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Neuroactive chemicals are compounds that can modulate, at very low concentrations,
the normal function of the central nervous systems of an organism through various primary
modes of action (MoA). It has been estimated that around 13% of all detected chemicals
in European Rivers have neuroactive potential [1]. This group of compounds includes
pesticides (organophosphates, neonicotinoids insecticides, carbamates, organochlorines
and pyrethroids), stimulants, CNS-acting pharmaceuticals (including, but not restricted,
antidepressants, anxiolytics and antipsychotics) and illicit drugs. Globally, the use of neu-
roactive compounds is increasing due to growing of urban population. The development of
modern chemical screening approaches have allowed for the detection and quantification
of many of these chemicals in parallel, confirming the co-occurrence in mixtures of many
chemicals with similar or different MoA, which in addition rises the concern about their
potential combined effects. It is a known fact that such neuroactive chemicals affect wildlife
behavior, with the prospective to cause detrimental effects on individual, population and
community levels of ecological organization [2]. In this special issue on “Behavioral Im-
pairment in Aquatic Organisms Exposed to Neurotoxic Pollutants”, original research and
review articles addressing behavioral impairment induced by the exposure of different in-
vertebrate and vertebrate aquatics species to neuroactive chemicals, are presented. In these
studies, different methodological approaches are used, including multi-compartment sys-
tems, automated plug and play systems granting medium- and high-throughput screening,
as well as, homemade setups systems. Furthermore, association to changes at lower levels
of biological organization, such as, gene expression, biochemical activities, neurochemical
signaling and macromolecules damage, are also described.

Aiming to increase our current understanding on the ecological and toxicological
dimension of environmental occurrence of psychoactive pharmaceuticals in aquatic ecosys-
tems, the review by Stumper and Margiotta-Casaluci 2022 [3] identified 210 CNS-acting
pharmaceuticals currently prescribed in the UK. Through the analysis of the PHARMS-
UBA database, authors found that presence of 84 of these pharmaceuticals had already
been reported in surface waters around the world, of which 33 belong to the list of the
50 most prescribed in the region. Moreover, authors calculated the Predicted Environmental
Concentrations (PECs) and then, using the Fish Plasma Model approach, the Predicted
Fish steady state Plasma Concentration (FssPC) for all the identified pharmaceuticals. By
comparing FgPC with the Human Therapeutic Plasma Concentration (HITPC), expressed
a Cax, authors estimated the Predicted Pharmacological Risk for each pharmaceutical.
Finally, by using this approach, 32 of the pharmaceuticals were classified as exhibiting
potential high and medium risk of eliciting pharmacological effects at their PECs in fish.
The results presented in this review should be extremely useful to guide future research on
the risk of the environmental risk of neuroactive chemicals in aquatic ecosystems.

When it comes to the quality of the information provided by different ecotoxicological
approaches, all of them have their advantages and limitations. The review by Aratjo et al.
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2020 [4] discusses the limitations of traditional and standardized forced exposure ap-
proaches in predicting the ecological relevance of the presence of chemicals stressor in the
environment. Authors emphasize that, whereas a force exposure approach considers that
the environments are chemically homogeneous and that the option to avoid exposure is
inexistent, the natural environment is clearly heterogeneous. Therefore, one must consider
that when organisms are confronted with contaminants, three different reactions should be
considered: conformity, regulation and avoidance. In this review, the need to integrate a
more direct assessment of ecological implications of behavioral changes due to the presence
of a chemical stressor is highlighted. The authors propose an approach in which Stress
and Landscape Ecology could be integrated in order to better understand the true effect of
a contaminant on the structure and function of an ecosystem. This would be possible by
the combination of non-forced multi-compartment approach, also known as “avoidance
method”, with the traditional and standardized forced exposure approach.

While there is widespread agreement that analysis of behavioral responses provides a
more sensitive endpoint for assessing the environmental effects of neuroactive chemicals
than lethality, environmental regulatory agencies have yet to include behavioral analysis
among the endpoints to be analyzed in ecotoxicology. One assumption is that this may be
due to the absence of optimized and standardized behavioral assays [5]. Aquatic inverte-
brates such as Daphnia spp. and Artemia spp. are commonly used model species to analyze
different endpoints of ecotoxicological assessments, including behavior. Behavioral studies
with such species have high-throughput potential, however methodological discrepancies
make it difficult to be able to compare results from different studies. Two factors easily
controlled that may have important implications on the response outcome are the arena
size and light intensity. For Artemia franciscana a medium to large arena size (12 and 6 well
plates) and not light intensity was crucial for a stable swimming speed response, indicating
that there could be a compromise between increasing the throughput of the analyses and
providing enough space for an even behavior [5].

Pharmaceuticals are a major emerging category of chemicals that pose real concern for
the health of aquatic ecosystems. Invertebrate species play an essential role in the stability
and well being of the ecosystems and are most threatened by the presence of these chemicals.
The anti-depressant drug fluoxetine, at environmental relevant concentrations, increased
swimming speed of A. franciscana [5]. On another study from this SI, the MoA of deprenyl
was assessed for the first time in Daphnia magna. Deprenyl is a drug prescribed to treat
major depressive disorders and Parkinson’s Disease, increasing serotonin signaling through
inhibition of monoamine oxidase (MAOQ) [6], the enzyme responsible for its breakdown.
Behavioral changes observed in D. magna exposed to deprenyl included low basal locomotor
activity and reduction in the habituation light stimuli. Furthermore, D. magna exposed to
deprenly exhibited inhibition of MAO-activity and a concomitant increase in the serotonin
and dopamine levels, suggesting the presence of vertebrate MAO-like activity in this
species. Finally, as proof of concept, behavior and molecular changes caused by deprenyl
were found contrary with those observed for serotonin antagonistic drug, 4-Chloro-DL-
phenylalanine (PCPA).

An analogous study was executed using Danio rerio (zebrafish) larvae exposed to
the serotonin signaling stimulants deprenyl and fluoxetine and to the serotonin synthesis
inhibitor PCPA [7]. Similar behavioral outcomes were observed for both anti-depressants,
including hypolocomotion, reduced escape responses evoked by vibrational and visual
stimuli and increased habituation to the vibrational stimuli, which contrasted with those
observed for PCPA. At lower levels of organization, deprenyl’s effect was more potent,
abolishing MAO activity, downregulating serotonin synthesis and transporter genes and
augmenting serotonin and dopamine levels. Moreover, co-exposure of opposed serotonin
signaling drugs revealed full recovery of several impaired responses. It is also interesting
to highlight the homology of responses observed between D. magna and D. rerio to acute
deprenyl exposure.
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It is a well-known that the developing brain is more sensitive to the effect of chemicals
than the adult brain [8], and that developmental exposure may result in subtle effects
but can have a profound impact when amortized across the life span of and organism,
permanently altering normal biological processes, which can be reflected in the organism
behavior. When testing new chemicals, conventional OECD toxicity tests may not reflect
their true hazardous impact to organism in the natural environment, therefore multiple
experimental approaches should be applied for proper risk assessment. Anti-fugal natural
extracts Equisetum arvense, Mimosa tenuiflora and Thymol, are suggested as a safer alternative
for synthetic fungicides. Zebrafish developmental exposure to sublethal concentrations,
up to 200 times lower than the reported 50% lethal concentrations (LC50s), showed that
the first two extracts could be safe to use due to mild or absence of biological significance,
however, Thymol showed to be lethal, teratogenic, alter antioxidant defenses and induce
fear- and anxiety-like disorders in zebrafish eleutheroembryos [9].

Risk assessment of chemicals is usually conducted for individual chemicals whereas
mixtures of chemicals occur in the environment. The different combinations of chemicals
are associated with significantly different effects on communities of aquatic ecosystems.
Considering that neuroactive chemicals are a group of contaminants that dominate the
environment, it is then imperative to understand the combined effects of mixtures [10]. The
commonly used models to predict mixture effects, namely concentration addition (CA) and
independent action (IA), are thought to be suitable for mixtures of similarly or dissimilarly
acting components, respectively. Furthermore, CA and IA models may be used to evaluate
observations as antagonistic (less effect than predicted) or synergistic (higher effect than
predicted). However, these predictions are mainly based for survival as endpoint, and it
is unclear whether they can be implemented for mixture studies addressing behavioral
endpoints. One challenge for the application of these predictive models (CA and IA), is
that not always neuroactive substances based on similar MoA may have similar behavioral
responses, so the question leis whether these models can be used to predict combined
effects for neuroactive chemicals mixtures with different MoA but similar behavioral
responses. Another issue that rises is whether chemicals with opposing effects can be
predicted as antagonistic. In this special issue, Ogungbemi et al. 2021 [10] addressed these
questions by investigating the effect over zebrafish embryos spontaneous tail coiling (STC)
following exposure to mixtures of pesticides with different MoAs. Indeed, authors found
that neuroactive substance with different MoA, such as propafenone and abamectin as well
as chlorpyrifos and hexaconazole giving a similar direction of response outcome (hyper-
or hypoactivity) seemed to be additive and therefore could be predicted using the CA
and IA models. On the other hand, results that showed mixtures with both hyper- and
hypoactivity-inducing components lead to an antagonistic interaction, and therefore, to
qualitatively predict mixture outcomes of multi-complex mixtures as well as to understand
deviations form additivity, the authors recommend considering information on common
adverse outcomes of the chemicals.

Another approach to assess effects of mixtures of neuroactive chemicals, is to use their
recorded concentrations in the environment. Santos et al. 2021 [11] analyzed the impact of
mixtures of relevant concentrations of three common pesticides, glyphosate, chlorpyrifos
and copper, over developmental stages of rainbow trout (Oncorhyncus mykiss). The authors
found antagonistic effects over fish swimming activity when exposed to chemicals with
opposing effects. It was suggested that the presence of copper and chlorpyrifos could
have antagonized or reduced the effects of glyphosate on larvae swimming activity. When
looking at responses at lower levels of organization, authors found additive or synergistic
effects of the joint action of these pollutants, interestingly, the observed upregulation of
genes involved in detoxification, mitochondrial metabolism and DNA repair suggested an
adaptive response triggered to deal with toxic exposure.

In summary, this collection of original research and review works provides vital
and updated information regarding research and challenges on behavior ecotoxicity of
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invertebrate and vertebrate aquatic organisms as well as the molecular mechanisms behind
the effects.
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Abstract: There is a growing concern that neuroactive chemicals released into the environment can
perturb wildlife behaviour. Among these chemicals, pharmaceuticals such as antidepressants and
anxiolytics have been receiving increasing attention, as they are specifically prescribed to modify
behavioural responses. Many laboratory studies have demonstrated that some of these compounds
can affect various aspects of the behaviour of a range of aquatic organisms; however, these inves-
tigations are focused on a very small set of neuroactive pharmaceuticals, and they often consider
one compound at a time. In this study, to better understand the environmental and toxicological
dimension of the problem, we considered all pharmaceuticals explicitly intended to modulate the
central nervous system (CNS), and we hypothesised that these compounds have higher probability of
perturbing animal behaviour. Based on this hypothesis, we used the classification of pharmaceuticals
provided by the British National Formulary (based on their clinical applications) and identified
210 different CNS-acting pharmaceuticals prescribed in the UK to treat a variety of CNS-related
conditions, including mental health and sleep disorders, dementia, epilepsy, nausea, and pain. The
analysis of existing databases revealed that 84 of these compounds were already detected in surface
waters worldwide. Using a biological read-across approach based on the extrapolation of clinical
data, we predicted that the concentration of 32 of these neuroactive pharmaceuticals in surface waters
in England may be high enough to elicit pharmacological effects in wild fish. The ecotoxicological
effects of the vast majority of these compounds are currently uncharacterised. Overall, these results
highlight the importance of addressing this environmental challenge from a mixture toxicology and
systems perspective. The knowledge platform developed in the present study can guide future
region-specific prioritisation efforts, inform the design of mixture studies, and foster interdisciplinary
efforts aimed at identifying novel approaches to predict and interpret the ecological implications of
chemical-induced behaviour disruption.

Keywords: pharmaceuticals in the environment; environmental risk assessment; behaviour; fish;
ecotoxicology; mixture toxicology; predictive toxicology; pollution

1. Introduction

The sustainability of animal populations relies on the evolution and display of complex
behavioural responses aimed at meeting the basic needs of the organism, such as finding
resources—including food and water—surviving, and reproducing successfully. Human
domination of the planet, especially recently, has led to profound changes to all ecosystems,
which has often necessitated animals to rapidly adapt and change their behaviour in
order to survive. A rapidly growing number of studies have reported the impact of
human activities on wildlife behaviour in both aquatic and terrestrial ecosystems (recently
reviewed by Wilson et al. (2020)) [1]. The range of behavioural effects is wide and includes
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the disruption of movement, foraging, risk-taking behaviour, communication, and breeding.
For example, a meta-analysis of 208 studies on 167 aquatic and terrestrial species carried
out by Doherty et al. (2021) [2] showed that disturbance by humans has widespread
impacts on the movements of birds, mammals, reptiles, amphibians, fish, and arthropods.
The mechanisms via which humans disrupt wildlife behaviour are also numerous and
include the active modification of population densities (e.g., via fishing, hunting, etc.) and
habitat structure, and the introduction of sensory pollution [1]. For example, the noise
generated by human activities has well-established detrimental effects on wildlife [3], such
as the disruption of respiratory and resting behaviour of humpback whales in response to
whale-watching vessel noise emissions [4]. On the other hand, light pollution is known to
affect both nesting behaviour of turtles and the subsequent risk of predation of the nests
and of hatchlings [5,6].

Among the many anthropogenic stressors, chemical pollution is one of the greatest
global threats for both humans [7] and wildlife [8]. There is a growing concern that
chemicals released into the environment so far have modified the behaviour of wild
organisms [9,10]. Although demonstrating the causal effects of chemicals on the behaviour
of wildlife is very challenging, it is known that some of those chemicals have already
elicited such effect. For example, behaviour-modifying chemicals are widely used for
large-scale pest control and management (e.g., insect repellents, semiochemicals) [11].
In the last two decades, a specific class of chemicals has sparked a renewed interest in
behavioural ecotoxicology. That is the class of psychoactive pharmaceuticals, such as
antidepressants and anxiolytics. The use of psychoactive drugs in Western countries has
been growing steadily in the last few decades [12,13]. One of the consequences of this
increased consumption is that low concentrations of these pharmaceuticals can often be
detected in the aquatic environment [14]. Many pharmacological targets of psychoactive
drugs are also evolutionarily conserved in fish species; therefore, these drugs may cause
behavioural alterations of aquatic wildlife as they do in humans [15]. As appropriate
behavioural responses are critical for virtually any key aspect of individual survival and
population sustainability, drug-induced behavioural alterations may lead to profound, non-
linear, and perhaps unpredictable ecological effects [16]. The importance of this issue was
first brought to light in the early 2000s with the detection of the antidepressant fluoxetine
in American rivers [17,18]. Brooks et al. were the first scientists to raise the possibility that
some anti-depressants acting as selective serotonin transport inhibitors (SSRIs) could be
present in the aquatic environment at concentrations high enough to affect the behaviour
of fish and other aquatic species [19-21]. Since that discovery, significant efforts have been
allocated to characterize the environmental risk of fluoxetine. These efforts (and relative
controversies) still persist 20 years later, with more than 140 studies on various aspects of
fluoxetine environmental risk published up to 2021. Following the scientific and media
attention on the problem, the effects of a few other psychoactive drugs on aquatic species
were studied in the following years, including the antidepressant sertraline [22] and the
anxiolytic oxazepam [23]. The latter work contributed to raising the profile and the degree
of concern of the issue further.

Despite the undoubted challenges of both recording and then interpreting behavioural
data, there are now many reports from many scientists that psychoactive drugs, particularly
anti-depressants, can affect various aspects of the behaviour of a range of aquatic organisms.
However, nearly all of these claims are based on the results of laboratory investigations;
their extrapolation to the natural environment is much less certain. Moreover, these labora-
tory experiments have almost all involved exposing aquatic organisms, in particular, fish, to
single psychoactive pharmaceuticals. Yet there is now a very substantial body of evidence
showing that the aquatic environment is contaminated with many different neuroactive
drugs (see later for details), as well as non-pharmaceutical pollutants potentially able to
perturb animal behaviour. Thus, it is the potential behavioural effects of these complex
mixtures of drugs that is the ecologically relevant scenario.
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In the present study, to better understand the environmental and toxicological di-
mension of the problem, we expanded our focus beyond antidepressants and anxiolytics.
Specifically, we considered all pharmaceuticals explicitly intended to modulate the central
nervous system (CNS), and we hypothesised that CNS-acting drugs have higher probability
of perturbing animal behaviour. Using the UK pharmaceutical market as the case study, we
generated a first comprehensive assessment of the pharmacological risk posed by neuroac-
tive pharmaceuticals to wild fish. By defining the current eco-pharmacological landscape,
our results provide an initial knowledge platform to guide future research efforts aimed
at predicting and interpreting the ecological implications of chemical-induced behaviour
disruption using a systems perspective.

2. Materials and Methods
2.1. Identification of Neuroactive Drugs Prescribed in England and Calculation of the Amount of
Each Prescribed Annually

The annual prescription data used in this article were retrieved from the Prescription
Cost Analysis (PCA) carried out by the National Health Services (NHS) of the United
Kingdom and published by the NHS Business Services Authority (https://www.nhsbsa.
nhs.uk/statistical-collections/prescription-cost-analysis-england, accessed on 1 November
2020). The NHS PCAs provide details of the number of items and cost of all prescriptions
dispensed in the community, that is, by community pharmacists, appliance contractors,
dispensing doctors, and items personally administered by doctors. The present work was
based on prescriptions dispensed in England in 2019. These data do not include pharma-
ceuticals prescribed in hospitals, by private doctors, or purchased via the internet, nor
drugs taken or dispensed illegally. Each pharmaceutical included in the PCA is classified
within specific chapters of the British National Formulary (BNF). The latter is an annual
joint publication of the British Medical Association and the Royal Pharmaceutical Society,
and provides up-to-date key information on the selection, prescribing, dispensing, and
administration of medicines in the UK. The BNF includes 23 chapters used to classify
pharmaceuticals according to their clinical applications. Here we define neuroactive phar-
maceuticals as any compound explicitly intended to modulate the central nervous system
(CNS), and we propose that CNS-acting drugs have higher probability of perturbing animal
behaviour. Hence, to generate a comprehensive assessment of the number and quantity of
neuroactive pharmaceuticals beyond antidepressants and anxiolytics, we extracted data
for all compounds classified in BNF Chapter 4, “Central Nervous System.” In addition,
antihistamines were also included in the analysis due to their well-known ability to modify
both fish behaviour [24] and human behaviour [25]. The total amount of active principle
prescribed was calculated for each individual preparation as described by [26]. The Open-
Prescribing database (https://openprescribing.net, accessed on 1 February 2022) was used
to evaluate the regional differences in the prescription of selected classes of neuroactive
pharmaceuticals (i.e., antidepressants, anxiolytics, opioid analgesics).

2.2. Calculation of Predicted Environmental Concentrations (PECs) in England

Annual prescription data were used to derive predicted environmental concentrations
(PECs) (i.e., for surface waters in England, considering a worst-case scenario with 0%
removal) as described by the UK Environmental Agency Research and Development
Technical Report P390 [27], using the following equation:

Aquatic PECgyyface Waters (/L) = A x (100 — R)/365 x P x V x D x 100 1)

where

o A (kg) = predicted amount used per year in England;
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R (%) = removal rate (set to 0 to simulate the worst-case scenario);
P = number of inhabitants of the country (set to 56,287,000, as indicated by the UK
Office for National Statistics-https:/ /www.ons.gov.uk, accessed on 1 December 2020);
e V (m® = volume of wastewater per capita and day (set to 200—default value
EMA guideline);
e D =factor for dilution of wastewater by surface water flow (set to 10—default value
EMA guideline);
e 100 = conversion factor for percentage.

2.3. Prediction of Drug Uptake and Concentration in Fish Plasma

The PEC values for each compound were used to calculate the concentrations of drugs
expected to be present in the plasma of fish exposed to those PECs. Predicted drug plasma
concentrations were calculated using the theoretical partition coefficient between water
and fish blood based on chemical lipophilicity, as described by Margiotta-Casaluci et al.
(2014) [15,28], using the following equations:

Log Pgjood:water = 0.73 x Log Kow — 0.88 (2a)

LOg PBlood:Water =0.73 x LOg D(pH 7-4) — 0.88 (Zb)
Fish Steady State Plasma Concentration (FssPC, ug/L) = PEC (ug/L) X Ppood:water (3)

Log Kow and Log Dy 4 values for each chemical were retrieved from the ChemSpider
database (http://www.chemspider.com, accessed between 1 January 2021 and 1 July 2021)
and calculated using the ACD/Labs Percepta Platform-PhysChem Module.

2.4. Estimation of the Pharmacological Risk for Freshwater Fish Species

The pharmacological risk of each compound was estimated by comparing the pre-
dicted concentrations of pharmaceuticals in fish plasma (ng/mL) and the human thera-
peutic plasma concentrations (HTPC), expressed as Cmax (ng/mL), using the following
Equation (4):

Predicted Pharmacological Risk = FsgPC/HTPC 4)

The closer FsgPC is to HTPC, the higher the risk that the drug may elicit mode-of-
action-specific effects in fish comparable to those observed in humans. The risk was
classified using the following criteria:

e  High risk—FssPC/HTPC > 1
e  Medium risk—FggPC/HTPC between 0.1 and 1
e  Low risk—FsgPC/HTPC < 0.1

These criteria were set using an arbitrary approach informed by pharmacological
considerations and were considered as a first-tier interpretation to compare the risk of a
high number of compounds. A more refined and advanced risk evaluation using drug-
specific considerations was beyond the scope of the present work and was not performed.
Cmax values were retrieved from Schulz et al. (2012) [29] and Berninger et al. (2016) [30],
with a few exceptions (as indicated in the Supplementary Data file).

2.5. Evaluation of the Environmental Occurrence of Each Drug

The environmental occurrence of each pharmaceutical was assessed by examining
its presence in PHARMS-UBA, a publicly available database curated by the German En-
vironment Agency (Umweltbundesamt-UBA) (https://www.umweltbundesamt.de/en/
database-pharmaceuticals-in-the-environment-0, accessed on 1 February 2022). On the
date of access (February 2022), the database contained environmental concentrations of
human and veterinary pharmaceutical residues in 61 different types of environmental
matrices from 89 countries, extracted from 2062 publications and 240 review articles. The
database was also used to extract the measured concentrations of the top 50 most prescribed
pharmaceuticals in our list. Specifically, we considered measured concentrations in surface
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waters reported by publications characterised by “good literature credibility.” The latter
is a quality flag (assigned by the database managers to each data entry) that refers to
the reliability, plausibility, and applied analytical standards of each publication. Reports
associated with poor or unknown credibility were excluded from the analysis. To enhance
the source coverage of the analysis, the UBA data were integrated with the assessment
of 100 recent papers covering the issue of pharmaceuticals in the aquatic environment,
including some with a specific focus on neuroactive pharmaceuticals. These papers were
used to evaluate the environmental occurrence (i.e., in rivers) of the 50 most prescribed
pharmaceuticals on our list.

3. Results
3.1. Prescription of Neuroactive Pharmaceuticals in England

The analysis of the annual prescription data published by the National Health Services
(NHS) of England (UK) revealed that 210 different pharmaceuticals acting on the CNS are
prescribed to treat a variety of CNS-related conditions, including mental health and sleep
disorders, dementia, epilepsy, nausea, and pain. Prescription volumes vary greatly among
active pharmaceutical ingredients (Figure 1, Supplementary Data file). Unsurprisingly, the
painkillers ibuprofen and paracetamol were the most dispensed compounds in England in
2019, with 2974 and 2122 tonnes, respectively. The third, fourth, and fifth most dispensed
compounds were the anticonvulsants gabapentin (208 tonnes), valproate (~85 tonnes),
and levetiracetam (~66 tonnes). The most prescribed SSRI antidepressant was sertraline
(40.6 tonnes). As a term of comparison, the SSRI fluoxetine (intensively investigated
in ecotoxicological studies) was dispensed in much lower volumes (~6.2 tonnes) and
was preceded by other antidepressants such as venlafaxine (16.7 tonnes), amitriptyline
(11.9 tonnes), and citalopram (9.2 tonnes). Overall, the prescription of 43 neuroactive
pharmaceuticals out of 210 exceeded 1 tonne (20%); 50 compounds (24%) were in the range
of 100-999 kg, 49 compounds in the range of 10-99 kg (23%), and 36 compounds (17%) in
the range of 1-9 kg. Finally, the prescription of 32 compounds (15%) was lower than 1 kg
(Supplementary Data file).

3.2. Regional Prescription Trends

The prescription volume of each pharmaceutical plays an important role in determin-
ing environmental occurrence and drug concentration in surface waters. To evaluate the
significance of regional prescription trends for the interpretation of the environmental risk
of pharmaceuticals, we used the OpenPrescribing database to assess the regional differences
in prescription volumes in England for three major classes of interest: antidepressants, anx-
iolytics, and opioid analgesics. As an example, we considered the items dispensed in April
2021. The analysis revealed important region-specific scenarios (Figure 2). For example,
the prescription of antidepressants in the North East and Yorkshire Commissioning region
(1,370,716 items) and the Midlands Commissioning region (1,297,943 items) appeared to
be higher than in the rest of England (e.g., 624,407 items in the London Commissioning
region; 744,468 items in the South West Commissioning region). On the other hand, the
prescription of anxiolytics was higher in the Midlands region (99,644 items) and lower, but
homogenous, in all other areas. Finally, the prescription of opioid analgesics was higher in
the Midlands and North England (i.e., a total number of 1,133,000 dispensed items) than in
the South England regions (i.e., a total number of 778,050 dispensed items).
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Figure 1. Top 50 neuroactive pharmaceuticals dispensed in England and their concentrations in
surface waters worldwide. (Left panel) Measured concentrations of neuroactive pharmaceuticals
in surface waters worldwide (ug/L). The range of concentrations is visualised as box plots, where
the limits indicate the 5th and 95th percentiles of the data distribution. Data points outside this
range are visualised as individual dots. The vertical line in each box indicates the median value.
The data were extracted from the PHARMS-UBA database curated by the German Environment
Agency (Umweltbundesamt-UBA) and represent only the values generated by scientific reports
classified as “good literature credibility” by the database curators. For each pharmaceutical, the
figure indicates the number of available datapoints in the database (first column), the percentage
of data above the limit of detection (second column), and the percentage of data below the limit of
detection (third column). (Right panel) Top 50 neuroactive pharmaceuticals prescribed in England in
2019 and ranked by dispensed amount (kg). The data were generated by analysing the Prescription
Cost Analysis (PCA) report (year 2019) provided by the National Health Services (NHS) of England
(United Kingdom) and published by the NHS Business Services Authority.
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Figure 2. Regional differences in the prescription volumes of three selected classes of neuroactive
pharmaceuticals (antidepressants, anxiolytics, opioid analgesics) in England in April 2021. The
maps and related data were generated using the OpenPrescribing database (https://openprescribing.
net/, accessed on 1 February 2022). The volume of each class of pharmaceuticals is expressed as
number of items dispensed in April 2021.

3.3. Environmental Occurrence of the 50 Most Prescribed Neuroactive Pharmaceuticals

To evaluate the occurrence of the neuroactive compounds identified in our analysis in
worldwide surface waters, we extracted relevant data from the PHARMS-UBA database
curated by the German Environment Agency, and we integrated this evaluation with the
analysis of 100 papers recently published in the field of pharmaceuticals in the environment.
A detailed analysis was carried for the 50 most prescribed neuroactive pharmaceuticals
(Figure 1), whereas the simple presence or absence in the database was evaluated for the
remaining 161 compounds in the list.

No surface water occurrence data were available in the database for 15 out of the
50 most prescribed neuroactive pharmaceuticals. Three of these 15 compounds were
detected in WWTP effluents (topiramate, tapentadol, nefopam). Some of the drugs that
have not, as far as we are aware, yet been reported to be present in the aquatic environment
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are new drugs that have only been in use in the last few years (e.g., nefopam, vigabatrin,
zonisamide). Researchers may not have been aware of these drugs when they conducted
their analytical studies, and even if they had been, the drugs may not have been present in
the water samples they analysed because the drugs were not in use at the time. It is also
very likely that some of the drugs in use in the UK in 2019 were not in use in other countries,
and hence, water samples collected from rivers in those countries could not have contained
those drugs. On the other hand, 33 of the 50 most prescribed neuroactive pharmaceuticals
were detected in surface waters worldwide in a wide range of concentrations. In most
cases, the reported concentrations were in the ng/L range, and often in the low ng/L range.
The median measured surface water concentration exceeded 0.1 ug/L only for cetirizine
(5.4 pug/L), fexofenadine (0.19 ug/L), gabapentin (0.19 ng/L), lamotrigine (0.13 pg/L),
methylphenidate (0.23 pg/L), and pregabalin (0.12 pg/L). Two compounds, promethazine
and lofepramine, were targeted in a small number of samples but were not detected. There
were relatively few reports of drugs being present in the ng/L range. However, extremely
high concentrations of some of the 50 most prescribed compounds (e.g., carbamazepine,
fexofenadine, paracetamol, and tramadol) were reported from rivers in Nigeria [31], where
concentrations of carbamazepine and paracetamol were not far below 100 pg/L in some
river water samples.

The number of data points available for each pharmaceutical was highly variable and
ranged from the 4371 measurements available for ibuprofen to the very few measurements
(<5) available for valproate, levetiracetam, pregabalin, duloxetine, promethazine, and
lofepramine (Figure 1). In addition to the measured concentrations reported for each
compound, we also analysed how frequently each compound was targeted but not detected
in the analysed surface water samples. This analysis revealed that the frequency of non-
detections was considerable in most cases. Considering the pharmaceuticals associated with
10 or more measurements, the frequency of non-detections ranged from 20% (lamotrigine)
to 87% (paroxetine).

