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Abstract: Whether microplastics themselves or their interactions with chemicals influence the health
and development of aquatic organisms has become a matter of scientific discussion. In aquatic
environments, several groups of chemicals are abundant in parallel to microplastics. The tricyclic
antidepressant amitriptyline is frequently prescribed, and residues of it are regularly found in surface
waters. In the present study, the influence of irregularly shaped polystyrene microplastics (<50 um),
amitriptyline, and their mixture on early life-stages of brown trout were investigated. In a first
experiment, the impacts of 100, 10%, and 10° particles/L were studied from the fertilization of eggs until
one month after yolk-sac consumption. In a second experiment, eggs were exposed in eyed ova stages
to 10°, 10° particles/L, to amitriptyline (pulse-spiked, average 48 + 33 pg/L) or to two mixtures for two
months. Microplastics alone did neither influence the development of fish nor the oxidative stress
level or the acetylcholinesterase activity. Solely, a slight effect on the resting behavior of fry exposed
to 10° particles/L was observed. Amitriptyline exposure exerted a significant effect on development,
caused elevated acetylcholinesterase activity and inhibition of two carboxylesterases. Most obvious
was the severely altered swimming and resting behavior. However, effects of amitriptyline were not
modulated by microplastics.

Keywords: microplastics; amitriptyline; brown trout; development; behavior; oxidative
stress; acetylcholinesterase

1. Introduction

Microplastic particles (MP) are detected worldwide from densely populated and rural areas to
remote regions [1-4]. The presence of MP has globally been reported for sediment, surface water
and even for air samples [5-8]. Representing the recent state of knowledge in freshwater systems,
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MP concentrations range from 0.00012 particles/L up to 2867 particles/L (according to [9]). However,
the potential risk for organisms and ecosystems caused by MP is still a matter of discussion. MP were
shown to be ingested and egested by fish [10-12] and small particles (mostly nanoplastics) can even
transfer into tissues [13-16]. Microplastic particles can injure organisms mechanically resulting in
inflammation and other histopathological effects in contact epithelia [17-19], disturb the energy
metabolism [19,20], and induce oxidative stress [13,18,19]. Early life stages of fish are considered as
very sensitive for pollutants [21]. In this context, high concentrations of MP have been shown to
reduce and delay hatching as well as negatively influence growth and heart rate of marine medaka
(Oryzias melastigma) [11]. Moreover, Malafaia, et al. [22] reported that exposure of zebrafish (Danio
rerio) to polyethylene (PE) MP reduced the hatching time and survival rates and led to morphological
changes. In contrast, LeMoine, et al. [23] found no effects of PE MP on hatching, mortality, and growth
rates of zebrafish. However, zebrafish exposed to MP exhibit transcriptomic changes as, for example,
downregulation of genes involved in the neural development. Mazurais, et al. [12] observed that a diet
that incorporated about 200 PE microbeads per day caused a slightly higher mortality rate in sea bass
larvae (Dicentrarchus labrax). Apart from that MP had only limited effects on the development of sea
bass larvae in the experiment [12].

The evaluation of the risk of MP for aquatic organisms in general is complex since different
polymer types with manifold additives in various sizes and shapes are present in the environment [24].
With our study we therefore solely address a selected aspect of MP aquatic ecotoxicology.

The topic is even more complex since not only MP themselves, but also their interaction with
chemicals have to be regarded. For example, polymerization solvents, residual monomers, plasticizers,
or other additives can leak from the particles and affect MP-exposed organisms [25,26]. In addition,
MP has the potential to ad- or absorb organic pollutants (reviewed by [27] and [28]). The sorption
can modulate the toxicity of the pollutants in different ways: If the particles are ingested and excreted
together with an adherent pollutant this would be without consequences for the organism. However,
the bioavailability of otherwise free pollutants may be reduced due to sorption what can led to less
negative effects in organisms [11,29,30]. On the other hand, pollutants ingested together with MP can
desorb in the digestive track, for example due to different pH conditions. In such cases, MP act as a
vector and adverse effects can be enhanced by the presence of MP [31-33]. Batel, et al. [10] showed that
MP and associated benzo[a]pyrene can also be transported along an artificial food web. Nevertheless,
the relevance of MP as vectors for organic pollutants in comparison to other exposure pathways in the
environment remains a matter of discussion [34-36]. Since the concentrations of persistent organic
pollutants in continental environments are expected to be higher than in marine ecosystems, sorption
of hydrophobic organic pollutants to MP might be especially important for freshwater ecosystems [37].

One group of chemicals commonly found in aquatic environments are pharmaceuticals [38,39].
Residues of these or their metabolites enter surface waters mainly via wastewater treatment
plants [39,40]. Non-selective monoamine reuptake inhibitors more known as tricyclic antidepressants
are one of the oldest groups of pharmaceuticals to treat depression. Amitriptyline is the most prescribed
drug of this group [41-43]. Beside depression, amitriptyline is also used for migraine prophylaxis and
to treat chronic pain [43]. In comparison to other antidepressants, its mode of action is rather unspecific:
In addition to the inhibition of the reuptake of the neurotransmitters serotonin and noradrenaline,
amitriptyline acts as muscarinic acetylcholine receptor antagonist [44]. Furthermore, it has been shown
to bind to histamine receptors [45] as well as to neurotrophic tyrosine kinase A/B receptors resulting
in an upregulation of acetyl transferase and an influence on cell differentiation [46]. Amitriptyline is
mainly metabolized in the liver by cytochrome P450 [47]. An important metabolite is nortriptyline
which is also in use as an antidepressant itself [41,47,48]. Amitriptyline has been found in surface
waters around the world [38,48,49]. The highest concentration of 71.0 ng/L was reported by Baker and
Kasprzyk-Hordern [38] for a large river in the UK. Mean surface water concentrations are normally in
the low nanogram per liter range up to 22 ng/L [49-51]. Togola and Budzinski [52] reported that in
France residues of amitriptyline (1.4 ng/L) were even found in drinking water. Pharmaceuticals are
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designed to be bioactive at low concentrations, and it can be, therefore, not excluded that they also
may affect non-target organisms at low environmental concentrations [39,40].

Demin, et al. [53] showed that amitriptyline increases the serotonin-triggered neurotransmission
in the brain of adult zebrafish in a dose-dependent way, with significantly higher 5-hydroxyindoleacetic
(5-HIAA)/serotonin ratios in fish exposed to 5 and 10 mg/L amitriptyline for a few hours. No effects
on the noradrenaline level were shown in this study. In contrast, Meshalkina, et al. [54] found a
significant reduction of the 5-HIA A/serotonin ratio and an increased dopamine and noradrenaline level
in the brain of adult zebrafish exposed for two weeks to 10 and 50 pg/L amitriptyline. Moreover, the
antidepressant was shown to alter the immune response in in vitro studies with primary macrophages
of common carp (Cyprinus carpio) as well as in vivo studies with zebrafish [55,56] and to affect the
oxidative stress level of both fish species [56-58]. Furthermore, amitriptyline was found to affect
the swimming behavior of zebrafish, by reducing for example the swimming activity as well as the
covered distance, and high concentrations of the antidepressant even led to side or vertical swimming
behavior [53,54,59,60]. In addition, exposure of common carp and zebrafish to the antidepressant
stimulated hatching and caused retarded development and malformations in common carp as well as
reduced body length of zebrafish larvae [56,57]. In contrast, high amitriptyline concentrations were
found to extend the time until hatch and to decrease the heart rate in zebrafish [60]. Most studies
about the ecotoxicity of amitriptyline were performed with model species, but ecotoxicological studies
with feral aquatic species are lacking. Brown trout are known to be a sensitive test organism and as
important predators are of ecological relevance [61,62].

