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During the last decades, depression has been diagnosed in increasing numbers,
accompanied by rising prescription rates of antidepressants. Concomitantly, these
pharmaceuticals are frequently detected in surface waters. Serotonin and noradrenalin
reuptake inhibitors such as venlafaxine form the second largest group of antidepressants
worldwide, and venlafaxine is the second most prescribed antidepressant in Germany. As
drug targets are evolutionary highly conserved, venlafaxine can potentially change not only
behavior and related physiological processes in humans but also in non-target species,
especially aquatic organisms. In order to test this hypothesis for fish, we exposed brown trout
larvae and juveniles to venlafaxine at concentrations ranging from 1 to 1,000 pg/L. Larvae were
exposed for 5 months from the eyed ova stage until 8 weeks post yolk-sac consumption at 7
and 11 °C. Juveniles were exposed for 4 weeks at 7 “C. Mortality, weight, length, behavior
during exposure and behavior in a stressful environment were recorded in both experiments.
For larvae, additionally, hatching rate and heart rate were analyzed. In juvenile fish, tissue
cortisol levels were determined. Our results clearly showed, that brown trout, irrespective of
their life stage, change their behavior when being exposed to venlafaxine: During exposure,
venlafaxine at 7 “C caused larvae to sojourn in the upper part of the aquaria for a longer time,
with a lowest observed effect concentration of 100 pg/L. In a stressful environment with limited
space, fish exposed to >10 pg/L venlafaxine were less active than controls. Furthermore,
venlafaxine reduced the growth of larvae (ength at >10 ug/L, weight at 1 mg/L) and their
survival after 5 months (at 1 mg/L). Hatching rate and heart rate of larvae as well as tissue
cortisol concentration of juveniles were not affected by venlafaxine treatment.

Keywords: antidepressant, venlafaxine, brown trout, fish, behavior, development

INTRODUCTION

The rising number of diagnosed depression in humans has led to continuously soaring prescription
rates of antidepressant drugs during the last decades (Wittchen et al., 2011; Liu et al., 2020). Many of
these pharmaceuticals resemble each other with respect to their mode of action: they inhibit the re-
uptake of neurotransmitters such as serotonin, noradrenalin or dopamine into the pre-synapse. One
of the most prescribed antidepressants worldwide is venlafaxine, a serotonin and noradrenalin
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reuptake inhibitor (SNRI). To a minor extent, it also inhibits the
reuptake of dopamine (Burnett and Dinan, 1998). Since no
notable effects of venlafaxine on other receptors were found,
e.g., cholinergic, adrenergic and histaminergic receptors, it is
regarded a rather specific anti-depressant (Burnett and Dinan,
1998). Venlafaxine is used as therapeutic drug against major
depression but also generalized anxiety disorders and panic
disorders (HEXAL, 2019).

In Germany, about 200 million defined daily doses (DDD) of
venlafaxine were prescribed in 2018. This resulted in a market
share of about 13.6% of all prescribed antidepressants (Schwabe
et al., 2019). With an assumed defined daily dose (DDD) of
100 mg per patient (WHO, 2019), this leads to a minimum
consumption rate of 20 t/year for Germany only. Due to
increasing and still rising prescription rates of antidepressants,
especially of SNRI during the last decade (Schwabe et al., 2019),
and low elimination rates in wastewater treatment plants
(Mackul’ak et al., 2015), venlafaxine was detected frequently in
the water cycle (Ferrer and Thurman, 2012; Acuna et al,, 2015;
Schliisener et al., 2015). Maximum concentrations reached up to
690 ng/L in wastewater-dominated streams, however, mean
concentrations in surface waters were about 200 ng/L
(Himmelsbach et al., 2006; Lajeunesse et al., 2008; Schultz
et al., 2010; Ferrer and Thurman, 2012; Grabicova et al,
2017). In wastewater effluents, venlafaxine was detected in
concentrations from 63.8 ng/L up to 2.5 ug/L (Lajeunesse et al.,
2012; Schliisener et al, 2015; Paiga et al,, 2016). Its active
metabolite, O-desmethylvenlafaxine, was found at two to three
times higher concentrations ranging from 610 ng/L up to 4 ug/L
in wastewater effluents (Lajeunesse et al., 2012; Schliisener et al.,
2015). Having in mind the continuously increasing prescription
rates and the poor elimination rates, surface water concentrations
of venlafaxine can be expected to rise in the future (Mackul’ak
et al., 2015; Schwabe et al., 2019).

Most studies addressing the risk related to the exposure of
aquatic organisms to antidepressants were conducted with
selective serotonin reuptake inhibitors (SSRIs), especially with
fluoxetine (Henry and Black, 2008; Mennigen et al., 2010; Martin
etal., 2017). Less information is available for SNRI impact on fish,
but, nevertheless, a number of studies were conducted in fathead
minnow (Pimephales promelas) with a focus on venlafaxine
impact on behavior. For this species, diminished escape
behavior, increased mortality, increased nest defense and egg
production were reported (Painter et al., 2009; Parrott and
Metcalfe, 2017;, 2018; Schultz et al., 2010). Decreased hatching
rates, deformities in fry and increased weight of males were
shown in fathead minnows exposed to a mixture of the
antidepressants venlafaxine (24 pg/L), citalopram (2.4 pg/L),
fluoxetine (900 ng/L), sertraline (200ng/L) and bupropion
(900 ng/L). However, these effects could not be attributed to a
single antidepressant (Parrott and Metcalfe, 2019). In white
seabream (Diplodus sargus), an exposure of larvae to
venlafaxine resulted in decreased survival, increased attack
frequency and time on nauplii prey (Rodrigues et al, 2019).
Marine juvenile meagre (Argyrosomus regios) exposed to 20 ug/L
venlafaxine showed an increased sojourn time in the top part of
the water column and a decreased activity in the novel tank diving
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test (Maulvault et al., 2018). Melvin (2017) showed a change in the
circadian rhythm of male mosquitofish (Gambusia holbrooki) when
exposed to at least 100 pg/L of the antidepressant. Also, in
invertebrates, venlafaxine was shown to modulate behavior. In
several studies, foot detachment from the surface and increased
moving velocity were reported for snails (Fong and Hoy, 2012; Fong
and Molnar, 2013; Fong et al., 2015). In common cuttlefish (Sepia
officinalis) brain regional changes in cellular proliferation, a decrease
in the norepinephrine level and a reduction of the relative number of
glutamate N-methyl-D-aspartate (NMDA)-like receptor binding
sites in response to 5ng/L venlafaxine after 20 days exposure
were reported. Additionally, 100 ng/L venlafaxine affected the
camouflage ability of these animals (Bidel et al.,, 2016).