Expanding the evaluation of the environmental occurrence to the full list of 210 neu-
roactive compounds identified in our analysis, 84 were associated with measured surface
water concentrations in the PHARMS-UBA database.

3.4. Prediction of the Pharmacological Risk for Fish

Although the concentration of pharmaceuticals in surface waters is a key driver of
the environmental risk assessment process, it is the concentration of the compound inside
the organism (i.e., fish) that determines the pharmacological and toxicological risk. Hence,
given two compounds with comparable in vitro pharmacological potency, their compara-
tive in vivo pharmacological risk is determined by their differential tendency to be taken
up by the organism, distributed, metabolised, and excreted. To predict the pharmacological
risk of each neuroactive compound in our list, here we applied an integrated analysis
that involved the following steps. Firstly, we used the annual amount of pharmaceuticals
dispensed in England to calculate the related PECs in surface waters. Successively, we
used the Fish Plasma Model to predict the drug plasma concentrations resulting from the
exposure of fish to those PECs. Finally, the predicted fish plasma concentrations were
compared to human Cpnax values to interpret the pharmacological risk posed by each com-
pound. This analysis revealed that nine out of 210 neuroactive pharmaceuticals may reach
plasma concentrations in wild fish high enough (i.e., equal to or higher than the human
Cmax) to elicit pharmacological effects comparable to those observed in humans in a clinical
setting (Figure 3). These drugs were classified as “high risk” and included lofepramine,
loratadine, sertraline, desloratadine, amitriptyline, fexofenadine, fluoxetine, nortriptyline,
and rotigotine. On the other hand, 23 out of 210 neuroactive compounds were classified
as “medium risk”, as they predicted plasma concentrations in wild fish between 10% and
100% of human Cpax (Figure 3). These predicted sub-therapeutic levels suggest a lower risk
of phenotypically observable effects, but they may still be high enough to induce target-
mediated effects, especially under conditions of chronic exposure. The classification of the
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medium-/low-risk threshold was arbitrary and based on expert judgment. More complex
drug-specific considerations will be needed to refine the prediction of the pharmacological
risk in future studies.

—
x ! ) HIGH RISK
(é} . LOg KOW_dnven pl’edAICFIOr‘I Predicted drug plasma concentrations in wild fish
(&) @ Log Dy 4-driven prediction > human therapeutic concentrations
~ 100+
©
E I
)
x T I
o
x__ fg): 10
(1] ®
L2 .
g’ = L I )
= K 1 ® 0
8 s i MEDIUM RISK
= [} Predicted drug plasma concentrations in wild fish
E E I 4 I T T =10-100% human therapeutic concentrations
== I T L ]
28 o . ! T??IIszq...
S < [ l
=}
T © [
0 ®© [ ]
o £
Q
T8 0011
0 Q
E > °
2
s »
il -
@ 0.001 J
=
©
2 4 LOW RISK
i Predicted drug plasma concentrations in wild fish
~ <10% h th: t trati
0.0001 T T T T T T T T T T T T T T T T T T T T T T T T T umlan ‘erap?u = ‘:onc‘en = IOHS‘
A . AN Y
\(\er’bé\o‘z’ é\\ﬂ\i&o‘z’ﬁ»\@'z”b&c@ &\Q « 0~\\0Q;6-\\+° (i«'\\(\e;'b‘\i 6@1&0"’ Q;K\oeé\{\e? ,Z;DQ@ 2;\\0'2:0,-‘)0"’ o“@\@Q‘o é\& @014)026}0@@0%9 Q;i>°® é\(\Q’Q@’D &c}‘z’ <@
P F. 3 & 5O ¥ g9 KO SF NS A Gl Gl ) ° &~ & 2
S rg@(\ @ S RS {@Q O ‘0@ \‘0& P I & 0 EN FFFE TS S \06\ S F R
AN PO RS ) MQT & X Q7 & o8 XX I OEL
o F . e = S & OO O & @ &
WY et e® SRR A 5 s
Qﬁ \,q’\\

Neuroactive pharmaceutical

Figure 3. Predicted pharmacological risk to freshwater fish of neuroactive pharmaceuticals. The
pharmacological risk of the 210 neuroactive pharmaceuticals identified in the present study was
estimated by comparing the predicted concentrations of pharmaceuticals in fish plasma (FssPC,
ng/mL) and the human therapeutic plasma concentrations (HTPC) expressed as Cmax (ng/mL).
Considering the ratio FsgPC/HTPC, values > 1 were classified as “high risk”, values between 1
and 0.1 as “medium risk”, and values < 0.1 as “low risk”. The figure displays all neuroactive
pharmaceuticals predicted to have medium and high risk, based on the use of LogKow for the
prediction of drug uptake (red dots). To understand the impact of the use of different partitioning
factors on the overall pharmacological risk, the same prediction was also performed using Log D7.4
(green dots).

The predictions of this analysis were generated considering two different partitioning
factors for each pharmaceutical, LogKow and LogDy.4. The risk classification described
above was based on the consideration of the use of LogKow as a key parameter for the
prediction of drug uptake in fish. However, the analysis revealed that the predicted
pharmacological risk is highly sensitive to the use of different partitioning coefficients, so
the predicted risk is lower when the LogDy.4 is used (Figure 3). Considering this scenario,
the pharmacological risk of lofepramine and loratadine remained high. The predicted
pharmacological risk of the other compounds decreased to a “low risk” classification,
with the exception of sertraline, amitriptyline, zuclopenthixol, buprenorphine, rupatadine,
prochlorperazine, and flupentixol, which all retained a “medium risk” classification.

The driving role played by partitioning factors implies that the outcome of modelling
exercises based on the Fish Plasma Model should be interpreted with caution, as more
sophisticated drug-specific considerations are required for a more rigorous analysis. For
example, it is important to note that the two compounds with the highest predicted
pharmacological risk are also very hydrophobic (i.e., lofepramine LogKow = 6.96; loratadine
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LogKow = 5.94). Of the 32 compounds with a predicted medium /high pharmacological
risk, 12 have a LogKow between 5 and 6.96, 19 between 3 and 5, and only 1 compound
has a LogKow below 1 (i.e., hyoscine). Prior to the interaction with the biological target
(i.e., wild fish), the hydrophobicity of each compound determines its behaviour in the
environmental matrix of interest (e.g., in wastewater treatment plants or in rivers), and
ultimately its concentration in the different exposure compartments (e.g., water column
vs. sediment). Here it possible to observe that the compound with the highest predicted
pharmacological risk (i.e., lofepramine) has yet to be detected in surface waters. Hence,
despite the predicted pharmacological risk being high, the actual environmental risk in
surface waters may still be low.

3.5. Comparison of Predicted versus Measured Concentrations of Pharmaceuticals in UK Surface
Waters and Implications for the Prediction of the Pharmacological Risk

The prediction of the pharmacological risk presented in this study is based on the
assumption that the predicted concentration of pharmaceuticals in surface waters (i.e., in
England; PECgnglang) is representative of the actual concentrations measured in the rivers
(i.e., MECs). A significant discrepancy between PEC and MECs would directly affect
the accuracy of the predictive model. To evaluate the concordance between the two
types of value, we extracted all available UK-specific concentrations measured in surface
waters (MECunited Kingdom) from the PHARMS-UBA database and compared them with the
predicted values (i.e., PECgngland) (Figure 4). It is important to note that the database does
not specify whether the UK values were generated in England or in other regions of the
UK. However, we estimated that the majority of those values are likely to refer to water
samples collected in England.

UK-specific data were available for 21 out of the 84 neuroactive pharmaceuticals
associated with measured surface water concentrations worldwide. The comparison of PEC
and MECs indicated that PECs often overestimate MECs; however, this is not always the
case. For example, the PEC of cetirizine was lower than the concentration measured in the
environment. Moreover, the PECs of eight compounds (duloxetine, tramadol, quetiapine,
fexofenadine, carbamazepine, morphine, citalopram, dosulepin) were within the range of
MECs reported in the UK (Figure 4A).

To better understand the degree of concordance between PECs and MECs, we calcu-
lated the ratio between PEC and the average MEC for each compound (Figure 4B). It is
important to note that the latter value does not represent a true average of UK MEC, but
only the average of the values reported in the PHARMS-UBA database, which include
single measurements as well as average, minimum, and maximum values. The analysis
revealed a very good concordance for duloxetine, tramadol, and quetiapine. Overall, PECs
were within 10-fold the average MECypited Kingdom for 11 out of 21 compounds, whereas
they exceeded the 10-fold margin for 10 compounds (i.e., from more to less discrepancy:
ibuprofen, acetylsalicylic acid, paracetamol, sertraline, mirtazapine, amitriptyline, venlafax-
ine, oxycodone, fluoxetine, codeine).

Overall, these results indicate that, despite the overestimation, PEC values for phar-
maceuticals can offer a useful first-tier estimation for downstream applications (e.g., the
predictive model described in this study), especially when there is a need to compare a large
number of compounds. The analytical approach displayed in Figure 4 can be used to refine
the estimation of the uncertainty for specific compounds and set ranges of uncertainty
tolerability for specific applications.
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Figure 4. Comparison between predicted and measured concentrations of neuroactive pharma-
ceuticals in surface waters in the United Kingdom. Measured concentrations of neuroactive phar-
maceuticals in UK surface waters (MECs)—extracted from the PHARMS-UBA database—were
available for 21 compounds. (A) This panel displays the range of UK MECs reported for each
compound and their average value (i.e., green dots). It is important to note that the latter is not a
“true” average MEC, but only the average of the values available in the database, which include
single measurements as well as average, minimum, and maximum values. England-specific PECs are
indicated by purple squares. (B) This panel displays the ratio between PECggang and the average
MECunited Kingdom and provides an estimation of the discrepancy between predicted and measured
values. To facilitate the interpretation of the data, the vertical dotted lines indicate the level of
maximum accuracy (i.e., Ratio PEC/MEC = 1) and the +10-fold and —10-fold range. The red areas
indicate when a PEC value overestimates or underestimates the average MEC by more than 10-fold.

4. Discussion

There is now considerable interest in including behavioural effects in ecotoxicity test-
ing of chemicals [10,32]. If their inclusion is to be of significant use in protecting the aquatic
environment from any chemicals that could potentially affect the behaviour of aquatic
organisms, the following factors need to be addressed. It is necessary to know which
chemicals with the potential to affect behaviour are present in the aquatic environment,
and in what concentrations. It is also necessary to know which specific behaviours could
be affected by which chemicals, in which organisms, and at which concentrations. Further-
more, ideally the consequences of any behavioural changes would be known. Currently,
we are a long way from meeting any of these objectives. Not only is the current relevant
literature incomplete, but it is also often contradictory [33]. In this study, we make an initial
attempt at identifying the complete repertoire of neuroactive pharmaceuticals likely or
already shown to be present in the aquatic environment. We accept that other groups of
pollutants (e.g., metals, pesticides) may contain components able to affect behaviour. We
also accept that some neuroactive pharmaceuticals may not affect behaviour, and that those
that have the potential to do so may affect different behaviours, possibly in different ways.

4.1. Our Findings and Their Implications

The most important result of our study is the finding that a large number (more than
200) of neuroactive pharmaceuticals are in use clinically, and that many of these drugs
(n = 84) have already been reported to be present in rivers throughout the world. However,
this high number is likely an underestimate of the total number of neuroactive substances in
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use legally and illegally and present in the aquatic environment. This is because our analysis
is based only on neuroactive pharmaceuticals prescribed by the National Health Service
of the UK, which is just one source of the neuroactive drugs in use. Other sources include
over-the-counter painkillers bought from pharmacies or shops without the requirement of
a prescription, neuroactive pharmaceuticals prescribed by private medical practitioners,
recreational use of neuroactive (illicit) substances, and neuroactive substances formed by
metabolism and environmental transformation of parent pharmaceuticals and illicit drugs.

Itis very difficult, if not impossible, to estimate the number and amounts of neuroactive
substances entering the aquatic environment from these additional sources. It is plausible
that the legal additional use, via over-the-counter purchases or private medical practitioners,
would add few, if any, pharmaceuticals that are not also prescribed through the NHS.
However, the amounts from these additional sources could be substantial, especially for
drugs such as ibuprofen, paracetamol, and codeine. In contrast, the situation with illicit
recreational drugs is completely different. This is because nearly all illicit drugs are not
available in the NHS, and hence they increase the number of neuroactive substances in
use and in the environment. These illicit neuroactive substances include cocaine, crack
cocaine, MDMA (ecstasy), heroin, various amphetamines, cannabis, various tranquillisers,
and ketamine. In addition to those “classic” illicit drugs, new psychoactive substances are
constantly appearing [34]. Concentrations of many of these illicit neuroactive substances
in the aquatic environment can be in the same range as the concentrations of neuroactive
pharmaceuticals taken for medical reasons [35-37]. This is readily understood when it
is realised that the UK’s National Crime Agency reported that British people consumed
117 tonnes (nearly 120,000 kg) of cocaine in 2019 alone. Others have estimated that 23 kg of
cocaine (half a million doses) is taken every day in London, equating to more than 8 tonnes
of pure cocaine annually. Whereas much use of illicit drugs is probably spread relatively
evenly both spatially and temporally throughout a country such as the UK, special events,
such as music festivals, can lead to very irregular “hot spots” of contamination of the
aquatic environment [38].

The contribution of neuroactive transformation products, formed either in the patient
(metabolites) or wastewater systems and the aquatic environment, is also very difficult to
estimate with any confidence, but could be significant. It is undoubtedly the case that at
least some of the major neuroactive pharmaceuticals, such as fluoxetine and venlafaxine,
and some of the major illicit drugs, such as cocaine, are readily and rapidly transformed
(reviewed in Maculewicz et al. (2022)) [39]. Hence, they are present in the aquatic envi-
ronment [35-41], often at concentrations similar to, or even exceeding, those of the parent
substance. Some of these transformation products definitely possess significant biolog-
ical activity, although their potencies and specificities are often different to those of the
parent substances.

The presence of these neuroactive substances in the aquatic environment would not be
of concern if they did not get into aquatic organisms at concentrations high enough to elicit
pharmacological effects [15,42,43]. However, most do get into aquatic organisms to some
extent, primarily as a consequence of them being hydrophobic [42,44]. A wide variety of
human pharmaceuticals have been found in fish [45,46], including a number of neuroactive
drugs [21,45], some of which have been found in the blood of wild fish [37,45,47]. A few may
even be present in wild fish at concentrations close to, or even at, the human therapeutic
concentrations [47]. Our predictive approach based on the integration of pharmacokinetics
and pharmacodynamics considerations appears to confirm some of the experimental data,
although a more sophisticated and geographically restricted set of predictions would
be needed for a more rigorous comparison. For example, Cerveny et al. (2021) [47]
identified the antipsychotic flupentixol in the plasma of wild fish (in the Czech Republic)
and classified this compound as high risk, as it exceeded human therapeutic concentrations.
In our analysis, the same compound was predicted to have medium risk in England.
The same authors detected other neuroactive compounds that were predicted to have
medium/high pharmacological risk in our analysis, including desloratadine, clomipramine,
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and pizotifen (in both England and the Czech Republic). Some of the risk classification
discrepancies between our analyses and the experimental work of Cerveny et al. (2021) [47]
can be explained by the different use of reference Cax values. For example, the human
Cmax of desloratadine used in our predictive analysis was 2 ng/mL [29] and led to a
medium risk prediction. On the other hand, Cerveny et al. (2021) [47] calculated the
pharmacological risk of the same compound using a higher Cinax of 10 ng/mL, classifying
the resulting (experimental) risk as low. Setting the Cpax value to 2 ng/mL for both
studies would have led to a concordant medium risk classification. The list of compounds
predicted by our analysis and validated experimentally in the field is further expanded
by the work of Malev et al. (2020) [37], who detected four compounds in the blood of
wild fish in Croatia that are also associated with high/medium pharmacological risk in
the present work (i.e., buprenorphine, loratadine, ibuprofen, sertraline). Overall, this
comparison indicates that our predictive approach based on simple drug uptake modelling
and human therapeutic considerations confirms it to be a useful strategy for a first-tier
risk interpretation and prioritisation exercise. This approach, based on the PECs of parent
compounds, may lead to potential overestimations of the risk (Figure 4) [48]. However,
the model can easily be refined by incorporating additional parameters, such us human
metabolism and excretion, and linked to existing hydrogeological modelling of drug surface
water concentrations to achieve a higher spatio-temporal resolution and a more realistic
estimation of the risk.

Although, as our results demonstrate, regional differences in neuroactive drug use
both within and between countries need to be considered, the basic finding that very many
neuroactive substances are present simultaneously in the aquatic environment will be true
in all rivers receiving wastewater effluent, as most do. The consequence of that realisation is
that, to determine the risk posed by the presence of neuroactive substances, mixture toxicity
assessment is required. Appropriate methodology has been developed [49] to enable
worthwhile, informative experiments to be designed and their data correctly analysed and
interpreted. In addition, Marmon et al. (2021) [50] demonstrated the high potential of
using network pharmacology concepts integrated with pharmacokinetics considerations
to predict the environmental risk posed by a complex mixture of pharmaceuticals (i.e.,
25 NSAIDs). However, formidable obstacles still need to be overcome before it is possible to
know whether the presence of complex mixtures of neuroactive substances representative
of those present in the aquatic environment pose a significant risk to aquatic organisms.
The main current obstacles are identifying the neuroactive substances of greatest concern,
the lack of any ecotoxicological data for many of the neuroactive substances known to
be present in the aquatic environment, and the limited reproducibility of much of the
ecotoxicological data that are available. We discuss each of these three obstacles below.

4.2. Current Issues Preventing Significant Progress

At present, it is not possible to know which of the neuroactive substances present
in the aquatic environment poses the greatest risk. Although a large number of different
neuroactive substances are undoubtedly present, it is quite possible that only a few of them
(out of 200+ compounds) contribute the majority of the overall risk posed by the mixture
of 210 compounds considered here (see Gustavsson et al. (2017) [51] for an example of
this concept based on pesticides). Identifying the toxicity drivers would allow scientists to
reduce the complexity of the mixture to an experimentally tractable level and facilitate the
regulatory interpretation of the risk. But how do we identify the neuroactive compounds
that drive the overall toxicity risk? The predictive integrated approach used in the present
study appears to be promising. However, evaluating the accuracy of those predictions
would require experimental data. The current ecotoxicological literature is dominated
by research on just a few neuroactive pharmaceuticals, including compounds such as
fluoxetine and oxazepam, yet as our analysis demonstrates (see Figure 3), some of these
may not be the neuroactive substances of greatest concern (e.g., oxazepam). A further
complication arises in that the neuroactive substances of most concern in one location may
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not be those of most concern in another. In this context, mode-of-action-driven grouping of
neuroactive compounds may facilitate both mixture toxicity evaluations and read-across
approaches, even when experimental data are not available for all the chemicals within the
same group.

The majority of the neuroactive substances in use presently, many of which have
been shown to be present in the aquatic environment, have not been studied for their fish
ecotoxicity. As stated above, a few neuroactive substances have been relatively well studied
(e.g., some antidepressants and anxiolytics—see Gould et al. (2021) for a recent review) [52]
—although the results of those studies are in some cases inconsistent (see below)—but many
are poorly studied or have not been studied at all. This observation may not be surprising,
as recent studies have shown that comprehensive environmental toxicity data are lacking
for 88% of drugs targeting human proteins [53]. For example, regulatory-relevant fish
toxicity data (extracted by Gunnarson et al. (2019)) [53] are available only for five out of the
32 neuroactive compounds predicted to have high-medium pharmacological risk in our
predictive analysis (i.e., loratadine, desloratadine, fluoxetine, ibuprofen, duloxetine). This
coverage increases (to a limited extent) if we consider non-regulatory relevant academic
ecotoxicology studies focused on the characterization of drug-induced behavioural effects
in laboratory settings (e.g., sertraline) [22] and biomedical studies. However, the latter are
dominated by exposure experiments involving embryo-larvae, and the interpretation of
their ecotoxicological relevance remains challenging. On the other hand, chronic exposure
studies remain limited.

The last of the three obstacles that requires discussion is the reproducibility of the avail-
able ecotoxicity data, which overlaps with the difficulty to interpret complex behavioural
data in a regulatory and decision-making context. It is obvious that it will never be possible
to gauge how great the threat that neuroactive substances pose to aquatic organisms is until
robust, reliable, repeatable ecotoxicity data are available. Yet the present situation is that
there is no agreement on the degree of risk posed by even the most studied neuroactive
pharmaceuticals, such as fluoxetine (see Sumpter et al. (2014)) [33]. Some studies report
apparent effects when animals are exposed to extremely low, environmentally relevant
concentrations of drugs such as fluoxetine; others report effects of low concentrations that
are not observed at higher concentrations, e.g., [9,54]; and others report effects only at high
concentrations that are well above the environmental range, e.g., [15]. This issue is very
well illustrated by the studies published on the possible effects of oxazepam on fish. The
same research group has reported that this anxiolytic drug causes behavioural changes
in both the laboratory and the field [55] and that it does not [56,57]. We accept that the
regulation of behavioural responses is an extremely complex process likely to be modified
by many different environmental factors, but nevertheless, if behavioural endpoints are to
be utilised in the regulation of chemicals, as some have proposed (e.g., [10]), it is necessary
to first substantially improve our understanding of normal behaviour so that any effects of
chemicals can be correctly identified. This interpretative challenge is further exemplified by
the exercise carried out by Tanoue et al. (2019) [58], where 37 UK and Japan ecotoxicology
experts were asked to interpret the significance of a dataset concerning the behavioural
effects of tramadol on fish following chronic exposure. Also in that case, the experts reached
different conclusions based on the same results. A further interpretative challenge resides
in the extrapolation of behavioural effects from the laboratory to the field, as the ecological
relevance of typical laboratory-based behavioural testing is currently unclear.

4.3. A Possible Way Forward

What would be an appropriate way to proceed? It is clear that we need to know
whether neuroactive substances present in the aquatic environment are adversely affecting
aquatic organisms, and if so, which ones. The present ad hoc approach based on the
behavioural ecotoxicity assessment of one (or very few) neuroactive compound at a time—
often selected without an explicit rationale—is too fragmented and seems very unlikely
to provide the answer(s) needed. By defining the current eco-pharmacological landscape,
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our results could be used to inform the design of future research using a pharmacological
rationale. Nonetheless, international coordination and cooperation is essential to tackle
this scientific challenge in a timely and effective manner. Fostering a wider, international
discussion on the best way forward would probably be very beneficial, and it could facilitate
the development of coordinated interdisciplinary research initiatives that involve relevant
stakeholders in academia as well as industry and regulatory sectors. Positive examples of
such ambition are provided by the discussions emerging from recent dedicated workshops
and symposia, e.g., Peterson et al. (2017) and Ford et al. (2021) [10,59]. The latter provided,
for the first time, a series of consensus statements and useful recommendations aimed at
accelerating the regulatory uptake of future behavioural ecotoxicology research. Moreover,
a recent review by Bertram et al. (2022) [32] discussed some of the major outstanding
questions in behavioural ecotoxicology and proposed a possible way forward. These
examples indicate that many scientists around the world are now recognizing the limitation
of current practices and are calling for new initiatives aimed at advancing the field in a
more organic and coherent manner.

Assessing the ecotoxicity of neuroactive substances using experimental methods
remains the biggest challenge. The field of fish behavioural ecotoxicology is currently
experiencing an intersection of multiple independent issues (scientific, regulatory, eth-
ical, financial, political) that significantly increases the complexity of the problem. De-
structuring such complexity is essential to ensuring progress. The first layer of complexity
concerns the ambition to quantify chemical-induced behavioural effects in a reproducible
manner. High-throughput multi-dimensional zebrafish behavioural profiling is an estab-
lished method to identify neuroactive chemicals for drug discovery purposes [60]. This
approach is much more complex than the zebrafish behavioural tests commonly used in
ecotoxicology research and could be applied to profile the behavioural effects (and the
dose response) of hundreds of neuroactive compounds for ecotoxicology applications and
generate fish-specific data. However, a limitation of this approach is that it is based on the
use of zebrafish embryo-larvae exposed to the test compound for a short period time. We
foresee that this approach could be adapted to quantify the behavioural effects of larvae
exposed to the drug for longer periods. However, zebrafish larvae acquire a protected
status at 120 h post fertilisation; thus, longer exposure times would be associated with
much higher ethical costs. More ecologically relevant chronic exposure studies remain
scarce, e.g., [15,22,61]. However, even if such studies would be technically feasible, the
overall financial and ethical costs would likely be unsustainable or unacceptable. This
scenario suggests two possible tractable solutions: (a) to limit chronic exposure studies
only to priority compounds (e.g., identified using any prioritization approach, such as the
one used here), and (b) to integrate the quantification of behavioural endpoints in current
regulatory-relevant chronic toxicity testing, whenever relevant, in order to maximise the
amount of information extracted from those in vivo experiments.

The previous points lead us to the second element of complexity, which is the uncer-
tainty surrounding the interpretation of fish behavioural data from a regulatory perspective.
To enhance their regulatory relevance, many aspects of laboratory-based in vivo fish be-
havioural testing require further development and standardisation (e.g., study design, use
of positive controls, environmental parameters, ecological relevance of measured endpoints,
inter- and intra-laboratory reproducibility, characterisation of baseline behaviour, transla-
tion from the laboratory to the field, etc.). On the other hand, behavioural observations
of fish in the field can be influenced by numerous confounding factors that hamper the
assessment of the causal relationship between drug exposure and effect. If it is necessary,
as seems highly likely, to prioritise research in this area, an international discussion on
the regulatory and scientific aspects of in vivo behavioural testing (for both adult fish and
larvae) should be a high priority; otherwise, research effort will be largely wasted [10,32,56].

Laboratory-based fish in vivo testing represents the gold standard to detect chemical-
induced behavioural effects, due to the integrated, complex, and dynamic nature of animal
behaviour. The considerations provided above are focused on the optimisation and im-
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provement of in vivo fish behavioural testing to enhance its scientific and regulatory value.
However, such an in vivo testing strategy would rapidly become incompatible with the
recently announced ambition of the US Environmental Protection Agency and European
Commission to phase out vertebrate in vivo testing in the next decade or so (i.e., by 2035
in the US) [62]. This political consideration highlights the urgency of supporting research
initiatives aimed at understanding the mechanistic basis of chemical-induced behavioural
perturbation in fish (and any other relevant vertebrate species). This understanding will
be critical to support the identification of a suitable set of new approach methodologies
(NAMs) that could be deployed to predict the risk of chemical-induced behavioural alter-
ations without the need to perform animal testing. In this context, the consideration of
drug-specific comparative pharmacology, target conservation across species, the in vitro
bioactivity profile, and comparative pharmacokinetics (PK) may provide valuable tools to
address this challenge [15,50]. In the case of neuroactive pharmaceuticals, this effort can be
facilitated by the (generally) advanced understanding of the PK and pharmacodynamic (PD)
properties of these compounds in mammals. Based on this understanding, the development
and application of multi-dimensional predictive models that integrate both PK and PD (like
the one described in this study) can support an effective pharmacology-informed prioritisa-
tion and risk assessment of both single compounds and complex mixtures while minimising
the reliance of in vivo testing. Thus, the development of predictive in silico/in vitro mech-
anistic approaches should represent an essential element of any future research strategy in
the field of behavioural ecotoxicology.
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Abstract: The ability of aquatic organisms to sense the surrounding environment chemically and
interpret such signals correctly is crucial for their ecological niche and survival. Although it is
an oversimplification of the ecological interactions, we could consider that a significant part of
the decisions taken by organisms are, to some extent, chemically driven. Accordingly, chemical
contamination might interfere in the way organisms behave and interact with the environment.
Just as any environmental factor, contamination can make a habitat less attractive or even unsuitable
to accommodate life, conditioning to some degree the decision of organisms to stay in, or move from,
an ecosystem. If we consider that contamination is not always spatially homogeneous and that many
organisms can avoid it, the ability of contaminants to repel organisms should also be of concern.
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Thus, in this critical review, we have discussed the dual role of contamination: toxicity (disruption of
the physiological and behavioral homeostasis) vs. repellency (contamination-driven changes in spatial
distribution/habitat selection). The discussion is centered on methodologies (forced exposure against
non-forced multi-compartmented exposure systems) and conceptual improvements (individual
stress due to the toxic effects caused by a continuous exposure against contamination-driven spatial
distribution). Finally, we propose an approach in which Stress and Landscape Ecology could be
integrated with each other to improve our understanding of the threat contaminants represent to
aquatic ecosystems.

Keywords: avoidance; behavior; habitat selection; multi-compartmented systems; non-forced
exposure; repellency

1. Introduction

The concept of the risk linked to contaminants in ecotoxicology is strongly associated with the
toxic effects they might produce. Therefore, the more toxic a contaminant is, the more dangerous it
is [1]. Initially, this specific focus on toxicity, at the expense of a more ecological approach, was not a
problem since toxicity was the driving force that drove the emergence of ecotoxicology [2]. However,
it should not be the unique focus. The inclusion of more ecological approaches, beyond just toxicity,
has long been called for [1,3-8]. This need to integrate ecological concepts into ecotoxicology has,
in fact, led to newer approaches such as Stress Ecology (and its subdomain Chemical Stress Ecology):
the study of contamination-driven alterations to biological systems [9,10]. According to these authors,
this approach should cover not only the effects at the individual level, considering the entire life cycle,
but also the intra- and interspecies interactions as well as their relationship with the environment [6].
Possibly, this historic trend of ecotoxicologists to apply a more toxicological approach instead of moving
towards ecology comes from the origin of this science, initially defined as a branch of toxicology, due to
the relatively few ecologists working in this area [2]. However, other approaches are emerging in
ecology and include different stressors to study their effects when acting simultaneously on biota.
Undoubtedly, information about the toxicity of chemicals for as many species as possible is crucial for
environmental risk assessments (ERAs), but a more ecological view that would broaden the perspective
of contaminant-driven environmental damage is urgently required [1,11,12].