In the present study, effects of polystyrene (PS) MP at an environmental relevant concentration of
100 particles/L and higher concentrations of 10* and 10° particles/L on the development of brown trout
were investigated. Fish were exposed for 182 days from freshly fertilized eggs until about one month
after the fry completed their yolk sac consumption. In a second experiment, eggs were exposed from
eyed ova stage until one week after yolk sac consumption. In addition to PS MP (10° and 10° particles/L)
fish were also exposed to amitriptyline and co-exposed to the mixtures of PS MP and the antidepressant.
The co-exposure allows to investigate a potential modulation of the effects of amitriptyline by PS MP.
In both experiments, the impact of exposure on the development and biomarkers for oxidative stress
(activity of superoxide dismutase (SOD) and the level of lipid peroxidation (LPO)) were analyzed.
Since the chorion of zebrafish has been reported to act as an effective protective barrier against carbon
nanotubes [63], we examined the structure of the chorion of brown trout in the first experiment by
means of scanning electron microscopy. In the second experiment, also the behavior of larvae and
endpoints for neurotoxicity (activity of acetylcholinesterase (AChE) and two carboxylesterases (CbE))
were investigated.

2. Materials and Methods

2.1. Test Organism

Eggs of brown trout (Salmo trutta f. fario) were obtained from a commercial fish breeder
(Forellenzucht Lohmiihle, D-72275 Alpirsbach-Ehlenbogen, Germany). According to the EC Council
Directive, the breeding facility is listed as category 1, disease-free [64]. All experiments started directly
after purchase of the eggs: In experiment 1, eggs (in total 360 eggs) were exposed on the same day of
their fertilization, in experiment 2 (in total 540 eggs), exposure started 47 days post fertilization (dpf) in
the eyed ova stage.

2.2. Test Substances

In both experiments, transparent PS pellets (Polystyrol 158 K, BASF, Ludwigshafen, Germany,
density 1.05 g/mL) were cryo-milled (CryoMill, Retsch, Haan, Germany) according to the method
of Eitzen, et al. [65]. The resulting irregularly shaped particles were suspended in ultra-pure water
(without any surfactant), fractionated using a micro-sieve (polyamide monofilament) with nominal
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mesh-size of 50 pm and the permeate was used as stock suspension. The particle concentration in the
stock suspensions were analyzed with a particle counter (SVSS, PAMAS, Rutesheim, Germany) by light
extinction in a laser-diode sensor (type HCB-LD-50/50). Exemplary particle numbers with the analyzed
size ranges are provided in Figure 1 and in Table S1 in the supplement. The stock suspensions were
diluted with respective ratios to obtain the target particle concentrations for the exposure experiments.
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Figure 1. Size distribution of the used polystyrene microplastic particles (PS MP).

Amitriptyline hydrochloride was purchased from Sigma Aldrich (CAS Number: 549-18-8; Lot:
BCBV1175; molecular formula: CpoHp3N - HCL; purity > 98%; molecular weight 313.86). Amitriptyline
hydrochloride in the used concentration is water soluble without adding organic solvents. For the stock
solutions, 8.5 mg/L amitriptyline hydrochloride were solved in bidestilled water. Bottles with stock
solutions were covered in aluminum foil to protect them from light. All further given amitriptyline
concentrations refer to pure amitriptyline not amitriptyline hydrochloride. The predicted logP
octanol-water coefficient (pH 7.4) of amitriptyline is 4.92 [66].

2.3. Exposure and Sampling of Brown Trout

In both experiments, each treatment was tested in triplicates in a semi-static three-block design.
Exposures took place in a thermostat-controlled chamber with a light/dark cycle of 10/14 h. Petri dishes
and aquaria were shaded from direct light. Aquaria were aerated with glass pipettes connected via
silicone tubes to compressed air. Test suspensions were prepared from defined PS MP stock suspensions
(56,240 particles/mL). Vessels containing the respective stock suspension were rinsed four times to
avoid loss of particles. After consumption of the yolk sacs, fish were fed daily approximately 3% of
their body weight with commercial fish feed (0.5 mm, Biomar, Brande, Denmark). At the end of the
experiments, brown trout were anesthetized and killed by an overdose of tricaine methanesulfonate
((MS-222), 1 g/L, buffered with NaHCO3). Death was ensured by severance of the spine. Length and
weight of each fish were recorded. The level of LPO, the activity of SOD and the activity of AChE and
CbE had to be analyzed in different tissues, due to the small size of the fish.

2.3.1. Experiment la: Exposure of Embryos and Sac-Fry Stages

The first part of experiment 1 was conducted according to the OECD guideline 212 for exposing
fish embryos and sac-fry stages to dissolved chemicals [67]. Freshly fertilized eggs (fertilization and
start of experiment 07 December 2016) were exposed to 0 particles/L (C1), 100 particles/L (MP1y,),
10* particles/L (MP1) and 10° particles/L (MP1y). This first part of the experiment 1 was performed in
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glass Petri dishes containing 200 mL of the respective test suspension. To achieve the final concentration,
the stock suspension was diluted with aerated artificial water (294 mg/L. CaCl, x 2 H,0, 123.25 mg/L
MgSOy4 x 7 Hy0, 64.75 mg/L NaHCO3, 5.75 mg/L KCl in pure water). In each Petri dish, 30 brown trout
eggs were exposed to the test suspensions (90 eggs per treatment). Until the eyed ova stage, the eggs
were kept in complete darkness. The temperature in the Petri dishes was 6.7 + 0.2°C. To maintain good
water quality, 25 to 50% of the test suspensions were renewed every second day (detailed information
in the supplement Table S2). From day 138 dpf, filtered aerated tap water (iron filter, particle filter,
activated charcoal filter) was used to prepare the test suspensions to habituate the growing larvae
to the water used in the second part of the experiment. The first part of the experiment ended after
150 days when the fry had completely consumed their yolk sacs (07 December 2016-05 May 2017).
Investigated parameters were time of development until eyed ova stage, time until hatch, heart rate
93 dpf, and mortality (excluding unfertilized eggs). After the first part of the experiment, ten larvae
were sampled from each Petri dish. For determination of the LPO level, heads of the larvae were
immediately frozen in liquid nitrogen and stored at —80 °C until further usage.

2.3.2. Experiment 1b: Exposure of Fry

The second part of experiment 1 lasted 33 days until 182 dpf (05 May 2017-06 June 2017).
The remaining fry of experiment la were transferred into 12 L aquaria with 5 L of the corresponding
test suspensions (in total C1: n = 57, MP1y: n = 57, MP1y: n = 53 and MP1y: n = 58). PS MP
stock suspensions were diluted with filtered tap water. To ensure good water quality, half of the
test suspension was renewed twice a week. Water parameters were checked 177 dpf and at the end
of the experiment (average values: Temperature 6.38 + 0.45 °C, pH 8.5 + 0.1, oxygen concentration
12.71 + 0.22 mg/L, oxygen saturation 107.33 + 1.60%; conductivity 493.33 + 7.30 uS/cm; see supplement
Table S3). Samples for analysis of SOD activity (muscle/kidney) as well as for determination of the
LPO level (head) were frozen in liquid nitrogen and stored at —80 °C.