Up to now, there is still a lack of knowledge concerning the risk
posed by antidepressants to fish native in Central European
waters. We therefore conducted our study with two life stages
of brown trout, a species which is supposed to react in a sensitive
way to environmental chemicals (Schwarz et al., 2017). Brown
trout eggs were exposed to venlafaxine concentrations ranging
from environmentally relevant to explicitly higher concentrations
(1, 10, 100, 1,000 pg/L) for up to 5 months. However, the highest
concentration used is still far below LCs, values of >100 mg/L
known for rainbow trout (Pfizer, 2011; Merck, 2017). During
exposure, developmental parameters like hatching rate,
malformations, heart rate and mortality were recorded. At the
end of the experiment, also, weight and length of the fish were
assessed. Since venlafaxine as an antidepressant could affect
normal and anxiety related behavior, we assessed behavior
under conditions of exposure and in a stressful environment.
In the comparable novel tank diving test with zebrafish stay in the
upper part is connected to reduced anxiety (Maximino et al,
2010a; Stewart et al., 2012) and this behavior could already be
detected in fish exposed to venlafaxine (Maulvault et al., 2018).
Furthermore, in artificial systems a reduced activity due to
venlafaxine exposure could already be detected (Maulvault
et al,, 2018; Sehonova et al, 2019; Thompson and Vijayan,
2020). Therefore, an increased stay in the upper part as well
as reduced activity in a stressful environment could be expected.
In a second experiment, juvenile brown trout were exposed to the
same venlafaxine concentrations for four weeks and, also here,
the apical endpoints mortality, weight and length were
determined at the end of the exposure time. Behavior was
recorded in a similar way as for brown trout larvae, i.e. during
exposure and at the end of the experiment in a stressful
environment. As a proxy for their stress status, cortisol levels
were determined in juvenile fish.

The aim of our study was to provide data for an environmental
risk assessment of venlafaxine with particular emphasis on
sublethal effects of this antidepressant, ranging from
biochemical to behavioral endpoints, in a feral fish species.

MATERIAL AND METHODS
Fish

Brown trout eggs and juvenile fish were obtained from a commercial
trout farm (Forellenzucht Lohmiihle, Alpirsbach-Ehlenbogen,
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Germany). This commercial trout breeder is listed as disease-free
Category I according to the EU council directive 2006 (EU, 2006).
The eggs in the eyed ova stage were directly transferred into the
test aquaria. Juvenile fish were kept in an acclimation tank for one
week prior to the experiment and subsequently subjected to
experimental exposure. The larvae were kept in climate
chambers at 10:14 h light:dark cycle at either 7°C or 11°C.
Exposure of juveniles was conducted at 7 °C only.

Test Substance

Venlafaxine is an antidepressant belonging to the group of SNRIs
(serotonin and noradrenalin reuptake inhibitors). For our
experiments we used venlafaxine hydrochloride (C;,H,;NO, -
HCI, CAS: 99,300-78-4) from Sigma Aldrich (Steinheim,
Germany). The stock solutions contained 1 and 100 mg/L
venlafaxine dissolved in distilled water. The nominal
concentrations of venlafaxine in the experiments refer to the
free base (Cy7H,;NO,) of the pharmaceutical.

Experiment With brown Trout Eggs and

Hatched Larvae

Brown trout eggs (3 x 10 per treatment) were exposed in a
randomized semi-static three-block design to nominal 0, 1, 10,
100 and 1,000 ug/L venlafaxine in 25 L aquaria containing 10 L of
the respective test solution. Prior to the exposure of eggs, each
aquarium was saturated for seven days with the respective test
solution. For each treatment, eggs in the eyed ova stage (32 days
post fertilization) were exposed either at 7 °C or at 11 °C in a 10:
14 h light:dark cycle in two climate chambers. The aquaria were
covered with non-transparent black plastic foil to prevent direct
illumination. Twice a week, in each aquarium, 50% of the test
solution volume was renewed for sanitary reasons and in order to
maintain the respective venlafaxine concentrations. After yolk sac
consumption, fish were fed daily with a defined amount of trout
feed (first 0.5 mm, later 0.8 mm in diameter, Inico Plus, Biomar,
Brande, Denmark) equivalent to 3% of their body weight. During
exposure, mortality and hatching rate were recorded on a daily
basis. The heart rate of five individuals per treatment was
recorded one week after hatching in the respective climate
chamber. For heart rate determination, larvae were transferred
into a Petri dish. After acclimatization for 5 min, the heart beat
was counted for 20 s as a basis to calculate the heart rate (beats per
minute). Simultaneously, the water temperature in the Petri dish
was measured. Subsequent to this measurement, fish were
transferred back into their exposure tank. From six days after
yolk-sac consumption until the end of the experiment, three
photos of each aquarium were taken daily with the aim to evaluate
swimming behavior during exposure. One week before
termination of exposure, five individuals of each tank were
transferred into an artificial swimming measurement device
(described below) aiming at quantifying swimming behavior
under stressful conditions. Subsequently, these five fish were
anesthetized with an overdose of MS222 (1 g/L buffered with
NaHCO;) followed by a cervical spine cut to assure death. For
each individual, weight and length were determined. Seven weeks
after yolk-sac consumption, when the exposure ended, all
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remaining fish were killed as described before. Samples of the
posterior body part were frozen in liquid nitrogen and stored at
—80 °C for further analysis of venlafaxine tissue concentrations.
At the beginning and the end of the experiment physico-chemical
water parameters (temperature, oxygen concentration, pH,
conductivity) were recorded. Additionally, the concentration of
nitrite in water was measured at the end of the experiment and
four weeks before. Detailed information is given in the
Supplementary Material.

Experiment With Juvenile brown Trout
Juvenile brown trout were exposed to venlafaxine at 7 °C with a
light:dark cycle of 10:14h for 25 days. The 25L tanks were
arranged in randomized order following a semi-static three
block design. Each aquarium contained 15 L of the respective
test solution (0, 1, 10, 100 and 1,000 pg/L Venlafaxine). The top
of the tanks were covered with non-transparent black plastic foil
to prevent direct illumination. Twice a week, 50% of the test
solution was replaced by freshly prepared test solution.
Additionally, three tanks with solely 100 pg/L venlafaxine
without fish served as a control for possible venlafaxine
degradation and were treated equally to the other aquaria.
Fish were fed daily with a defined amount of trout feed,
equivalent to 3% of their body weight (grain size: 0.8 mm,
Inico Plus, Biomar, Brande, Denmark). During the
experiment, mortality was recorded daily. Additionally, three
photos were taken daily from each tank as a basis to quantify
behavior during exposure. At the end of the experiment, all fish
were killed as described above except for three animals per
aquarium which were used for behavioral analyses under
stressful conditions prior to dissection. From each fish,
samples were taken from the dorsal body portion, containing
muscle and kidney tissue, to determine the cortisol level.
Samples of the posterior body portion, containing mainly
muscle tissue, were used for the chemical analysis of
venlafaxine tissue residues. All samples were frozen in liquid
nitrogen immediately after dissection and stored at —80 “C until
further processing. At the beginning and the end of the
experiments physico-chemical water parameters
(temperature, oxygen concentration, pH, conductivity) were
recorded.  Detailed information is given in the
Supplementary Material.

Venlafaxine Analysis

Water Samples

Water samples were taken at the beginning and the end of the
experiment and once a month during the experiments.
Venlafaxine concentrations were determined using LC-MS
with a 1290 Infinity HPLC system (Agilent Technologies,
Waldbronn, Germany) and a triple quadrupole mass
spectrometer (6490 iFunnel Triple Quadrupole LC/MS, Agilent
Technologies) in ESI(+) mode. An Agilent Poroshell-120-EC-
C18 (2.7 pm, 2.1 x 100 mm) column at a flow rate of 0.4 ml/min
was used for separation, and column temperature was maintained
at 40 °C. Eluent A and B were water (+0.1% formic acid) and
acetonitrile (+0.1% formic acid), respectively. For the samples
taken from the experiment with juvenile brown trout, gradient
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elution was adapted as follows: 0-1 min 5% B, linear increase to
100% B within 7 min, hold for 7 min at 100% B. After switching
back to the starting conditions, a reconditioning time of 3 min
was set. Samples were kept in the autosampler at 10 °C and an
injection volume of one or 10 pL (dilution factor 0-100). The
detection limit of venlafaxine (mass transition m/z 278.2 —
260.2) for undiluted samples was 10ng/L (10 pL injection
volume). For the samples taken from the experiment with
brown trout eggs and larvae, the gradient elution was adapted
as follows: 0-1 min 5% B, linear increase to 100% B within 5 min,
remain at 100% for 2 min, then return to starting conditions for
5min to recondition the column. Samples were kept in an
autosampler at 10°C, and the injection volume was 5 pL.
Further details on operating parameters of the triple
quadrupole are provided in the Supplementary Material.