The ecotoxicological approaches with the most ecological implications are mainly based on
indirect effects (reaching the higher levels of biological organization) and seek to cover broader
spatial scales, for instance: the structure and functioning of ecosystems (including the concepts of
functional redundancy, resistance and resilience), metapopulation and community ecology, landscapes
in spatially connected and heterogeneous (patchy) environments, (re)colonization, ecosystem functions
and services, etc. [1,5,13-18]. Although it is widely known that organisms select their place to live
according to their limits of tolerance, food availability, mating success, protection from predators and
etc., under this ecological umbrella, the capacity of contaminants to repel organisms and modify their
behavioral fitness and spatial distribution is a subject that should be taken into account (see the reviews
by De Lange et al. [7]; Araujo et al. [19], Araujo and Blasco [20] and Moreira-Santos et al. [11]),
mainly as an early warning signal [21]. The concept of repellency in ecotoxicology is linked to the
avoidance behavior triggered by chemicals under conditions in which organisms are given multi-choice
experiments, containing at least two chemically different environments [22-26]. The possibility of
simulating scenarios in which organisms can move freely among chemically different environments
allows us to assess any differences in the level of repellency of the contaminants and understand how
this repellency drives the spatial distribution of organisms [27,28]. This approach changes the focus of
the effects of the contaminants from toxicity to concepts related to dispersion, migration, and habitat
selection processes [18,29]. Although no effect is expected to occur on individuals (avoiders might
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only be in contact with the contaminant for a very short time), the migration of part of or even the
entire population could be considered just as disastrous as the death of the organisms at the local
scale [18,21,30]. Even a partial disappearance of populations might cause a reduction in biodiversity,
affect the ecosystem’s structure and functionality as well as its resilience, and the capacity to withstand
other stressors (e.g., environmental changes and other anthropogenic impacts) [6,18,31]. Therefore,
the environmental disturbance caused by contamination should also include the way in which
chemicals repel organisms, changing their habitat selection processes and then their spatial distribution
patterns. Another important mechanism used by many planktonic invertebrates (e.g., cladocerans,
copepods, ostracods, and rotifers) to escape stressful conditions is temporal avoidance by entering
dormant stages [32,33]. This adaptation allows species: to remain in highly unpredictable and variable
environments, favors the dispersion to, and colonization of, new habitats and provides higher resilience
to the ecosystem [32-35]. In spite of the importance of this adaptive mechanism and the little knowledge
of its role in contaminated environments [36], the current review is exclusively focused on spatial
avoidance (repellency).

The repellent character of a substance is probably not necessarily directly related to its toxicity,
and so a highly repellent contaminant could have a low toxicity. In fact, in some cases a biphasic
response (initial attraction at low concentrations and avoidance at higher concentrations), described as
behavioral hormesis, has been observed [37,38]. The aim of the current critical review is to present
a discussion on the avoidance response of organisms to escape from continuous exposure and
the ecological consequences of this response compared to the traditional approach based on the
toxic effects of the contaminants. The discussion focuses on the dichotomy between toxicity and
repellency (Figure 1), considering their major differences, both methodological (forced exposure against
non-forced multi-compartmented exposure systems) and conceptual (individual stress due to the
toxic effects caused by a continuous exposure against contamination-driven spatial distribution).
Regarding the exposure approach to assess repellency, we have exclusively focused on non-forced
multi-compartmented exposure systems because they are a more complex method capable of simulating
environmental heterogeneity, either as gradients or patches of contamination [22,30,39]. Secondly, a brief
comparison between the repellency and toxicity of some chemicals is provided. Finally, we discuss the
ecological implications of avoidance in multi-compartmented systems and the conceptual improvements
that this approach might provide to ERAs in the light of spatial displacement (extinction at the local
level, re-colonization of environments, chemical fragmentation of habitats and habitat connectivity,
metapopulation, metacommunity, and meta-ecosystem). A summarized schematic representation of
the concepts discussed in the current review, as well as the advantages of integrating toxicity and
repellency in the environmental risk studies is shown in Figure 1. Briefly, Toxicity refers to the stress
directly affecting the individuals with the consequent loss of (from genetic to behavioral) homeostasis
due to their sensitivity or by provoking acclimation or adaptation. On the other hand, Repellency is here
considered an indirect effect, due to the absence of damage (at any level) on individuals, as the exposure
is not continuous and the response is based on the capacity of organisms to perceive contamination
and avoid it: the displacement towards another area indicates the potential aversive nature of the
contaminated habitat, but not a toxic effect on individuals. In this case, the loss of biodiversity at
the local scale might produce problems within the ecosystems related to vulnerability and functional
redundancy. The methodological differences in relation to exposure systems (forced and mandatory
exposure against non-forced and multi-compartmented exposure) determine the conceptual differences
between focusing on toxicity or repellency. Both approaches applied concomitantly might contribute
to the integration of Stress Ecology with Landscape Ecology.
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Figure 1. A schematic representation of some concepts linked to toxicity (defined according to
the traditional forced exposure approach) and repellency (defined according to the non-forced
multi-compartmented exposure approach) that could be integrated to understand the effects of
contamination on the structure and functioning of ecosystems better. Regarding the toxicity approach,
the scheme shows that the main perspective of toxicity is focused on individuals, in which the forced
exposure is the more traditional exposure method. From this perspective, some classes of responses at
different biological levels, the effects expected (from stress to loss of species) and the concepts that the
studies focus on (sensitivity of species as well as possible mechanisms of acclimation and adaptation to
face contamination) are represented. Regarding the repellency, the perspective is focused on the spatial
distribution of organisms based on a non-forced exposure (as individuals are not mandatorily exposed),
considering the responses related to the dispersion of species, whose effects might only be perceived
due to changes in the spatial distribution of the species and possible loss of local biodiversity. The main
approaches to be dealt with in the repellency-based approach include the ecosystem’s capacity to
resist or become more vulnerable to the changes depending on the redundancy of species (avoiders
will be replaced by non-avoiders with similar or different functions). Finally, the integration of both
approaches makes it possible to apply a broader approach that includes Stress and Landscape Ecology.
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2. Toxicity: The Traditional Ecotoxicological Response

The main role attributed to ecotoxicology since it was launched as a science has been to provide
evidence concerning the potential toxic effects of chemicals on organisms [2,40,41]. To employ a
vision beyond traditional toxicology (effects of contaminants on a particular species with the aim of
protecting humans), ecotoxicology has attempted to focus on effects at different levels of biological
organization, from sub-organisms to community (sometimes making inferences about an ecosystem’s
structure and functioning) [1,5,18]. Thus, ecotoxicology is a tool to complement the information of
ERA studies, previously based on chemical and ecological data. Due to this role in ERAs, ecotoxicology
has begun to develop a very important legal role, which has required the standardization and
regulation of procedures. Therefore, although an environmentally more realistic laboratory-scale was
always desired, ecotoxicological assays moved towards prioritizing other features rather than the
ecological relevance of the experiments, for instance: easy development, practicability, cost-effectiveness,
and replicability [42,43]. In this sense, ecotoxicological assays progressed towards a standard method
that consists in exposing organisms to different concentrations of a chemical (or environmental
samples such as water and sediment) and, after a previously established exposure period, some
responses/endpoints are measured and compared with a control (unexposed) population [10,44].
Throughout the exposure period, the organisms are mandatorily in continuous contact with the
contaminant, allowing a direct concentration-response relationship to be established. Therefore,
regardless of the level of observation, whether at the sub-individual level or higher, this type of
exposure (forced and mandatory exposure) means the effects are specifically linked to toxicity.

Although the forced exposure is a standard approach used in almost all ecotoxicological studies,
the endpoints employed to measure the potential toxic effect of a chemical have been described from
different biological organization levels and perspectives: biochemical, cellular, molecular, physiological
(e.g., growth, feeding), histopathological, and behavioral effects [1,45,46]. Whether at a low or high
biological level, the toxicity comes from a cascade of events that begin with the absorption and/or
adsorption of the contaminants and the consequent impairments/disruptions they may produce.
This approach has helped to detect the contaminants with a very high risk to the environment due
to their toxicity and to identify highly susceptible species within the various ecosystems studied.
This information has been useful for environmental conservation, not only for scientists, but also for
regulatory enforcement. However, when organisms are confronted with contaminants, it should
be considered that three different reactions can occur: conformity, regulation, or avoidance [47].
The use of a forced exposure approach includes the conformity and the ability to regulate the
contaminants, but it does not comprise the possibility of escaping. A forced exposure environment
assumes that environments are chemically homogeneous and that there is no option to avoid exposure.
This assumption has recently changed with the development of non-forced multi-compartmented
exposure systems [30]. An avoidance behavior is no longer assessed exclusively based on changes
in the swimming patterns, but rather on dispersion within a chemically heterogeneous environment.
Therefore, answers to questions like “what if aquatic animals move away from contaminated habitats
before suffering adverse physiological effects?” [11] seem to be easier to provide now.

3. Avoidance: A Repellency-Driven Behavioral Response

Traditionally, avoidance has been linked to behavioral changes, such as overexcitement or lethargy,
that could indicate a response to flee or not from contaminants [47-50]. Since this assumption is based
on a forced exposure approach, it does not allow us to know whether organisms could discriminate
among different concentrations in a smoothly heterogeneous scenario, rather than only in an abruptly
modified chemically heterogeneous environment. The selection of the studies under discussion in
this section was based on whether they were performed in multi-compartmented exposure systems
(see examples of the most used systems in Figure 2). Although many different non-forced systems
can provide a contamination gradient for organisms [22], multi-compartmentalization allows the
magnitude of the avoidance response to be related to all the concentrations (or water and sediment
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samples from different origins) used to make up the gradient. Then, a typical concentration-response
can be obtained. This also favors the comparison on how sensitive avoidance is in relation to the
data with other endpoints when comparing LCx or ECx (lethal or effective concentration to x% of the
population) values with ACx values (concentration eliciting an avoidance of x% of the population).

Figure 2. Schematic representation of the two most widely used non-forced multi-compartmented
exposure systems in avoidance experiments: (A): linear system representing a contamination gradient
indicated by the scale of grey and (B): HeMHAS (Heterogeneous Multi-Habitat Assays System) with
the gate used to open or close the connections between compartments in all directions.

The development of non-forced systems has provided the possibility of confronting organisms
with different scenarios to identify the more attractive or repellent zones. A pioneer flow-through
multi-compartmented system, in which a smooth linear gradient (1D) of contamination can be
simulated, was developed by Lopes et al. [30]. This system was later simplified by Rosa et al. [51],
who turned it into a static multi-compartmented system. In recent years, a more complex system
(HeMHAS—Heterogeneous Multi-Habitat Assay System) has been proposed by Araujo et al. [52].
Both systems have been used in studies with different organisms and chemicals. Although
bi-compartmented exposure systems (two choice options) are also widely used to assess repellency
(see review by Jutfelt et al. [22]), we briefly present data from multi-compartmented exposure systems
in this section due to their ecological relevance and environmental complexity in terms of the concepts
discussed here. Detailed information can be obtained in reviews by Aradgjo et al. [19], Aradjo and
Blasco [20], and Moreira-Santos et al. [11]. All comparisons with other endpoints should be made with
caution, since avoidance is usually measured after a very short exposure time (between 3 and 12 h,
depending on the exposure system and the maintenance of the contamination gradient).

The first evidence of avoidance in a multi-compartmented system was described for the cladoceran
Daphnia longispina [30]. These authors observed that among the different lineages tested, the sensitivity
and early reactiveness of the organisms to avoid copper was directly related to the lethal sensitivity of
the lineages. Other invertebrates such as the cladoceran D. magna (exposed to pulp mill effluents [53];
atrazine [51]; and salinity as stress factor [54]), the freshwater copepod Boeckella occidentalis intermedia
(crude oil as the contaminant [55]), the ostracod Heterocypris incongruens (salinity as the stress factor [54]),
the gastropod Peringia ulvae (sediment spiked with cadmium [56]), the freshwater shrimp Atyaephyra
desmarestii (exposure to copper [39,57-59]), the marine shrimp Litopenaeus vannamei (exposed to
copper [60,61]), and the saltmarsh shrimp Palaemon varians (exposed to musks and sunscreens [25,62])
have been tested for avoidance. In general, the avoidance response reported in those studies was more
sensitive than the lethal and some sub-lethal endpoints described by other authors (see references cited
above). However, the avoidance and mortality of the copepod B. occidentalis intermedia was similarly
sensitive [55] and the 21-day reproduction test with D. magna exposed to atrazine proved to be more
sensitive than avoidance [51].

Regarding vertebrates, avoidance studies in multi-compartmented systems have mainly focused on
amphibians and fish. Tadpoles of the amphibian Lithobates catesbeianus have proved to be able to avoid
different chemicals such as copper [63], the fungicide pyrimethanil [64], the pesticide abamectin [65],
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the 2,4-dichlorophenoxyacetic acid herbicide [66], the herbicide diuron [67], and solution containing
mining tailings [68]. Avoidance by tadpoles of Leptodactylus latrans and Pelophylax perezi of contamination
by copper and pyrimethanil has been also described [63,64]. In almost all these studies, avoidance
was shown to be a highly sensitive response when compared with lethal or even sub-lethal
(e.g., development, weight, and swimming behavior) responses (see previous citations). On the
other hand, in some studies avoidance was not the most sensitive response when compared with,
for instance, the responses of the: feeding rate, growth rate (SVL) and weight gain rate of tadpoles of
Xenopus laevis exposed to gold nanorods [69] and the speed and distance responses after 16 days of
exposure to mining tailings [68].

The avoidance response using the multi-compartmented approach has been mainly used for
two fish species: zebrafish (Danio rerio) and guppy (Poecilia reticulata). The first avoidance study in a
multi-compartmented scenario with fish was performed with zebrafish that were exposed to gradients
of copper and effluent from acidic mine drainage [70]. In that study, the authors attested that avoidance
is a quick response, so that the avoidance observed after 12 h exposure did not vary from exposure
periods of up to 96 h. This was possible mainly because the system maintained the contamination
gradient for a long time. Later, in a study also performed with zebrafish exposed to the fungicide
pyrimethanil, it was shown that the exposure period to measure avoidance could be as short as 4 h [71].
This is of great importance if static systems (without peristaltic pumps) are used, as it is difficult to
maintain the gradient for a long time when the fish are swimming continuously. Avoidance studies
with fish have also been performed with different contaminants such as: tuna fish processing plant
effluent [72], triclosan [73], atrazine [74], river samples [75,76], bisphenol [77], copper [78,79], fipronil
and 2,4-D [80], dairy wastewater [76], among others. In the study by Araujo et al. [71], the avoidance
response was assessed during very short exposure periods, sometimes not exceeding 4 h. In almost all
cases, the avoidance initially observed (e.g., after 30 min) was similar to the avoidance at different
periods during the remaining hours of the experiment. Furthermore, in some of those studies, avoidance
occurred at sub-lethal concentrations and even at environmentally relevant concentrations [66,73,74,77].

The use of the multi-compartmented exposure approach to assess the ability of the organism to
escape from contamination seems to be a suitable alternative to understand the environmental risks
caused by the repellent characteristics of the contaminants. In addition, the avoidance response has been
detected after a very short exposure time, generally not superior to 12 h [11,19,70]. However, the use
of avoidance in multi-compartmented systems has some limitations, since its ecological relevance is
conditioned to heterogeneous environments and the motility of the species (e.g., i. only organisms with
active motility and displacement ability can be used; ii. the environmental relevance of the scenario
simulated depends on the chemical heterogeneity occurring in the environment; iii. the spatial scale
of the scenario simulated in the laboratory is much lower than the real spatial scale; iv. the time of
experimentation is determined by how long the differences among the concentrations is maintained
inside the system; v. the use of bigger species requires much bigger exposure systems and a greater
quantity of chemicals). The current approach does not replace the traditional forced exposure but
provides a complementary tool that could be applied to better understand the potential damages
that chemicals can cause, by not only focusing on toxicity, but also on repellency. In this sense, it is
important to point out that repellency can be as variable as the different chemical structure of the
contaminants. In fact, experimental evidence has shown that even potentially toxic chemicals can
present a certain level of attractiveness to organisms rather than repellency [25,26,37,81,82].

4. The Higher the Toxicity, the Higher the Repellency?

Although there could be a tendency to assume that the repellency of a contaminant is related
to its toxicity, this relation seems not to be linearly direct, especially for chemicals with a neurotoxic
action [65,67,82]. It has been shown that potentially toxic chemicals can exert some attraction to
organisms, a similar phenomenon to the classical hormesis effect that might be limited by increasing
concentrations [37,38]. For instance, attraction to contamination was observed: in the mud snail
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Illyanassa obsolete and the amphipod Corophium volutator exposed to chlorothalonil [83] and in the
crayfish Orconectes virilis exposed to the antidepressant sertraline [82]. In a study with essential oil
extracted from the fruits of Evodia lenticellata, monoterpenes were shown to be the most toxic group
of chemicals, but not the most repellent for the insects Tribolium castaneum, Lasioderma serricorne and
Liposcelis bostrychophila [23]; on the other hand, caryophyllene oxide and -caryophyllene were only
moderately toxic, but strongly repellent.

For aquatic animals, such as fish and crustaceans, their interaction with the environment
and their behavioral response to chemical signals are significantly mediated by sensory systems
(e.g., gustation, chemosensory cells, olfactory epithelium at the gills, chemoreceptors in the antennulae,
the olfactory nerve center of the suprapharyngeal ganglion, sensory bristles, and aesthetascs,
for example) [50,84,85]. However, some contaminants like metals or pesticides can interfere with the
sensorial process and affect the related behavioral response [50,86-90]. This interference can be caused
by different mechanisms: direct exposure and damage to exposed olfactory neurons or the disruption
in the expression of olfactory system-related genes [85,91]. Thus, the interaction of a contaminant with
the sensory system of an organism can affect the behavioral response without a direct relationship with
its toxicity. This becomes particularly relevant when the scenario of a mixture of pollution is considered,
as the presence of one contaminant can interfere with organism’s response regarding another.

Another factor that makes it difficult to link repellency and toxicity is related to any stimulative
or lethargic effects. Some contaminants cause overexcitement in organisms, which indicates toxicity,
but that could favor organisms fleeing from contamination. On the other hand, this same
contaminant, depending on the concentrations, may induce a lethargic state, which might prevent
escape [92]. An interesting pattern was observed in tadpoles exposed to a 2,4-D-based herbicide [66]:
the distance-travelled response was not altered, while the speed of response to a stimulus was reduced
(both using forced exposure); however, the avoidance in a non-forced system was evident at the lowest
concentrations, but less marked at the highest. In another study with tadpoles exposed to sublethal
concentrations of copper sulfate and ammonium nitrate, impairments in some behavioral indices
(response to stimuli, distance moved and type of movement) were observed, leading to a reduction in
the ability to escape [93]. Lethargy has also been observed in tadpoles exposed to copper, where at
200 ug/L the avoidance reached 80% but decreased due to moribundity [63]. Additionally, in tadpoles
exposed to mining tailings, there was a tendency for individuals to avoid low concentrations, but not
the compartments with highest levels of tailings [68]. In a study with the marine shrimps L. vannamei
and P. varians (Redondo et al. unpublished data), it was observed that both are able to avoid toxic
copper concentrations when exposed to a gradient; however, whereas L. vannamei showed signs of
overexcitement when it was in a forced exposure, P. varians clearly displayed lethargy.

The best way to verify the relationship between toxicity and repellency is to compare the mortality
and repellency data of different chemicals for the same species and then to verify whether the
repellency levels of the compounds (from less to more toxic) is related to the toxicity levels. After a
bibliographic search, we found little data on toxicity in forced systems and repellency in non-forced
multi-compartmented systems that could be compared. However, it was found for: the saltmarsh
shrimp P. varians (exposed to copper, galaxolide, tonalide, and triclosan), the amphibian L. catesbeianus
(exposed to abamectin, copper, diuron and 2,4-D), and the freshwater fish D. rerio (exposed to
Ag-NPs, copper, glyphosate, and pyrimethanil) and P. reticulata (exposed to atrazine, bisphenol, copper,
and triclosan) (Table 1). Although we tried to consider data published for the same species, in the
case of the shrimps, toxicity data for copper and triclosan were taken from other species (see details
in Table 1). Before reaching a conclusion on the data, it is important to consider that ecotoxicity
results may vary depending on the life stage of the organisms, the culture medium, the environmental
conditions during experiments, etc. [94,95]. Therefore, comparisons of the results from different studies
should be made with caution.

For the saltmarsh shrimp P. varians, copper seems to be the least toxic, but the most repellent
contaminant. On the other hand, triclosan follows a pattern of lower lethal toxicity and lower repellency.
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For the two fragrances, galaxolide seems to be highly repellent and have a low toxicity, whereas
tonalide seems to present a potential toxicity very similar to its repellency (Table 1).

In the case of the amphibian L. catesbeianus, the pesticide abamectin was the most toxic and the
second most repellent contaminant and, following a similar pattern, 2,4-D was the least toxic and least
repellent chemical. Diuron deserved special attention because it presented a very high repellency,
but low lethal toxicity (Table 1). In spite of this apparent low toxicity of diuron, neurological effects
associated with acetylcholinesterase (AChE) activity were observed in the fish Carassius auratus exposed
at 50 ug/L, but not at 5 ug/L [96] which was the concentration at which the avoidance of tadpoles
of L. catasbeianus was maximum (around 90%) [67]. Interestingly, the avoidance reduced to 20% at
10 pg/L, which indicates that the increase of diuron concentration caused a reduction in the ability to
avoid it [67].

For the fish D. rerio, Ag-NPs, copper and glyphosate presented a similar repellency, but in
terms of toxicity, this similarity was observed only between copper and glyphosate; Ag-NPs seem to
present a lower toxicity. Pyrimethanil seems to be the least toxic and repellent chemical among them
(Table 1); in spite of this, the risk cannot be neglected, since sub-lethal effects may be recorded at lower
concentrations (38 pg/L) than the ACsj [97]. The effects of glyphosate on zebrafish deserve special
attention. Although short (96 h) forced exposure to glyphosate can cause behavioral impairments [98],
in a 4 h-non-forced exposure approach, avoidance was time-dependent: an attraction was observed
during the first two hours, followed by an avoidance in the remaining time (Mena et al., unpublished
data). This response could be a clear example of time-dependent behavioral hormesis, as the possible
overcompensation presented by glyphosate is clearly time-dependent. The importance of time when
assessing behavioral changes (initial stimulation followed by a progressive slowdown in movement)
after exposure to contaminants has also been pointed out by Ren et al. [48]. An attraction effect has
also been observed for female Japanese quails (Cortunix japonica) that preferred glyphosate-based
herbicide-contaminated food to the control food [26].

Table 1. Comparison of the toxic and repellent potential of different contaminants for four species
based on data of toxicity (LCsg: lethal concentration to 50% of the population; in pug/L) and repellency
(ACsp: concentration eliciting avoidance in 50% of the population; in pg/L).

References for

Species Contaminant Toxicity (LCsp) Avoidance (ACsp) Toxicity/Avoidance
Copper 660 10.4 [25,99]
Palaemon varians Galaxolide 401 14.1 [62]
(saltmarsh shrimp) @  Tonalide 88.1 30.8 [62]
Triclosan 154 42 [100,101]
Abamectin 138 36 [65]
Lithobates catesbeianus ~ Copper 372 101 [63]
(amphibian) b Diuron 31,000 +0.5¢ [67]
24D 574,000 2424 [66]
Ag-NPs 2900 9.08 [102], Sendra ct al.
Danio rerio (unpublished data)
. Copper 880 16.7 [78,103]
(freshwater fish)
Glyphosate 620 12.2 [104], Mena et al.
yp ’ (unpublished data)
Pyrimethanil 2850 1100 [71,97]
Atrazine 4300 0.065 [74,105]
Poecilia reticulata Bisphenol A 1660 0.154 [77]
(freshwater fish) Copper 348 15.9 [78,106]
Triclosan 1650 8.04 [73]

2: Toxicity data of copper and triclosan were based on the post larvae of Penaeus monodon [99] and larvae of
Palaemonetes pugio [100], respectively. b. Gosner stage 25. ©: the ACs value was not provided, but the authors
reported an avoidance of around 50% at 0.5 pg/L. 4: the ACsg value was not provided, but the authors reported an
avoidance of around 50% at 242 ug/L.

33



Toxics 2020, 8,118

Data for P. reticulata show that atrazine seems to have a low toxicity, but can be highly repellent,
whereas copper seems to be the most toxic, but less repellent; although the ACs values for copper
could also be considered very sensitive. Specifically comparing bisphenol A and triclosan, the acute
toxicity of both chemicals is very similar; however, bisphenol A is more repellent (Table 1).

The data presented here perhaps represent an oversimplified estimate about the relationship
between toxicity (based on mortality) and repellency. Because repellency was based exclusively on
studies performed in multi-compartmented exposure systems simulating a contamination gradient,
the amount of data is not robust enough to allow for an extensive and more conclusive comparison.
However, the data published by other authors and discussed here provide evidence that toxicity cannot
be used as a surrogate for repellency. Therefore, we would like to encourage the use of non-forced,
multi-compartmented approaches in order to generate a robust database that would help us to
understand this relationship between toxicity and repellency better. In addition, the immediate nature
of the avoidance makes its interpretation completely different from a forced and extended exposure.

5. The Decision of Avoiding or Not: A Cost-Benefits Balance

Ecological systems are very complex and difficult to simulate reliably under any experimental
conditions. Many studies have pointed out how the toxicity of a compound can vary depending
on the biotic and abiotic changes in the field and under the experimental conditions [107-111]).
Any experimental approach in ecotoxicology could be considered environmentally reductionist,
but this does not invalidate the importance of the results in terms of understanding the risk of the
contamination to the environment. Even the apparently obvious avoidance response triggered by the
repellency of contaminants can change if other environmental factors are included. Recent studies in
multi-compartmented exposure systems have tested different scenarios by including other elements
to the exposure conditions and to verify whether the magnitude of the avoidance response varies
and what the level of importance that contamination might have for the habitat selection processes
is. The main results found related to other relevant elements in some of these studies are described
below. In spite of the factors described below, other factors such as the light should also be studied
to understand how the avoidance response might vary during the circadian cycle for diurnal and
nocturnal periods.

5.1. Population Density

The effects of density on the avoidance response were tested using the freshwater shrimp
A. desmarestii exposed to a copper gradient [57]. The authors employed three different population
densities (3, 5 and 10 shrimps per compartment representing 0.5, 0.8, and 1.7 organisms per mL) in a
multi-compartmented system. Avoidance was dependent on the population density, the higher the
density, the lower the avoidance. Although shrimps clearly can detect and avoid copper contamination,
the stress produced by a high population density (possible intra-species competition) might potentially
reduce or even prevent the displacement of organisms to a less disturbed area. The response to
toxicants at the population level, when intraspecific competition is present (high population density),
differs from the response at the individual level. This was attested by Liess [112], who found that
the direct effects of the toxicant were partly compensated by the indirect reduction in intraspecific
competitive pressure, which led to a greater availability of food for those who remained.

5.2. Competition

The aim of a study performed by Silva et al. [78] with zebrafish (Danio rerio) and guppies (Poecilia
reticulata) was to assess whether the avoidance of both species was affected by the other. In the
monospecies experiments, both species avoided the copper gradient in a very similar way: the range
of copper concentrations that triggered avoidance to 20, 50, and 80% of the populations overlapped.
However, when both species were tested simultaneously (multispecies test), guppies displaced the
zebrafish to concentrations that had previously been avoided by the zebrafish. Changes in the
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avoidance to copper caused by interspecies interactions were also observed in a study with the shrimp
A. desmarestii and zebrafish [113]. In the presence of fish, the avoidance by shrimps was lower and
time-delayed. Both studies evidence that competition among species can change the avoidance pattern
in relation to the response in monospecies tests.

5.3. Food

The search for food could easily be considered one of the most important drivers that determine
the behavior of organisms, especially in conditions where it is not abundant. Based on this statement,
an avoidance study was carried out with the fish tilapia (Oreochromis sp.) to understand the relationship
between the repellency of effluents from a tuna fish processing plant and the availability of food [72].
Firstly, the tilapia fry detected the gradient of contamination and avoided raw and treated effluents.
Secondly, organisms were exposed to a gradient of contamination and food simultaneously, so that
the more contaminated the area was, the more food was provided. The results indicated that the fish
moved intermittently towards the most contaminated areas to feed, in spite of the threat of toxicity.

In another study performed by Islam et al. [79], the effect of food was assessed in three different
approaches: avoidance, recolonization and habitat fragmentation. Differently to the method used by
Aratjo et al. [72], the zebrafish were exposed to a copper gradient, but food was not introduced as a
gradient, in the study by Islam and colleagues. In the approaches of avoidance and recolonization,
the food was only available in the last and most contaminated zones, whereas in the approach using a
chemical fragmentation of habitat, food was only available after the chemical barrier. Those authors
found that food did not stimulate the fish to cross the barrier, probably because the trade-off was
not perceived.

5.4. Predators and Shelters

In a complex environment, the organisms’ decision to avoid or not a contaminated area might be
evaluated according to the costs and benefits provided by the different environmental components.
In this sense, a study performed with the freshwater shrimp A. desmarestii assessed the importance
of three elements (i. contamination by copper, ii. presence of shelter that provided protection and
iii. kairomones of trout as a predator signal) in the shrimp’s habitat selection process [59]. When the
shrimps were exposed to the three elements individually, the contaminated areas and areas with the
presence of trout kairomones were avoided, whereas the zones with shelter were preferred. If the
organisms were provided with a choice between a clean area with no protection and a contaminated
area with protection, they preferred the clean area in spite of the lack of protection. However,
when a predator signal was included in the clean area in that scenario, the shrimps moved towards a
moderately contaminated area, avoiding the predation risk and the most contaminated zones. This is
clear evidence of the disturbance that contamination might cause in the habitat selection process of
this species.

The cost-benefit analysis that the organisms “need to carry out” in the presence of several
stressors (predation and toxicants) could lead to unexpected results in a kind of compensatory outcome.
That could support the hypothesis of “functional compensation” of stressor effects that has been
described when an unexpected outcome occurs in a multiple stressor scenario.