2.3.3. Experiment 2

In experiment 2, embryos/larvae were exposed in total for 60 days from eyed ova stage (47 dpf)
until one week after yolk sac consumption (29 December 2017-26/27. February 2018). Exposure groups
included a control group (C2) and groups exposed to 10° particles/L (MP2y,), 10° particles/L (MP2.y;,),
pulse-spiked amitriptyline (AMI2, nominal concentration 300 ng/L, average concentration calculated
and given as follows), 10° particles/L + pulse-spiked amitriptyline (MIX2p,;, nominal concentration
300 pg/L amitriptyline, average concentration calculated and given as follows), and 10° particles/L
+ pulse-spiked amitriptyline (MIX2,,, nominal concentration 300 pg/L amitriptyline, average
concentration calculated and given as follows). Test media were prepared with filtered tap water.
Exposure took place in 12 L aquaria filled with 5 L of the corresponding test media. Per aquarium,
30 individuals were exposed (3 x 30 per treatment group). 2.5 L of the test media were exchanged on
average once a week (see Table 52 in the supplement). Water parameters were determined to control
water quality at the start, after 55 days of exposure and at the end of the experiment. The average
values were pH 8.3 + 0.2, temperature 7.06 + 0.20 °C, conductivity 430.83 + 17.24 uS/cm, oxygen
content 10.92 + 0.10 mg/L, oxygen saturation 95.06 + 0.79% (see supplement Table S4). Nitrite (NO;7)
values did not exceed 0.05 mg/L. The heart rate was counted 21 days after the start of the experiment.
Samples for LPO (head), SOD (muscle/kidney), AChE and CbE (muscle) were frozen in liquid nitrogen
and stored at —80 °C.

2.4. Chemical Analyses

At the start of the second experiment as well as prior and past a water exchange (17 January
2018) mixed samples of all three blocks of each treatment group (4 mL per aquarium 12 mL in total)
were taken and frozen at —20 °C until further analysis. The water concentrations of amitriptyline
were determined using LC-MS with a 1290 Infinity HPLC system (Agilent Technologies, Waldbronn,
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Germany) and a triple quadrupole mass spectrometer (6490 iFunnel Triple Quadrupole LC/MS, Agilent
Technologies, Waldbronn, Germany) in ESI (+) mode. An Agilent Poroshell-120-EC-C18 (2.7 um, 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. Gradient elution was used: 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, reconditioning time of 3 min
was employed. Samples were kept in the autosampler at 10 °C, the injection volume was 10 pL. Samples
of the control experiments were measured undiluted and samples of the experiments pulse-spiked
with amitriptyline were measured after 50-times dilution. The detection limit of amitriptyline (mass
transition m/z 278.2 — 117.1) for undiluted samples was 10 ng/L (10 uL injection volume). Further details
on operating parameters of the triple quadrupole are provided in Tables S5 and S6 in the supplement.

2.5. Development Parameters

Mortality, malformations, eye pigmentation (only experiment 1), and hatch were checked daily.
Coagulated eggs, dead fish and remains of chorions were removed. To determine the heart rate,
five animals of each Petri dish/aquaria were transferred into a Petri dish with fresh test medium.
The heart rate was counted under a stereo microscope for 20 s and water temperature was measured.
Subsequently, fish were placed back into the corresponding Petri dish/aquaria.

2.6. Scanning Electron Microscopy

After hatching in experiment 1, chorions were immediately fixed in 2% glutardialdehyde in 0.1 M
cacodylate buffer (pH 7.6) for several days. Specimens were rinsed three times with 0.1 M cacodylate
buffer and subsequently incubated in 1% osmium tetroxide overnight. The next day, chorions were
transferred in a graded series of ethanol for dehydration. Subsequently, samples were fixed to specimen
holder stubs and sputter-coated with gold. Analyses were conducted using a scanning electron
microscope EVO LS 10 (Zeiss, Jena, Germany).

2.7. Behavior

In the second experiment, resting behavior of fry was determined after 42 days of exposure.
In each tank, the positions of all fish were recorded (resting on the side/resting in ventral position).
Additionally, the swimming behavior under stressful conditions (bright illumination, no aeration)
was quantified at the end of the experiment (27 February 2018). For this, five fish per replicate were
transferred into small tanks (17 cm X 17 cm X 8.5 cm) filled with 0.5 L of the corresponding test medium.
Four of these tanks were measured simultaneously. Tanks were surrounded with white polystyrene
plates and indirectly illuminated with lamps (one lamp per tank, 2700 K, 1521 Lm per lamp) facing the
top plate. After a habitation period of 2 min, swimming behavior of fish was recorded for 18 min with
four cameras (Basler acA 1300-60 gm, 1.3 megapixels resolution, Basler AG, Ahrensburg, Germany, lens:
4.5-12.5 mm; 1:1.2; IR 1/2”) positioned 32 cm above the water surface of each tank. Fry were center-point
tracked individually, and total distance moved, mean velocity over time, time of no movement and
body contact were assessed using the EthoVision 12 XT software (Noldus Information Technology
bv, Wageningen, The Netherlands). Whenever the system exhibited difficulties in automatic tracking,
data were manually corrected for swaps between tracked individuals. After the video tracking fish
were sampled as described above.

2.8. Level of Lipid Peroxides

The degree of LPO was quantified with the ferrous oxidation xylenol orange (FOX) assay. The assay
was performed according to Hermes-Lima, et al. [68] and Monserrat, et al. [69], slightly modified for
96-well plates. In pre-tests, the dilution factor with methanol as well as sample volume and incubation
time were adjusted for optimal output (see Table S7). Frozen heads of fry were homogenized with
HPLC grade methanol. Samples were centrifuged (15,000 rcf, 5 min, 4 °C) and the supernatants were
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stored at —80 °C. For the final assay, the following compounds were added to each well: 50 uL of
0.75 mM FeSOj4-solution, 50 uL of 75 mM sulfuric acid, and 50 pL of 0.3 mM xylenol orange solution.
Subsequently, the corresponding sample volume was added. To be able to correct for potential Fe in
the samples, additionally, a sample blank in which the FeSO4-solution was replaced by bidistilled
water was performed. Bidistilled water was used to achieve a total volume of 200 uL in each well.
Well plates were incubated at room temperature and the absorbance at 570 nm (ABS570) was measured
in a photometer (Bio-Tek Instruments, Winooski, VI, USA). In a next step, 1 uL of 1 mM cumene
hydroperoxide solution (CHP) was added into each well and the plates were incubated for another
30 min (at room temperature). Afterwards, the absorbance of the samples with CHP was measured
at 570 nm. Data were related to the corresponding sample blanks. Each sample was analyzed in
triplicates. CHP equivalents were calculated according to the following equation:

. ABS570 total volume (200 pL)
CHPequzv. = m X volume CHP (1 LLL) X

X dilution factor (1)
sample volume

2.9. Activity of Superoxide Dismutase

Samples containing muscle and kidney tissue were rinsed in phosphate buffered saline (PBS;
pH 7.4) before they were frozen. Superoxide dismutase (Cu/Zn SOD, Mn SOD and Fe SOD) activity
was determined with a superoxide dismutase assay kit (item no. 706002, Cayman Chemical Company,
Ann Arbor, MI, USA). Samples were homogenized with 1:5 20 mM HEPES buffer (pH 7.2) and stored at
—80 °C. Prior to the assay, samples were diluted 5:150 with TRIS buffer (50 mM TRIS-HCl, pH 8.0). In the
assay formazan dye is formed as a product of the reduction of tetrazolium salt by superoxide radicals
(generated by xanthine oxidase and hypoxanthine). SOD catalyzes the dismutation of the superoxide
anion to hydrogen peroxide and molecular oxygen. After incubation for 30 min, the absorbance at
450 nm (Bio-Tek Instruments, Winooski, VT, USA) was measured and the SOD activity was calculated.
All samples were analyzed in duplicates.

