016). Despite this, studies of sex
differences in the effects of SSRI on zebrafish thigmotaxis
appear to be almost absent. In one study on zebrafish
behavioural responses to the SSRI fluoxetine, Singer et al.
(2016) found that there were no sex-dependent effects on
zebrafish thigmotaxis. However, this study also found a
positive correlation between fluoxetine exposure and zeb-
rafish thigmotaxis, which is inconsistent with thigmotaxis as
a stress related behaviour. Secondly, this could indicate that
explorative abilities are more sensitive to long-term SSRI
exposure than the spontaneous swimming behaviour, at
least in female zebrafish. Boldness is a behavioural trait that
has been described to vary on a shy-bold continumm in fish
(Wilson et al. 1994) and a determining factor of an animal’s
behavioural profile (Sih et al. 2004). Thus, this trait might
be used to predict the behavioural outcome of various daily
situations and challenges in fish and thereby become
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ecolologically important. In addition to locomotor activity
(Bell 2005; Moretz et al. 2007), boldness in fish has been
positivity linked to aggressiveness (Huntingford 1976) and
has proven suitable in predicting social status (Dahlbom
et al. (2011). Despite possible advantages, an increased
boldness may have severe ecological consequences leading
to a higher predation risk. For example, bolder individuals
of guppy (Poecilia reticulata) has been shown to suffer
higher mortality rates than their shoalmates caused by a
relativily higher degree of predator inspection (Dugatkin
1992). In agreement with this assumed increased predation
risk, juvenile Piauçu fish (Leporinus microcephalus) did not
respond to alarm signals from conspecifics after Fluoxetine
administration (10 µg g−1 b.w) (Barbosa Junior et al. 2012)
and four weeks of Sertraline exposure (3–30 µg L−1)
reduced shelter-seeking behaviour in adult fathead minnows
(Pimephales promelas) (Valenti et al. 2012). Boldness in
male zebrafish was not significantly altered by Escitalopram
treatment. As evident from Fig. 2 and Table 3, the time
spent in the central area of the test tank increased from on
average 93 s in the control group to 168 s in the 1.50 µg L−1

exposure group, but with a substantial variation among the
male fish. This suggests a strong trend towards an increased
boldness, supporting that boldness does not appear to differ
between the sexes in zebrafish (Way et al. 2015; Moretz
et al. 2007). Still, if there are sex-dependent differences in
the action of Escitalopram, this certainly calls upon atten-
tion considering the effects on other vertebrates, including
humans.

In conclusion, Escitalopram affects body weight and
length as well as a range of behavioural variables in zeb-
rafish, including boldness, a presumed ecological relevant
trait. The effects were more pronounced in females than in
males, indicating a possible effect on the reproductive axis.
The effects were only evident at the higher concentration,
which exceeds that commonly found in nature even in close
proximity of sewage treatment plants. While the results of
this study indicate that the concentrations found in nature
are safe for zebrafish it should be keept in mind that wildlife
organism seldom are exposed to one single SSRI and pre-
vious studies on three-spine sticklebacks have found effects
on feeding behaviour at 0.15 µg L−1 Citalopram (Kellner
et al. 2015), corresponding to 0.075 µg L−1 Escitalopram.
This species difference highlights the complexity of envir-
onmental SSRI effects.
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