5.5. Salinity

Salinity is a factor that deserves special attention, not only due to the salinization of coastal
freshwater ecosystems (which causes an osmotic unbalance), but also because it is a global and
growing threat that might be amplified by climate and anthropic causes [114] and a potential avoidance
trigger for many organisms [54]. For instance, fluctuating salinities in estuarine areas can create
a very restrictive environment that requires a high osmoregulation capacity [115], which makes
salinity a primary environmental factor determinant for the spatial distribution of species [116,117].
In an experiment, Venancio et al. [54] showed how the cladocera D. magna, the ostracod Heterocypris
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incongruens, the amphibian Xenopus laevis, and the fish D. rerio detected and avoided increasing salt
concentrations at much lower levels than those considered lethally dangerous. By combining salinity
with contamination (in this case the insecticide diazinon), Mena et al. [61] observed that the ability of
the white leg shrimp L. vannamei to avoid diazinon was impaired at a salinity of 30, but not at 10 and
20; at a salinity of 30 a higher effect on osmoregulation was also detected. Although salinity is itself
a potential avoidance-driving element, in combination with another avoidable element it can have
more serious consequences for organisms, either by potentiating avoidance or even preventing it and
causing toxicity [54,61].

6. Ecological Improvements by Simulating a Chemically Heterogeneous Environment

All the approaches used in ecotoxicology have advantages and limitations regarding the
information provided. If identifying ecological succession in a contaminated ecosystem is very
important, it is no less important to understand the mode of action of the chemicals (especially the
contaminants of emerging concern) and how genetic and physiological mechanisms are triggered in
response to contamination [118]. Apart from this, it is widely recognized that ecological approaches are
much less frequent than individual or sub-organism approaches. The multi-compartmented exposure
approach simulating chemically heterogeneous scenarios does not definitively solve the problem of the
lack of ecological relevance of ecotoxicity tests. The aim of the approach presented here is to provide a
complementary approach to how the repellency of contaminants can be assessed. Although we know
the intrinsic limitations of this approach, some ecological concepts can be integrated into ecotoxicological
studies when the spatial chemical heterogeneity is considered, since that the avoidance response
of populations might suppose changes in ecological interactions and, therefore, in the ecosystem’s
structure and functioning. Some of the improvements provided by the multi-compartmented exposure
approach are discussed below.

6.1. Spatial Displacement: Extinction at the Local Level

The study of the repellency of the contaminants in a chemically heterogeneous spatial exposure
scenario shifts the paradigm of responses and effects. Assuming that organisms could potentially
detect contaminants at levels of risk and, therefore, move to more favorable areas, the concept of the
stress associated to toxicity at the individual level would not necessarily be applied. When organisms
flee an area, although there seems to be no direct effect on the organisms themselves, the loss of
abundance of the population that fled could be a major problem at the ecosystem level [30,51] and
trigger indirect effects on other species or alterations of ecosystem'’s functions [18]. The analysis of the
avoidance response goes beyond the repellency of contaminants or even the ability of organisms to
detect them, but it brings ecological implications that could lead to a local reduction in biodiversity
that, at the same time, could suppose an increase in the species that are highly tolerant to a specific type
of contamination, but probably less tolerant for novel stressors [18]. Other effects include restrictions
in habitable areas, changes in the species’ interactions (e.g., trophic relationships) in the avoided
ecosystems, alterations to migratory patterns, etc. Although in situ observations of the relation between
contamination and restrictions in the habitat use are scarce, some studies have evidenced the effects of
contamination on the spatial distribution of fish [28,119-121].

Finally, when avoidance is associated with a short-term response that also involves the loss
of organisms, such as lethality, avoidance data can be used to predict the immediate decline of a
population (PID: Population Immediate Decline); a concept developed by Rosa et al. [51] that has been
applied in different studies [62,71,73]. The PID calculated from the integration of avoidance (repellency
in a non-forced approach) and mortality (toxicity in a forced approach) could help us to understand to
what extent the population will decrease better, by considering the proportion of potential avoiders
and the proportion of fatalities expected to occur in the non-avoider population. Local extinction rates
are affected by spatial heterogeneity and migration rates [122]. The increase in mortality rates, due to
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toxicity, together with the increase in emigrant rate, would lead to an increased local extinction rate
and reduce the probability of local persistence.

6.2. Potential to Predict the (Re)Colonization of Environments

Another interesting concept to be employed in this approach is about (re)colonization and
restoration of disturbed environments. Generally, ecotoxicity studies are focused on contaminated
environments, and so less attention has been given to ecosystem recovery. The concept of colonization
in non-forced exposure studies may be used to understand the threshold of the contamination that
allows individuals to move from a clean area to an area with acceptable levels of contamination [79,123].
The idea is to identify the levels of contamination that prevent colonization, a chemical threshold from
which colonization is less probable or prevented completely. According to the “avoidance-recolonisation
hypothesis” [123], the capacity of an ecosystem to receive individuals could be predicted by avoidance
tests as follows: if x% of the population avoids a given level of contamination, it is expected that a
proportion of 100-x% of the population colonizes an environment with that level of contamination.
However, it is unlikely this relation would be so linear as other factors may affect the decision to
avoid or not an area ([18,79] see also the discussion in Section 5 of the current review). Furthermore,
the repellency and attraction of the chemicals can present a non-linear pattern due to the hormetic
effects [38,124]. We encourage the application of the colonization concept as a measure of an ecosystem’s
ability to recover from a disturbance, as well as of the organisms’ emigration/immigration patterns.
This approach could provide insights about the species that can (or not) potentially colonize an
area, which would allow researchers to predict the ecological implications that colonization might
represent to the ecosystem. The multi-compartmented approach is an alternative method that may
be used to integrate the conceptual model of an affected community based on the dynamics of
invader/remainer/escaper [18].

6.3. Chemical Fragmentation of Habitat

Habitat fragmentation occurs as result of a discontinuity of the habitat, generally linked to a
physical barrier that isolates populations. However, a habitat can be chemically fragmented if the
levels of chemicals present in some areas limit the displacement of organisms, even when there is no
physical barrier [120,125]. To our knowledge, the application of the concept of chemical fragmentation
of habitat using multi-compartmented exposure systems has only taken place in the studies by
Aradjo et al. [58,74] and Islam et al. [79]. In Aratujo et al. [74], the authors showed that the fish
P. reticulata avoided the herbicide atrazine and that the concentration (105 pg/L), eliciting an avoidance
of 80%, produced an isolation of around 50% of the population. A similar study using the fish D. rerio
and copper showed that a concentration (90 pg/L) that elicited an avoidance to 50% of the population
led to the isolation of 41% of that population [79]. This percentage did not vary when food was provided
on the clean side, probably because the organisms could not perceive it until after crossing the chemical
barrier. The chemical fragmentation of the habitat was also tested with samples of water and sediment
from the river Guadalete (Southwest of Spain) [58]. The authors took samples from different parts
of the river and simulated the sampled points in a multi-compartmented system. The experimental
results evidenced that contamination in both water and sediment might potentially cause a population
isolation of the freshwater shrimp A. desmarestii that was unable to cross the chemical barrier formed
by the most contaminated samples [58]. The possibility of using the concept of chemical barrier in
ecotoxicological studies would help to understand another role of contamination that disturbs the
ecosystem’s equilibrium and interrupts spatial continuity. The chemical fragmentation of a habitat is a
theme that deserves special attention because environmental restrictions can lead to local extinctions,
due to the reduction of individuals causing genetic erosion, which may increase the vulnerability of
the population [125,126].

In isolated populations, due to habitat restrictions, the risk of extinction is increased and can
occur in two main ways (following the extinction vortex model by Gilpin [127]): (i) the allogenic
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vortex driven by change in the environment (pollution) and (ii) autogenic vortex, driven by population
genetics (population isolation leads to a smaller gene pool and the loss of adaptability to environmental
change/disturbance).

6.4. Habitat Connectivity, Metapopulation, Metacommunity, and Meta-Ecosystem

One of the indirect consequences of contamination is the loss of continuity of habitats
that present a patchy distribution in terms of environmental quality. In some circumstances,
environmental heterogeneity induces populations to form a spatial arrangement such as metapopulation,
moving among habitats with different conditions and, therefore, transferring matter and energy among
them (meta-ecosystem) [5,128,129]. Initially, the strategy of avoiding contamination may be successful
environmentally due to the absence of stress at the individual level as previously discussed. However,
the consequences of this change in the arrangement of the populations could affect the ecosystem
where the organisms moved to, since these new individuals might cause some changes in the ecological
relationships in that ecosystem [18,130].

The loss of individuals due to avoidance can have important ecological implications on the
structure and functioning of ecosystems. The avoidance by the most sensitive species (regarding the
ability to detect a contaminant) might lead to indirect effects on other more resistant species (and even
on species that cannot flee), due to creating an imbalance in the community, affecting not only the species
with which the avoiders have a direct relationship (e.g., predator—prey relationship), but also ecological
interactions and even biogeochemical cycles (e.g., energy flow and nutrient cycling) due to the reduction
or absence of key species for some ecosystem functions. In this sense, it would be interesting to know
how the avoidance of organisms belonging to different trophic levels influences the functioning of the
ecosystem, although these ecological questions might require a different experimental approach.

The use of systems such as HeMHAS favors an understanding of the importance that
uncontaminated zones might represent as potential areas (refuges) to protect populations against
contamination and alleviate individuals from a continuous stress [39]. These authors showed
experimentally that in patchy contamination scenarios, the shrimps A. desmarestii could present
a distribution partially conditioned by copper contamination and dependent on the presence of clean
areas in the environment. The complexity of the experimentation systems, such as HeMHAS [52],
is crucial to simulate more chemically complex scenarios and understand a little more about the
consequences caused by contamination concerning the spatial distribution of organisms and the
probability of populations persisting in spite of disturbance [131]. Gilarranz and colleagues showed
how a system simulating patches with different levels of disturbance could help to elucidate the
effect of the discontinuity of habitats on the maintenance of the populations and how the increase
in the disturbance could increase the probability of extinction [131]. Thus, within a connected and
heterogeneous landscape, two important questions need to be answered: i. how determinant the
differences in the ability to avoid among species of a metacommunity are to the structure the local
communities and ii. to what extent the behavioral traits related to avoiding or not contamination could
be explained by genetic differences and sensory abilities?

7. Final Remarks

As discussed by Agerstrand et al. [12], the use of ecotoxicological data in regulatory assessments
have been based on endpoints such as mortality, growth, reproduction, and development, basically
because such responses can lead to population decline. Although this simplifies the application of
ecotoxicity tests for a regulatory basis, no other evidence of stress (either to biochemical stress or
behavioral alterations) is considered. However, authors and organizations are requesting the inclusion
of tests with a higher ecological relevance in the risk assessment of chemical substances [132-134].
From a conceptual point of view, these endpoints (mortality, growth, reproduction, and development)
are directly related to the toxicity of chemicals, following the cascade of effects [40,41] that are triggered
when organisms are exposed to contaminants continuously (cascade of effects related to toxicity).

38



Toxics 2020, 8,118

Considering that some organisms cannot avoid contamination (cascade of effects related to repellency),
either because of their inability to move or because the spatial scale of contamination is spread
beyond the area to which they could move, the focus on toxicity is appropriate and ecologically
relevant. However, for mobile organisms and in a heterogeneous contamination scenario, the potential
repellency of the chemicals should also be considered. The application of this repellency as an endpoint
for regulatory application could be easily justified since the evasion of organisms might lead to a
population decline at the local level [18,30]. As discussed in the current review, this displacement
might cause disturbances at the structural and functional levels, not only in the ecosystems avoided,
but also in the alternative chosen one. This approach extends the concept of stress to a level beyond
the individual response [1,18], integrating the susceptibility of organisms (that can require adaptation
or lead to a loss of the most sensitive species) and environmental vulnerability (see Figure 1 and
discussion in [6,7,12,18]). In addition, the repellency response is expected to be immediate (normally
after not more than a 12 h exposure) [70], which could help reduce misunderstandings related to a
time-delayed effect due to a continuous and extended exposure [70].

Although the theoretical basis that could justify the use of behavioral responses has been
recognized [21,135,136], the practical application of this approach is criticized mainly for the lack
of standard protocols that could help minimize the errors associated to observation [12]. However,
the implementation of automatic systems has contributed to increasing the validity of traditional
behavioral responses [12,137]. For tests with aquatic organisms in non-forced multi-compartmented
systems some attempts have been made to standardize the procedures, namely with the publication of
a standard operating procedure for linear systems [123] and the development of the HeMHAS [52],
but much more effort is still required.

The final reason why behavioral ecotoxicology is not employed for a regulatory basis can be
sustained by the lack of results using behavioral endpoints. In the case of avoidance measured in a
multi-compartmented exposure system, this lack is even greater. Therefore, with this review we have
intended not only to demonstrate that repellency can trigger an ecologically relevant response such as
spatial avoidance, but also to encourage studies using the non-forced multi-compartmented approach to
improve our understanding of the spatial distribution of organisms driven by contamination. The aim
of the approach presented here is to integrate Stress Ecology and Landscape Ecology, considering
contaminants as one more element of ecosystems, from a more ecological perspective (habitat selection
processes and the potential interactions with biotic and abiotic factors to “take the decision” of staying
or avoiding a habitat), and broadening the spatial scale (landscape) of the observation, considering
not only the contaminated and avoided ecosystem, but also the surrounding areas receiving the
avoiders (environmental heterogeneity). Finally, such as indicated in Figure 1, we strongly support
the integration of toxicity (when the effects are based on the sensitivity of organisms) and repellency
(when the organisms change the habitat selected according to the levels of contamination) to achieve a
conceptually broader environmental assessment.
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Abstract: Animal behaviour is becoming increasingly popular as an endpoint in ecotoxicology due
to its increased sensitivity and speed compared to traditional endpoints. However, the widespread
use of animal behaviours in environmental risk assessment is currently hindered by a lack of opti-
misation and standardisation of behavioural assays for model species. In this study, assays to assess
swimming speed were developed for a model crustacean species, the brine shrimp Artemia franciscana.
Preliminary works were performed to determine optimal arena size for this species, and weather lux
used in the experiments had an impact on the animals phototactic response. Swimming speed was
significantly lower in the smallest arena, whilst no difference was observed between the two larger
arenas, suggesting that the small arena was limiting swimming ability. No significant difference was
observed in attraction to light between high and low light intensities. Arena size had a significant
impact on phototaxis behaviours. Large arenas resulted in animals spending more time in the light
side of the arena compared to medium and small, irrespective of light intensity. The swimming speed
assay was then used to expose specimens to a range of psychotropic compounds with varying modes
of action. Results indicate that swimming speed provides a valid measure of the impacts of behaviour
modulating compounds on A. franciscana. The psychotropic compounds tested varied in their impacts
on animal behaviour. Fluoxetine resulted in increased swimming speed as has been found in other
crustacean species, whilst oxazepam, venlafaxine and amitriptyline had no significant impacts on the
behaviours measured. The results from this study suggest a simple, fast, high throughput assay for A.
franciscana and gains insight on the impacts of a range of psychotropic compounds on the swimming
behaviours of a model crustacean species used in ecotoxicology studies.

Keywords: ecotoxicology; behaviour; artemia; psychotropics; behavioural ecotoxicology

1. Introduction

One of the main challenges facing regulatory risk assessment is the speed with which
we can assess the sub-lethal effects of pollutants [1]. Behavioural responses have been
indicated as a useful endpoint as they tend to be more sensitive than lethality and faster
to assess than endpoints for growth, development and reproduction [2]. However, the
use of animal behaviours in environmental risk assessment is currently hindered by a lack
of optimisation and standardisation of behavioural assays [2,3]. The use of behavioural
hardware mitigates some of the issues of standardisation by providing a controlled en-
vironment within which to perform behavioural assays [4]. In recent years, there have
been some excellent examples of automated high-throughput behavioural assays with
crustacean species. Micro-fluidic behavioural chambers were developed for amphipods
(Allorchestes compressa) and brine shrimp (Artemia franciscana) [5-7] and proved to be sen-
sitive assays for measuring alterations in swimming and locomotion in the presence of
behaviour modifying compounds. Other studies on zebrafish larvae have successfully
used a static, multi-well plate system for high-throughput assessment of compounds on
swimming, social, and anxiety behaviours [8,9]. A multi-well plate system is desirable as
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the plates have standardised dimensions, are readily available, and are compatible with
commercial plug-and-play behavioural hardware. In addition to the standardisation of
hardware, understanding the baseline unconditioned behaviours of a model species is also
important when performing behavioural studies. It has been shown that behaviours can
vary with differences in experimental design such as the shape and size of behavioural
arenas both between and within species [10,11]. Performing preliminary experiments to
understand the baseline behaviours of a model species would help to both optimise the
experimental design and aid the interpretation of results from behavioural assays.

Brine shrimp or Artemia spp are small crustaceans adapted to hyper-salinity, dry or
harsh conditions, and are closely related to other zooplanktons such as the freshwater
Daphnids [12]. Artemia spp have been used as a model species in ecotoxicology testing for
more than five decades to assess the potential impacts of environmental pollutants [12,13],
and are desirable due to their rapid hatching, cost effectiveness, and commercial availabil-
ity. Artemia spp cysts can be sourced with standardised toxicity kits and hatched under
controlled conditions in the lab for fast screening of toxicity in lethality tests (LC50s). Other
endpoints, including behaviour, have also proved useful in ecotoxicology testing. The
Swimming Speed Alteration (SSA) test was developed by Faimali et al. in 2006 [14] with
barnacle larvae, and used video tracking for high-throughput assessment of swimming
behaviour. The methods outlined by Faimali et al. have since been applied to Artemia by
Garaventa et al. in 2010 [15] and Manfra et al. in 2015 [16] who found swimming speed to
be more sensitive as an endpoint than mortality.

Psychotropic compounds such as anxiolytics and antidepressants come in a range
of different classes with varying modes of action (MOA). In this study, brine shrimp
(Artemia franciscana) were exposed to environmentally relevant concentrations of fluoxetine
hydrochloride, oxazepam, amitriptyline hydrochloride, and venlafaxine hydrochloride;
representing the most prescribed compounds from four separate classes of antidepressants
and anxiolytics. The MOA, presence in aquatic environments, and effects on animal
behaviours are summarised in Table 1.

Table 1. Summary of the current literature for the four psychotropic compounds used in this study including their MOA,

presence in aquatic environments, and effects on behaviours.

Compound Environment Concentration Source Behaviour Impacts Source
effluents 0.001-5 ng/L activity [21,22]
surface waters 0.012-0.02 ug/L reproduction [23-27]
fluoxetine Selective Sero_tqnin aggression [27-29]
hydrochloride Reuptake Inhibitor [17-20] feeding [30-32]
marine env 0.012 ug/L predator avoidance [21,32-34]
stress /anxiety [35-37]
taxis [38,39]
effluents 0.25-0.73 ug/L activity [41-43]
feeding [44]
oxazepam Benzodiazepine (BZD) curface waters 0.02-0.58 ug/L [18,20,40] boldness [41,45,46]
social behaviour [44]
migration [47]
effluents <2-357ng/L activity [52]
surface waters <0.5-72ng/L reproduction [53]
amitriptylipe Tricyclic Antidepressant [48-51] feeding [54]
hydrochloride stress /anxiety [55]
bio-solids 263-632ng/g memory & learning [56]
orientation [57]
Selective Serotonin and effluents 600-1454 ng/L activity [58,59]
h;g?(l)acf}iggge R?l?;ffligigﬁi?teor surface waters 187 ng/L [49,50] feeding [60]
(SNRI) bio-solids 289-499 ng/g stress /anxiety [61-64]
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In the literature, most studies assessing the ecological effects of antidepressants and
anxiolytics have focused on fluoxetine. Few have examined the effects of other psychotropic
compounds, and fewer still have assessed their effects on aquatic invertebrates. Planktonic
crustaceans share with vertebrates several of the neurotransmitters that are targeted by
neuroactive drugs. Including serotonin, dopamine, epinephrine and GABA receptors [1],
making it possible for psychotropic compounds to have effects on non-target organisms
in the environment. From the research to date, there appears to be a trend of increased
activity in crustaceans exposed to both anxiolytics and antidepressants including fluoxetine
and oxazepam [22,30,43,65] in amphipod and decapod species. To date, the impact of
psychotropic compounds on the swimming of anostraca species remains unexplored.

The main aims of the study were to develop a standardised high-throughput be-
havioural assay for aquatic invertebrates for use in toxicity testing, and to assess the effects
of a range of psychotropic compounds with varying modes of action on crustacean be-
haviour. Behavioural assays were developed for A. franciscana and data on the baseline
unconditioned swimming behaviours were collected. The swimming speed and photo-
sensitivity was assessed under a range of arena sizes. It was thought that as has been
shown in amphipods [10], that smaller arenas would limit swimming speeds. Some studies
have reported that both adult and larval Artemia spp can switch between positive and
negative phototaxis depending on the intensity of light used [66,67]. As a result of this, the
phototactic response of A. franciscana was also assessed under different light intensities. It
was hypothesised that at higher light intensities A. franciscana would exhibit a preference
for dark areas which would be reduced or mitigated at lower intensities. Following assay
development, A. franciscana were exposed to three antidepressants and an anxiolytic at
environmentally relevant concentrations and swimming behaviours were assessed. Based
on the current literature for crustaceans, it was hypothesised that psychotropic compounds
would increase swimming speed in A. franciscana.

2. Materials and Methods
2.1. Animal Culture and Husbandry

A. franciscana were purchased from MicroBioTests Inc (Kleimoer 15 9030 Gent, Bel-
gium), as dried cysts and hatched in a 1 L separating funnel connected to an air pump.
Following hatching, organisms were transferred to a 5 L aquarium with an air stone. The
hatchery and aquaria were set up within an incubator to keep temperature and light con-
ditions consistent. Cool white, fluorescent lamps were used, and light intensity ranged
between 1665-1608 Lux (21.73-22.51 umol-s~!-m~2) from the top to the bottom of the
incubator, respectively. Hatching and growth parameters were in accordance with the
MicroBioTests Artoxkit M protocol. Artificial seawater (AFSW) was used at 35 ppt and
a constant temperature of 21 + 1 °C. A 12:12 light/dark regime was used during both
hatching and growth of organisms. Once nauplii were transferred from the separating
funnel to the growing aquaria, a water change was performed every 3 days, and animals
were fed 2—4 drops of concentrated algae solution containing Nannochloropsis spp and
Tetraseimis spp (purchased from Amazon.co.uk by supplier Phyto Plus) every 1-2 days.
The amount of food added was judged by eye based on the colour of the aquarium water,
as per instructions on the algae solution bottle, to obtain a light green tint to the culture
water. Nauplii were kept in the growing aquaria and reared to adult stage. It took between
3—4 weeks to rear A. franciscana from Instar stage I to trackable sized adults with a mean
body length of 10 mm.

2.2. Measuring Behaviour

All behaviours were measured using DanioVision = observation chamber (Noldus,
Wageningen, The Netherlands) connected to EthoVision®XT 11.5 software (TrackSys, Not-
tingham, UK). The observation chamber was comprised of an external hood and internal
holder for a multi-well plate. The holder is infrared backlit with an additional cold white
light source which can be programmed to operate automatically. Together these provide a
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controlled environment for behavioural experiments. The EthoVision®XT 11.5 software can
measure a variety of parameters associated with movement and activity simultaneously
and can be programmed to operate DanioVision"" hardware.

2.3. Baseline Behaviours

Prior to psychotropic exposures, preliminary tests were performed to determine the
optimal arena size for behavioural assays. Standard Thermo Scientific ‘Nunc’ 6-well, 12-
well and 24-well plates (sourced from Thermo Fisher Scientific, Waltham, MA, USA) were
used to measure the baseline unconditioned behaviours of A. franciscana.

2.4. Velocity

To measure swimming speed, animals were gently transferred from growth tanks and
loaded into multi-well plates using a plastic Pasteur pipette. The pipette was widened
by cutting the tip so that A. franciscana could be transferred without physical damage. A
single individual was placed in each well. For ease of writing, the 24-well, 12-well and
6-well plate will be henceforth referred to as small, medium, and large arenas, respectively.
Each well was filled to half of its maximum volume with AFSW which allowed for free
horizontal swimming but limited vertical motions. The dimensions of arenas including the
volume of AFSW used and the number of replicates of A. franciscana are outlined in Table 2.

Table 2. Dimensions of Small (24-well), medium (12-well) and large (6-well) arenas with volume of
AFSW and number of replicates of A. franciscana used for velocity studies.

Arena Diameter Area Volume AFSW Replicates

Small 1.5cm 3 cm’ 1.5mL 24
Medium 2.1cm 6 cm3 3mL 24

Large 3.5cm 16.4 cm® 8 mL 30

Once loaded, multi-well plates were placed inside the DanioVision™ and animals
were tracked for 8 min under a 2 min dark: 2 min light, cycle. The differing light phases
were used as a stimuli and to assess the photosensitivity of A. franciscana. The cold light
was set to 100% intensity equating to 4000 Lux. This was almost double the Lux used for
hatching and culturing of organisms to try and combat habituation to the lighting in the
behaviour trials.

Phototaxis

The small, medium and large arenas were also used to assess the effects of arena
size on the baseline unconditioned phototaxis behaviour in A. franciscana. Animals were
tracked in the DanioVision™ for 6 min with a 3 min dark phase followed by a 3 min light
phase. Here, the light phase was used to measure a phototactic response. A series of
custom acrylic strips were used. The strips consisted of a clear acrylic that both white
light and infra-red light could pass through and a black acrylic through which only the
infra-red light could pass. During the dark phase the entire arena was dark and during
the light phase one half of the arena was illuminated whilst the other half remained dark
and A. franciscana could choose to be in either the light or dark side of the arena. Zone use
during the dark phase when the entire arena was dark was used to control for animals that
generally preferred one side of an arena compared to another. It was expected that during
dark phases animals would use all of the arena equally. During light phases, animals
would exhibit phototaxis if they then showed a preference for either the light or dark side
of the arena. The acrylic strips were produced in a range of sizes to provide a half-light and
half-dark side of the arena for each size class, the dimensions of the light and dark zones
within each arena are outlined in (Figure 1). Two plates were made for each size arena
which could be interchanged during trials so that the light and dark side of the arenas
could be alternated at random (Figure 1).
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Figure 1. Dimensions and location of light and dark zones for (A) small arena, acrylic plate 1, (B)
small arena, acrylic plate 2, (C) medium arena, acrylic plate 1, (D) medium arena, acrylic plate 2, (E)
large arena, acrylic plate 1, (F) large arena, acrylic plate 2.
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To assess the impacts of light intensity on phototactic response of A. franciscana.
The light phase for phototaxis trials were performed under two light intensities. Two
conditions 5% and 100% light intensity (200 and 4000 Lux, respectively) were used. A total
of 312 animals were used for phototaxis assessment with replicates divided between arena
size, acrylic plate, and light intensity. The number of replicates used for each condition are
outlined in Table 3.

2.5. Psychotropic Exposures
Preparation of Solutions

Following preliminary experiments, A. franciscana were exposed to a range of psy-
chotropic compounds. All compounds were sourced from Sigma-Aldrich (Saint Louis,
Missouri, USA) in dry powder form including Fluoxetine hydrochloride (CAS: 56296-78-7),
Oxazepam (CAS: 604-75-1), Amitriptyline hydrochloride (CAS: 549-18-8), and Venlafaxine
hydrochloride (CAS: 99300-78-4). All compounds were water soluble, so solutions were
made without a solvent. Due to the minimum amount of dry compound that can be
accurately weighed, a stock solution of 1 mg/L was made in 2 L volumetrics for each
compound. Stock solutions were stored in sealed glass vials wrapped in aluminium foil
and stored in the fridge at 10 = 1 °C to prevent degradation. A serial dilution of 10 ng/L,
100 ng/L and 100 ng/L plus an AFSW control was made for each compound, from stock
solutions, into artificial seawater at 35 ppt.
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Table 3. Number of replicates used for each experimental condition for assessment of phototaxis in
A. franciscana for each of the three arena sizes and the two acrylic plates to alternate the light and
dark zones between the two light intensities.

Arena Size Acrylic Plate Used Light Intensity Replicates
1 100% 24
Small > 24
100% 24
2
5% 24
. 100% 24
Yo 24
Medium 5%
100% 24
2
5% 24
. 100% 30
Large 5% 30
100% 30
2
5% 30

2.6. Exposures and Behavioural Analysis

The experimental design for psychotropic exposures is outlined in Figure 2. Medium
arenas were used, as per results from the studies on baseline behaviours, as this provided
the best trade-off between high-throughput analysis and providing ‘space to behave’ in
this species. A single individual of A. franciscana was loaded into each well with water
from the culture tanks. Once all animals were in the arenas, the culture water was removed
from the wells with an electronic pipette and replaced with 4 mL of AFSW control or AFSW
spiked with a psychotropic compound at 10 ng/L, 100 ng/L or 1000 ng/L. 12 replicates
were performed per concentration providing a total of 48 animals per compound. The
organisms were then placed in an incubator under a 12:12 h light:dark cycle at 21 °C £ 1.
After 1 h, the well plates were removed from the incubator and placed in the DavioVision"".
A. franciscana were tracked using EthoVision®XT software for a total of 8 min under a
2 min dark: 2 min light cycle. The light phase was set to 100% light intensity (4000 Lux) as
per results from studies on baseline behaviours. The process was repeated with the same
animals after 1 day and 1 week of exposure.