2.10. Neurotoxicity

Muscle tissue was homogenized in TRIS buffer (20 mM TRISps., 20 mM NaCl, inhibitor mix,
pH 7.3) in a ratio of 1:5 and centrifuged (5000 rcf, 10 min, 4 °C). Subsequently, 50% glycerol (1/4 of the
volume of the supernatant) were added to the supernatant. Until final analysis, samples were stored at
—20 °C. The Lowry method [70] modified by Markwell, et al. [71] was used to determine the total protein
content in the samples. The activity of acetylcholinesterase (AChE) was photometrically analyzed at
405 nm (Bio-Tek Instruments, Winooski, VT, USA) according to the method of Ellman, et al. [72] and
modified by Rault, et al. [73]. Additionally, the activity of two carboxylesterases (CbE) with 5 mM
4-nitrophenyl acetate (pnpa) and 5 mM 4-nitrophenyl valerate (pnpv) were determined according
to Sanchez-Hernandez, et al. [74]. All samples were analyzed in triplicates. Reported are specific
activities of the enzyme per mg of total protein content. One unit corresponds to one umol substrate
hydrolyzed per min.

2.11. Statistical Analysis

All analyses were performed with the software R 3.6.2. The o-level was set to 0.05. Developmental
time until eyed ova stage, time until hatch and mortality were analyzed with mixed effects Cox models
(package coxme) including the treatment as fixed effect and the Petri dish/tank as random effect to
consider potential position effects and influences among the fish in the Petri dish/tank. Post-hoc
comparisons with the control were performed with Dunnett’s test (experiment 1), and among all
groups with Tukey-HSD test (experiment 2). If necessary, data were transformed to achieve normal
distribution (see supplement Table S8). Length (experiment 1a) and CbE-pnpa (experiment 2) could
not be transformed to normal distributed data. In these cases, a Kruskal-Wallis test was performed.
Data for weight, AChE activity, CbE activity, SOD activity, LPO level, body contact, total distance,
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and length (experiment 1b and experiment 2) were analyzed with a linear mixed model (package
Ime4) including treatment as fixed effect and Petri dish/aquarium as random effect. Heart rate was
similarly analyzed but with temperature during measurement as additional random effect. For mean
velocity and no movement beside treatment, recording time was included in the model as fixed effect,
and again the aquarium as random effect. Resting behavior was analyzed with a likelihood-ratio test
followed by Fisher’s exact tests. The method of Benjamini and Hochberg [75] was used to correct for
multiple testing. All p-values not mentioned in the manuscript are given in Table S9 in the supplement.

2.12. Animal Welfare

The animal welfare committee of the regional council of Tiibingen, Germany has approved the
experiments (authorization number ZO 2/16).

2.13. Credibility of Data

Details on the fulfillment of the criteria for reporting and evaluation of ecotoxicity of data (CRED)
proposed by Moermond, et al. [76] are provided in the supplement.

3. Results

Both experiments were considered valid as the survival of fish in the control groups as well as the
oxygen saturation were above 95%, and the difference in temperature between the aquaria in each test
was smaller than 1.5 °C. Prevalence of malformations was negligible in both tests.

3.1. Experiment 1a: Exposure of Embryos and Sac-Fry Stages

The fertilization rate of the eggs was 98%. Table 1 summarizes the results of the first part of
experiment 1. Eye pigmentation started 37 dpf and was completed after 55 dpf. Over 99% of the larvae
hatched between 68 and 84 dpf. No significant differences in time until eyed ova stage and hatch
were found between the groups exposed to MP (MP1y,, MP1y, MP1},) and the control group (eyed
ova: d.f. =3,n =352, X? =16.401, p < 0.001, C1/MP1}, p = 0.977, CI/MP1y and C1/MP1y p = 1; hatch
d.f. =3,n =349, X?> = 171.66, p < 0.001, C1/MP1y, p = 0.230, C1/MP1y p = 0.999, C1/MP1y; p = 0.814).
It became evident that the chorion of the eggs consists of several layers and exhibits no pores in the
micrometer range (Figure 2). The heart rate of brown trout larvae was not affected by the exposure to
PSMP (d.f. = 3/6.649, F = 3.971, p = 0.066).

Table 1. Summary of data for the investigated endpoints in experiment la. All data are given as
arithmetic means + standard deviation.

Control 100 Particles/L.  10% Particles/L 105 Particles/L
(C1) (MP1;,) (MP1y) (MP1y,y)

Mortality 1 1 1 1
(%) +2 +2 +2 +2
Time until eyed ova stage 39 39 40 40
(dpf) +1 +1 +3 +2
Time to hatch 75 73 73 73
(dpo) +3 +3 +2 +3
Heart rate 51 56 52 53
(beats/min) +2 +3 +2 +3
Length 2.7 2.7 2.7 2.8

(cm) +0.2 +0.2 +0.2 +0.2

Body mass 0.15 0.14 0.14 0.16

(g +0.03 +0.02 +0.03 +0.02

Lipid peroxidation 57.89 60.12 62.42 61.23

(CHP-equiv.) +10.20 +13.70 +12.17 +13.01
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Figure 2. SEM images of the chorion of a recently hatched brown trout. (A): Overview with
distinguishable layers at the opening. (B): Detailed view of the chorion’s surface. No pores in um range
are present.

The mortality did not differ between the treatment groups and was below 2% (d.f. =3, n = 354,
X? =0.0017, p = 1) in all groups. At 150 dpf, fish were 2.72 + 0.18 cm long and weighted 0.15 + 0.03 g
on average. No significant differences were measured in length and body mass compared to the control
group (length: n =120, df. =3, X2 =4.857, p = 0.183; body mass: d.f. = 3/8, F = 0.928, p = 0.471).
The level of LPO was alike in all treatment groups (d.f. = 3/8.072, F = 0.928, p = 0.471).

3.2. Experiment 1b: Exposure of Fry

No fish died during the second part of the experiment. The fish were 2.92 + 0.21 cm long and
weighted 0.19 + 0.04 g on average. MP had neither a significant effect on biometric values nor on the
oxidative stress level compared to the control (Table 2; length: d.f. = 3/7.819, F = 2.511, p = 0.134; body
mass: d.f. = 3/220, F = 3.576, p = 0.015, C1/MP1y: p = 0.064, C1/MP1y: p = 0.729, C1/MP1y: p = 0.997;
SOD: d.f. = 3/115, F = 0.341, p = 0.795; LPO: d.f. = 3/116, F = 2.904, p = 0.038, C1/MP1y: p = 0.355,
C1/MP1y: p = 0.286, C1/MP1y;: p = 0.286).

Table 2. Summary of data for the investigated endpoints in experiment 1b. All data are given as
arithmetic means + standard deviation.

Control 100 Particles/L.  10% Particles/L 105 Particles/L
(C1) (MP1,) (MP1y) (MP1y,)
Mortality 0 0 0 0
(%) +0 +0 +0 +0
Length 3.0 29 3.0 29
(cm) +0.1 +0.2 +0.2 +0.2
Body mass 0.20 0.17 0.20 0.19
(g) +0.02 +0.04 +0.04 +0.04
Lipid peroxidation 58.28 65.46 52.30 58.57
(CHP-equiv.) +15.46 +22.14 +18.77 +15.51
SOD 95.43 105.60 96.15 98.60
(U/mL) +28.47 +42.84 +31.87 +30.56

3.3. Experiment 2

At every time point sampled, the concentration of amitriptyline in C2, MP2y;, MP2;,,;, was below
the limit of detection (10 ng/L). The nominal concentration of amitriptyline in the groups AMI2, MIX2y;
and MIX2,,;, was 300 pg/L. However, at the beginning of the experiment the real concentration was
only between 76% and 56% of the nominal concentration (Table 3).
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Table 3. Nominal and measured amitriptyline concentrations at the start of the experiment as well as

prior and after a water exchange.