Tissue Samples

Venlafaxine tissue concentrations in brown trout larvae and
juveniles were determined by liquid chromatography-mass
spectrometry (LC-MS). Sample extraction was carried out with
a miniaturized and optimized QuUEChERS dispersive solid phase
extraction method. Samples of each exposure group were either
pooled if the sample quantity was too little (5 animals per pool) or
treated individually. Since tailfin samples were expected to
contain similar matrices (mainly muscle tissue), all samples
were treated in the same way during extraction. The extraction
method presented by Ziegler et al. (2020b) originally developed
for citalopram, was adapted.

Homogenization of the frozen individual and pooled fish
samples (—20 °C) was performed with mortar and pestle under
liquid nitrogen. The homogenized samples were transferred into
2.0ml tubes, weighed (Eppendorf, Hamburg, Germany) and
subsequently spiked with deuterated venlafaxine-D6 (Merck
KGaA, Darmstadt, Germany). Due to varying venlafaxine
tissue concentrations and the consequent different dilution
necessary after extraction, samples were spiked with adjusted
concentrations. This ensured final concentrations in the
established calibration range. Therefore, 10 uL of either a
10 mg/L venlafaxine-D6 solution in methanol for high
exposure groups (100 pg/L, 1,000 pg/L venlafaxine in aquarium
water) or a 1 mg/L solution for low exposure groups (0 ug/L, 1 ug/L,
10 ug/L) was used. Then, the solvent was evaporated at room
temperature for 5 min under a gentle stream of nitrogen. In a next
step, 0.25ml acetonitrile (LC-MS grade, Merck KGaA,
Darmstadt, Germany) and 0.75 ml water (LC-MS grade, Merck
KGaA, Darmstadt, Germany) were added to the samples followed
by mixing for 30 s. Then, 120 mg anhydrous magnesium sulfate
(Sigma-Aldrich, Steinheim, Germany), which was dried
overnight at 140°C, and 30mg sodium chloride (Sigma-
Aldrich, Steinheim, Germany) were added to the samples
which were immediately mixed for 30s. After centrifugation
for 15 min at 13,000 rpm, 0.1 ml of the acetonitrile phase were
separated and evaporated carefully under a continuous stream of
nitrogen. The dried residue was resolved in 0.5 ml methanol (LC-
MS grade, Chemsolute, Renningen, Germany) and diluted to
concentrations in the established calibration range for
venlafaxine and venlafaxine-D6. At last, the methanol extract
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was filtered for LC-MS analysis with a 45 um PTFE filter (pore
size: 0.45 pm, Chromafil, Macherey-Nagel, Diiren, Germany).
Matrix-matched calibration was performed between 1 and
50 pg/L with venlafaxine-D6 and venlafaxine (>98%, Merck
KGaA, Darmstadt, Germany). The limit of detection of the
method was 5ng/L. Recoveries of the extraction process were
calculated by using standard addition after extraction. The
extraction recovery of venlafaxine-D6 was 20%.

All analyses were performed using a 1,260 Infinity LC system
coupled to a 6,550 iFunnel QTOF mass spectrometer (Agilent
Technologies, Waldbronn, Germany and Santa Clara, CA, USA)
with a jet stream electrospray ionization source. Aliquot samples
with a volume of 10 pL were injected onto a Zorbax Eclipse Plus
C18 column (2.1 x 150 mm; 3.5 pm particle size, narrow bore,
Agilent Technologies, Waldbronn, Germany) at a column
temperature of 40 ‘C. Details for analyses are summarized in
the Supplementary Material. A gradient elution was performed
with 0.3 ml/min using water and methanol, both containing 0.1%
formic acid. Data analysis was performed with MassHunter
Workstation 10.1 software (Agilent Technologies, Waldbronn,
Germany).

Analyses of Behavior During the Exposure
To assess the influence of the antidepressant on the swimming
behavior of fish during the exposure, three photos of each
aquarium were taken daily. Five minutes after removal of the
black foil from the aquaria three photos of each tank were taken
with 5-min intervals in between, using a Panasonic DMC-TZ56
camera. Photos were taken between 1 and 4 p.m. before feeding. A
white sheet of paper was placed behind the aquaria to obtain a
bright background for better contrast, and all photos were taken
from the aquarium s front side. During the experiment with eggs
and larvae, photos were taken every day within the period from
one week after yolk sac consumption onwards until sampling. In
the study with juvenile brown trout photos were taken every day
from the second day of exposure onwards until the end of the
experiment (01 August -23 August 2018). For each photograph,
the number of fish in the upper and lower half of the aquarium
was determined and. From the three photos per treatment and
per day, a mean value was calculated.

Analyses of Behavior Under Stressful

Conditions

Swimming behavior under stressful conditions was analyzed in
an artificial swimming measurement device (ASMD) according
to Ziegler et al. (2020b). Fish were transferred into four small
aquaria (17 x 17 x 8.5cm) which were surrounded by white
polystyrene plates. Each aquarium was monitored by an
individual camera (Basler acA 1,300-60 gm, 1.3 MP resolution,
Basler AG, Ahrensburg, Germany, lens: 4.5-12.5 mm; 1:1-2: IR1/
2”). To obtain optimal illumination, four lamps were adjusted to
face the top of the polystyrene enclosure for indirect bright
illumination. Five brown trout larvae were transferred into
each of the four small aquaria containing 500 ml of the
respective test solution, and their individual movement was
recorded for 20 min. In the case of juvenile brown trout, three
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individuals per tank were assessed in 1 L of the respective solution.
The respective first 2min of each recording were neglected to
account for the acclimation of fish to the test conditions. Video
sequences of the remaining 18 min were analyzed for the parameters
“total distance moved”, “mean velocity” and “time of no movement
(inactivity)”. The individuals were centre-point tracked with the
program EthoVision XT12 (Noldus Information Technology BV,
Wageningen, The Netherlands). Due to occasional difficulties in
automatic tracking, swimming tracks were manually corrected when
necessary.

Cortisol Content
The cortisol content of juvenile fish exposed to venlafaxine was

measured with the commercially available fish cortisol ELISA Kit
by Cusabio Technology LCC (Houston, Texas, United States). The
samples of the dorsal body portion were manually homogenized
with a pestle in PBS buffer (pH 7.6, 0.1 M) (tissue/buffer ratio 1:11
w/v). The homogenates were frozen at —20°C, thawn at room
temperature, frozen and re-thawn again, and then centrifuged for
5 min at 5,000 rpm. Then, the supernatants were stored at —80 °C.
Immediately before testing, the supernatants were thawn and
diluted with the kit’s sample buffer (supernatant/buffer ratio 1:5
v/v). In the pre-coated 96-well plates provided, 50 uL of the
respective standard solution or 50 uL sample as well as 50 uL
assay buffer were pipetted into each well (except for the
predetermined blank), followed by a 40 min incubation at 37 °C.
After three washing cycles with washing buffer, 100 uL horseradish
peroxidase (HRP)-conjugate was pipetted into each well (except for
the blank) and incubated at 37°C for 30 min again. After five
further washing cycles, 90 uL of 3,3’,5,5-Tetramethylbenzidine
(TMB) solution was added into each well and the plate was
incubated at 37°C for 20min. Finally, 50puL of the stop
solution were added, and the emission was determined
photometrically at 405nm and at 570nm for wavelength
correction. The concentrations were calculated using data
corrected for the blank and wavelength fitted to a four
parameter logistic standard curve. Results are expressed as ng/mL.