2.7. Statistics

When analysing baseline behaviours, statistical analysis was performed in IBM SPSS
Statistics 24. Phototaxis was measured as the percent duration of time spent in the light
zone of the arena. Total distance moved was included in the model as a co-variate to correct
for animals that did not move during trials [3]. Velocity was measured as mean velocity
in centimetres per second and was analysed in both 2-min and 10-s time bins. Extreme
anomalous values generated by the loss of tracking by the EthoVision®XT software was
excluded from the data analysis (as defined by values > median + 3*IQR) and never
removed more than 3% of data points. Linear mixed effects (LME) models were used for all
comparisons, residuals from LME model analysis were checked for normality using Q-Q
plots and Shapiro-Wilk test of normality. All datasets were normally distributed. Treatment,
length of exposure and time were input as factors. Individual animal ID was included
as a random effect in the model to correct for repeated measures. Post Hoc analysis
was performed using Bonferroni adjustments to correct for type- II errors. p-values of
< 0.05 were considered significant. When analysing data from the psychotropic exposures,
statistical analysis was performed with jamovi version 1.2.27. Velocity was analysed in
both 2-min and 10-s time bins. Linear mixed effects models were used for all compounds.
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For the 10-s data treatment and length of exposure were input as factors whilst time was
used as a covariate. Individual ID was used as a random effect in the model to correct
for repeated measures. Post Hoc analysis was performed using Holmes adjustments to
correct for type-II errors. For the 2-s data, treatment, length of exposure and time in the
form of 2-min light or 2-min dark phases were all input as factors. Individual ID was used
as a random effect in the model to correct for repeated measures. Post Hoc analysis was
performed using Holmes adjustments. No differences were observed in the data output
from the mixed effects models between 2-min and 10-s data. As such only the 2-min data
has been presented in the results. All figures were made using the estimated marginal
means from linear mixed effects models.

Control 10 ng/L 100 ng/L 1000 ng/L
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Figure 2. Experimental design for A. franciscana exposure and behavioural analysis. The 12-well plates were loaded in

duplicate to provide 12 replicates per treatment. The procedure was repeated for each of the four compounds.

3. Results
3.1. Baseline Behaviours
Velocity

When assessing the baseline unconditioned velocity behaviour of A. franciscana, no
statistical differences were observed between the 2-min and 10-s time bins when comparing
arena sizes or light phase (Table 4). A significant effect of arena size in both 2-min and
10-s time bins was observed (Table 4). A. franciscana reached a greater mean velocity, in a
range of 1.1-1.5 cm/s in large and medium arenas compared to small arenas where animals
reached a maximum velocity of 0.9 cm/s (Figure 3). No significant effects (p > 0.05) were
observed in velocity between large and medium arenas for 2-min time bins (Figure 3A). A
significant effect of time was observed with A. franciscana swimming faster during dark
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phases compared to light (Table 4). A significant interaction was observed between arena
size and time when splitting data into 10-s time bins but not with 2-min time bins (Table 4).
The significant interaction was driven by A. franciscana swimming faster in the large arena
compared to medium and small during the second dark phase (Figure 3B).

Table 4. Output from linear mixed effects model for both 2-min and 10 s velocity data of A. franciscana
between arena sizes. Significance level p < 0.05. In this model ‘time’ represents light phase split into
10 s time bins or 2-min time bins.

2-min 10-s
Comparison
N-df D-df F p N-df D-df F p
arena size 2 75 16.3  <0.001 2 74 16.2 <0.001
time 3 225 13.6  <0.001 47 3522 7.0 <0.001
arena size * time 6 225 1.5 0.180 94 3522 1.7 <0.001
ICC 0.679 0.475
R2 0.271 0.217
18 , A Elarge @Medium B Small
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Figure 3. Mean velocity of A. franciscana between arena sizes in (A) 2-min and (B) 10-s time bins.
Error bars represent 95% confidence. Asterisks indicate significant differences between arena sizes.
For the 10-s data, asterisks indicate significant differences in velocity between large and medium
arena only. Significance level * p < 0.05.
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3.2. Phototaxis

When assessing the baseline unconditioned phototactic behaviour of A. franciscana,
arena size had a significant impact on time spent in the light zone (Table 5). Animals spent
significantly more time in the light zone when in large arenas compared to medium and
small. Light phase also had a significant impact on phototactic response (Table 5) with
animals spending more time in the light zone during light phases compared to dark. No
significant effects were observed in phototactic response between the two light intensities
(Table 5). There was a significant interaction between arena size and time (Table 5). There
were no observed differences between arena sizes during 3-min dark phases with all
animals spending ~50% of their time in the light side of the arena (Figure 4). However,
during light phases A. franciscana spent a greater proportion (~55%) of time in the light
zone when in the large arena and a smaller proportion of time (~35-50%) in the light zone
when in a medium or small arena (Figure 4).

Table 5. Output from linear mixed effects model for time spent in the light side of the arena for A.
franciscana between arena sizes and light intensity. Significance level p < 0.05.

Comparison Num df Den df F P
arena size 2 344.64 13.37 <0.001
light intensity 1 302.92 1.02 0.313
light phase 1 337.59 435 0.038
arena size * light intensity 2 303.77 3.72 0.025
arena size * light phase 2 305.09 54.75 <0.001
light intensity * light phase 1 303.25 8.07 0.005
arena size * light intensity * light phase 2 307.19 0.73 0.483
ICC =0.364
R?=0.198
W Large OMedium OSmall 70 B Slage @Medium OSmall
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Figure 4. Percent duration A. franciscana spent in the light zone during 3-min dark and 3-min light phases between small,
medium and large arenas when exposed to light at (A) 100% intensity and (B) 5% intensity. Error bars indicate 95%
confidence. Asterisks indicate significant differences between arena sizes. Significance level * p < 0.05.

3.3. Psychotropic Exposures
Fluoxetine

When assessing the effects of fluoxetine on the velocity of A. franciscana, mean velocity
ranged between 0.3-0.7 cm/s across all treatments and exposures (Figure 5D-F). Fluoxetine
had a significant impact on swimming speed between treatments (Table 6). Animals
exposed to 100 ng/L of fluoxetine had a significantly greater velocity than both control
animals and those exposed to the lowest treatment group of 10 ng/L (Figure 5A). Animals
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in the 1000 ng/L treatment group also reached a greater mean velocity than controls
and animals exposed to 10 ng/L, but this did not reach the threshold for significance
following multiple testing correction (p = 0.072). Light phase had a significant effect on
the velocity of A. franciscana (Table 6) with animals generally swimming faster during
dark phases compared to light (Figure 5B). The length of exposure also had a significant
effect on swimming speed (Table 6) with animals swimming significantly slower time
(Figure 5C). No significant interactions were found between fluoxetine treatments with
length of exposure or light phase (Table 6; Figure 5D-F).
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Figure 5. Mean velocity of A. franciscana following exposure to fluoxetine between (A) treatment, (B) light phase, (C) length

of exposure, and (D-F) interactions between treatment and light phase across the three lengths of exposure. Error bars

represent standard error. Asterisks indicate significant differences from post hoc analysis. * p < 0.05, ** p < 0.001.

Table 6. Output from linear mixed effects model for velocity of A. franciscana exposed to fluoxetine.

Comparison F Num df Den df p

treatment 5.328 3 111 0.002

light phase 8.221 3 392 <0.001

exposure period 17.400 2 111 <0.001

treatment * light phase 0.757 9 392 0.657

treatment * exposure period 0.663 6 111 0.679

light phase * exposure period 1.728 6 392 0.113

treatment * light phase * exposure period 0.520 18 392 0.949
ICC =0.315
R? =0.212

3.4. Oxazepam

For the oxazepam study, the mean velocity of A. franciscana ranged between 0.3-0.7 cm/s
(Figure 6D-F). No significant effects of oxazepam were observed between treatments
(Table 7; Figure 6A). Velocity was significantly different between light phases (Table 7) with
animals swimming faster during the second dark phase compared to the two light phases
(Figure 6B). Mean velocity significantly decreased with increasing of length of exposure
(Table 7; Figure 6C), and a significant interaction was observed between light phase and
exposure (Table 7). The significant interaction was driven by the 1-h exposure, in which
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velocity was significantly greater during the two dark periods compared to the two light
periods, and significantly greater than 1 day and 1-week exposures (Table 1). No significant
interactions were found between oxazepam treatments with length of exposure or light
phase (Table 7; Figure 6D-F).
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Figure 6. Mean velocity of A. franciscana following exposure to oxazepam between (A) treatment, (B) light phase, (C) length
of exposure, and (D-F) interactions between treatment and light phase across the three lengths of exposure. Error bars
represent standard error. Asterisks indicate significant differences from post hoc analysis. * p < 0.05, ** p < 0.001.

Table 7. Output from linear mixed effects model for velocity of A. franciscana exposed to oxazepam.

Comparison F Num df Den df P

treatment 1.602 3 114 0.193

light phase 6.490 3 367 <0.001

exposure period 9.926 2 114 <0.001

treatment * light phase 0.563 9 367 0.827

treatment * exposure period 0.534 6 114 0.782

light phase * exposure period 2.783 6 367 0.012

treatment * light phase * exposure period 1.109 18 367 0.341
ICC =0.557
R?=0.174

3.5. Amitriptyline

During the amitriptyline study, the swimming velocity of A. franciscana ranged be-
tween 0.3-0.65 cm/s (Figure 7D-F). Light phase had a significant effect on swimming
behaviours (Table 8) with A. franciscana reaching a greater velocity during the second dark
phase compared to the first and second light phase (Figure 7B). Length of exposure also
had a significant effect on velocity (Table 8) with swimming speed decreasing significantly
after 1 week of exposure compared to 1 h (Figure 7C). Whilst animals exposed to the
highest concentrations of amitriptyline swam slower than the controls after 1 h and 1 day
of exposure (Figure 7D,E), this did not meet the significance threshold. No significant
effects of amitriptyline treatment were observed on Artemia velocity (Table 8; Figure 7A)
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and no significant interactions were observed between treatment with light phase and/or
exposure (Table 8; Figure 7D-F).
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Figure 7. Mean velocity of A. franciscana following exposure to amitriptyline between (A) treatment, (B) light phase, (C)

length of exposure, and (D-F) interactions between treatment and light phase across the three lengths of exposure. Error

bars represent standard error. Asterisks indicate significant differences from post hoc analysis. * p < 0.05, ** p < 0.001.

Table 8. Output from linear mixed effects model for velocity of A. franciscana exposed to amitriptyline.

Comparison F Num df Den df p

treatment 2.204 3 112 0.092

light phase 8.415 3 386 <0.001

exposure period 4.258 2 112 0.017

treatment * light phase 0.537 9 386 0.847

treatment * exposure period 0.703 6 112 0.648

light phase * exposure period 0.861 6 386 0.524

treatment * light phase * exposure period 0.393 18 386 0.989
ICC=0.318
R%Z=0.116

3.6. Venlafaxine

When assessing the effects of venlafaxine on the velocity of A. franciscana, swimming
velocity ranged between 0.3-0.6 cm/s (Figure 8D-F). Light phase had a significant effect
on swimming behaviours (Table 9) with animals swimming faster during dark phases
compared to light (Figure 8B). Length of exposure also had a significant effect on velocity
(Table 9) with swimming speed decreasing significantly after 1 week of exposure compared
to 1 day (Figure 8C). It was observed that animals in the highest treatment group swam
consistently slower than control animals across all three measured durations of exposure
(Figure 8D-F). However, this did not reach a level of significance and no significant impacts
of venlafaxine were observed on the velocity of A. franciscana between treatment groups
(Table 9; Figure 8A). No significant interactions were observed between treatments with
light phase and/or length of exposure (Table 9; Figure 8D-F).
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Figure 8. Mean velocity of A. franciscana following exposure to venlafaxine between (A) treatment, (B) light phase, (C)
length of exposure, and (D-F) interactions between treatment and light phase across the three lengths of exposure. Error
bars represent standard error. Asterisks indicate significant differences from post hoc analysis. * p < 0.05, ** p < 0.001.

Table 9. Output from linear mixed effects model for velocity of A. franciscana exposed to venlafaxine.

Comparison F Num df Den df p
treatment 1.180 3 116 0.321
light phase 18.062 3 394 <0.001
exposure period 3.091 2 116 0.049
treatment * light phase 0.873 9 394 0.550
treatment * exposure period 0.200 6 116 0.976
light phase * exposure period 2.095 6 394 0.053
treatment * light phase * exposure period 0.581 18 394 0.913
ICC =0.410
R% =0.121

4. Discussion
4.1. Baseline Behaviours

There is growing evidence that collection of baseline data on model species is im-
portant when conducting behavioural assays. Researchers have highlighted a lack of
baseline data to be a source of variability in the results of behavioural studies in ecotoxicol-
ogy [68]. This has been supported by Melvin et al. [69] who explored how fish acclimate
to behavioural arenas and how different lengths of observation time impact estimates of
basic swimming parameters. They concluded that researchers need to establish a basic
knowledge about the baseline behavioural characteristics for a model species, as this could
influence study outcomes of behavioural ecotoxicology experiments. This was further
reinforced by Kohler et al. [10,11] who discovered that differences in study design could
impact the baseline unconditioned behaviours in amphipods which could in turn implicate
the results of ecotoxicology studies.

In this study, experiments were performed to assess the baseline unconditioned
velocity and phototaxis behaviours of A. franciscana under a range of arena sizes to both
optimise the assay for high-throughput analysis and to determine the sensitivity of the test
species to the behavioural assays. Results from velocity assessments indicate a trade-off

59



Toxics 2021, 9, 64

between ‘high-throughput” analysis and providing ‘space to behave” with A. franciscana
reaching a significantly greater velocity in large and medium arenas compared to small
suggesting that the small arenas were limiting animals ability to reach a greater swimming
speed. Analysing velocity data in 2-min time bins found no significant differences in
swimming speed between the large and medium arenas, whereas the 10-s analysis found
that animals reached a significantly faster swimming speed in large arenas compared to
medium in the second dark phase. Similar results were also described by Kohler et al. [11] in
amphipods whereby differences in swimming behaviours between a marine and freshwater
amphipod were only observed when data was separated into smaller time bins. With the
exception of the 30 s in the second dark phase, no significant differences were observed
in swimming speed between medium and large arenas in an 8-min behaviour trial. This
suggests that arena size was no longer a limiting factor on Artemia velocity and that any
further increase in arena size would no longer impact the swimming speed that this species
could reach. Increased swimming speed with increasing space to explore has been reported
in a range of vertebrate and invertebrate species including the amphipod G. pulex [10] fruit
flies Drosophila melanogaster [70]; rats [71]; and gerbils [72].

During swimming speed assays, light phase had a significant impact on the velocity
of A. franciscana. Swimming speed was greater during 2-min dark phases compared to
light. A transition into darkness may trigger migration behaviours or increase exploratory
behaviour as a result of perceived reduction in predation risk or increased searching for
light areas. In the literature it has been reported that many zooplankton, including brine
shrimp, undergo nocturnal diel vertical migration (DVM) involving an ascent in the water
column to feed during times of low light levels near the surface and descend to dim lit
areas during the day to avoid predators [73,74]. It has been reported that Artemia spp
can switch between positive and negative phototaxis depending on the intensity of light
used [66,67]. However, in this study, no significant differences in time spent in the light
zone were observed between the 2000 and 400 Lux phototaxis trials in this study. No effects
of Lux on crustacean behaviours has also been reported previously in the literature for
amphipod species [10]. In the study by Kohler et al. in 2018 [10], no significant effect
of varying lux were observed for multiple behavioural endpoints including swimming
speed and thigmotaxis behaviours. This suggests that the switch between positive and
negative phototaxis which was observed by Bradley et al. (1984) and Dojmi Di Delupis et al.
(1988) [66,67] was a result of something more complex than simple lux in the control of
Artemia migration patterns and provides and area for future research. In phototaxis trials,
under both light intensities, animals in large arenas exhibited a preference for the light
side of the arena compared to the dark. This would support the theory of increased light
searching to explain the greater velocity observed during dark phases in swimming speed
assays. Interestingly the opposite was observed when assessing phototaxis behaviours
in the medium and small arenas. However, this may be the result of the arenas small
size resulting in bleeding of light into the dark zone from the bright half of the arena.
An increase in activity when in the dark has also been observed in zebrafish. It has been
observed that a sudden transition to darkness results in a significant and sudden increase
in locomotor activities which have been described as a light searching behaviour and is
attributed to increased stress or anxiety [75-77]. This theory may also be the case for A.
franciscana. However, it is worth noting that the increase in activity during dark phases was
neither immediate upon sudden transition to the dark, nor consistent for every dark phase
which would be expected for a startle or escape response associated with anxiety or stress.

4.2. Psychotropic Exposures

Here, A. franciscana were exposed to environmentally relevant concentrations of four
psychotropic compounds with varying modes of action, and their swimming behaviours
were assessed. Fluoxetine had a significant impact on the swimming speed of A. franciscana
between treatment groups in that velocity was greater in the two highest treatment groups
compared to the lowest treatment and control animals. Pairwise comparisons revealed that
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velocity in the 100 ng/L treated animals was significantly greater than the controls and
the 10 ng/L treated animals. There are many studies in the literature which have reported
increased activity when exposed to fluoxetine in crustaceans including amphipods [22,30];
shore crabs [65]; crayfish [39]; and Daphnia [78]. The results from this study appear to
support the current literature and our hypothesis that fluoxetine would increase activity in
A. franciscana.

No significant impacts on swimming behaviours were observed for oxazepam amitripty-
line or venlafaxine. It was noted that both amitriptyline and venlafaxine exposure con-
sistently reduced swimming speeds compared to controls, albeit these results failed to
pass our significance threshold. Whether these represent real effects would need further
investigation however effect sizes revealed through the ICC and R? were modest at best.
It was, however, interesting to note that both of these compounds target norepinephrine
receptors. Both norepinephrine and octopamine have been suggested to reduce swimmeret
rhythm in crayfish [79] although the exact role of NE in crustaceans is still debated [80].

It has been reported in the literature that compounds with varying modes of action
can result in significant effects being found for some compounds, while others have no
impacts on behaviour. A study on crayfish reported a significant increase in activity follow-
ing oxazepam exposure while no significant impacts were observed for venlafaxine [43].
Studies on Daphnia behaviour with multiple psychotropic compounds found that fluoxe-
tine induced the most severe behavioural effects and impacted behaviours at the lowest
concentrations compared to all other compounds tested [1,81]. It was hypothesised that
all of the psychotropic compounds tested in this study could impact the behaviour of A.
franciscana as they share many of the neurotransmitters that are targeted by neuroactive
drugs in vertebrates. This hypothesis was not supported by the results found in this study
which instead suggest that oxazepam, amitriptyline, and venlafaxine have no significant
effects on swimming speed. This is not to say that these compounds could not influence
other behaviours. It has been reported that compounds can affect organisms independently
of their intended pathway. In a recent study by Rivetti et al. in 2018 [82], the genes encoding
for serotonin synthesis were deleted in D. magna generating mutants completely deprived
of serotonin. Fluoxetine altered behavioural responses in wild type D. magna that had
serotonin but had no effect on serotonin deprived mutants as expected for compounds
acting via the serotonergic-pathway. However, fluoxetine impacted fecundity and life-
history responses of both mutants and wild type D. magna suggesting that this drug affects
reproduction independently of the serotonin pathway. It has also been reported that psy-
chotropic compounds can impact some behaviours but not others. Tierney et al. [39] found
that fluoxetine significantly reduced locomotion in juvenile crayfish but had no impact on
thigmotaxis or sheltering behaviours. A study by Mesquita et al. in 2011 [65] reported that
crabs exposed to fluoxetine were significantly more active than unexposed crabs, but no
differences were observed in their speed. Whilst this study found no significant effects
of oxazepam, amitriptyline, and venlafaxine on swimming speed, experiments on other
endpoints would be required to elucidate whether it is just swimming speed or whether A.
franciscana are not sensitive to these compounds.

In this study, the length of exposure significantly impacted the swimming speed of
A. franciscana across all experiments, independently of compound or dose, with animals
swimming slower with increased length of exposure. This could be explained by the static
nature of the test arena used for compound exposure. Previous studies on A. franciscana
found that immobility and fatality of Artemia larvae significantly increased after 12 h
in a static system, whereas under constant water flow in a microfluidic system, activity
levels remained unchanged after 18 h [6]. The reduction in artemia health and mobility
was attributed to a depletion of oxygen in a static system. Medium arenas were used for
psychotropic exposures in this study as per results from preliminary experiments. The
medium arena size allowed for a greater volume of water and surface area compared to
small arenas, and a water change was performed after three days to combat the effects
of oxygen depletion and compound degradation. Mortality was 12.5% after 1 week of
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exposure and 29% of deceased animals came from the control groups suggesting that
mortality and the decreased activity of A. franciscana throughout the experiment was more
likely a result of oxygen depletion rather than effects of toxicity from the compounds. It is
also possible that the reduction of activity of A. franciscana was the result of habituation to
the behavioural system. Habituation to behavioural assays has also been reported in a wide
range of both vertebrate and invertebrate species [39,70,83-85] and has been demonstrated
in E. marinus and G. pulex [10,11]. Repeating the experiment under flow through conditions
may help to elucidate weather the reduction in swimming speed observed in A. franciscana
was a result of depleted oxygen or habituation to the behavioural assay.

5. Conclusions

In this study baseline data was collected on swimming and phototactic behaviours
of A. franciscana. A trade-off was observed between high-throughput analysis and pro-
viding space to behave. Results indicate a 12-well was the minimum arena size in which
swimming behaviours were not limited. Arena size also had a significant impact on pho-
totactic behaviours, but light intensity did not. Analysing velocity data in 10-s time bins
found differences between medium and large arena sizes whereas 2-min time bins did
not suggesting that the increased sensitivity of the 10 s time bin may be necessary for
elucidating subtle differences between treatments. Following the collection of baseline
data, behavioural assays to assess swimming speed and photosensitivity were developed.
Velocity proved a useful endpoint to measure swimming speed and photosensitivity in
A. franciscana. Compounds with differing MOAs varied in their impacts on animal be-
haviours. The results from this study further support the evidence that fluoxetine can
impact swimming behaviours at environmentally relevant concentrations. Interestingly,
no significant effects were observed in the other compounds although it was noted that
those that target norepinephrine as well as serotonin displayed reduced swimming activity.
We suggest a simple, fast, high throughput assay for A. franciscana and provides a baseline
on the impacts of a range of psychotropic compounds on the swimming behaviours of a
model crustacean species used in ecotoxicology studies.
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Abstract: This study assessed the effects of the monoamine oxidase (MAO) inhibitor deprenyl in
Daphnia magna locomotor activity. The mechanisms of action of deprenyl were also determined by
studying the relationship between behaviour, MAO activity and neurotransmitter levels. Modulation
of the D. magna monoamine system was accomplished by 24 h exposure to two model psychotropic
pharmaceuticals with antagonistic and agonistic serotonin signalling properties: 10 mg/L of 4-chloro-
DL-phenylalanine (PCPA) and 1 mg/L of deprenyl, respectively. Contrasting behavioural outcomes
were observed for deprenyl and PCPA reflected in decreased basal locomotor activity and enhanced
habituation for the former compound and delayed habituation for the latter one. Deprenyl expo-
sure inhibited monoamine oxidase (MAO) activity and increased the concentrations of serotonin,
dopamine and the dopamine metabolite 3-methoxytyramine in whole D. magna extracts. Our find-
ings indicate that D. magna is a sensitive and useful nonvertebrate model for assessing the effects of
short-term exposure to chemicals that alter monoamine signalling changes.

Keywords: Daphnia magna; neurotransmitter; modulation; pharmaceuticals

1. Introduction

Animal behaviour to environmental stimuli changes such as predation or food avail-
ability is a key fitness trait [1]. Of particular interest are behavioural responses related
to predator avoidance such as sudden locomotion changes in response to visual or tac-
tile stimuli [2,3]. Any changes in the normal behavioural conduct could compromise
individual survival. Neurotransmitters modulate behavioural plasticity at the molecular
level. Serotonin is one of the major neurotransmitters in the central nervous system (CNS),
modulating many behaviours including perception, mood, reward, anger, aggression,
appetite, memory, sexuality and attention [4]. Neurological pathologies such as schizophre-
nia, depression and anxiety have been related to dysfunctions in the serotonergic system.
The serotonergic system is well-known in vertebrates, but little is known about many
invertebrates. Tryptophan hydroxylase (TPH) is the enzyme that converts tryptophan
to 5-hydroxytryptophan (5-HTP), which is the rate-limiting step of serotonin synthesis.
When serotonin is released to the synaptic cleft, the serotonin transporter SERT mediates its
uptake/reuptake to the serotonergic neurons, where monoamine oxidase (MAQO) metabo-
lizes serotonin to 5-hydroxy-indolecetaldehyde, which is quickly metabolized by aldehyde
dehydrogenase to form 5-hydroxyindoleacetic acid (5-HIAA), the major metabolite of
serotonin [5].

Many of the emerging contaminants present in surface waters are neuroactive sub-
stances required for highly prescribed drugs to control cardiac and neurological disor-
ders [6]. Neuroactive compounds targeting the serotonergic system are of particular
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concern due to the essential role of serotonin in both neurotransmission and neuromod-
ulation. Thus, it is not surprising to find many investigations on the effects of selective
serotonin reuptake inhibitors (SSRIs) in nontarget aquatic species like fish but also in
invertebrates [7,8]. Nevertheless, information regarding other potential modes of actions,
such as TPH or monoamine oxidase (MAO) inhibition, is still scarce and almost absent for
many invertebrates. In this regard, the ecotoxicological model species Daphnia magna is
a good candidate for studying the role of serotonergic signalling pathways in behaviour
and its modulation by neuroactive pollutants. D. magna is probably the most widely use
organism in aquatic toxicological evaluations. It is a well-known ecological model and
has its genome fully sequenced and annotated [9]. Therefore, D. magna offers the oppor-
tunity to study molecular and apical effects of pharmaceuticals. Furthermore, about 80%
of the molecular human drug targets are also present in the Daphnia genome [10]. This
means that it is likely that many neuroactive pollutants affect this organism. Recently; it
was shown that CRISPR/Cas9-mediated tryptophan hydroxylase (TPH) knockout clonal
D. magna lines lack serotonin and show an abnormally high basal swimming activity and
a markedly reduced habituation to repetitive light stimuli [2,11]. The selective serotonin
reuptake inhibitor (SSRI) fluoxetine that is the active ingredient of Prozac increases the
serotonin levels in the brain of D. magna and increases reproduction [12]. Conversely,
chloro-DL-phenylalanine (PCPA), which is an inhibitor of TPH, decreases serotonin levels
in D. magna [13]. Fluoxetine and PCPA, however, despite having opposite effects on sero-
tonin levels, have similar effects on Daphnia cognitive behaviour, decreasing habituation to
repetitive light stimuli [2]. The aim of this study was to better characterize the serotonergic
system in Daphnia. In particular, we studied the mechanisms of action of monoamine
oxidase (MAO) inhibitors, such as deprenyl, in D. magna, addressing its effects on the target
MAO enzyme activity, neurotransmitter levels and behavioural responses. Our hypothesis
is that deprenyl should increase serotonin and probably also dopamine levels in D. magna
and have behavioural responses different from those of the drugs that depress serotonin
levels, such as PCPA.

2. Materials and Methods
2.1. Experimental Animals

Five-day old juveniles from a single clone of D. magna (clone F) were used for exposure,
behavioural and biochemical determinations assays. Further details of culture conditions
are provided in the Supplementary Materials, Section S1.1.

2.2. Experimental Procedures

Deprenyl (CAS:14611-52-0) and chloro-DL-phenylalanine (PCPA; CAS: 7424-00-2)
were of high-quality grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).
Stock solutions were prepared in the Milli-Q water and then diluted in ASTM hard water.
D. magna juveniles (5-days-old) were pre-exposed to the selected compounds in ASTM
hard water without food for 24 h. The selected chemicals concentrations were far below
those having detrimental effects on survival or swimming (>20 mg/L; [2]). The compounds
were initially screened for light stimuli motile responses using a broad concentration range
ranking from 0.1 to 1000 ug/L for deprenyl and from 0.1 to 10,000 pg/L for PCPA [2].
The concentrations having the greatest effect (1 and 10 mg/L for deprenyl and PCPA,
respectively) were used in the subsequent light stimuli motile response assays. For the
behavioural assessment, exposures were conducted in groups of 12 individuals in 300 mL
of the test medium in 500 mL glass vessels. Following 24 h of exposure, 12 animals were
distributed randomly to 24-well plates (two treatments per plate). From 12 to 24 individual
replicates were performed for each tested chemical. For the MAO activity and neurotrans-
mitters assessment, exposures were carried out in groups of 20 or 5 individuals in 500 mL or
100 mL of the medium, respectively. The treatments were replicated five times. Following
exposure, the individuals from each replicate (20 or 5) were pooled in an Eppendorf, the
water was removed and the rest was deep-frozen in liquid N;. The samples were stored at

68



Toxics 2021, 9, 187

—80 °C until analysis. For each behavioural assay and MAO determination, juveniles were
collected from 24 trials of the same experimental setup conducted on different days and
with different batches of animals.

2.3. Behavioural Analysis

The Daphnia photomotor response assay (DPRA) was performed as described in [2].
Details of the assay are provided in the Supplementary Materials, Methods, Section 51.2.
The assay measured the distance moved after a sudden increase in light intensity across
30 repetitive light stimuli of 1 s followed by 4 s of darkness. Following a previous study,
“enhanced photomotor response” (EPR) is defined as the area under the curve (AUCgpRr)
for the first 10 stimuli where the response to light increases. Conversely, “habituation or
non-associative learning” is defined as the area under the curve (AUCh) for the decreasing
responses to stimuli [2].

To better characterize the swimming activity under darkness and upon continuous
light, basal locomotor activity (BLM) and visual motor response (VMR) analyses of 5-days-
old D. magna juveniles were also assessed using the same DanioVision system device as
described below. Before the video recording, the juveniles were first acclimated for 10 min
under dark conditions. Video tracking trials consisted of a 10 min cycle with a 5 min dark
period followed by a 5 min light period (290 lux). The basal locomotor activity (BLM) was
defined as the total distance (mm) travelled by the juveniles during the last minute of the
first dark cycle. The visual motor response (VMR) was based in the hyperactivity period
induced by light, which in D. magna increased during the first minutes and decreased
afterwards.