Coljlggrl\lt?:’:ion Measured Concentration

Start of Prior Water After Water

Experiment Exchange Exchange

C2 0 pg/L <0.01 pug/L <0.01 pug/L <0.01 ug/L

MP2y,; 0 pg/L <0.01 ug/L <0.01 ug/L <0.01 ug/L

MP2hi0 0 pg/L <0.01 pug/L <0.01 pg/L <0.01 pg/L
AMI2 300 pg/L 214 pg/L 40 pg/L 82 ug/L
MIX2p,, 300 pg/L 169 ug/L 35 ug/L 67 ug/L
MIX2 0 300 pg/L 229 ug/L 19 pg/L 68 ng/L

Prior to the water exchange, the measured concentration of amitriptyline was only between 6%
and 13% of the nominal concentration in all three groups. After the exchange of half of the media with
freshly prepared amitriptyline solutions, it was between 22% and 27% of the nominal concentration.
Due to the strong depletion of amitriptyline during the experiment, we modeled the concentration
fish were exposed to over time (Figure 3). Based on the measured concentrations, the removal of
amitriptyline from the aqueous phase was assumed as pseudo-first order:

Y= cpX ¢ kxtexy 2)

where ¢ is the initial concentration and texp are the days of exposure. To adjust the model to the
measured amitriptyline concentrations, for k values between 0.19 and 0.29 were presumed. According to
this model, the average amitriptyline concentration during the experiment was 48 + 33 pg/L.

X AMIZ
O MiX2y
* MIXZy,

— average

- - AMI2

amitriptyline concentration [pg/L]

- MIX2y
MIX20

0 5 10 15 20 25 30 35 40 45 50 55 60 85
days of exposure

Figure 3. Modelled amitriptyline concentration over the duration of the experiment.

Measured concentrations of the three exposure groups (AMI2, MIX2}, and MIX2,,;,) are depicted
as points.

Results of the second experiment are summarized in Table 4. No mortality occurred in the control
group (C2) and it was below 5% in all treatment groups (X? = 0.3102, d.f. =5, p = 0.9974).

Fish hatched on average 11 days after the start of the experiment (Figure 4). While no differences
were found between C2 and MP2y; as well as between C2 and MP2,;,, all exposure groups with
amitriptyline (AMI2, MIX2y,; and MIX2,,;,) hatched significantly earlier than the control group and the
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two MP treatment groups (X? = 164.6, d.f. =5, p < 0.0001). Neither trout treated with MP nor those
exposed to amitriptyline or the mixture of both showed an influence on their heart rate (d.f. = 5/7.5129,
F =0.2909, p = 0.9044).

Table 4. Summary of data for the investigated endpoints in experiment 2. All data are given as
arithmetic means + standard deviation. p-values in comparison to the control group are given if
significant differences occurred.

Amitriptyline + Amitriptyline

5 . 6 . R
Compol 107 Partclss/L 10 paricles/L Amielbyine 10° Particles/L  +10° Particles/L
ht mio (MIX2p) (MIX2pyi0)
Mortality 2
(%) 0+0 1+£1 0+0 3+4 i1 4+3
Time to hatch 12+2 12+1 11+2 10+2 10 +2 10 +2
(days of exposure) p=10.786 p=0.580 p <0.001 p <0.001 p <0.001
Heart rate 56+ 4 55+2 56 +2 56+ 1 54+ 4 55 +2
(beat /min)
Larvae resting on their 10.0 £11.9 56+4.2 1116 97.8 £3.1 98.9 +1.6 100.0 £ 0.0
side (%) T p =0.405 p =0.018 p <0.001 p <0.001 p <0.001
. 1617 + 1008 1772 £ 1103 224 + 95 253 + 136 345 + 165
Total distance moved (cm) 2135 + 862 p = 0385 p=0.756 p <0.001 p < 0.001 p <0.001
77 £ 49 56 + 17 217 + 137 241 + 137 222 + 63
Body contact (s) 75 + 31 p=1 p =099 P = 0.082 = 0.023 p = 0.066
. 1.5+ 0.9 1.6 +1.0 0.2+0.1 02+0.1 0.3 +0.2
Mean velocity (cm/s) 20+08 p=0129 p =0.505 p < 0.001 p < 0.001 < 0.001
706 + 243 668 + 282 1050 + 20 1049 + 28 1025 + 36
No movement (s) 579 =207 p=0628 p = 0902 p <0.001 < 0.001 » < 0.001
Length 27401 26+0.1 27+0.1 24+0.1 24+0.1 24+0.1
(cm) ' ’ p =0.603 p=1 p <0.001 p <0.001 p <0.001
Body mass 0.14 + 0.03 0.14 + 0.02 0.15 + 0.02 0.11 £ 0.02 0.11 + 0.02 0.12 + 0.02
(g) T p=1 p=0.963 p <0.001 p <0.001 p <0.001
Lipid peroxidation 1859 +2.62  19.61 +4.01 18.04+246  19.05+2.40 19242371 19.29 +2.53
(CHP-equiv.)
(ISJ/?nDL) 117.54 +28.89  122.62 £28.11  121.55 +24.58  137.88 + 33.58 133.66 + 29.16 129.09 + 31.48
AChE activity 52.46 + 12.66 54.48 +13.04 53.69 +12.39 68.29 + 13.59 68.53 + 14.70 68.87 + 14.78
(mu/mg protein) ’ : p=0.997 p=0.999 p = 0.008 p =0.008 p =0.008
CbE-pnpa activity 69.21 + 22.85 70.25 + 17.96 70.15 + 17.54 59.23 + 14.10 54.11 + 23.21 57.22 + 15.89
(mu/mg protein) o p=0915 p=0915 p =0.001 p =0.001 p =0.008
CbE-pnpv activity 7008 + 24.04 66.15 + 21.79 70.43 + 21.51 39.12 £+ 26.11 38.27 + 27.86 31.33 + 23.59
(mu/mg protein) ’ . p =0.859 r=1 p <0.001 p <0.001 p <0.001
Significant differences from the control group are highlighted in bold.
100%1 . g s e
75% 1
0
o
— c2
D — MP2y
= o/ |
= 50% - Mp2mio
o AMI2
© - MIX2p
e
= MIX2mi0
25% 1
0% 1
2 = 6 8 10 12 14 16

days after exposure

Figure 4. Percent of brown trout hatched in the different treatment groups at the different days after
exposure. All fish exposed to amitriptyline (AMI2, MIX2y, MIX2.;,) hatched significantly earlier than
the control group and the groups containing solely MP (MP2y,; and MP2,,;,).
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MP had no effect on body mass and length of the fry while fish exposed to AMI2, MIX2y,; and
MIX2.,i, weighted significantly less and were significantly smaller than C2, MP2y,; and MP2,,,;, (Table 4;
body mass: d.f. = 5/8.6811, F = 36.602, p < 0.0001; length: d4.f. = 5/10.75, F = 65.262, p < 0.0001).

The resting behavior was influenced by the different treatments: Compared to C2, significantly
less fish exposed to MP2,;, were resting on their side, while nearly all fish exposed to AMI2, MIX2y;
and MIX2,,;, showed this behavior (Figure 5; X2 = 604.081, df. =5, p <0.001). Furthermore, abnormal
swimming behavior was observed as larvae exposed to AMI2, MIX2},; and MIX2,;, showed looping
behavior as well as side swimming.

A C C
100%-
X 75%1
-
ke
>
©
= .
O 50%- [ ] on the side
'g, B not on the side
=
2
= 25%:;
n=89 n=88
0%

C2  MP2; MP2.,, AMI2 MIX2, MIX2.,

Figure 5. Resting behavior of brown trout fry after 42 days after exposure. Compared to the control
significantly less fish exposed to MP2,,;, are resting on their side while significantly more fish exposed
to amitriptyline (AMI2) or the mixture of amitriptyline and MP (MIX2y; and MIX2,,;,) are resting on
their side (X? = 604.0806, d.f. = 5, p < 0.0001, C2/MP2y;: p = 0.4048, C2/MP2,i: p = 0.01816, MP2y
/MP2;0: p = 0.2108, C2/AMI2, C2/MIX2y,;, C2/MIX2 i, MP2yy; /MIX2y,; and MP2,,;,/MIX2,;, p < 0.001,
AMI2/ MIX2p; and MIX2p,/MIX2,i0: p = 1, AMI2/ MIX2,;,: p = 0.4972). Different letters indicate
significant differences.