Statistical Analysis

Statistical analyses were performed with the programmes SAS
JMP 14 (Cary, North Carolina, USA) and R 3.5.0 (Vienna,
Austria) (packages: Ime4, coxme). Mortality and hatching rates
were analyzed with a cox mixed effect model (aquarium identity
as random factor). Weight, length, heart rate of brown trout
larvae and total distance moved in the ASMD were assessed with
a nested ANOVA and subsequent post-hoc Dunnett’s test.
Whenever data were not normally distributed, a non-
parametric Kruskal-Wallis test was performed with a
subsequent post-hoc Steel with control. If homogeneity of
variance was not achieved, a Welch ANOVA with a
subsequent post-hoc Dunnett’s test was used. Data for
behavior during exposure were analyzed with a generalized
linear mixed model (aquarium identity as random factor) and
subsequent post-hoc Dunnett’s test. Cortisol content, time-
dependant mean velocity and time of no movement in the
ASMD were analyzed with a linear mixed model (aquarium
identity as random factor).

TABLE 1 | Results for brown trout larvae exposed to venlafaxine.

1

Temperature (°C)

1,000

100

10

1,000

100

10

Nominal venlafaxine
concentration pg/L
Mortality (%)
Weight ()

28.89 + 3.14
0.285 + 0.096 **

16.67 + 2.72
0.300 + 0.065
3.17 + 0.20 ***

18.89 + 4.16

22.22 + 6.29

+7.2

20
0.319 + 0.078 0.316 + 0.081

14.44 + 7.86
0.435 + 0.185

5.56 + 1.57 4.44 + 314 5.56 + 3.14

3.33+272
0.437 + 0.115  0.435 + 0.156 0.424 + 0.137 0.393 + 0.128

0.309 + 0.083
3.22 + 0.25 **

59.44 + 1.95

3.06 + 0.33 ***

3.27 + 0.27
58.72 + 1.45

3.33 + 0.26

58.61 + 1.85

3.54 + 0.44
45.48 + 0.74

3.65+0.38 3.48 +0.37 **

45.71 + 0.76
87.2 + 2.99

3.66 + 0.43
45.81 + 0.74

88.46 + 3.76

3.68 + 0.35
45.59 + 0.65

Length (cm)

58.92 + 1.63

58.84 + 1.41

45.63 + 0.67

Time to hatch (dpf)
Heart rate (bpm)

56.4 + 2.50

88 + 3.41 55 + 3.03 56.8 + 2.79 53.8 +2.32 57.2 + 3.71

88.13 + 4.94

90.4 + 3.07
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CRED

Criteria for reporting and evaluating ecotoxicity data (CRED) are
given in the Supplementary Material and aim to improve the
evaluation of ecotoxicity studies (Moermond et al., 2016). CRED
is used to improve the transparency, reproducibility and
consistency of reliability with different reliability and relevance
criteria to increase the chance, that an ecotoxicological study is
considered for regulatory purposes (Moermond et al., 2016).

RESULTS

Physico-Chemical Water Parameters
Physico-chemical water parameters were determined at the
beginning and the end of the two experiments. Temperature,
oxygen content, pH and conductivity were in an acceptable range
in both experiments (brown trout larvae: mean temperature: 7 °C:
7.25+0.26 °C; 11 °C: 11.37 £ 0.23 °C; mean oxygen content: 7 ‘C:
11.18 + 0.33 mg/L; 11 °C: 9.92 + 0.06 mg/L; mean pH: 7 °C: 8.26 +
0.23; 11 °C: 7.90 + 0.11; mean conductivity: 7 °C: 489.2 + 28.3 uS/cmy;
11°C: 469.8 + 23 puS/cm; juvenile brown trout: mean
temperature: 7.01 + 0.26°C; mean oxygen content: 11.24 +
0.08 mg/L; mean pH: 7.43 + 0.28; mean conductivity: 489.6 +
6.75 uS/cm). In the experiment with eggs and larvae, nitrite
levels were in an acceptable range (0.05-0.1 mg/L) during the
experiment and at the end at 7 °C. Only at the very end of the
experiment at 11 °C the nitrite level was elevated (0.6 mg/L). In
the experiment with juvenile brown trout, the nitrite level was
determined at the end of the experiment and was shown to be in
an acceptable range (0.05 mg/L). Further details are given in the
Supplementary Material.

Venlafaxine Analysis in Water and Tissue
Water Samples

Venlafaxine concentrations were below the limit of detection in
all control treatments. Recovery rates of venlafaxine were at least
75% of the nominal concentrations. In most cases, the real water
concentrations 4-20% than the nominal
concentrations, except for the highest concentration in the
experiment with eggs and larvae (Table 1). Here, the
concentrations were up to 6% higher than nominal
concentrations. The water concentrations of the 100 pg/L
venlafaxine degradation control in the experiment with
juvenile brown trout (real water concentration: 75.79 +
1.24 pg/L) was similar to the concentrations of the 100 pg/L
venlafaxine treatment with fish (real water concentration:
75.80 + 1.78 ug/L). Overall, the real venlafaxine concentrations
in water were in good accordance the nominal concentrations
(Table 1 and Table 2).

were lower

Tissue Samples

Results for venlafaxine residues in fish tissue samples made
evident that concentrations correlated with the
respective concentrations in the exposure medium. Tissue
concentrations in brown trout larvae exposed at 7°C were
similar to those in juvenile fish (Table 1 and Table 2). In
control animals, venlafaxine concentrations were below the

tissue

Antidepressant Effects in Brown Trout

limit of detection of 5ng/L. Bioconcentration factors ranged
from 13.9 for the treatments with the lower venlafaxine
concentrations to 3.5 for fish exposed to the highest test
concentration. This could be shown for both life stages
(Table 1 and Table 2).