2.4. Daphnia Monoamine Oxidase (MAQO) Activity

D. magna juveniles were collected in pools of 20 individuals and homogenized in
ice-cold 10 mM phosphate buffer (pH 7.6) supplemented with 1 mM EDTA using a
TissueLyser® (Qiagen, Germantown, MA, USA). The volume of the buffer was adjusted
to 100 juveniles/mL. Following centrifugation at 2500x g, 4 °C for 5 min, MAO activity
was determined in the supernatant according to Faria et al. [14]. Further information is
provided in the Supplementary Materials, Section 51.3.

2.5. Extraction and Analysis of Neurotransmitters

Monoaminergic neurotransmitters were extracted from pools of five juveniles accord-
ing to the procedure adapted from the article by Fuertes et al. [13]. Additional details
on the extraction and analysis of neurotransmitters are provided in the Supplementary
Materials, Section S1.4.

2.6. Statistical Analysis

The experimental design for behavioural assay responses of controls were compared
to those of treatments using either the Student’s t-test when only controls and deprenyl
treatments were used or one-way ANOVA followed by Dunnett’s post-hoc test when PCPA
was also considered. MAO activities and concentration of metabolites of the unexposed
juveniles and the deprenyl-treated ones were compared using the Student’s f-test. For
the Daphnia photomotor responses, the area under the curve AUCgpr and AUC, values
obtained for the individual juveniles across the repetitive light stimuli were used for
statistical comparisons. The basal and visual locomotor activities of the D. magna juveniles
monitored during 5 min of dark and 5 min of light were analysed simultaneously using
repeated measures ANOVA considering the total distance moved in the last minute of
darkness and in each of the five minutes of the light period as the repeated measures
(hereafter referred to as the “time”). Prior to the analyses, ANOVA assumptions of data
normality and variance homoscedasticity were tested. Analysis of the data was performed
with IBM SPSS v25 (Statistical Package 2010, Chicago, IL, USA). Significance was set at
p <0.05.
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3. Results
3.1. Behaviour

For the Daphnia photomotor response assay (DPRA) to repetitive light stimuli, absolute
and proportional distances moved across the tested compounds are reported in Figure 1
and the statistics are referred to the AUC values reported in the graph inlet. The statistics
are depicted in Table 1. Deprenyl increased habituation significantly (p < 0.05) in three out
of the four experiments (Figure 1A,B,D) and enhanced photomotor responses in only one of
them (Figure 1D). PCPA reduced habituation in the two experiments that were performed
and did not enhance photomotor responses (Figure 1C,D).
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Figure 1. Daphnia photomotor responses to repetitive light stimuli following 24 h exposures to 1 and 10 mg/L of deprenyl
and PCPA, respectively. Plots of the average distance moved + SE (n = 12-24) against 30 tapping stimuli at 5 s ISI and
corresponding bar charts (graph inlet) of the calculated area under the curve (mean =+ SE) for EPR (AUCgpr) and habituation
AUCh phases. Within each of the four graphs, the left plots represent the full motile responses whereas the right ones show
habituation responses measuring the decrease in the distance moved (proportions) relative to the maximum response to the
light stimulus delivered (set to 1). Graphs (A,B) depict the data obtained across two independent experiments for deprenyl
exposures, (C,D)—for deprenyl and PCPA exposures. Within the AUC bar graphs, * means significant (p < 0.05) treatment
differeces relative to the controls following the Student’s t-test or ANOVA and Dunnett’s test. Axis scales for the AUC
(graph inlet) are depicted in graph (A).
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Table 1. Student’s t-test or one-way ANOVA results testing the effects of deprenyl and PCPA on the
area under the curve (AUC) values obtained from Daphnia photomotor responses to repetitive light
stimuli. AUCEPR and AUCh are, respectively, the areas of enhanced photomotor responses during
the first 10 light stimuli and during habituation afterwards. Results for the four identical experiments
are reported.

df t,F P
Experiment 1 AUCh 31 21 0.047
AUCEPR 31 0.4 0.657
Experiment 2 AUCh 31 3.3 0.003
AUCEPR 31 0.7 0.493
Experiment 3 AUCh 2,45 10.2 <0.001
AUCEPR 2,45 0.8 0.459
Experiment 4 AUCh 2,56 10.0 <0.001
AUCEPR 2,56 39 0.026

Basal locomotor activity (BLM) and visual motor response (VMR) analyses of 5-day-
old D. magna juveniles are depicted in Figure 2. Repeated measures ANOVA denoted
significant (p < 0.05) effects of treatment or of its interaction with time (Table 2). In all the
experiments, deprenyl decreased the basal locomotor activity and in only half of them
(Figure 2A,C) increased the response to light. PCPA decreased the response to light in the
two experiments performed (Figure 2C,D) and increased the basal locomotor activity in
one of them (Figure 2C).
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Figure 2. Daphnia basal locomotor activity (BLM) and visual motor responses (VMR) across 5 min in darkness and 5 min

with light following 24 h exposures to 1 and 10 mg/L of deprenyl and PCPA, respectively. Plots of the average distance

moved =+ SE (n = 12-24) per minute across the 10 min of the monitored period are shown. Graphs (A,B) depict the data

obtained across two independent experiments for deprenyl exposures and (C,D) for deprenyl and PCPA ones. Note: * during

the minutes 5-10, mean significant (p < 0.05) treatment differences relative to the controls following the Student’s ¢-test or
ANOVA and Dunnett’s test.
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Table 2. Results of repeated measures one-way ANOVA testing for the effects of treatment, moni-
toring time and its interaction (Time * Treatment) on the D. magna visual responses across the last
minute of darkness and the 5 min of light. Results for four identical experiments are reported.

df F P

Experiment 1 Time 1,22 16.6 0.001
Treatment 1,22 4.4 0.048

Time * Treatment 1,22 0.0 0.923

Experiment 2 Time 1,46 12.6 0.001
Treatment 1,46 0.2 0.688

Time * Treatment 1,46 4.2 0.047

Experiment 3 Time 1,69 10.9 0.002
Treatment 2,69 8.7 <0.001

Time * Treatment 2,69 5.7 0.005
Experiment 4 Time 1,68 17.9 <0.001
Treatment 2,68 3.9 0.026

Time * Treatment 2,68 4.3 0.017

3.2. Biochemical and Neurotransmitter Analysis

MAO activity was significantly (p < 0.05) inhibited by deprenyl in the three experi-
ments performed (Figure 3A), and deprenyl significantly (p < 0.05) increased serotonin
(5-HT), dopamine (DA) and 3-methoxytyramine (3-MT) (Figure 3B-D). Details of the statis-
tics and of nonsignificant metabolite values are provided in Tables S3 and 5S4, respectively,
Supplementary Materials.

0.7 q
A

0.6 4
>
S
£
£ - C
g I Depreny!
=
z
=
©
©
e}
<
=

Experiments
B c D
2500 . 1000 1~ * 8000

2000 A 800

3 5 ~
2 _ S 6000
o)) ° o
£ 1500 - £ 600 g}
2 2 \g 4000 1
= 1000 q D 400 =
T [o% =
b e =

500 - 3 204 2000 4

0 - 0 - 0 -

Figure 3. Effects over enzyme activity (A) and monoaminergic neurotransmitter levels (B-D)
(means =+ SE, n = 5-10) in the whole body of the D. magna juveniles following 24 exposures to
1 mg/L of deprenyl. For clarity, monoaminergic neurotransmitters that showed a significant change
across treatments are depicted. The rest of the values are provided in Table S3, Supplementary
Materials. Note: * the indicated bars mean significant (p < 0.05) treatment differences relative to the

controls following the Student’s -test.
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4. Discussion

In this study, we provided for the first time the results on the mode of action of
deprenyl in D. magna. Deprenyl at 1 mg/L inhibited about 50% of the MAO activity
and by doing so increased the concentrations of serotonin and dopamine by 2- and 2.4-
fold, respectively. There are two types of MAO inhibitors, type A and type B. Type A
inhibitors block the catabolism of noradrenaline and serotonin, and type B inhibitors
block the catabolism of dopamine. Deprenyl is a MAO type B inhibitor in mammalian
models; however, at high dosages, it inhibits both type A and type B MAO [15]. This
means that deprenyl, apparently, has a similar mechanism of action as in vertebrates
(i.e., mammals and fish) inhibiting MAO type B but also A activity and thus preventing
the metabolism of serotonin and dopamine [14,16]. There is controversy on the role, if
any, of the MAO types on the metabolism of monoamines in arthropods [17]. According
to the previous review, alternative metabolic routes such as N-acetylation, y-glutamyl
conjugation, sugar conjugation, sulfation, $-alanyl conjugation are predominantly used
by insects and crustaceans to metabolize monoamines. The reported evidence, however,
indicates that ticks and mites have a unique MAO sensitive to deprenyl that catabolizes
serotonin and dopamine [18,19]. Furthermore, in the hepatopancreas of the crab Paralithodes
camtschaticus, there is also only one type of MAO that shows great inhibition specificity
for deprenyl [20]. The D. magna genome contains a unique flavin-containing monoamine
oxidase A gene/protein (ACC XP_032781527.1) that has 54% homology with a putative
MAOQ protein of the shrimp Penaeus vannamei (XP_027230105.1), 33%—with human MAOs.
These homologies seem moderate but note that the zebrafish MAO gene/protein has only
69% homology with those of humans. Thus, the results obtained in this study are in line
with the previously reported studies on ticks, mites and crabs and provide evidence for
the presence of a MAO-like activity in D. magna that is able to metabolize serotonin and
dopamine.

Using similar concentrations of deprenyl (5 uM =2 0.94 mg/L), Faria et al. [14] reported
similar background activities of MAQO in zebrafish larvae, but an almost complete inhibi-
tion of MAO activity and a greater increase of serotonin than of dopamine. Phylogenetic
differences between D. magna, fish and mammals are likely to account for the observed
deprenyl specificity effect on the MAO activity and of the latter enzyme for catabolising
serotonin and dopamine [21]. Deprenyl, despite decreasing the MAO activity and enhanc-
ing serotonin, did not decrease the serotonin degradation metabolite 5-hydroxyindoleacetic
acid (5-HIAA). There are, however, reported discrepancies on the consequences of the
MAO type A,B inhibition on serotonin degradation metabolites. The reported studies on
the zebrafish exposed to deprenyl found enhanced or unchanged levels of 5-HIAA [14,22].
In rodents, MAO type A inhibition that lead to enhanced levels of serotonin did not
necessarily affect its metabolite 5-HIAA [23].

Deprenyl increased, however, the concentration of the dopamine metabolite 3-
methoxytyramine (3-MT) in D. magna, an effect previously reported for mice treated
with the MAO type A inhibitor clorgyline [24].

In a previous study we found that neuroactive drugs do not always show the same
target specificity in D. magna as in mammals [13]. In relation to this, we analysed up to
16 metabolites belonging to four neurological metabolic pathways (i.e., serotonin, cate-
cholamine, cholinergic and GABAergic). The results obtained for deprenyl showed high
specificity for its putative serotonergic and dopaminergic targets.

The study of behavioural responses indicates contrasting effects of deprenyl against
compounds that are known that decrease serotonin in Daphnia such as PCPA [13]. Deprenyl
increased habituation to repetitive light stimuli, which is a primary form of non-associative
learning [25], and enhanced responses to light in 50% of the experiments performed (1 out
of 4 in Figure 1; 3 out of 4 in Figure 2). Conversely, PCPA-treated organisms took longer
to habituate to the repetitive light stimuli and responded to a lower extent to visual light
stimuli. Interestingly, D. magna individuals exposed to deprenyl also had a lower basal
activity, which was monitored under darkness. The behavioural features of PCPA are
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consistent with the reported higher basal activity and reduced habituation of CRISPR-
mediated TPH-mutated D. magna juveniles that lack serotonin [11]. In zebrafish larvae
exposed to deprenyl, Faria et al. [14] also reported a lower basal activity, a reduced response
to light or tactile stimuli and increased habituation. In fish and also in mammals, increased
serotonin levels have sedative-like anxiolytic effects [14,26], whereas in D. magna, it is
unclear. The results obtained here in D. magna for deprenyl apparently agree with those of
zebrafish [14] since in both species it decreases the basal locomotor activity and increases
habituation. However, in fish, deprenyl also decreased the response to stimuli [14], which
agrees with the reported decreased anxiety-like responses in rodents [26]. In D. magna,
deprenyl either did not affect or enhanced the response to stimuli. In relation to this, it
is important to remark that, unlike in zebrafish, deprenyl increased the dopamine level
to the same extent as that of serotonin. Increased dopamine levels have been associated
with a hyperresponsive behaviour to mechanical stimuli in Drosophila melanogaster and
Caenorhabditis elegans [27]. Of course, dopamine does not act alone in regulating behavioural
responsiveness to stimuli; there are counteracting neuronal systems, such as serotonin and
other monoamines [27,28]. Therefore, the observed behavioural defects in the D. magna
exposed to deprenyl are likely to be related to the observed enhanced levels of dopamine
and serotonin.

In fish and also in mammals, decreasing serotonin levels induced by PCPA cause
anxiety-like behaviour such as hyperlocomotion activity and enhanced responses to stim-
uli [14,29]. PCPA is also known to impair learning [30]. The D. magna exposed to PCPA
showed basal hyperactivity only in one out of the two experiments, increased the response
to light in some of the trials performed, but impaired learning in all the trials (decreased
habituation). This means that the D. magna responses to PCPA can be related to anxiogenic
behaviour only in part. Nevertheless, the previous results obtained with knockout D. magna
lacking serotonin did show higher hyperactivity, enhanced responses to light stimuli and
also impaired habituation [2,11], a phenotype compatible with anxiety-like behaviour and
learning impairment in rodents [30,31]. The apparently closer phenotype of genetically
modified D. magna individuals lacking serotonin than of those enzymatically impaired
by PCPA can be related to the unspecific action of the latter compound. PCPA not only
reduced serotonin in D. magna but also decreased the levels of norepinephrine [13], which
is known to modulate arousal and other types of cognitive behaviour [32].

5. Conclusions

The results reported here show that D. magna juveniles are sensitive to MAO inhibitors
that change serotonin signalling. In addition, molecular targets of MAO modulators such as
effects on the enzymatic activity and on the concentration of serotonergic and dopaminergic
metabolites was also observed. The model serotonin modulator deprenyl inhibited the
MAO activity and increased the serotonin, dopamine and dopamine metabolite 3-MT levels.
The deprenyl-treated individuals showed consistently shorter habituation to repetitive light
stimuli and reduced basal locomotor activity. Deprenyl behavioural outcomes opposed
those of the PCPA drug or genetically modified individuals having reduced serotonin
levels. The findings presented in this study reinforce the use of this nonvertebrate model
to address behavioural and physiological roles of serotonin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxics9080187/s1, Supplementary Methods and Supplementary Results—Tables. Table S1: List
the metabolites analysed, Table S2. Quality parameters of monoamine neurotransmitters and the
related metabolites, Table S3: Student’s t-test results for MAO and monoaminergic neurotransmitter
levels, Table S4: List of values for the nonsignificant metabolites.
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Abstract: This study examines the effects of acute pharmacological modulation of the serotonergic
system over zebrafish larvae’s cognitive, basic, and defense locomotor behaviors, using a medium
to high throughput screening assay. Furthermore, the relationship between behavior, enzyme
activity related to neurotransmitter metabolism, neurotransmitter levels, and gene expression was
also determined. Modulation of larvae serotonergic system was accomplished by 24 h exposure
to single and opposite pharmacodynamics co-exposure to three model psychopharmaceuticals
with antagonistic and agonistic serotonin signaling properties: 2.5 mM 4-Chloro-DL-phenylalanine
(PCPA) and 5 uM deprenyl and 0.5 pM fluoxetine, respectively. Similar behavioral outcome was
observed for deprenyl and fluoxetine, which was reflected as hypolocomotion, decrease in larvae
defensive responses, and cognitive impairment. Contrarily, PCPA induced hyperlocomotion and
increase in larvae escape response. Deprenyl exposure effects were more pronounced at a lower
level of organization than fluoxetine, with complete inhibition of monoamine oxidase (MAO) activity,
dramatic increase of 5-HT and dopamine (DA) levels, and downregulation of serotonin synthesis and
transporter genes. PCPA showed mainly effects over serotonin and dopamine’s main degradation
metabolites. Finally, co-exposure between agonistic and antagonist serotonin signaling drugs reviled
full recovery of zebrafish impaired locomotor and defense responses, 5-HT synthesis gene expression,
and partial recovery of 5-HT levels. The findings of this study suggest that zebrafish larvae can be
highly sensitive and a useful vertebrate model for short-term exposure to serotonin signaling changes.

Keywords: zebrafish larvae; behavior; serotonin; neurotransmitters; modulation

1. Introduction

Animals are able to respond to changing environmental stimuli, such as food avail-
ability or predation, through different forms of behavioral plasticity, including arousal
and associative and non-associative learning [1]. Any changes in normal behavioral con-
duct could have dramatic consequences from individual survival to ecological disaster.
Behavioral plasticity is driven at the molecular level by the action of modulatory neuro-
transmitters [1,2]. Serotonin (5-hydroxytryptamine) is one of the major neurotransmitters in
the central nervous system (CNS), modulating behaviors like mood, sleep, aggressiveness,
fear, and appetite [3]. Correlation between abnormalities in the serotonergic system and
several pathologies, including affective disorders, schizophrenia, and anxiety, has been
demonstrated [3].

The rate-limiting step in the synthesis of serotonin is the conversion of tryptophan
to 5-hydroxytryptophan (5-HTP) by the tryptophan hydroxylase (TPH). Serotonin is then

77



Toxics 2021, 9, 118

synthesized from 5-HTP by the aromatic amino acid decarboxylase (AAAD), and is quickly
transported from the cytoplasm to synaptic vesicles by the vesicular transporter SLC18A2
(VMAT2). When serotonin is released to the synaptic cleft via exocytosis, the serotonin
transporter SLC6A4 (also known as SERT) is responsible for its uptake/reuptake to the
serotonergic neurons. Serotonin is metabolized by MAO to 5-hydroxy-indolecetaldehyde
which is quickly metabolized by an aldehyde dehydrogenase to form 5-hydroxyindoleacetic
acid (5-HIAA), the major metabolite of serotonin [4].

Neuroactive chemicals, including both emerging and legacy pollutants, are the largest
group of micropollutants present in European rivers [5]. The specific neurotoxic effect of
environmental concentrations of some of these pollutants on different nontarget species,
including fish, has been reported [6-8]. Considering the essential role played by serotonin
in both neurotransmission and neuromodulation, neuroactive chemicals targeting sero-
tonergic system of are of particular concern. Despite the fact that the effects of selective
serotonin re-uptake inhibitors (SSRIs) in fish species have been extensively studied [9-12],
information regarding other potential modes of actions, like TPH or monoamine oxidase
(MAO) inhibition, is still scarce.

In this manuscript we have analyzed the basal locomotor activity, visual-motor re-
sponse, and the vibrational startle response in 8 days post-fertilization (dpf) zebrafish
larvae exposed during 24 h to neuroactive drugs specifically designed to increase (SERT
inhibitor: fluoxetine; MAO inhibitor: deprenyl) or decrease (TPH inhibitor: chloro-DL-
phenylalanine (PCPA)) serotonin levels. Moreover, changes in the profile of serotonergic
and dopaminergic neurotransmitters in the heads of the exposed larvae, as well as changes
in the expression of monoaminergic-related genes, have been assessed.

2. Material and Methods
2.1. Fish Husbandry and Larvae Production

All procedures regarding fish housing, larvae production, and experiments were
approved by the CID-CSIC’s Institutional Animal Care and Use Committees and carried
out according to the institutional guidelines under a license from the local government
(agreement n° 9027). For more detail please refer to Section S1.1. Fish Husbandry and
Larvae Production, of the Supplementary Material.

2.2. Experimental Protocol

All chemicals used were of certified laboratory high-quality grade purchased from
Sigma-Aldrich (St. Louis, MO, USA): fluoxetine (CAS:56296-78-7); chloro-DL-phenylalanine
(PCPA; CAS: 7424-00-2) and deprenyl (CAS:14611-52-0). Whereas stock solutions of de-
prenyl and fluoxetine were prepared in DMSO and then diluted 1072 in fish water for
exposure solutions, chloro-DL-phenylalanine (PCPA) exposure solution was prepared
directly in fish water. Previous to the experiment, the selected compounds were evaluated
for toxicity, which was established either by death, gross morphology and/or swimming
impairment, or clear decrease in the escape response evoked by the tapping on the plate.
The highest concentration, which did not induce any of the above-mentioned criteria, was
selected for this study. DMSO was added to all exposure conditions to a final concentration
of 0.1%. The use of 0.1% DMSO in vehicle controls has been reported to be safe and
is commonly used in the screening of zebrafish libraries of small chemicals [13,14]. For
behavior assessment, exposures were conducted in 48-well microplates containing 1 mL
of exposure solution and 1 larva per well. Behavior trials were directly tested without
further manipulation, following 24 h of exposure (larvae from 7 to 8 dpf) (Figure 1). For
MAQO activity and neurotransmitters assessment, exposures were carried out in 6-well
plates, where each well contained 5 larvae and 5 mL of exposure medium, and treat-
ments placed randomly across plates. This exposure window was chosen because by
7 dpf most of the central nervous system is quite well developed and the observed effects
will be mainly related with neurotoxicity instead of developmental neurotoxicity. More-
over, by using this window, any major developmental effects of the selected chemicals is
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avoided, since larvae at this stage have already undergone most of their organogenesis
(https:/ /zfin.org/zf_info/zfbook/stages/, accessed on 7 May 2021), and a longer exposure
was discharged to avoid having to feed larvae and therefore insert a new variable in the
experiment. Exposures were performed at 28.5 °C (POL-EKO APARATURA Climatic cham-
ber KK350, Poland) with 12L:12D photoperiod. Before sampling, larvae were euthanized
by rapid chilling, transferring the larvae to ice-chilled water (2-4 °C), which is a method of
euthanasia in accordance with the AVMA Guidelines on Euthanasia (https://www.avma.
org/resources-tools/avma-policies/avma-guidelines-euthanasia-animals, accessed on 13
May 2021). Samples were transferred into an Eppendorf Tube and all medium water was
removed. They were then immediately frozen with dry ice and then stored at —80 °C until
further analysis. Larvae used for behavioral trials were then sampled for qRT-PCR analysis
(n = 4/pool) while due to the large number of larvae required for neurotransmitters and
MAO activity (n = 20/pool) assessment experiments were conducted separately (Figure 1).
For each variable investigated, larvae were collected from 2-3 trials of the same experiment
setup conducted in different days and with different batches of animals (Figure 1).

- / \ ( Neurotransmitters \
Behavior n=- 48/experimental gmup MAO activity
ﬁ 3 independent experiments

Workstation

Ormoo® >

Videotracking
software

n= 6 (pools of 20 larvae)
2 independent experiments

BM
VMR B ‘ MS/MS
 Habituation

2 independent experiments

\ / \ n= 5-6 (pools of 20 larvae heads) /

Gene expression n= 8 (pools of 4 larvae)
2 independent experiments

Figure 1. Diagram of the conducted study, indicating the exposure period (from 7 to 8 dpf) and the addressed variables
(behavior, gene expression, MAO activity, and neurotransmitters), divided into their corresponding dataset (red, green, and
blue squares). Indicated are also the number of larvae and independent experiments used for each variable.

2.3. Behavioral Analysis

Vibrational startle response assay was performed as described in [8]. The basis of this
test is the escape response evoked in zebrafish larvae by a tapping stimulus. Video tracking
was acquired, and EthoVision XT 9 software (Noldus, Wageningen, The Netherlands) was
used to analyze the escape response. Trials were performed at 28 °C with near-infrared
light. The highest intensity (intensity level: 8) was selected for the tapping stimulus and,
after a 15 min acclimation period to the chamber, 50 stimulus were delivered, one every
second. Videos were recorded at 30 frames per second and the vibrational startle response
(VSR) for each individual larva was analyzed by measuring the distance traveled (cm) over
the 1 s period following each stimulus. “Startle Response or Startle” is defined as the total
distance moved (cm) in response to the first stimulus and “Habituation or non-associative
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learning” as the area under the curve (AUC) of plots of distance moved relative to the
response to the first stimulus [8].

Basal locomotor activity (BLM) and visual-motor response (VMR) analyses of 8 dpf ze-
brafish larvae were conducted with the DanioVision system associated with the Ethovision
XT 11 software (Noldus, Wageningen, the Netherlands), as described by [15]. Before video
recording, larvae were first acclimated for 20 min under dark conditions. Video tracking
trials consisted of a 40 min cycle with a 15 min dark period followed by a 10 min light
period followed by a 15 min of darkness. The BLM activity is classified as the total distance
(cm) traveled by larvae during the last 10 min of the first dark cycle. The VMR is based
in the hyperactivity period induced by a sudden absence of light [16], represented as the
difference between total distance (cm) traveled for two minutes after and before to the
beginning of the light cycle.

2.4. RNA Preparation and qRT-PCR Analysis

Analysis of larvae gene expression was conducted as previously described by Prats et al.,
2017. Total RNA was extracted from 68 pools of 4 larvae (8 dpf), collected from two
independent experiments, using the Trizol Reagent (Invitrogen Life Technologies, Carlsbad,
CA). Concentration of RNA was measured in a NanoDrop™ ND-8000 spectrophotometer
(260 nm) (Fisher Scientific) and its quality was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Values of RNA Integrity Number (RIN)
ranged between 9 and 10. Following DNasel treatment (Ambion, Austin, TX, USA), 1 ug
of RNA was employed to synthesize the first strand of complementary (cDNA) using the
First Strand cDNA synthesis Kit (Roche Diagnostics, Germany) and oligo(dT), according to
the instructions provided by the manufacturer.

Real Time PCR was performed in a LightCycler® 480 Real-Time PCR System with
SYBR Green PCR Master Mix (Roche Diagnostics, Mannheim, Germany). Cycling parame-
ters were 15 min at 95 °C followed by 45 cycles of 10 s at 95 °C and 30 s at 60 °C. For each
experimental condition, gPCR analyses were performed with three technical replicates for
each sample. Primer sequences (Sigma-Aldrich, Steinheim, Germany) of the four selected
genes (tphla, mao, sert, and vmat2) are reported in Supplementary Table S1. Previous to
any analysis, all primers were checked for their efficiency and specificity. Results were
normalized using the housekeeping ppia2 as reference gene [17] and the relative abun-
dance of mRNA was calculated following the AACt method [18] deriving fold-change
ratios from these values. The housekeeping gene remained stable across all treatments
(Supplementary Table 54).

2.5. Zebrafish Monoamine-Oxidase (MAQO) Activity

8 dpf zebrafish larvae were collected in pools of 20 individuals and homogenized
in ice-cold 10 mM Phosphate Buffer pH 7.6 with 1 mM EDTA, to a final tissue volume
concentration of 100 larvae/mL of buffer using a TissueLyser® (Qiagen, Germantown, MA,
USA). After centrifuging homogenates at 2500 x g for 5 min at 4 °C, MAO activity was
immediately determined in the supernatant using the peroxidase-linked spectrophoto-
metric assay described by Holt et al. [19] and adapted to zebrafish tissue by [20], based
on the determination of the amount of HyO, released during the oxidation of amines.
For further information please refer to Supplementary Material Section S1.2. Zebrafish
monoamine-oxidase (MAO) activity.

2.6. Extraction and Analysis of Neurotransmitters

Monoaminergic neurotransmitters were extracted from 8 pools of 20 larvae heads
according to the procedure adapted from Mayol-Cabré et al. [21] based on the use of a
solvent of similar polarity to that of the neurotransmitters in order to be extracted from the
sample. Ultra-high-performance liquid chromatography (Acquity UPLCH-Class Waters,
Milford, MA, USA) coupled to a triple quadrupole mass spectrometer equipped with an
electrospray (ESI) source (Xevo, TQS micro, Waters, Milford, MA, USA) was used to per-
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form the analysis. Additional details on the extraction and analysis of neurotransmitters are
provided in the Supplementary Material, Section 51.3. Monoaminergic neurotransmitters
extraction and analysis.

2.7. Statistical Analysis

Analysis of data was performed with IBM SPSS v25 (Statistical Package 2010, Chicago,
IL, USA) and plotted with GraphPad Prism 8.31 for Windows (GraphPad software Inc, La
Jolla, CA, USA). Data normality was assessed using Kolmogorov—Smirnov and Shapiro—
Wilk tests. Multiple comparison tests were used to determine differences between normally
distributed groups, while the Kruskal-Wallis test followed by Dunn’s multiple comparison
test against the control value was applied to test for differences between groups that did
not meet parametric assumptions. One-way ANOVA followed by either Dunnett’s or
Tukey’s test was used to compare results with those of the control group, or to determine
homogenous subset groups, respectively. Scattered plots of data are presented in figures,
with the median depicted as a red line. Significance was set at p < 0.05.

3. Results
3.1. Serotonergic Modulation—Response at the Organismal Level

A battery of behavioral tests including basal locomotor (BLM) activity, visual motor
response (VMR), the acoustic/vibrational escape response (also referred as startle response)
and the habituation of the startle response were used to assess the behavioral profile
in zebrafish larvae exposed to prototypic compounds inhibiting MAO (deprenyl), SERT
(fluoxetine), and TPH (PCPA) activities. The selected concentrations were the same as
those used in a previous study [22], and similar to the latter study, no system toxicity or
morphological effects were observed in larvae following exposure. A significant effect in
larvae BLM was found in those exposed to deprenyl, fluoxetine, and PCPA (Figure 2A)
(H(5) = 37.310, p = 0.000). Whereas, deprenyl and fluoxetine significantly decreased larvae
BLM (respectively, p = 0.000 and p = 0.003), the opposite was observed for PCPA (p = 0.027).
Furthermore, the two serotonin level enhancer drugs showed a more prominent effect
than its counter drug. Curiously, complete recovery of this behavior was observed in
both combined exposure conditions (Figure 2A). The same behavior was observed for
the startle response of zebrafish larvae (H(5) = 42.889, p = 0.000) (Figure 2B), however,
the effects in this behavior where slightly milder compared to the BLM. Full recovery
of the impaired escape response was also observed when combining PCPA with either
deprenyl or fluoxetine (Figure 2B). The VMR was only impaired by deprenyl and fluoxetine
(H(5) =53.180, p = 0.000), with deprenyl presenting a stronger effect over this response
(Figure 2C). In spite of this, similar to the previous two behavioral responses, a full recovery
was observed when in combination with PCPA. Habituation of the escape response was the
only behavioral response with a more distinct outcome (Figure 2D). The non-associative
learning profile was impaired by deprenyl and fluoxetine alone and in combination with
PCPA (H(5) = 37.316, p = 0.000), with deprenyl, the MAO activity inhibitor, once more,
presenting stronger effects than the SSRI, fluoxetine.