Video tracking revealed considerable differences in the behavior of fry (Figure 6, Table 4). For all
investigated parameters, fish exposed to MP2y; and MP2,,;, did not differ from the control group.
In contrast, fish exposed to AMI2, MIX2},, and MIX2y,;, covered only 11-19% of the distance compared
to the control (Figure 6A). In addition, in the three groups containing amitriptyline, fry swam
significantly (84-90%) slower than the control fish (Figure 6B). In the control group and in MP2y;
and MP2,,;;,, the mean velocity increased over the recording time. This effect did not occur in the
groups exposed to AMI2 or the mixtures. It is especially noticeable that the fry in the three groups
containing amitriptyline had more body contact. Compared to the control group, the time fry had
body contact to another fish was tripled in AMI2, MIX2}, and MIX2,;, (Figure 6C). Nevertheless, this
behavior was highly variable among the different aquaria. A significant difference was only found
between C2 and MIX2y;, MP2y;, and MIX2y,; as well as MP2,,;, and MIX2,,;,. AMI2 and MIX2,,;,
only showed a trend towards more body contact than the fry in the control group. Furthermore, fry
exposed to AMI2, MIX2y,; and MIX2,,,;, spent significantly more time in inactivity than the fish in the
control group and the two exposure groups containing solely MP (Figure 6D; distance: d.f. = 5/84,
F =21.25,p <0.001; velocity: d.f. =5/12, F = 35.290, p < 0.001, time: d.f. =1/1601, F = 33.115 p < 0.001;
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no movement: d.f. =5/12, F = 30.028, p < 0.001, time: d.f. = 1/2.0794 x 1021, F = 40.300, p < 0.001; body
contact: d.f. =5/12, F = 5.302, p = 0.008).
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B — = = == WB 7 M
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C D
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Figure 6. Behavior of brown trout during video tracking (n = 15 in each group). (A): Total distance
moved in 18 min. (B): Mean velocity. (C): Total time individuals had body contact. (D): Time of
no movement over recording time. (A) and (C): The box plots display the median, the 25th and
75th percentiles as well as minimum and maximum values (whiskers); the dots indicate outliers.
Different letters indicate significant differences.

No differences occurred in the activity of SOD and the level of LPO between all exposure groups
(SOD: d.f. =5/173, F =2.081, p = 0.070; LPO: d.f. = 5/12.287, F = 1.010, p = 0.452). The AChE activity was
increased about 30% in all treatment groups with amitriptyline (Figure 7a). Contrarily, CbE-pnpa was
reduced between 14% and 22% in the three exposure groups with the antidepressant. Outliers with
very low activity of CbE-pnpa were found in all groups but occurred cumulatively in AMI2, MIX2y,,
MIX20 (Figure 7b). The activity of CbE-pnpv was even more reduced in the AMI2 and the mixture
exposure groups (Figure 7c). Compared to the control, the activity of CbE-pnpv was 44 - 55% lower in
AMI2, MIX2p, MIX2,i0 (AChE: d.f. = 5/11.822, F = 6.081, p = 0.005; CbE-pnpa: d.f. =5, X? = 39.211,
p <0.001; CbE-pnpv: d.f. =5/177, F = 22.135, p < 0.001).
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Figure 7. Enzyme activity in brown trout fry exposed to microplastic particles (MP), amitriptyline,
or the mixture of both. (A): Specific activity of acetylcholinesterase (AChE). (B): Specific activity of
carboxylesterases (CbE) with the substrate pnpa. (C): Specific activity of CbE with the substrate pnpv.
The box plots display the median, the 25th and 75th percentiles as well as minimum and maximum
values (whiskers); the dots indicate outliers. Different letters indicate significant differences.

4. Discussion

4.1. Amitriptyline Concentration

The measured amitriptyline concentrations were considerably lower than the nominal
concentration of 300 pg/L. Due to the strong depletion of the amitriptyline concentration, fish were
not constantly exposed to the same concentration. The concentration was considerably lower and
fluctuated due to the water exchange design. Amitriptyline was found to be one of the most
stable pharmaceuticals at pH 7 [77]. However, degradation of the antidepressant via photolysis
occurs at low or high pH [77]. In our experiment, the pH was 8.3 + 0.2 and thereby slightly alkaline.
AtpH9, Baena-Nogueras, et al. [77] found a half-life of amitriptyline of 9.63 h (wavelength 300-800 nm,
irradiance 500 W/m?). In our experiment stock solutions were covered in aluminum foil and aquaria
were shaded from direct light which reduces the impact of photodegradation. Another factor that
likely influenced the concentration of amitriptyline is a possible sorption of the chemical to the glass of
the aquaria. Amitriptyline has a high adsorption capacity to kaolinite and Ca-montmorillonite [78,79].
One day prior to the start of the experiment, the tanks were filled with the corresponding amitriptyline
solutions to saturate sorptive surfaces, and the test media were renewed before the start of the
experiment. Nonetheless, it cannot be excluded that, still, sorption of amitriptyline to the glass
occurred. A third process that has likely reduced the measured amitriptyline concentration is the
uptake and metabolization of the antidepressant by the fish. Amitriptyline was found to bioconcentrate
in brain tissue, gills, liver, blood plasma as well as in bile and muscle tissue of fish with bioconcentration
factors between 4 up to 198 [80-83]. Furthermore, in gilt-head bream (Sparus aurata), amitriptyline
was shown to be degraded to a broad range of metabolites including nortriptyline which is known
to be also a bioactive antidepressant [83]. In our experiment, amitriptyline exposure led to severe
effects in early life stages of brown trout which supports the assumption that fish had taken up the
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antidepressant. To counteract the decline of amitriptyline concentration, we performed as many water
exchanges with freshly prepared amitriptyline solution and/or cryo-milled PS MP (whose amount was
limited) as possible. However, the goal of our study, which was to show a possible modulation of
amitriptyline-induced effects in early life stages of brown trout, was not influenced by the unexpectedly
low amitriptyline concentrations, since even those induced strong reactions in the exposed fish.

4.2. Effects of MP

In the first experiment, brown trout eggs exposed to MP developed in a similar way as fish of the
control group. This might be due to an impeded passage of the tested MP through the egg chorion
which protects the first developmental stages of the fish embryo [84]. This explanation is highly
probable since our own REM images showed the chorion of brown trout eggs to be free of micropores >
1 pm. Similarly, Li, et al. [11] describes that 10 um PS MP accumulated at the outside of the chorion of
marine medaka but failed to pass it. In a study with zebrafish, van Pomeren, et al. [15] found the uptake
of nanoplastics via chorion and epidermis to be marginal. Furthermore, LeMoine, et al. [23] observed
that MP could not pass the chorion of zebrafish and that the larvae started to ingest and accumulate
MP (1045 pm) not earlier than 5 d post hatch, i.e., as soon as they start to feed on exogenous food.
Larvae of marine medaka ingested MP from two days post hatching [11]. In the second experiment
we therefore decided to expose the fish in a later developmental stage. In addition to the different
developmental stages at the start of the experiment, a slight difference in the temperature explains
the faster development and higher heart rate of the fish in the second experiment. Killeen, et al. [85]
investigated the influence of temperature on the development of brown trout in detail and described
that the development is generally delayed at lower temperatures.