Experiment With brown Trout Eggs and

Larvae
Mortality of brown trout larvae was elevated in fish exposed to the
highest venlafaxine concentration (1,000 ug/L) compared to the
other exposure groups (Figure 1). This trend was observed at 7 °C
(cox mixed-effects model: df = 4, 2 = 9.4954, p = 0.04984, post-
hoc Dunnett’s test [control|1,000 ug/L] p = 0.0563) with a
prominent increase in the mortality from day 98 to day 109 to
about 15% at the end of the experiment (Figure 1 A), the time of
completion of the yolk sac consumption and the first food intake
of the larvae. At 11 °C mortality of larvae exposed to 1,000 ug/L
(28.89 + 3.14%) was about 44% higher than control mortality
(20 £ 7.2%) (Figure 1 B), but not significantly different (cox
mixed-effects model: df = 4, y2 = 4,3496, p = 0.3608). At 11°C
from day 62 onwards overall mortality increased resulting in an
average mortality of about 21.33% at the end of the experiment
(Figure 1 B). At 7°C overall mortality of fish was 6.67% only.
The hatching rate at both temperatures did not differ
significantly between control and the respective venlafaxine
treatments (cox mixed-effects model: 11°C: df = 4, y2 =
8.8912, p = 0.06388; 7°C: df = 4, y2 = 126.13, p < 0.0001,
post-hoc Dunnett’s test revealed no difference to the control).
Also, the heart rate was not affected by venlafaxine at both
temperatures (nested ANOVA: 7°C: df = 4.10, F = 3.6544, p =
0.0099, post-hoc Dunnett’s test revealed no difference to the
control; 11 °C nested ANOVA: df = 4.10, F = 1.9067, p = 0.121).
As it could be expected, fish exposed at 11°C displayed an
approximately 30 bpm higher heart rate than fish exposed at 7 °C.
The impact of venlafaxine on body length and weight became
more evident in fish exposed at 7 °C rather than at 11 °C. Here,
fish exposed to >10 pg/L venlafaxine were significantly smaller, and
fish exposed to the highest venlafaxine concentration were also
significantly lighter than control fish (length: Kruskal-Wallis test:
df = 4, x2 = 50.6227, p < 0.0001, post-hoc Steel with control
(control|10 pg/L) p = 0.0093 (control|100 pg/L) p < 0.0001
(control|1,000 ug/L) p < 0.0001 pg/L; weight: Kruskal-Wallis
test: df = 4, y2 = 12.6183, p = 0.0133, post-hoc Steel with
control (control|1,000 pg/L) p = 0.0053). At 11°C, in particular
fish exposed to 100 pg/L venlafaxine were significantly smaller than
control fish, however no significant difference was observed (weight:
Welch-ANOVA: df = 4,167.97, F = 1.4336, p = 0.225; length: nested
ANOVA: df = 4.10; F = 3.5667; p = 0.0073; post-hoc Dunnett’s test
[control|100 ug/L] p = 0.0064). Although not significantly different,
fish exposed to either venlafaxine concentration were on the average
smaller and lighter than control fish.

Analysis of Behavior During Exposure

Regarding behavior during exposure, larvae exposed to 100 and
1,000 pg/L venlafaxine at 7 °C stayed more often in the upper part
of the respective aquarium than the control fish (Figure 2A)
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TABLE 2 | Results for juvenile brown trout exposed to venlafaxine.

Nominal venlafaxine concentration pg/L 0
Mortality (%) 13.33 + 18.86
Weight (g) 247 +0.48
Length (cm) 6.28 + 0.45
Behavior during exposure (% sojourn in upper aquaria half) 0.45 +2.10
ASMD: Total distance moved (cm) 1,079 + 579
Tissue cortisol content (ng/ml) 7.20 + 4.35
Tissue venlafaxine concentration (ng/g) <LoD
Aqueous venlafaxine concentration (ug/L) <LoD
Bioconcentration factor (BCF) n.a

Antidepressant Effects in Brown Trout

1 10 100 1,000

0+0 3.33 + 4.71 0+0 6.67 + 9.43
2.51 + 0.93 2.64 + 0.63 2.77 + 0.83 2.73+1.15
6.30 + 0.80 6.46 + 0.54 6.50 + 0.73 6.42 + 0.85
1.06 + 3.10 151 + 3.61 1.97 + 4.01 15.72 + 13.73 ***
1,318 + 540 723 + 780 939 + 571 130 + 172*
4.40 + 529 5.93 + 3.76 4.57 + 527 5.36 + 4.46
6.68 + 2.87 53.67 + 2026 402205 + 151.44  4,323.33 + 2,629.06
0.79 + 0.01 8.27 + 0.10 75.8 + 1.78 829.39 + 5.19

8.45 6.49 5.30 5.21

Data are shown as arithmetical means + standard deviation. Asterisks represent significant differences to the respective control (*p < 0.05; **p < 0.01; **p < 0.001). Abbreviations: n. a., not
assessed; dpf, day post fertilization; LoD, limit of detection; BCF, concentration in tissue (ng/g)/concentration in water (ng/L) x 1,000.
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FIGURE 1 | Mortality of brown trout larvae. Mortality rate of brown trout larvae exposed (A) at 7 °C, and (B) at 11 °C. Depicted is the cumulative mortality over time.

62 74 106

(generalized linear mixed model, df = 4, F = 29.6409, post-hoc
Dunnett’s test [control|100 pg/L] p = 0.0037 [control|1,000 pg/L]
p < 0.001). Whereas this effect became obvious in larvae exposed
to 1,000 pg/L right from the first photos taken, in fish exposed to
100 pug/L it could be observed first from day 114 onwards
(Figure 2). Larvae exposed to 1,000 pg/L venlafaxine at 11°C
showed an increased sojourn frequency in the upper part of the
aquaria during the entire experiment, whereas for fish exposed to
100 pg/L venlafaxine such behavior could not be observed
(Figure 2 B) (generalized linear mixed model, df = 4, F =
15.2872, post-hoc Dunnett’s test (control|100 pg/L) p = 0.278
(control|1,000 pg/L) p < 0.001).

Analsyis of Behavior in Stressful

Environment
Nominal venlafaxine concentrations affecting fish behavior under
stressful conditions were lower than effective nominal

concentrations affecting behavior during exposure. Larvae
exposed to 100 and 1,000 pg/L venlafaxine at 7 °C swam less
during the time of recording compared to control fish (Table 1,
Figure 3 A) (Welch-ANOVA: df = 4.34.003, F = 14.5522, p <
0.0001, post-hoc Dunnett’s test (control|100 ug/L) p = 0.0228
(control|1,000 pg/L) p < 0.0001). Likewise, fish exposed to 10 and
1,000 pg/L venlafaxine at 11 °C swam less than respective control
fish. For fish exposed to 100 ug/L, data were more variable and
not significantly different, however, a trend became visible
(Table 1, Figure 3 D). (Welch-ANOVA: df = 4.29.399, F =
30.6773, p < 0.0001, post-hoc Dunnett’s test (control|10 ug/L) p =
0.018 (control|100 ug/L) p = 0.0691 (control|1,000 pg/L) p <
0.0001). With regard to the temporal pattern during the
recording time, control fish showed a low locomotor activity
at the beginning of the recording but increased activity over time
during the measurement (Figure 3 B + C + E + F). In contrast,
fish exposed to 1,000 ug/L did not show such a temporal
relationship with regard to mean velocity and inactivity (time

Frontiers in Environmental Science | www.frontiersin.org

January 2021 | Volume 8 | Article 586584


https://www.frontiersin.org/journals/environment-science
www.frontiersin.org
https://www.frontiersin.org/journals/environment-science#articles

Ziegler et al.