3.2. Serotonergic Modulation—Response at the Molecular Level

In order to better understand the changes observed in larvae behavioral outcome,
following 24 h exposure to known drugs that increment and decrease serotonin levels
and their combination, the neurotransmitter, biochemical and gene expression profiles
were addressed.
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Figure 2. Behavioral changes on zebrafish 8 dpf old larvae, following 24 h waterborne exposure to 5 pM Deprenyl,
0.5 uM Fluoxetine, 2.5 mM PCPA, and the combination of 2.5 mM PCPA with either Deprenyl 5 uM or Fluoxetine
0.5 uM. (A) Basal locomotor (BLM) activity, represented as the total distance (cm) travelled during 10 min (n = 126-132);
(B) acoustic/vibrational escape response (startle), represented as the total distance (cm) travelled following the delivery of a
tapping stimulus (n = 127-133); (C) visual-motor response (VMR), representing the response of larvae due to transition
of light to dark, represented as the difference of the total distance (cm) travelled by larvae during two minutes after and
before the transition of light to dark (n = 121-126); (D) habituation of the acoustic/vibrational escape response evoked
by a series of 50 tapping stimulus delivered every second represented as area under the curve (AUC) of larvae responses
(n =124-132). Data are from 3 independent experiments and are reported as scatter plots with the median (red line).
Significance was set to p < 0.05 and can be represented as * when p < 0.05; ** when p < 0.01 and *** when p < 0.001,
Kruskal-Wallis non-parametric test.

3.2.1. Neurotransmitter Profile

The profile of the monoaminergic neurotransmitters serotonin (5-HT) and dopamine
(DA), as well as their products, norepinephrine (NE), 5-hydroxyindoleacetic acid (5-HIAA),
3,4-dihydroxyphenylacetic acid (DOPAC), and 3-methoxytyramine (3-MT) were deter-
mined in the heads of control and exposed larvae (Figure 3). Levels of all neurochemi-
cals with the exception of 3-MT were significantly affected by the treatments (p < 0.05,
Supplementary Table 52—One-way ANOVA results of monoaminergic neurotransmitter
levels). In a single exposure scenario of the selected drugs, deprenyl triggered a strong
increase of serotonin levels (p < 0.000, Dunnett’s test). The remaining drugs did not affect
levels of this neurotransmitter. On the other hand, an important recovery of serotonin levels
could be observed when deprenyl was combined with PCPA (Supplementary Table S3),
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however, the observed recovery was not able to reach similar levels to those of unexposed
larvae (p = 0.007, Dunnett’s test) (Figure 3). Levels of the degradation product of sero-
tonin, 5-HIAA was significantly deterred by fluoxetine (p = 0.034, Dunnett’s test) and
PCPA (p = 0.010, Dunnett’s test), with the latter having a stronger effect over 5-HIAA
levels (Figure 3, Supplementary Table S3). In addition, this same trend could be observed
in larvae exposed to the combination of fluoxetine + PCPA (p = 0.022, Dunnett’s test),
however PCPA’s strong effect seemed to have been slightly attenuated by the presence
of fluoxetine (Figure 3, Supplementary Table S3). Similar to serotonin, dopamine levels
were also significantly increased by deprenyl (p = 0.002, Dunnett’s test), which were then
fully recovered when combined with PCPA (Figure 3, Supplementary Table S3). Further-
more, levels of the MAO-mediated degradation product of dopamine, DOPAC, were found
significantly higher than those of control following exposure to deprenyl and curiously
also fluoxetine and PCPA (p = 0.001, p = 0.03, and p = 0.002, Dunnett’s test, respectively).
Furthermore, in combined exposure setups, that of deprenyl + PCPA was unable to recover
DOPAC levels while full recovery could be observed for fluoxetine + PCPA (Figure 3,
Supplementary Table S3). Finally, levels of norepinephrine, a neurotransmitter synthesized
from dopamine through dopamine (3-monooxygenase activity, was significantly decreased
by PCPA (p = 0.010, Dunnett’s test) (Figure 3), which then recovered when PCPA was
combined with either deprenyl or fluoxetine (Supplementary Table S3).

3.2.2. Gene Expression and MAO Activity

The expression of genes involved in the 5-HT synthesis (tphla), transport (sert and
vmat2), and degradation (mao) as well as the functional activity of MAO was determined
in the whole body of control and exposed larvae (Figure 4). Analysis of variance between
groups for tphla expression, gene encoding the rate limiting enzyme for serotonin synthesis,
showed significant differences (F5 4 = 5.458, p = 0.001), which were mainly observed due to
the strong downregulation of its expression in zebrafish larvae following 24 h of exposure to
5 uM of deprenyl (p = 0.004, Dunnett’s test) (Figure 4A). The remaining treatments of single
exposures showed mild effects over tphla expression but none were significantly different
from control. On the other hand, the effect induced by deprenyl exposure was mostly
recovered by combination exposure with PCPA (Figure 4A, Supplementary Table S4). The
expression of the mao gene was significantly downregulated by most of the treatments
(F5,40 = 3.934, p = 0.005) (Figure 4B). In single exposures, the strongest effect was observed
for PCPA (p = 0.001, Dunnett’s test) followed by fluoxetine and deprenyl (p = 0.009 and
0.034, Dunnett’s test, respectively). In combination exposures, whereas deprenyl + PCPA
failed to recover expression levels (p = 0.009, Dunnett’s test), fluoxetine + PCPA was able to
rescue mao gene expression to similar levels as those expressed in control larvae. Next, to
better understand MAQ'’s potential role in the observed changes, zebrafish MAO activity
was determined. Despite the observed mild effects in mao expression in the presence of
deprenyl, MAO activity was completely abolished by deprenyl (p < 0.001, Dunnett’s test)
(Figure 4C, Supplementary Table S4). Furthermore, the presence of PCPA was unable to
shift deprenyl’s dramatic effect over MAO'’s activity. Curiously, the combined exposure
of fluoxetine with PCPA significantly incremented the activity of this enzyme (Figure 4C,
Supplementary Table S4). Finally, of the two investigated serotonin transporter genes, only
vmat2 expression was affected by the treatments (Fs 4o = 3.581, p = 0.009). Both deprenyl
and PCPA significantly downregulated the expression of this gene (p = 0.026 and 0.007,
Dunnett’s test, respectively). Downregulated vmat2 expression levels by PCPA were then
recovered when co-exposed with fluoxetine (p > 0.05) (Figure 4D, Supplementary Table 54),
while deprenyl only offered a slender recovery which was not enough to reach similar
expression levels as those found in control larvae (p = 0.043) (Figure 4D).
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Figure 3. Monoaminergic neurotransmitter profiles of heads of zebrafish exposed to 5 uM Deprenyl, 0.5 uM Fluoxetine,
2.5 mM PCPA, and the combination of 2.5 mM PCPA with either Deprenyl 5 uM or Fluoxetine 0.5 pM. Data are reported
as scatter plots with the median (red line) and n = 5-6 for all treatment groups. Significance was set to p < 0.05 and can
be represented as * when p < 0.05; ** when p < 0.01 and ** when p < 0.001, one-way ANOVA with Dunnett’s multiple
comparison test.
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Figure 4. Effects over gene and enzyme activity levels in whole body of 8 dpf old zebrafish larvae following pharmacological

modulation of the serotonergic system. (A) Expression of tphla involved in serotonin synthesis process; (B,C) Expression

of mao and MAO activity, respectively, involved in the degradation of serotonin; (D) Expression of sert and vmat2 genes

that respectively regulate serotonin transport from the synaptic cleft back to the presynaptic neuron and the transport of

serotonin form the cell cortisol into synaptic vesicles. Data are from 2 independent experiments and are reported as scatter

plots with the median (red line) and n = 6-8 for all treatment groups. Significance was set to p < 0.05 and can be represented
as * when p < 0.05; ** when p < 0.01 and *** when p < 0.001, one-way ANOVA with Dunnett’s multiple comparison test.

A review of the main results can be found in Supplementary Table S5.

4. Discussion

There is an increased concern for the presence of neuroactive compounds targeting the
serotonergic system in many aquatic ecosystems, as changes in serotonin levels may impair
many behaviors essential for population survival. The mode of action of these compounds,
including both legacy and emerging pollutants, includes inhibition of serotonin synthesis,
re-uptake, and degradation [23-26].

Considering that zebrafish is one of the animal models more widely used in eco-
toxicology, in this study we have characterized the behavioral effect in larvae of this
species of three prototypic modulators of this neurotransmitter system: deprenyl (MAOB
inhibitor), fluoxetine (selective serotonin re-uptake inhibitor, SSRI), and PCPA (tryptophan
hydroxylase inhibitor).

4.1. Increase of Serotonin Signaling

Serotonin plays a fundamental role in modulating multiple brain functions and motor
pathways in vertebrates. The zebrafish’s serotonergic system shares similarities with the
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respective mammalian systems, which makes this species a feasible model for evaluating
its general properties. Here, behavioral modulatory effects of deprenyl and fluoxetine were
evaluated at genetic, protein, and neurochemical levels. The overall results showed that
24 h exposure to 5 pM deprenyl had a potent effect over larvae serotonergic pathways.

A total inhibition of zebrafish MAO activity has been found in larvae exposed to 5 uM
deprenyl for only 24 h. As expected, fluoxetine, a chemical targeting SERT activity, did not
affect the activity of this enzyme. A similar inhibition of MAO activity by deprenyl was
recently reported in zebrafish larvae [27]. Furthermore, Sallinen at al. (2009) also found
that exposure to deprenyl strongly decreased zebrafish MAO activity in 7 dpf larvae [26].
However, in spite of using higher deprenyl concentrations (100 pM vs. 5 uM) and longer
exposure times (7 days vs. 1 day), the final effect of deprenyl MAO activity of the larvae
was stronger in the present study (100% vs. 74%). The observed discrepancies may most
likely be due to differences in the exposure conditions (developmental exposure vs. short
term larval exposure) or in the strain of zebrafish used. Curiously, at the gene expression
level, downregulation of the mao gene was observed for both deprenyl and fluoxetine. In
contrast, no effect over zebrafish mao expression was detected following 79 h exposure to
0.5 uM fluoxetine [28]. However, it is worth mentioning that the exposure period in this
study was between 1 to 80 h post fertilization (hpf).

The inhibition of MAO activity by deprenyl led to a significant increase in the serotonin
(about 300% of the control values) and dopamine (about 150% of the control values) levels
in the head of the treated larvae, as well as the downregulation of expression levels of
tphla and vmat2 genes, which encode for tryptophan 5-monooxygenase the rate-limiting
enzyme for serotonin synthesis and for the vesicular monoamine membrane transporter,
responsible for serotonin transport from the cellular cytosol into the synaptic vesicles.
These results are consistent with the fact that zebrafish MAO displays a stronger affinity for
serotonin than for dopamine [20]. Furthermore, they are also within the same line as those
reported by Sallinen et al. (2009), in which MAO inhibitory activity by deprenyl exposure
was accompanied by a high increase in serotonin levels (up to 169% of control values after
0-5 dpf treatment with 100 uM, and up to 977% of control values after 0-7 dpf treatment
with 100 uM) [26]. Interestingly, although abolition of MAO activity strongly increased
serotonin, 5-HIAA levels remained unchanged in the head of deprenyl- treated larvae. This
result contrasts with the dramatic decrease in the 5-HIAA levels reported in larvae treated
with 100 uM deprenyl from 0-5 dpf [26]. However, different studies on the effect of MAO
inhibitors performed on rodents also show increased serotonin without changes in 5-HIAA
levels [29,30]. In contrast to deprenyl, fluoxetine did not affect total serotonin levels in
the heads of zebrafish larvae. Acutely, SSRIs, such as fluoxetine, are designed to increase
synaptic availability of serotonin by blocking the pre-synaptic serotonin transporter (SERT)
and preventing its re-uptake into the pre-synaptic terminals, which does not necessarily
reflect changes of total central serotonin levels [31]. However, no effect over zebrafish sert
transcript was detected following 24 h exposure to 0.5 uM fluoxetine. Other studies, such
as Airhart et al. (2007) and Cunha et al. (2018) have indeed reported a downregulating
effect of fluoxetine over zebrafish sert transcript levels following acute exposure to 4.6 uM
from 4-5 dpf or exposure to 0.5 uM from 1-80 hpf, respectively. Then again, discrepancies
in exposure conditions complicate result correlations [28,32].

One of the first observations on the role of the serotonergic system in mammalian
behavior concerns arousal, which usually manifests as locomotion impairment. In this
study, we first studied the effect of deprenyl and fluoxetine over the motor function
of the larvae, where a significant decrease in the basal locomotor activity was found, a
result consistent with the decreased locomotor activity reported in larvae exposed for
2 h to 100 uM deprenyl at 7 dpf [26] and 24 h to 4.6 uM fluoxetine (4-5 dpf) [32]. The
same response pattern was observed when the arousal state of larvae was addressed by
triggering sensory responses following visual and vibrational stimuli. Both compounds
exhibited a significant decrease in the magnitude of the escape response evoked by either
stimulus. Whereas the effect on the vibrational startle was consistent with that reported in
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a previous study [8], this is the first evidence using the visual-motor response paradigm.
As MAOB loss of function may lead to decreased anxiety-like responses in rodents [33], the
reduced response to aversive stimuli found in deprenyl-treated larvae may be considered
as an anxiolytic-like effect of the hyperserotonergic phenotype. In a similar way, the
prototypic SERT inhibitor fluoxetine also decreased 7 dpf zebrafish larvae escape response
in the bouncing ball assay following acute exposure [34]. Non-associative learning has
been studied in zebrafish larvae by monitoring the reduction in a startle response to a
series of acoustic or vibrational stimuli [22,35]. Similar to this study and under the same
exposure conditions, in a previous study, both compounds impaired zebrafish larvae by
rapid decrease of larvae movement following consecutive tapping stimuli [22]. It has been
reported that serotonergic neurons in addition to the Mauthner cells play an important
role in the regulation of this form of learning in zebrafish; for example, Pantoja et al. (2016)
reported decrease of total distance moved by larvae under habituation conditions following
the treatment with quipazine, a serotonin receptor agonist [36].

4.2. Decrease of Serotonin Signaling

Exposure to the tryptophan hydroxylase inhibitor PCPA to reduce serotonin synthesis
was used to investigate the impact of serotonin depletion in zebrafish larval locomotor
behavior, escape responses, and learning. We examined the effects of serotonin reduction
on the expression of mRNA transcripts, levels of neurochemicals, and enzyme activity
associated with serotonin action.

As expected, PCPA did not affect zebrafish MAO activity following 24 h exposures to
2.5 mM. However, at the transcript level, mao expression was downregulated in exposed
larvae. A possible explanation could be that underlying homeostatic mechanisms can be
activated in response to changes in serotonergic signaling, such as decrease in serotonin
stores. In this study, larvae exposed to 2.5 mM PCPA presented the lowest level of 5-HT
across all studied compounds, with a decrease of 29% relative to control. Despite this, it
was not found significantly different from larvae control levels; however, it could have been
sufficient to activate adaptive mechanisms. This can be also observed in the downregulation
of vmat2 expression. The vesicular monoamine transporter type 2 (VMAT?2) has an essential
role in the storage and synaptic release of all monoamines, including serotonin. A two-
way regulation mechanism between the activity of this monoamine transporter and levels
of monoamines has already been reported [37,38]. Whereas the observed decrease of
5-HT levels was not significant from control, low levels of 5-HIAA suggests a decrease in
serotonin synthesis.

Behavioral evaluation of PCPA-exposed larvae induced opposite effects of those ob-
served for deprenyl and fluoxetine. Larvae exhibited hyperlocomotion (increased BLM),
which is consistent with anxiety-like behaviors [39] and an increase in the escape behavior
following a vibrational stimulus. Data about the behavioral effect of PCPA in zebrafish
are scarce, and those found are mainly focused on developmental approaches, with con-
troversial results [26,40]. On the other hand, PCPA increased rat behavioral response
to turning off the electrical stimulation of the dorsal periaqueductal gray or to acoustic
stimulus [41,42]. Analogous to this study, other studies have demonstrated that depleted
levels of serotonin in mice have been associated to increased performance of escape-like
behaviors [38,43].

4.3. Modulation of Serotoning Signaling

In order to determine if there was a direct relationship between serotonin and the
behavioral effects induced by deprenyl and fluoxetine, co-exposure experiments of these
chemicals with PCPA were conducted. We observed a partial but significant recovery of
the normal serotonin levels in deprenyl + PCPA exposure along with full recovery of tphla
expression. Furthermore, total recovery of the BLM activity and VMR and vibrational
startle response for all combined exposures was found, suggesting that serotonin may be a
key modulator of these behaviors in zebrafish larvae. Re-establishment of the serotonin
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levels and partial improvement in the locomotor activity has been previously reported
in larvae co-treated with 100 uM deprenyl and 1.5 mM PCPA [26]. These results strongly
suggest that serotonin is directly involved in the observed effects of deprenyl and fluoxetine
on larvae behaviors. Interestingly, treatment with PCPA resulted also in a full recovery
of the dopamine levels, a result consistent with the reported lack of selectivity for TPH
over tyrosine hydroxylase (TH), exhibited by PCPA when this chemical is used at high
concentrations [44]. Therefore, it is not possible to discard a contribution of dopamine in
the observed behavioral effects.

5. Conclusions

As a final remark, our results show that zebrafish larvae can be highly sensitive
to prompt serotonin signaling changes, which further reinforces the use of this model
vertebrate addressing behavioral and physiological roles of serotonin. Prototypic sero-
tonin modulator chemicals able to decline or enhance serotonin signaling lead to opposite
behavioral outcomes in zebrafish larvae following 24 h of exposure. Furthermore, be-
haviors were then recovered in combined exposure of chemicals with opposed modes of
action. In addition, modulation of the larvae serotonergic pathway was also observed at
lower levels of biological origination. A review of the obtained results is available in the
Supplementary Material Table S5.

The findings presented in this study can provide a useful lesson for quickly identifying
the presence of serotonin modulators in the environment: (1) an environmental sample
presenting decrease in all four of the studied behaviors (the observed effect will be consis-
tent with a serotonergic-like phenotype (MAO inhibition or SSRI)); (2) analysis of levels of
monoaminergic neurochemicals, especially serotonin, in larvae heads; (3) measurements of
MAQ activity to confirm or discharge if the chemicals” mode of action is through inhibition
of serotonin metabolization or reuptake.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxics9060118 /51, Supplementary Methods and Supplementary Results—Tables and the
Animal Research: Reporting of Experiments (ARRIVE) guidelines checklist declaration. Table S1: List
of primers used for the gPCR. Table S2: One-way ANOVA results of monoaminergic neurotransmitter
levels. Table S3: Homogeneous Subsets for neurotransmitter levels following Tukey (HDS) post hoc
analysis. Table S4: Homogeneous Subsets for gene expression results following Tukey (HDS) post
hoc analysis. For ppia2 CP (crossing point) values were used and AACT values were used for the
remaining genes. Table S5: Review of main observed results of this study. Arrows pointing up or
down indicate significant increase or decrease of responses, respectively. Absence of responses are
indicated by a hyphen. Table S6: Animal Research: Reporting of Experiments (ARRIVE) guidelines
checklist (d0i:10.1371/journal. pbio.3000411).
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Abstract: The improper use of synthetic fungicides has raised public concerns related to environmen-
tal pollution and animal health. Over the years, plant-derived antifungals have been investigated
as safer alternatives, although little scientific evidence of its neurodevelopmental effects exist. The
main objective of this study was to explore the effects of three alternative natural extracts (Equisetum
arvense, Mimosa tenuiflora, Thymol) with antifungal properties during the early development of
zebrafish by evaluating different teratogenic, oxidative stress and behavioural outcomes. Following
the determination of the 96 h-LCs, exposure to sublethal concentrations showed the safety profile of
both E. arvense and M. tenuiflora. However, following 96-h exposure to Thymol, increased lethality,
pericardial oedema, yolk and eye deformations, and decreased body length were observed. The
reduced and oxidized glutathione (GSH:GSSG) ratio was increased, and the glutathione-s-transferase
activity in the group exposed to the highest Thymol concentration. Overall, these results support
a more reducing environment associated with possible effects at the cellular proliferation level. In
addition, the disruption of behavioural states (fear- and anxiety-like disorders) were noted, pointing
to alterations in the c-Jun N-terminal kinase developmental signalling pathway, although further
studies are required to explore this rationale. Notwithstanding, the results provide direct evidence of
the teratogenic effects of Thymol, which might have consequences for non-target species.

Keywords: natural products; fungicides; early development; teratogenicity; zebrafish; behaviour;
oxidative stress

1. Introduction

The use of agrochemicals to control plant diseases has become crucial in modern agri-
cultural procedures, with a diverse range of commercial products being released over the
last years [1]. The improper application and extensive use of these compounds have raised
public concerns related to environmental pollution and animal health [2]. In fact, agrochem-
ical residues spread in aquatic systems [2,3], compromising not only aquatic food resources
but also fisheries and aquaculture. However, the effects of fungicides in non-target species
have received less attention when compared to herbicides and insecticides [4]. In this
context, although acceptable regulatory concentrations have been established for pesticide
residues [5], local and regional studies have documented the worldwide occurrence of
synthetic fungicides in surface waters in concentrations up to around 80 pg L~!, which
are generally higher than those observed for herbicides and insecticides (reviewed by [4]).
Furthermore, these concentrations are superior to the acceptable regulatory concentrations
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and above the average lowest effective concentrations in different non-target aquatic biota
(reviewed by [4]).

Over the past years, phyto-fungicides (plant-based extracts or compounds) have been
investigated as an alternative to synthetic fungicides and commercialised for the manage-
ment of a wide range of fungal diseases in plants [6-8], and they are generally accepted as
safe, easily biodegradable, environmentally friendly and with low toxicity [9,10]. However,
their use is often limited due to their instability and rapid degradation, requiring higher ap-
plication rates and application frequency [11]. In addition, adverse or toxic side effects for
non-target species are usually reported on labels or material safety data sheets, but there is
a paucity of scientific and ecotoxicological information, in particular, during neurodevelop-
mental periods, which are known to be critical for the population dynamics and ecosystem
functioning [12]. For instance, horsetail (Equisetum arvense) was the first approved basic
substance according to the European Regulation (EC) 1107/2009 [13], but, although not
considered as a substance of concern, it has been associated with potential neurodevel-
opmental toxicity [14]. Likewise, “jurema preta” (Mimosa tenuiflora) has been described
as teratogenic to higher vertebrates [15,16], and Thymol, the main monoterpene phenol
isolated from plants from the Lamiaceae family such as Thymus vulgaris L. [17], has been
shown to cause developmental abnormalities in chicken and zebrafish embryos [18-20] and
to regulate cholinergic and antioxidant systems in cognitive dysfunctional zebrafish [21].
However, although current research shows its antifungal properties [17,22,23] and some
commercial pesticide products based on natural compounds are available on the mar-
ket, there is a lack of sufficient neurodevelopmental information, and further studies are
needed to clarify their environmental risk to non-target organisms to define efficient and
appropriate use patterns.

Among aquatic organisms, fish have been considered useful biological indicators for
ecotoxicological studies [24], with the powerful and versatile teleost vertebrate zebrafish
(Danio rerio) model being increasingly used [25,26]. In fact, its low husbandry costs, repro-
duction potential and embryonic external fertilization method, rapid development and
transparency as well as the low ethical constrains associated with considering its embryonic
stages facilitate high-throughput screenings [27,28]. Furthermore, the literature supports
zebrafish embryos as more responsive to test compounds in comparison to adult fish [29,30],
and they are a conservative indication of later biological changes [31]. Therefore, consid-
ering these characteristics, the present study was focused on the toxicological effects of
commercially available herbal products containing Equisetum arvense, Mimosa tenuiflora and
Thymol on the zebrafish embryo. In particular, the aims of this study were to evaluate
the (1) morphological and physiological changes, (2) oxidative status alterations and (3)
behavioural impacts induced by the test formulations during early zebrafish development.

2. Materials and Methods
2.1. Chemicals and Reagents

The commercial formulation of horsetail extract (Equisetum arvense) decoction (95.2%
decoction of horsetail (E. arvense 7%), tansy herbs (Tanaceti Hb. conc. 2.5%), wormwood
(Artemisia absinthium 1%) and 4.8% humus extract (15% wine marc extract)) was acquired
from Aries Umweltprodukte (Horstedt, Germany). The ethanolic extract of Mimosa tenui-
flora (Matry, 80% M. tenuiflora extract containing 1% zinc and 1% manganese) was pur-
chased from Biagro (Valencia, Spain) and Thymol (extra pure, CAS 89-83-8) was acquired
from EMD Millipore (Oeiras, Portugal). Based on the percentage of the principal compo-
nent (E. arvense, M. tenuiflora, and Thymol) stock solutions of 6250, 80,000, and 500 mg Lt
were prepared for the E. arvense, M. tenuiflora and Thymol, respectively, and stored at 4 °C.
Exposure solutions were freshly prepared in embryo water (28.0 + 0.5 °C, 200 mg L~!
Instant Ocean Salt and 100 mg L~! sodium bicarbonate; UV sterilized) prepared from
City of Vila Real filtered tap water. Except when specified, all other chemicals were of the
highest grade commercially available and obtained from standard commercial suppliers.
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2.2. Animals

Adult wild-type AB strain zebrafish (Danio rerio) were maintained at the University
of Tras-os-Montes and Alto Douro (Vila Real, Portugal). Fish were maintained under
standard conditions at 28.0 & 0.5 °C with a 14 h light/10 h dark photoperiod in an open
water system with continuous supply of aerated, dechlorinated, charcoal-filtered and
UV-sterilized City of Vila Real tap water (pH 7.3-7.5). Fish were fed with a commercial
diet (Sera, Heinsberg, Germany) supplemented with Artemia sp. nauplii twice a day.
Embryos were collected by the natural spawning method by maintaining a 2:1 male to
female ratio in cages overnight. Embryos were collected within 1 h after the onset of
the light cycle (at 8.00 a.m.), rinsed, and bleached with a diluted Chloramine-T solution
(0.5% w/v), washed twice with embryo water and transferred into a petri dish for egg
selection. Embryonic stages were denoted as hours post-fertilization (hpf) under a SMZ
445 stereomicroscope (Nikon, Japan) and 2 hpf normal fertilized embryos were used for
the subsequent experiments. All animal procedures were performed in accordance with
the ethical principles and other requirements on the use of laboratory animals of the EU
directive (2010/63/EU) and national legislation for animal experimentation and welfare
(Decreto-Lei 113/2013). In addition, two authors have a level B FELASA certification
(Federation of European Laboratory Animal Science Associations) while another author
has a FELASA C certification.

2.3. Concentration Determination

The OECD testing guideline 236 was applied to determine the lethal concentration
that causes 50% mortality (LCsp) with modifications. Embryos at 2 hpf were randomly
distributed in 6-well culture plates (5 mL solution and 20 embryos per well) for triplicate
exposure to seven test solutions (10-fold dilution from the stock solutions) for 96 h under
the controlled conditions reported before. Embryo water was used as blank control and
to prepare all test solutions. The exposure solutions were renewed every 24 h to keep
the appropriate concentrations and water quality. The embryonic mortality was recorded
daily and following correction for the percentage of mortality in the control group using
Abbott’s formula, and the 96 h-LCs values were determined using the probit analysis.
The 96 h-LCsg and the 95% confidence limits were calculated as 1.98 mg L~1(0.50-4.13),
1.55 mg L1 (0.39-3.44), and 2.35 mg L~! (0.78-5.55) (Figure S1), respectively, for E. arvense,
M. tenuiflora, and Thymol. Based on the calculated LCs, three sub-lethal concentrations
were selected for the subsequent experiments.

2.4. Embryo Toxicity

Based on the LCs calculation, 0.00625—E1, 0.0625—E2 and 0.625 mg L~ !—E3 (about
1/300,1/30 and 1/3 of the LCyy) were chosen for the E. arvense based formulation. For the
M. tenuiflora, the selected concentrations were 0.008—M1, 0.08—M2 and 0.8 mg L~!—M3
(around 1/200, 1/20 and 1/2 of the LCsy) while for Thymol the concentrations for testing
were 0.01—T1,0.1—T2 and 1 mg L~!—T3 (approximately 1,/200, 1/20 and 1/2 of the LCs).
Normally developed 3 h post fertilization (hpf) fertilized eggs were randomly placed
in 6-well culture plates (50 embryos in 5 mL solution/well) and exposed to the above
solutions. A blank control group (embryo water only) was also prepared and included in
each plate. The plates were maintained in a constant temperature-light cycle (28 °C and
14:10 h light-dark cycle) for a period of 96 h, after which eleutheroembryo were washed
twice and allowed to develop until 120 hpf (Figure 1). During the experimental period, the
exposure solutions were replaced daily to maintain the appropriate concentration of the
test compounds. The experiments were repeated independently five times. The zebrafish
development (10 random animals removed from each group) was accompanied under a
SMZ800 stereomicroscope with the cumulative mortality being assessed at 8, 24, 48, 72
and 98 hpf according to the standard guidelines [32], with dead embryos removed from
the plates. Lethal parameters such as failure of somites, eye and otolith development,
missing heartbeat, and nondetached tail and head, were recorded at 24, 48, 72, and 98 hpf
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according to previous studies [33,34]. The spontaneous movements at 24 hpf, pigmentation
formation and heart rate at 48 hpf and hatching rate at 72 hpf were evaluated as sublethal
endpoints. Morphological abnormalities (body length, area of egg yolk, area of heart and
eye, and head to body angle) were screened at 98 hpf in 10 randomly 3% methylcellulose-
immobilized eleutheroembryo. Images of morphological defects were photographed using
an inverted microscope (IX 51, Olympus, Antwerp, Belgium) and combined, merged, and
processed with Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA). Measurements
were taken using the Digimizer software (version 4.1.1.0, MedCalc Software, Mariakerke,
Belgium). Eleutheroembryo were further collected for subsequent biochemical analysis
or washed three times with embryo medium and allowed to develop until 120 hpf for
behavioural analysis. In total, five independent replicates from independent spawns were
used to maximize the genetic variability of the individuals.