In both experiments of our study, PS MP had no effect on hatching, growth, mortality, or heart rate.
LeMoine, et al. [23] and Chen, et al. [29] also observed that neither PE MP (1045 um, 480 particles/mL)
nor PS MP (45 um, 1 mg/L) had any effect on mortality, hatching or growth rate of zebrafish embryos.
While PE MP (1045 pm) incorporated into the diet of European sea bass likewise did not affect the
growth of the fish, high dosages (10° particles/g diet) of PE MP had a slight but significant effect on the
survival [12]. Furthermore, Malafaia, et al. [22] reported a trend to early hatching and lower survival
of zebrafish larvae exposed to PE MP (38.26 + 15.64 um; up to 7.07 x 10% particles/L). In contrast,
Li, et al. [11] observed that PE MP (6534.0 + 247.8 and 63,640.0 + 723.5 particles/L) delayed the hatching
and reduced the heart rate and growth of marine medaka. Overall, in most studies only minor effects
on mortality and developmental parameters were observed in fish exposed to MP. A plausible reason
for this might be that the chorion acts as protective barrier, and effects on this life stage are therefore
more likely caused by chemicals leaking from the MP than by the particles themselves.

The exposure of brown trout to PS MP during the development apparently did not lead to
oxidative stress as neither the activity of SOD nor the LPO level was influenced. Also, Chen, et al. [29]
did not observe any influence of PS MP on the activity of catalase (CAT) and glutathione peroxidase
(GPx) but they reported a significant decrease in the level of the reduced form of glutathione (GSH) in
zebrafish larvae. In juvenile brown trout, also no effect of PS MP on oxidative stress was found [86].
Furthermore, in common gobies (Pomatoschistus microps) the LPO level was not affected by PE MP
exposure in several studies [33,87-89]. Nevertheless, other studies showed that some MP may induce
oxidative stress in fish [19,90,91]. Thus, it should be further investigated which parameters of MP as for
example particle size, additives or the way of exposure can be responsible for MP-induced oxidative
stress in fish.

PS MP did neither affect the AChE activity nor the activity of two CbEs of brown trout. Similar
results were found for juvenile brown trout exposed to the same PS MP (104 particles/L) for 96 h [86].
Furthermore, PS MP (45 pm) did not cause alterations in the activity of AChE in zebrafish [29].
However, several studies showed that PE MP (1-5 um) reduced the AChE activity in common gobies
significantly [33,88,89]. Moreover, 30 days exposure to 200 ug/L fluorescent PE (70-88 um) led to a
significantly decreased AChE activity in the Amazonian discus fish (Symphysodon aequifasciatus) [20].
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Considering the different polymer types and organisms investigated, the size of the administered
particles seems to be important as the most neurotoxic effects are reported for small MP or even
nanoplastics [13,29].

Exposure to 10® PS MP resulted in a minimal change in the resting behavior of trout larvae.
However, it seems rather unlikely that this slight change is biologically relevant especially when
considering the huge variation between the replicas. Furthermore, in the video tracking of brown
trout fry, no differences in swimming and shoaling behavior were observed in response to MP
exposure. Likewise, exposure of embryo and larvae of zebrafish to PE MP (10-45 um) did not affect
the covered distance during darkness [29]. Exposure of Krefft’s frillgobies (Bathygobius kreffti) to PE
MP (38-45 mm) via diet did not affect their boldness or exploration behavior [92]. Moreover, Critchell
and Hoogenboom [93] observed that the feeding and aggression behavior of juvenile planktivorous
tish (Acanthochromis polyacanthus) was not affected by polyethylene terephthalate (PET) MP (<300 um
and 2 mm). In addition, the foraging activity and survival facing predators of post-larvae surgeonfish
(Acanthurus triostegus) was not affected by PS MP (90 um) exposure [94]. In contrast, juvenile black
rockfish (Sebastes schlegelii) stayed more closely together when exposed to about 10° particles/L PS MP
(15 um) than the control group. Furthermore, black rockfish exposed to PS MP swam with reduced
speed and showed both a diminished explorative behavior during search for food and an increased
feeding time [95,96]. In European sea bass exposed to MP (0.69 mg/L; 1-5 um) a significantly reduced
swimming velocity and resistance time (0.26 and 0.69 mg/L) until being dragged away by water flow
was observed [97]. Moreover, PE MP (1-5 pum and 420-500 um) led, depending on the influence of the
environmental condition during development, to a significant reduction of the predatory performance
in early juvenile of common goby [89,98]. In two other studies investigating the effects of PE MP
(1-5 um) in common gobies, a non-significant reduction of the post exposure predatory performance
was observed [87,88]. Likewise, the predatory performance of juvenile barramundi (Lates calcarifer)
was not influenced by PS MP (97 um) but the fish showed more curved swimming paths than control
fish [99].

The factors that delimit effects of MP on the behavior of fish remain unclear. It does not seem that
chemical properties of the polymer have a major importance as, for example, after exposure to PE MP
and PS MP some studies found effects on the behavior of fish and some did not. It is possible that
different size ranges or additives of the particles are responsible for the reported differences. Moreover,
the discrepancies can be due to different sensitivity of the test species or the used study design.

In the present study, no biologically relevant effects of PS MP on the development and behavior of
brown trout were observed.

4.3. Effects of Amitriptyline

In our experiment the survival of fish was not affected by the exposure to amitriptyline.
However, the antidepressant led to a significantly reduced time until hatching. In common carp
Sehonova, et al. [57] also observed a significant stimulation of hatching speed in fish exposed to 10,
100 and 500 pg/L amitriptyline. In addition, Yang, et al. [56] found that amitriptyline (1 ng up to
1 mg) reduced the time to hatch of zebrafish in a concentration-dependent manner. In contrast, higher
concentrations of 3 mg/L amitriptyline led to an increased hatching time and a higher mortality in
zebrafish [60]. This is, per se, not necessarily contradictory: In common carp, amitriptyline caused
either developmental stimulation or retardation depending on the developmental stage and the
concentration of the antidepressant [57]. Based on these data, amitriptyline seems to stimulate hatching
of fish in general but may also delay hatching at high concentrations. In the present study, no influence
was found on the heart rate of the larvae. In contrast, the considerably higher concentration of 3 mg/L
led to a reduced heart rate in zebrafish larvae [60].

After two months, brown trout larvae exposed to amitriptyline were significantly smaller and
weighted less than fish of the control group. Yang, et al. [56] reported that the body length of
zebrafish was significantly reduced after exposure to concentrations as low as 100 ng/L amitriptyline
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for 120 h. Wu, et al. [100] found only a slight but insignificant reduction in body size of zebrafish and
a modulation of the expression of genes encoding early growth response factors after exposure to
0.1 ug/L amitriptyline for 120 h. Thus, amitriptyline affects the growth of different fish species which
can influence the survival of the larvae. Another reason for growth effects might be behavioral changes
that led to less food consumption.

Exposure to amitriptyline did not cause an alteration of the activity of SOD or the level of LPO in
early life stages of brown trout. Likewise, amitriptyline led to only moderate or minor effects on the
oxidative stress level of zebrafish during development: The transcription of glutathione S-transferase
(GST), GPx, and SOD genes in zebrafish embryos was not significantly altered in response to the
antidepressant [58]. Nonetheless, a significant upregulation of CAT mRNA formation in fish exposed to
30 pg/L amitriptyline was observed after 144 h [58]. In common carp, exposure to 10 pg/L amitriptyline
during development had no effect on the activity of CAT, GPx, GST and cytosolic SOD or the amount
of protein carbonylation [57]. However, the antidepressant led to an increase in the level of LPO and in
glutathione reductase activity [57]. Furthermore, Yang, et al. [56] have found a significantly positive
influence of 100 ng/L amitriptyline to the antioxidant capacity of zebrafish as the activities of both SOD
and CAT were enhanced and the formation of hydroxyl radicals and LPO was significantly suppressed.
Nevertheless, in fish treated with higher amitriptyline concentrations the activity of SOD, CAT and
peroxidase was found to be inhibited, and in zebrafish exposed to 1 mg/L amitriptyline the hydroxyl
radical formation and the LPO level were significantly increased [56]. Brown trout might be less
susceptible to oxidative stress caused by the tricyclic antidepressant than common carp and zebrafish
whereas the rather low amitriptyline concentrations applied in our study do not allow any predictions
about effects of higher concentrations that caused hydroxyl radical formation and an increase of LPO
level in zebrafish.