Antidepressant Effects in Brown Trout

30% 1
p 3
]
Q
g
S 20%
s
g
g
)
= 10%
<
2
=

0% 1

30% treatment
H venlafaxine
ot
s 20% control
= 2k
g 10ug/L

=~ 10 pgiL

< 10% 9
= =< 100 pg/L
* == 1000 pg/L

0% 1

60 70 80 90 100

= 30%
8
2
2 20%
@
]
&
2 10%
<
&
®

0%

0 5 10 5 20
days after exposure
FIGURE 2 | Results for the behavior of brown trout during the exposure. (A): Brown trout larvae exposed at 7 °C, (B): Brown trout larvae exposed at 11 °C, (C):
Juvenile brown trout, depicted are daily mean percentage of fish observed in the upper half of the aquaria.

of no movement). They constantly showed a low mean velocity
and a constantly long time of inactivity during the recording time,
with data being significantly different from controls (mean
velocity: 7°C: Linear mixed model: df = 4,10, F = 43551, p =
0.02694, post-hoc Dunnett’s test (control|1,000 ug/L) p = 0.00206;
11 °C: Linear mixed model: df = 4.10, F = 4.728, p = 0.02114, post-
hoc Dunnett’s test (control|1,000 ug/L) p < 0.001; time of no
movement: 7 °C: Linear mixed model: df = 4,10, F = 4.8471,
p = 0.01961, post-hoc Dunnett’s test (control|1,000 ug/L) p =
0.00133; 11 °C: Linear mixed model: df = 4,10, F = 5.1766, p =
0.01601, post-hoc Dunnett’s test (control|1,000 pg/L) p < 0.001).

Experiment With Juvenile brown Trout
Exposure of juvenile brown trout to venlafaxine did not affect
mortality independent of the exposure concentration (cox mixed-
effects model: df =4, y2 = 13.215, p = 0.01027, post-hoc Dunnett’s
test revealed no difference to control). Likewise, length and
weight of juvenile brown trout exposed to venlafaxine did not
differ significantly from control fish (weight: Welch-ANOVA:
df=4.66.624, F=1.0271, p = 0.3999; length: Welch-ANOVA: df =
4.68.448, F = 0.7528, p = 0.5596).

Analysis of Behavior During Exposure
Only few control fish sojourned in the upper half of the
respective aquarium (less than 1%). Significant differences

occurred in fish exposed to the highest venlafaxine
concentration with about 15% of fish staying in the upper
half of the aquarium (Figure 2C, Table 2) [generalized linear
mixed model, df = 4, F = 5.6349, post-hoc Dunnett’s test
(control|1,000 pg/L) p < 0.001].

Analysis of Behavior in Stressful

Environment

Also, in the artificial swimming measurement device (ASMD),
behavior of brown trout exposed to the highest concentration of
venlafaxine was significantly different to the one of control fish.
Exposed fish swam significantly less than controls (Table 2,
Figure 3 G) [total distance moved: Welch-ANOVA: df =
4,14.735, F = 4.026, p = 0.021, post-hoc Dunnett’s test
(control|1,000 ug/L) p = 0.0174]. Similar to control brown
trout larvae, juvenile fish swam slower at the beginning of
the exposure and increased swimming velocity over recording
time (Figure 3 H + I). Juvenile fish exposed to 1,000 ug/L
venlafaxine showed a trend toward reduced velocity and
longer inactivity, but the difference to the control was not as
distinct as in larvae, and no significant differences could be
revealed (linear mixed model: mean velocity: df = 4,10, F =
2.1353, p = 0.1508; time of no movement: df = 4,10, F = 2.3322,
p = 0.1265).

Frontiers in Environmental Science | www.frontiersin.org

January 2021 | Volume 8 | Article 586584


https://www.frontiersin.org/journals/environment-science
www.frontiersin.org
https://www.frontiersin.org/journals/environment-science#articles

Ziegler et al.

Antidepressant Effects in Brown Trout

6000 60
’ AN
= £ £ 50
° £ o]
2 4000 S
8 o 5
£ 2?2 =
o 3 £ 40
g * 3
o} > g
» c —
B 2000 S 5
o 14, o  ©30
5 B £
9 ~ =
0 20
control 1 g/l 10 pg/L 100 pg/L 1000 pg/l 1 6 12 18 1 6 12 18
40001 —— —— * W
3 p @z v treatment
z 3000 0 E venlafaxine
3 £2 @ 50
O
> A £ control
<) - ]
E N 3 1 gl
8 2000 2 E 10 gl
—-— y
& 5 2 40 b
& c “ == 100 pgiL
2 g1 5 g
= 1000 £ g ¥ - 1000 pgiL
S - ‘ — = f
J ~ . 30
1 I ) /
0
control 1ug/l 10 pg/L 100 pg/L 1000 pgiL 1 6 12 18 1 6 12 18
= 3000 -
§ - 2
° » 300 =
§ g QE, 200
& 2000 > 2
S 200 5]
3 o £
c [ o
& 2 = 150
2 1000 S 5
S 3 100 g
® . S £
2 £
0 = "
control 1 gl 10 pg/l. 100 pg/L 1000 pg/l 1 6 12 18 1 6 12 18
treatment venlafaxine recording time (min) recording time (min)
FIGURE 3 | Results for brown trout in the ASMD.

Cortisol

Tissue cortisol levels in juvenile brown trout were not affected by
exposure to venlafaxine (linear mixed model: df = 4,119.02, F =
1.4114, p = 0.234,370) (Table 2). However, there was a significant
impact of the ASMD on cortisol levels of fish. Animals assessed in
the ASMD had a significant higher tissue cortisol concentration
(7.97 ng/ml) compared to fish not assessed in the measurement
device (4.57 ng/ml) (linear mixed model: df = 1,119.37, F =
9.8669, p = 0.002122).

DISCUSSION

As abasis for an evaluation of the risk posed by the antidepressant
venlafaxine to aquatic ecosystems, the present study provides data
for effects of this drug on two life stages of brown trout
complemented by analytical data in water and exposed biota.
Fish were exposed to four concentrations of venlafaxine with the
lowest concentration representing an environmentally relevant
exposure situation, e.g. in wastewater dominated surface waters

(Lajeunesse et al., 2008; Lajeunesse et al., 2012; Schliisener et al.,
2015).

In both experiments, the real water concentrations were close
to the nominal concentrations. Venlafaxine tissue concentrations
correlated well with the respective water concentrations with low
venlafaxine concentrations of the aqueous medium resulting in
higher BCFs than for higher concentrations in the exposure
medium (Table 1 and Table 2). When comparing the tissue
concentrations between the two life stages, juvenile brown trout
exposed to 1,000 ug/L venlafaxine for four weeks only
accumulated equal or even slightly higher amounts of
venlafaxine than larvae exposed to the same concentration for
five months. Also, for the other concentrations, accumulation in
juvenile and larval fish were in a comparable range, even though
the larvae were exposed five times longer than juvenile fish. An
explanation for this observation might be, that in larvae, the
gastro-intestinal system and the gills are still under development
and not yet fully functional which may have led to a lower uptake
of the chemical (Wells and Pinder, 1996). It is also possible that,
tissue concentrations may have also reached a saturation plateau
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in both life stages exposed (Meador et al., 2017). David et al.
(2018) reported venlafaxine concentrations in brain tissue of
roach, exposed for 15 days to wastewater (356 + 39 ng/L
venlafaxine), in the low ng/g range with a bioconcentration
factor (BCF) of 0.7. In white sucker from a creek in iowa,
U.S.A. (venlafaxine concentration 102 ng/L), venlafaxine brain
tissue concentrations of 0.1 + 0.1 ng/g were measured (Schultz
etal., 2010). In rainbow trout exposed to wastewater (venlafaxine
concentration 330 + 20 ng/L), venlafaxine concentrations of 21 +
11 ng/g were found in the liver (BCF = 63) and 3.1 + 1.4 ng/g in
the brain (BCF = 9) while no venlafaxine was detected in muscle
tissue (Grabicova et al., 2014). In brown trout, concentrations of
up to 3.5 + 1.7 ng/g were found in liver (BCF = 15) and 16 + 4 ng/g
in kidney (BCF = 37) after exposure in a Czech river downstream
a wastewater treatment plant (venlafaxine concentration 65 +
34ng/L) for 18 months. In the same study, no venlafaxine
could be detected in brain and muscle tissue of exposed fish
(Grabicova et al,, 2017). Comparing our results with literature
data, it becomes evident that venlafaxine can be accumulated also
in muscle tissue, when fish are exposed to high concentrations of
the antidepressant for longer time (up to 5 months). However,
literature data indicate a higher accumulation in other organs, at
least in liver and kidney, compared to muscular tissue. The
comparatively low BCFs reported for brain may result from
the rather low octanol-water partition coefficient log P, of
2,74 (DrugBank, 2020) and thus low lipophilicity of venlafaxine.

The overall mortality of larvae was generally higher when
exposed at 11 °C (21.33%) than at 7 °C (6.67%). The high nitrite
levels at the end of the experiment at 11 °C can be excluded as
mortality reason for this, since mortality increased between day
95 and 106 of exposure, and nitrite levels were still low (0.1 mg/L)
and thus well acceptable at day 106 (Smith and Williams, 1974;
Brown and McLeay, 1975; Molony, 2001). Furthermore, it is
known that salmonid eggs and larvae are more resistant to nitrite
than adult fish due to the larvae size, and therefore higher surface-
area-to-volume ratio and the higher oxygen uptake through the
skin (Bartlett and Neumann, 1998). A more likely reason for the
higher mortality is the fact that fish developed quicker at 11°C
than at 7 °C and started earlier to feed on exogenous food. This
transition to exogenous feeding represents an important
bottleneck in the salmonid development and is generally
associated with a higher mortality risk (Klemetsen et al,
2003). The increased mortality at 11°C may be attributed to
the smaller and lighter individuals at this temperature that
reasonably did not survive the faster transition to exogenous
feeding. Even though, at both temperatures, the increase in the
mortality of larvae exposed to 1,000 pg/L venlafaxine was
evidently higher than in controls, this difference was
represented by a statistical trend at 7°C only but was not
significant at 11°C. In fathead minnow,
concentrations of 305ng/L venlafaxine led to an increased
mortality (Schultz et al, 2011), and white-seabream larvae
have reported to show a reduced survival rate when exposed
to 100 pg/L venlafaxine (Rodrigues et al, 2019). Also other
antidepressants are known to increase mortality as, e.g,
fluoxetine with a 50% lethal concentration (LCsy) of 546 pug/L
in mosquitofish (Henry and Black, 2008). However, in other

even lower
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studies, meagre, zebrafish and fathead minnow mortality was not
affected by venlafaxine (Parrott and Metcalfe, 2017; Maulvault
et al., 2018; Sehonova et al.,, 2019) as it was the case for juvenile
brown trout in our study.

Brown trout larvae exposed to 1,000 ug/L venlafaxine were
generally smaller and lighter compared to the controls. This can
be explained by the fact that antidepressants are known to alter
the appetite of exposed organisms resulting in reduced food
uptake and weight loss, as it was reported, e.g., in humans,
rats and fish (Stahl, 1998; de Oliveira et al, 2004; Mennigen
et al, 2010; Hedgespeth et al., 2014). We observed more food
leftovers in all tanks containing 1,000 ug/L venlafaxine indicating
less food uptake by fish in these exposure groups. Unfortunately,
we did not have the possibility to quantify the amount of food
ingested in our experiment. In general, however, the reduced food
uptake may be confounded by the higher mortality of
venlafaxine-exposed larvae. Regarding fish growth in general,
it became evident that long-time exposure of hatched larvae to
venlafaxine induced stronger effects than short-time exposure of
juvenile fish, and effects became more evident at 7 °C than at 11 °C
presumably due to the longer exposure time (105 days for larvae
at 11°C, 128 days for larvae at 7°C, 24 days for juveniles at 7 °C).
Due to co-variation and, possibly, concurrence of the test
parameters, it cannot be decided which of the test parameters
are more relevant to explain the observed effects. In previous
studies, venlafaxine did not exert effects on growth, particularly
weight and length of fish (Painter et al., 2009; Maulvault et al.,
2018; Parrott and Metcalfe, 2019). The shorter exposure time in
the studies of (Maulvault et al., 2018) and (Painter et al., 2009)
which was below 28 days, and the lower exposure concentrations
(max. 88 pg/L) used by Parrott and Metcalfe (2019) can likely
account for these differences. Different species-specific
sensitivities can also be of importance in this context. Several
other antidepressants like citalopram, fluoxetine (SSRIs) and
mianserin, a tetracyclic antidepressant, are known to affect
food intake and growth in fish: In a previous study we showed
that brown trout larvae and juveniles were smaller and lighter
than controls when exposed to 1,000 ug/L citalopram (Ziegler
et al,, 2020b). Kellner et al. (2015) showed that sticklebacks
exposed to at least 0.15 pg/L citalopram had a reduced food
intake. Similarly, goldfish exposed to 54 pg/L fluoxetine showed a
reduced food intake and lower weight gain (Mennigen et al,
2010), and zebrafish exposed to either 10 ug/L fluoxetine or
10 pg/L mianserin were shorter compared to control fish (Wu
et al,, 2017).

Generally, hatching time and the heart rate of fish seem not to
be parameters sensitive to antidepressants. Regarding time to
hatch, in our experiment with brown trout no impact of
venlafaxine became evident. Also, in fathead minnow, the
hatching rate was not impacted by venlafaxine applied in
concentrations up to 88 pg/L (Parrott and Metcalfe, 2019).
Likewise, zebrafish exposed to up to 3 mg/L venlafaxine did
not show any difference in their hatching rate (Sehonova
et al, 2019). Also other antidepressants did not alter the
hatching rate of fish, like fluoxetine in medaka (Foran et al,
2004), sertraline in zebrafish (Sehonova et al., 2019) or citalopram
in brown trout (Ziegler et al., 2020b). In addition, the heart rate,
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which was assessed one week after hatching was completed, did
not show any differences between treated and control fish.
Sehonova et al. (2019) exposed zebrafish and western-clawed
frogs (Xenopus tropicalis) up to 3 mg/L venlafaxine or 1 mg/L
sertraline and also did not observe changes in heart rate by either
venlafaxine or sertraline. In a previous experiment, in which
brown trout larvae were exposed to the antidepressant
citalopram, similarly, the heart rate was not influenced by
citalopram applied in concentrations up to 1mg/L (Ziegler
et al., 2020b).