Amitriptyline is a neuroactive compound and has been shown to induce neurotoxic effects in human
cell lines as well as in non-target organisms. In a neuroblastoma cell line 100 uM amitriptyline caused
a total loss of viability in neurons and a 30% loss of viability in astrocytes [101]. Sehonova, et al. [57]
observed neuronal dystrophy in common carp exposed to amitriptyline (lowest observed effect
concentration 10 pg/L). Moreover, mRNA expression of genes related to the development of eyes
and the central nervous system (pax 6) were significantly downregulated in zebrafish exposed to
30 pg/L amitriptyline [60]. In the present study, the antidepressant increased the activity of AChE and
significantly inhibited two other CbEs in early life stages of brown trout. The two CbE are involved in
the detoxification of pollutants and are assumed to act in a protective way against AChE inhibiting
pesticides [74]. An impact of amitriptyline on AChE activity is likely since amitriptyline was shown to
act as a muscarinic acetylcholine receptor antagonist [44]. In human serum and erythrocyte ghosts,
amitriptyline caused a decrease of the AChE activity [102]. However, to the best of our knowledge,
our study was the first to investigate the effects of amitriptyline on the activities of AChE, CbE-pnpv,
and CbE-pnpa in non-target organisms.

Considering its influence on neuronal processes and the general purpose of antidepressants to alter
behavior, it is not surprising that amitriptyline caused also behavioral changes in non-target organisms.
In our study fish showed altered resting and swimming behavior. Video tracking conditions in the
used artificial system are rather stressful for the fish [103], therefore reduced velocity and covered
distance can be interpreted as a result from an anxiolytic effect of amitriptyline. Even though it cannot
be excluded that freezing behavior and, therefore, anxiogenic behavior increased the time of inactivity,
it seems more probable that the effect was caused by the sedative effect of amitriptyline. Another
possible explanation is that amitriptyline interfered with neuronal processes resulting in ataxic behavior,
like looping or side swimming. Likewise, zebrafish exposed to 5 mg/L and 10 mg/L amitriptyline
exhibited a significantly reduced maximal swimming velocity. Furthermore, 10 mg/L amitriptyline
caused ataxic movement, like swimming vertically or on the side [53]. Moreover, exposure of adult
zebrafish to 50 pg/L, 1 and 5 mg/L amitriptyline significantly reduced the time until fish entered
the top in a novel tank test and increased the time they spent in the top region of the tank [53,54].
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Meshalkina, et al. [54] also observed a reduction in the covered distance and mean velocity, and an
increased meandering and angular velocity. In addition, decreased swimming activity was observed
in zebrafish larvae treated with 100 pg/L amitriptyline in different exposure scenarios [59]. In another
study, Sehonova, et al. [60] observed that 300 pug/L amitriptyline resulted in a significantly decreased
swimming distance of zebrafish in the dark and, when exposed to 3000 ug/L amitriptyline, even in
both dark and light conditions. Common carp exposed to 100 pg/L and 500 ug/L amitriptyline just
floated apathetically and sank to the bottom of the aquarium [57].

Synoptically, our study revealed severe effects of amitriptyline on the behavior of brown trout
at concentrations in the ug/L range (calculated average concentration of 48 pg/L amitriptyline).
Even though also other antidepressants like citalopram [103,104], fluoxetine [105,106] or
venlafaxine [106,107] exhibit an amitriptyline-analogous mode of action and have been shown
to cause similar effects in non-target organisms our study was not designed to draw conclusions on
the environmental risk of the antidepressant, since measured amitriptyline concentrations in surface
waters are largely in the range of 22 ng/L [49,51,81]. To evaluate the ecotoxicological risk on non-target
organisms, definitely further research on environmental relevant concentrations of amitriptyline as
single substance and in combination with other antidepressants would be necessary. The focus of our
study, however, was on the potential interactions of a psychoactive drug and MP.

4.4. Co-Exposure of MP and Amitriptyline

In our experiment brown trout were co-exposed to amitriptyline and PS MP. Like recently pointed
out by Heinrich, et al. [108] environmental pollutants are present both in liquid (water) and solid
(e.g., MP) compartments. Co-exposure allows to establish an equilibrium in the overall system
including water, MP, and organisms. Co-exposure of brown trout to MP plus amitriptyline led to the
same effects as the exposure to amitriptyline alone and the amitriptyline concentrations in the water
phase of the treatment groups showed no considerable difference. While the mortality and heart rate
as well as the oxidative stress level were not affected, larvae hatched significantly earlier, were smaller
and weighted less than control fish. Furthermore, the swimming behavior was altered, and the activity
of AChE was increased while the activities of the two other tested CbEs were inhibited. Therefore,
we did not find any indication for PS MP to modulate the effects of amitriptyline on the development
and behavior of brown trout. Several studies reported that MP can alleviate some negative effects
caused by other pollutants by reducing their bioavailability [11,29,88]. On the other hand, MP was
reported to increase negative effects of other contaminants [32,33,109]. In our experiments, measured
amitriptyline concentrations were only slightly lower in those exposure groups which also included MP.
Nevertheless, the data basis of the chemical analytic seems to be too limited to draw clear conclusions
about the sorption of amitriptyline to MP. Only few studies found, like the present study, no interaction
between MP and pollutants [86,90]. However, it cannot be excluded that this might have been resulting
from a bias against the publication of negative results [27].

5. Conclusions

In our study PS MP (<50 um up to 10 particles per liter) did not influence the development of
brown trout. It is very likely that MP is not capable to pass the chorion so that the fish are protected until
hatch. Therefore, it might be reasonable to focus on life stages that have hatched and started to feed on
exogenous food. The only observed effect caused by MP in our experiment was a slight change in the
resting behavior that occurred at the highest tested (but environmentally irrelevant) concentration.
The biological relevance seems negligible considering the solely small change in behavior and the
high variability among the replicas. The antidepressant amitriptyline affected development and
behavior at considerably higher concentrations than reported in the environment. These effects were
not modulated by the co-exposure of the antidepressant with PS MP. Overall, no harmful effects were
caused by PS MP in the tested concentrations in brown trout and PS MP did not modulate the effects of
amitriptyline on fish. Nevertheless, these results do not allow to deduce a general statement about
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the risk of MP considering the complexity caused by different polymers, size classes, and additives
reported in the environment as well as different sensitivities of affected organisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/9/2361/s1,
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Table S2: Volume of changed test medium in each Petri dish/tank during experiment 1 and experiment 2. Table S3:
Average measured water parameters of the experiment 1b. Table S4: Average measured water parameters of the
experiment 2. Table S5: Operating parameters of the triple quadrupole MS (Agilent 6490 QqQ) in positive mode.
Table S6: Specific measurement parameters for amitriptyline with LC-QqQ in water samples. Intraday variations
(RSD) is calculated with 1 pg/L standard (10 uL injection volume and 4 replicates (n)). Limit of quantification
= LOQ. Table S7: Parameters for the determination of the lipid peroxide content in the different experiments.
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