Analysis of Behavior During Exposure
Both larvae of brown trout and juvenile fish showed higher
preference for the upper half of the aquarium when exposed
to venlafaxine. This was true for fish exposed to 1,000 pg/L
venlafaxine during the entire experiment, but also larvae
exposed to 100 pg/L at 7 °C exhibited such behavior at day 114
onwards presumably due to the longer exposure time compared
to larvae at 11 °C. Juvenile brown trout started to sojourn more
frequently in the upper part of the aquarium from exposure day 4
onwards. As previously pointed out by (Ziegler et al., 2020b), the
interpretation of such behavior requires consideration of (anti)
anxiety-modulated preference-associated movement such as
geotaxis and scototaxis. Under control conditions, brown trout
larvae and juveniles mostly stayed in the lower part of the water
column or even close to the bottom of the tank (control, Table 1
and Table 2). Fish exposed to venlafaxine, however, stayed in the
upper part of the aquarium, which was far better illuminated than
the dark bottom of the aquarium, after removal of the black cover
foil. In the novel tank test, where a single zebrafish is placed in a
new environment, increased residence near the water surface
(reduced geotaxis) was described to be due to reduced anxiety
behavior and increased boldness (Maximino et al., 2010a; Stewart
etal., 2012). Also Maximino et al. (2010b) reported the preference
of fish for a lighter area (reduced scototaxis) to result from anti-
anxiety. Even though, general toxicity cannot be excluded as a
factor, based on the reduced geo- and scototaxis and the fact that
venlafaxine acute toxicity (LCsp) is higher than 100 mg/L in
rainbow trout (Pfizer, 2011; Merck, 2017), the behavioral
changes are most likely due to anti-anxiety effect of the
substance. Furthermore, effects already appeared with a LOEC
of 100 pg/L, while no mortality occurred within this exposure
group. This is also supported by the findings of the
histopathology of these fish, where no histopathological
alterations in the liver where found and therefore no
cytotoxicity appeared (Ziegler et al., 2020a). This decreased
anxiety can alter natural behaviors, resulting in inter alia
increased predation risk and can therefore have an effect on
the population level (Saaristo et al., 2018; Agerstrand et al., 2020).
In a previous experiment, brown trout exposed to the
antidepressant citalopram, similarly, resided more often in the
upper part of the aquarium (Ziegler et al., 2020b). Maulvault et al.
(2018) showed, in the novel tank test, that juvenile meagre
exposed to 20 pg/L venlafaxine spent more time in the upper
aquaria part. Similar results from the novel tank test were also
shown for other antidepressants like citalopram in sticklebacks,
endler guppies and zebrafish (Sackerman et al., 2010; Olsén et al.,
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2014; Kellner et al., 2016), fluoxetine in mosquitofish (Henry and
Black, 2008), and amitriptyline in zebrafish (Demin et al., 2017;
Meshalkina et al, 2018). A consequential increase of the
swimming activity as a result of the exposure to
antidepressants was also reported by (Kellner et al, 2016;
Martin et al., 2017). Despite this compelling evidence,
however, occasionally also a decrease in the swimming activity
was found after antidepressant exposure (Kellner et al., 2017;
Maulvault et al., 2018). Ecological relevance of this behavioral
endpoint is given, because anxiety in fish is related inter alia to
predation risk and foraging efficacy (Kellner et al., 2016). Our
results reveal an effect at 100 ug/L venlafaxine after five months
exposure. Even though this is at least 100 fold higher than
environmentally relevant concentrations, with regard to safety
factors a no observed effect concentration (NOEC) of 10 ug/L for
the behavior during the exposure, should not be ignored when
assessing the environmental risk of venlafaxine.

Analysis of Behavior in Stressful

Environment

In the ASMD, brown trout larvae and juveniles exposed to
venlafaxine showed a decreased total distance moved during
the 18 min recording time. For control juveniles and larvae,
the mean velocity increased with recording time, and the time
of inactivity decreased over time. This behavioral pattern is likely
to be explained by freezing behavior at the beginning of
confrontation with the new setting, shifting to escape behavior
toward the end of the recordings. It disappeared in fish exposed to
1,000 pg/L of the drug: these fish constantly showed a low mean
velocity and long times of inactivity. Also, in juvenile fish, the
same effect became evident when exposed to 1,000 pug/L
venlafaxine, although the difference to the controls was not
significant. The cortisol concentrations measured in these
individuals proved that a sudden translocation into an
artificial new setting, the ASMD, is a stressful procedure for
fish (Wendelaar Bonga, 1997). In this context, venlafaxine-
exposed fish proved to be less stressed and more ‘relaxed’
under these conditions compared to controls. This reflects the
anxiolytic mode of action of venlafaxine in humans. Venlafaxine
is a very receptor specific antidepressant (Holliday and Benfield,
1995) and to our knowledge no mutagenicity or teratogenicity
was reported yet (Furu et al., 2015). Moreover, LCsy-values of
venlafaxine are regarded above 100 mg/L in rainbow trout (Pfizer,
2011; Merck, 2017), and our highest test concentrations are far
below this LCsy. In addition, effects already appeared at
concentrations down to 10 pg/L, where no effects on mortality
were apparent. Furthermore, the histopathology of these same
fish did also not reflect general toxicity (Ziegler et al., 2020a).
Therefore, it is unlikely that the behavioral changes are due to
unspecific toxicity, but most likely the effects shown here are due
to the anti-anxiety mode of action of venlafaxine. Furthermore, in
larval brown trout, this anxiolytic effect was stronger and
occurred at lower concentrations than in juveniles, which
could be due to the much longer exposure time of the larvae.
However, different sensitivities with respect to the life stage
cannot be excluded as Schwarz et al. (2017) also showed
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differences in the sensitivity of different life stages of brown trout
to the pharmaceutical diclofenac.

A retarded swimming in the same experimental setup under
stressful conditions was already observed in brown trout exposed
to citalopram (Ziegler et al., 2020b). Painter et al. (2009) showed
reduced escape behavior in venlafaxine-exposed fathead
minnow larvae. And also in other fish species, a reduced
activity under stressful conditions after exposure to different
antidepressants was reported frequently (Demin et al., 2017;
Kellner et al., 2017; Saaristo et al., 2017; Maulvault et al., 2018;
Meshalkina et al.,, 2018). But also in respect to this testing
procedure, contradictory results do exist. Three-spined
sticklebacks exposed to 1.5pg/L citalopram for 21 days
showed decreased freezing and increased swimming behavior
in the novel tank test (Kellner et al., 2016).

Hazard Assessment

The effects we found in our study, in concentration ranges down
to 10 ug/L, result in a NOEC of 1 pg/L for behavior under stressful
conditions and length of brown trout larvae. This concentration
range is comparable to results found in literature, including
(Painter et al, 2009; Melnyk-Lamont et al., 2014; Maulvault
et al., 2019; Sehonova et al., 2019). Fick et al. (2010) calculated
the critical environmental concentration (CEC) for 500
pharmaceuticals and derived a CEC for venlafaxine of
6.112 pg/L. Taken together, results from literature and our
NOEC are below this CEC and partly below measured
environmental concentrations in surface waters and
wastewater effluents (Schultz et al., 2010; Lajeunesse et al.,
2012; Golovko et al., 2014). Accordingly, the environmental
risk of venlafaxine cannot be excluded. Additionally, the
antidepressant venlafaxine was already in focus of risk
assessment studies, in which an environmental risk by
venlafaxine could be deduced (Fernandez-Rubio et al., 2019;
Zhou et al., 2019). As a last consequence, venlafaxine and its
main metabolite were incorporated to the surface water watch
list of the water framework directive in August 2020 (EU,
2020).

CONCLUSION

We could demonstrate that, in both larvae and juveniles,
venlafaxine exerts an anti-anxiety effect in brown trout as it
does in humans, with a lowest observed effect concentration
(LOEC) of 10 pg/L which is only a single decimal order of
magnitude above environmentally relevant concentrations. The
most sensitive parameters were the cautiousness in an unfamiliar
surrounding area, together with decreased growth. In nature, the
combination of these changes likely makes early life stages of fish
to become an easier prey for predators. Due to such high potential
relevance for the survival of fish offspring and the rather small
difference between LOEC and environmentally relevant
concentrations, the risk posed by venlafaxine the
environment should not be neglected, particularly when
interacting in concert with other pharmaceuticals.
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