E. arvense M. tenuiflora T.vulgaris
exctract extract ¥
* Thymol
06066 <«
(slelarsTaTa)
embryos (~2 hpf)
8 hpf
£
2 24 hpf Developmental
e toxicity
)
383 (lethal and
S8 f:_‘: 48 hpf sublethal
o) ﬂng = parameters)
£
S 72 hpf
N
98 hpf P Biochemical
screening
120 hpf p Behavioural

assays

Figure 1. Schematic diagram of the zebrafish exposure to the plant-based fungicides. Collected
embryos at around 2 h post-fertilization (hpf) were exposed to different concentrations of Equisetum
arvense and Mimosa tenuiflora extracts and to Thymol for a period of 96 h. The selected concentrations
varied from 1/300-1/200 to 1/3-1/2 of the determined LCsp. During the exposure period, daily lethal
and sublethal parameters were assessed. After 96 h exposure, eleutheroembryo were collected for
biochemical screening of different biomarkers associated with oxidative stress, energetic metabolism,
and neurotransmission. At 120 hpf, the locomotor activity of the eleutheroembryo was assessed
using different behavioural paradigms.

2.5. Biochemical Analysis

After exposure to the test compounds for 96 h, biochemical analysis was conducted
as detailed before [35]. Around 30 randomly selected eleutheroembryo from each group
were homogenized in 400 pL cold buffer (0.32 mM of sucrose, 20 mM of HEPES, 1 mM of
MgCl,, and 0.5 mM of phenylmethyl sulfonylfluoride (PMSF), pH 7.4) in a Tissuelyser II
(30 Hz for 30 s, Qiagen, Hilden, Germany). Following a centrifugation at 12,000 g for
10 min at 4 °C in a refrigerated centrifuge (Sigma 3K30, Osterode, Germany), supernatant
protein concentration was determined using the Bradford method at 595 nm with bovine
serum albumin (BSA) as a standard. The overall reactive oxygen species (ROS) generation
was measured using 2’,7’-dichlorofluorescein diacetate (DCFH-DA) at 485 nm (excitation)
and 530 nm (emission). Changes in oxidative stress indicators, such as the activity of
superoxide dismutase (Cu/Zn-SOD) and catalase (CAT), were evaluated at 560 nm and
at 240 nm, respectively. The activity of glutathione peroxidase (GPx) and glutathione-s-
transferase (GST) were measured at 340 nm. The reduced (GSH) and oxidized glutathione
(GSSG) were derivatized with ortho-phthalaldehyde (OPA) and measured at 320 nm
and 420 nm for excitation and emission wavelengths, respectively. The ratio between
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glutathione (GSH:GSSG) was used to describe the redox ratio (oxidative stress index,
OSI). The content of malondialdehyde (MDA) was estimated by the quantification of the
MDA-TBA adducts at 530 nm with a correction for non-specific adducts at 600 nm. The
lactate dehydrogenase (LDH) was assayed at 340 nm and the acetylcholinesterase (AChE)
activity at 405 nm. All samples (10 puL) were tested in duplicate and measured against a
reagent blank at 30 °C using a PowerWave X52 microplate scanning spectrophotometer
(Bio-Tek Instruments, Winooski, VI, USA) or a Varian Cary Eclipse (Varian, Australia)
spectrofluorometer, equipped with a microplate reader. To integrate all the biomarker
responses into a general “stress index”, the integrated biomarker response index version 2
(IBRv2) was calculated according to a previous method [36] representing the stress level
at each tested concentration, based on the principle of reference deviation. Overall, data
were normalized to control values and log-transformed (Yi) to diminish variability, and the
overall mean (i) and standard deviation (s) calculated. Data were further standardized
as Zi = (Yi — n)/s. The difference between Zi and Z0 (control) was then calculated to
determine A values and the IBRv2 was calculated by summing the absolute values of A.

2.6. Locomotor Behaviour Analysis

The zebrafish eleutheroembryo locomotor behaviour (exploratory open field test), the
patterns of avoidance (in response to a bouncing ball stimulus) and anxiety-like behaviours
(in the visual motor response test) were analysed 24 h after the end of the exposure,
at 120 hpf, in a climatized dark room as previously described [34,35,37]. Briefly, 6-well
agarose-coated plates containing 1 randomly picked eleutheroembryo per well (5 per group)
were placed above a 15.6” laptop LCD screen (1366 x 768 pixels resolution) showing a
white Microsoft PowerPoint (Microsoft Corp., Washington, DC, USA) presentation. A
14.2 megapixels Sony Nex-5 digital camera was used to record the exploratory behaviour
(mean speed, total distance moved, percentage of time spent in each zone, mean distance
to centre zone (5 mm radius circle) of the well, mean absolute turn angle, and percentage
of time active) of the eleutheroembryo during 10 min after a period of acclimation (5 min).
After the analysis of exploratory behaviour, the avoidance response was measured by the
eleutheroembryo’s ability to respond to a visual stimulus (a red bouncing ball present at
the upper half of the well and moving from left to right) provided by the presentation in the
Microsoft PowerPoint (Microsoft Corp., Redmond, WA, USA) during alternating periods
(10 min). In addition, the anxiety-like behaviour of eleutheroembryo was monitored in
duplicate conditions of continuous visible light (10 min) and dark (10 min) using an infrared-
capable camera (GENIUSPY, G5-NQ140CML) with a 3.6 mm lenses using the same plate
configuration. The TheRealFishTracker software was used to video-track individuals and
eleutheroembryo exhibiting obvious malformations in the exposure, and control groups
were excluded to avoid the interference of morphological effects.

2.7. Statistical Analysis

The statistical analyses were performed on the averaged values from each independent
exposure using the GraphPad Prism software (Prism 8). The LCsj values were calculated us-
ing a variable slope model. The normality of data was controlled using Shapiro Wilk’s test,
and the homoscedasticity was checked with Brown-Forsythe’s test. When data followed
the normal distribution, differences among groups were assessed by one-way analysis of
variance (ANOVA) followed by the Tukey multiple comparison test and data expressed as
mean =+ standard deviation (SD). When data followed a non-normal distribution, the data
treatment was performed using the non-parametric Kruskal-Wallis analysis of variance
followed by Dunn’s test with a Bonferroni correction for multiple comparisons and data
expressed as medians and interquartile range (25th; 75th percentiles). The student’s ¢ test
was used to evaluate differences for the aversive behavioural responses. A p < 0.05 was
considered to be a statistically significant difference.
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3. Results
3.1. Teratogenic Effects of Phyto-Fungicide Formulations

The effects on the embryo development were evaluated from ~2 hpf and for a period
of 96 h with different parameters being evaluated at specific time-points (Table 1). At 24 hpf,
no significant changes were observed in the development of the tail, head and somites
following exposure to any of the phyto-fungicides (Supplementary Table S1). Similarly,
the spontaneous movements were not affected by E. arvense (X%(3) = 7.859, p = 0.050) or M.
tenuiflora (X*(3) = 1.037, p = 0.792), nor by Thymol (X?(3) = 4.907, p = 0.179) (Table 1). At
48 hpf, the eyes, otoliths, pigmentation, and blood circulation were visible in all treated
embryos (Table S1), and no changes were depicted in the heart rate of the individuals for
E. arvense (F(3,16) = 3.065, p = 0.058) or M. tenuiflora (F(3,16) = 0.649, p = 0.595), nor by
Thymol (F(3,16) = 2.357, p = 0.110) (Table 1). At 72 hpf, and despite slight variations in the
Thymol-exposed individuals (X?(3) = 2.159, p = 0.540, Table S1), no significant changes were
apparent for the oedema presence. At this time-point, as shown in Table 1, the hatching
rate did not differ among E. arvense (X3(3) =2.201, p = 0.532), M. tenuiflora (F(3,15) = 1.039,
p = 0.404) or Thymol (F(3,16) = 0.145, p = 0.931) treated embryos.

At 98 hpf, embryo development in the control groups was as expected with around
80% of the animals showing a normal development with mortalities of about 10%, and
6 to 10% malformed individuals (Figure 2A) without significant changes after 96 h expo-
sure to E. arvense or to M. tenuiflora (p > 0.05). However, after 96 h exposure to Thymol
(X?(3) = 12.46, p = 0.006), the cumulative mortality increased significantly after exposure to
T3 (p = 0.004) in relation to the control group, while no significant differences were verified
between the other groups. Similarly, at this time point, malformed eleutheroembryos
(X?(3) = 9.827, p = 0.020) were noticed in T3 group (p = 0.029), showing a higher percentage
in relation to the control group (Figure 2A,B). The quantitative analysis (Table S1) showed
that the most evident malformations were related to the yolk (X?(3) = 11.81, p = 0.008),
pericardial (F(3,15) = 3.516, p = 0.041), and eye (X?(3) = 9.377, p = 0.025) areas and to the
overall body length of the eleutheroembryo (F(3,15) = 6.231, p = 0.006). In this regard,
exposure for 96 h to Thymol caused a decreased yolk (p = 0.034 between T3 and the control
group and p = 0.017 between T3 and T1), an increased pericardial (p = 0.042 between T3
and the control group), and a decreased eye (p = 0.039 between T3 and the control group).
In addition, exposure to T2 and T3 caused a significant reduction on the body length of 98 h
eleutheroembryos in relation to the control group (p = 0.026 and p = 0.018, respectively).
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Figure 2. (A) Percentages of normal, malformed and dead eleutheroembryo at the end of the exposure period (at 98 hpf).
Values are presented as mean + SD of five replicates per treatment (1 = 10 random embryos per replicate). Different
lowercase letters represent statistical differences among treatment groups (one-way ANOVA, p < 0.05). (B) Representative
views of the malformations observed in eleutheroembryo exposed to Thymol. Malformations were observed after exposure
to the highest concentration of Thymol (T3) namely as abnormal eye (e), yolk (y), and pericardiac oedema (o) and by the
decreased body length (bl). The scale bar represents 500 pum.
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3.2. Biochemical Markers Affected by the Phyto-Fungicide Exposure

The biochemical changes induced by the exposure to these phyto-fungicides were eval-
uated at the end of the exposure by some ROS-mediated and related parameters, which were
normalised to control values and are summarized in Figure 3 (original data is shown in Sup-
plementary Tables S2-54). After exposure to E1, an elevated AChE activity (F(3,16) = 3.526,
p = 0.039) was detected in relation to the control group (p = 0.041). No other difference
was noted after exposure to E. arvense. Similarly, no biochemical changes were observed
in zebrafish following exposure to M. tenuiflora. However, when embryos were exposed to
Thymol, an increase in the GSH:GSSG ratio (F(3,16) = 11.21, p < 0.001) was observed for T1
(p <0.001), T2 (p < 0.001) and T3 (p = 0.025) in relation to the control group. Exposure to T3
also resulted in an increased activity of GST activity (X2(3) = 12.60, p = 0.006) in relation to
the control group (p = 0.003). No other change was perceived. The star plot representations
for each compound (Figure 3B) shows how each individual biomarker contributed to the
IBRv2 index obtained for each compound. Overall, a negative relationship between the
IBRv2 values for E. arvense and M. tenuiflora was obtained with the lowest concentrations
showing higher values in relation to the lowest concentrations which may be associated to
the individual changes observed. On the other hand, the IBRv2 index was similar in the
Thymol exposed groups although changes were observed in the individual biomarkers.
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Figure 3. (A) Heatmap of biochemical parameters measured in zebrafish eleutheroembryo at the end
of the exposure to the different phyto-fungicide. Data from at least five independent samples (1 = 100
individuals per replicate). The data used for the evaluation of the biochemical parameters were
normalised to the control group value. Parametric data is expressed as mean £ SD and statistical
analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison test. The
* indicate significant differences relative to the control group (p < 0.05). (B) Star plots of A values
obtained and IBRv2 value for biomarker responses of zebrafish embryos exposed for 96-h to the
different plant-based fungicides.

98



Toxics 2021, 9, 8

3.3. Behavioural Responses Induced by the Different Formulations

The behavioural responses evaluated at 120 hpf after the 96-h exposure to the phyto-
fungicides are shown in Figure 4. Regarding the exploratory behaviours, no significant
changes were observed following exposure (Figure 4A and Supplementary Tables S5-57).
Concerning the ability to escape the red bouncing ball (aversive stimulus, Figure 4B), the
individuals exposed to E. arvense and M. tenuiflora showed their ability to escape from the
stimulus by remaining for more time in the area without the stimulus (p < 0.05). However,
after exposure to Thymol, eleutheroembryo from the T2 and T3 group showed a reduced
ability to escape the aversive stimulus (p = 0.453 and p = 0.765, respectively), spending
the same amount of time in both halves of the well. The individuals were also tested for
anxiety-like behavioural changes using the light/dark test and the results are shown in
Figure 4C. In comparison to the control group, no significant changes were perceived after
exposure to E. arvense and M. tenuiflora regardless of the lightning conditions (for E. arvense:
10 min: F(3,16) = 3.325, p = 0.050; 20 min: F(3,16) = 8.286, p = 0.002 with significant
differences between E1 and E3 (p = 0.002) and between E2 and E3 (p = 0.014); 30 min:
F(3,15) = 1.370, p = 0.290 and 40 min: F(3,16) = 0.578, p = 0.638 and for M. tenuiflora: 10 min:
F(3,14) = 3.469, p = 0.045 with significant differences between M1 and M3 (p = 0.030); 20 min:
F(3,16) = 0.736, p = 0.546; 30 min: F(3,15) = 2.129, p = 0.155 and 40 min: F(3,16) = 0.510,
p = 0.682). Thymol exposure during initial zebrafish development induced no changes on
the first light period (F(3,16) = 0.458, p = 0.715), but exposure to T3 induced hyperactivity
in relation to the control group (p = 0.047) in the first dark period (F(3,16) = 2.919, p = 0.023).
However, these differences disappeared in the second light (F(3,14) = 1.602, p = 0.234) and
dark (F(3,16) = 3.223, p = 0.061) periods.
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Figure 4. Effects of the different concentrations of the phyto-fungicide on zebrafish eleutheroembryo motor behaviour.
(A) Representative swimming tracks of untreated and treated zebrafish eleutheroembryo at 120 hpf. No significant changes
were observed between the different treatments and the control group during the 10 min recording period. (B) Avoidance
behaviour of the zebrafish eleutheroembryo in the presence of an aversive stimulus. Data is expressed as mean 3 SD
from five independent replicates (5 eleutheroembryo assayed for each treatment). Statistical analysis was performed
using t-test: * p < 0.05, ** p < 0.01 and *** p < 0.001. (C) Distance moved during the visual motor response test. Data
represent the mean distance moved during 10 min assay and is expressed as mean + SD from five independent replicates
(5 eleutheroembryo assayed for each treatment). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s multiple-comparison test. Different lowercase letters indicate significant differences between groups (p < 0.05).
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4. Discussion

The worldwide occurrence of synthetic fungicides in aquatic environments has led
to the investigation of different plant-based extracts or compounds as safer alternatives
with low toxicity. However, adverse or toxic side effects have been reported in higher
vertebrates [14-16,18]. Furthermore, there is a lack of ecotoxicological information about
these products, which can have environmental implications. In this study, the toxicological
effects of commercially available herbal products containing E. arvense, M. tenuiflora, and
Thymol were tested using zebrafish embryos. The results showed the safety of E. arvense
and M. tenuiflora with no lethality, and only a slight increase of AChE activity was observed
following exposure to the lowest concentration of E. arvense, which may have no biological
significance as no other association with both biochemical and behavioural markers could
be made despite the IBRv2 index suggesting higher stress levels in this concentration. On
the other hand, after exposure to Thymol, mortality and malformed development were
observed. In addition, changes in the glutathione ratio and the disruption of behavioural
responses were perceived, although no changes in the IBRv2 index were depicted.

Results from the current study highlighted a higher toxicity of Thymol to zebrafish
in early life stages in comparison to the remaining test compounds. While the calculated
LCsp values are in line with those observed for both synthetic [35,38] and other natural
compounds in this species (reviewed in [39]), no studies have been found in the literature
regarding the embryo toxicological effects of E. arvense and M. tenuiflora in aquatic species,
although a previous study has shown a higher ECsy for E. arvense extract in another aquatic
model (Daphnia sp., 50-100 mg L~! [40]). Additionally, a previous study has shown
that Thymol exhibits a lower toxicity (3x higher LCsq of 42.35 uM~6.36 mg L~!) [19] in
comparison to the current study, which could be explained by different species’ sensitivities
among different laboratories. Notwithstanding, craniofacial and skeletal deformities were
similarly observed at higher concentrations (50 uM~7.5 mg L' [19] and 40 mg L~ [20]),
further supporting the teratogenic potential of Thymol to zebrafish embryos, even at
lower concentrations. During embryogenesis, cells acquire distinct functions and specific
positions, giving rise to a functional, complex, and multicellular organism through a set of
early molecular and cellular mechanisms [41]. The modulation of these signalling pathways
is required for the early patterning decisions, and previous studies have shown that changes
in these signalling pathways result in defective development [42,43]. Although information
is limited, Thymol is known to play multiple modulatory roles. For instance, it has been
shown to down-regulate PI3K/Akt and ERK pathways [44], which are the key mechanisms
involved in cell growth, proliferation, differentiation and survival [45,46]. However, the
complex interplay between these pathways, the knockdown of PI3K/ Akt signalling genes
have been associated with embryonic lethality (reviewed and summarised by [47]), which
may justify the observed effects. In addition, the negative regulation of PI3K/ Akt signalling
by the overexpression of its inhibitor (PTEN) has been shown to impair cell movements
during gastrulation, resulting in developmental defects, including heart oedema, small
or missing eyes and short tail [48], as observed after Thymol exposure. Overall, these
studies demonstrate that the PI3K/ Akt signalling pathway may play an integral role in
the teratogenicity of Thymol, although the underlying mechanism remains to be defined,
requiring further insights.

Notwithstanding, previous studies have shown that the inhibition of PI3K/ Akt sig-
nalling hinders the activation of Nrf2 [49], the master regulator of the anti-oxidative
response. Changes in the Nrf2-mediated antioxidant response have been previously de-
scribed in Thymol-induced malformations of zebrafish embryos [19]. This is a crucial
antioxidant signalling molecule for developmental processes [50], and deficiencies in
its levels have been shown to induce embryonic lethality and severe oxidative stress in
mice [51]. Collectively, data gathered from previous studies point to the Nrf2-antioxidant
signalling pathway, and its activation by oxidative stress plays a pivotal role in the terato-
genesis of Thymol. Oxidative stress results from an imbalance between the production
and accumulation of oxygen reactive species (ROS), which can impair embryonic develop-
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ment [52]. Among the different oxidative stress-related parameters, glutathione-associated
assays are often the primary choice [53], with the calculation of the redox status (GSH:GSSG
ratio) being traditionally reported as a biomarker of oxidative stress [53]. Although the
dynamics of glutathione during early development are yet to be understood, changes in its
levels are associated with developmental effects [54]. Yet, in the current study, no changes
were observed for GSH and GSSG levels following exposure to Thymol. However, a signif-
icant increase in the GSH:GSSG ratio was observed. The interplay between glutathione
expression and changes in the redox state is important for the correct development of the
organism [55]. A higher GSH:GSSG ratio has been described to occur in situations in which
the redox environment is more reducing, preventing oxidative modifications [56] and
being associated with cell proliferation [54]. The proper coordination of cell proliferation is
critical for the correct embryogenesis [57], and Nrf2 has been considered to control prolif-
eration and differentiation by maintaining the redox state [58]. In addition, although not
observed in this study, Thymol has been shown to increase GSH levels [59,60], which can
affect cell proliferation in different ways, such as the regulation of c-Jun N-terminal kinase
(JNK) and P38- mitogen-activated protein kinase (MAPK) pathways [61], modulation of
cellular redox environment [62] and/or by affecting cytokine levels [63]. However, the
relation between these effects and the modifications that may originate from the observed
zebrafish eleutheroembryo malformations is not clear, and further research on this topic
will be needed.

Nevertheless, glutathione is also involved in the cellular detoxification system, as
it is used to conjugate a wide variety of exogenous compounds. In this context, phase
II conjugation often involves glutathione-s-transferase (GST)-catalysed conjugation of
GSH [64]. In the current study, GST activity increased following exposure to the highest
concentration of Thymol. Although not described in aquatic species, Thymol has been
shown to elevate GST activity in other non-target species [65-68], associated with a response
to increased oxidative damage caused by reactive species. Yet, the increase in oxidative
damage was not observed in the current study following Thymol exposure, as seen by
the different oxidative-related parameters. Thus, other mechanisms might be involved.
In view of this, GSTs are also implicated as modulators of cell proliferation and cell
death by controlling the activity of members of the MAPK pathways, particularly by
inhibiting JNK [69]. The inhibition of JNK has been shown to cause embryonic growth
retardation, malformations and death of zebrafish [70,71], as observed in the current study.
In accordance with this, Thymol has been suggested to modulate the in vitro expression
of INK [72,73] in a concentration dependent manner. Therefore, and although no in vivo
information could be found in the literature, further studies are needed to elucidate the
molecular mechanism involved in Thymol teratogenic effects.

Thymol exposure resulted in the disruption of behavioural responses in zebrafish
eleutheroembryo, as observed by the lack of response to a threatening moving object and
the increased distance moved in the dark period, which are associated with fear- and
anxiety-like behaviours, respectively [74]. These emotional responses involve profound
changes and specified activity patterns in the zebrafish brain [75]. Although a recent study
has shown Thymol to improve the cholinergic nervous system and antioxidative stress in a
cognitive dysfunction model [21], no supporting behavioural information could be found
for zebrafish embryo. Yet, Thymol has been shown to affect the behaviour (depression-
and antidepressant-like) of mice [76,77]. The modulation of emotional states in zebrafish
are controlled by the habenula [78], an evolutionarily conserved structure of the vertebrate
brain. The disruption of this structure was found to increase fear [79] and contribute to
anxiety disorders [80], as observed following exposure to Thymol. The correct function
and development of habenular circuits in zebrafish has a strong association with the
correct embryo neurogenesis [81]. This is dependent upon complex intrinsic and extrinsic
signalling factors interactions [82], with neurogenesis impairment being associated with
various brain disorders. In accordance, altered neurogenesis has been previously described
by changes in JNK signalling [83,84], and different behavioural phenotypes have been
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described in JNK-knockdown animal models [85]. Additionally, JNK has been shown as
a dominant controller of behavioural moods [86]. Therefore, understanding the specific
function of this signalling pathways in the Thymol-induced teratogenic effects will provide
potentially important insights into the molecular mechanisms underlying the observed
teratogenic effects.

5. Conclusions

In conclusion, the present study demonstrates the safety profile of both E. arvense
and M. tenuiflora at sublethal concentrations during the early development of zebrafish.
Yet, the data obtained further support the teratogenic potential of Thymol during early
developmental stages as shown by the increased lethality and malformations. In addition,
oxidative changes were observed, suggesting a change in the oxidative environment, which
may be associated with effects at the proliferation level. While further studies are required
to validate this hypothesis, the disruption of behavioural states further suggests alterations
on the early embryonic signalling patterns. Taken together, the results obtained improve
the risk assessment of these compounds, raising questions about the potential non-safe use
of Thymol, which might have direct ecotoxicological consequences in non-target species.
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Abstract: Risk assessment of chemicals is usually conducted for individual chemicals whereas
mixtures of chemicals occur in the environment. Considering that neuroactive chemicals are a group
of contaminants that dominate the environment, it is then imperative to understand the combined
effects of mixtures. The commonly used models to predict mixture effects, namely concentration
addition (CA) and independent action (IA), are thought to be suitable for mixtures of similarly or
dissimilarly acting components, respectively. For mixture toxicity prediction, one important challenge
is to clarify whether to group neuroactive substances based on similar mechanisms of action, e.g.,
same molecular target or rather similar toxicological response, e.g., hyper- or hypoactivity (effect
direction). We addressed this by using the spontaneous tail coiling (STC) of zebrafish embryos, which
represents the earliest observable motor activity in the developing neural network, as a model to
elucidate the link between the mechanism of action and toxicological response. Our objective was
to answer the following two questions: (1) Can the mixture models CA or IA be used to predict
combined effects for neuroactive chemical mixtures when the components share a similar mode of
action (i.e., hyper- or hypoactivity) but show different mechanism of action? (2) Will a mixture of
chemicals where the components show opposing effect directions result in an antagonistic combined
effect? Results indicate that mixture toxicity of chemicals such as propafenone and abamectin as
well as chlorpyrifos and hexaconazole that are known to show different mechanisms of action but
similar effect directions were predictable using CA and IA models. This could be interpreted with
the convergence of effects on the neural level leading to either a collective activation or inhibition of
synapses. We also found antagonistic effects for mixtures containing substances with opposing effect
direction. Finally, we discuss how the STC may be used to amend risk assessment.

Keywords: mixture toxicity; neurotoxicity; antagonism; organophosphate; acetylcholinesterase
inhibitors; GABA; behavior; risk assessment; spontaneous movement activity

1. Introduction

Chemicals typically occur as mixtures in the environment and hence, organisms are
exposed to a combination of these chemicals. However, prospective risk assessment is
conducted for single chemicals and may not account for combined effects [1]. Since it is
practically impossible to test all the possible combinations of chemical exposure, modeling
of mixture toxicity allows one to at least predict an expected effect of several chemicals
from their individual effects.

Two common mixture toxicity models are concentration addition (CA) and indepen-
dent action (IA). CA is based on the notion that mixture toxicity can be predicted by the

107



Toxics 2021, 9, 104

addition of the fractions of exposure and effect concentrations for the mixture components.
In addition, the single components of the mixture should cause a similar effect or target
a similar receptor in the organism [2]. On the other hand, IA may be applied when com-
pounds are acting independently [3] which has been interpreted as acting on different
target sites in the organism [4]. Both models have been found to be reasonably predictive
in several studies exposing unicellular organisms to bioactive compounds with known
mechanisms of action [5-7]. Nevertheless, these models cannot predict the interaction of
chemicals at the physical, toxicokinetic or toxicodynamic level [8]. In this case, CA and IA
models may be used to evaluate observations as antagonistic (less effect than predicted) or
synergistic (higher effect than predicted) and to quantify such deviations.

Neuroactive chemicals are often found in insecticidal and pharmaceutical products
in which they represent active ingredients designed to interact with specific targets and
receptors of the nervous system. Busch et al. [9] found that neuroactive substances are the
largest group (13%) of chemicals detected in European surface waters. Despite neuroactive
substances being often detected in the environment, only a few studies have explored
how neuroactive substances act in mixtures to induce combined neurotoxicity (e.g., Corbel
et al. [10]; Yang et al. [11]) and how to use the mode of action knowledge to group them for
mixture effect prediction using CA and IA models.

Zebrafish embryos are considered as an alternative model to animal testing since they
are considered to feel less pain or distress [12]. Due to behavioral patterns already estab-
lished in embryonic stages, embryos are also frequently used as a model for neurotoxicity
assessment. Several behavioral test methods have been developed such as spontaneous tail
coiling (STC), photomotor response (PMR) and locomotor response (LMR) (reviewed in
Ogungbemi et al. [13]). Despite the potential of non-lethal endpoints such as behavior for
ecotoxicology research, the applicability of CA and IA models to such endpoints for mixture
effect prediction is not well studied. Hence, it is valuable to investigate the applicability of
CA and IA models for such experimental systems to predict and understand how mixtures
of neuroactive substances may act in the environment. To implement mixture models,
bioassays capable of quantitatively detecting impact on the nervous system are required.
In this study we explored the spontaneous tail coiling (STC) of zebrafish embryos, one
frequently used assay for assessing neuroactivity. STC represents the earliest motor activity
observed in developing zebrafish embryos. It is the result of the innervation of the muscles
by the primary motor neurons and can be observed beginning at 17 hours post-fertilization
(hpf) [14,15]. Measurement of the STC frequency has been proposed as an indicator of
adverse effects on the function and development of the nervous system which could lead to
population and ecosystem effects [13,16]. Consequently, the STC has been used to study the
effects of diverse neuroactive chemicals [17-20]. Until now the STC has not been used as a
test method to measure mixture neurotoxicity based on a chemical’s mode or mechanism
of action. In this study, we define the mechanism of action as the interaction of neuroactive
chemicals with specific molecular targets such as acetylcholinesterase (AChE) and gamma
aminobutyric acid (GABA) activated ion channels. On the other hand, mode of action is
defined here as the series of key events (including the mechanism of action) in the nervous
system leading to a measurable toxicological response such as hyper- or hypoactivity
behavior phenotypes (referred to as effect direction onwards). Hypoactivity refers to a
decrease in the STC frequency, while hyperactivity refers to the increase with respect to the
level in non-exposed embryos.

The STC test has been shown to discriminate movement activity changes due to
exposure to chemicals with different modes of action causing either hyper- or hypoactivity
but not those with different mechanisms of action [13,17]. Based on previous results in
Ogungbemi et al. [13,17], we postulate the STC neuroactivity hypothesis which states that
a neuroactive substance will induce increased STC (hyperactivity) in zebrafish embryos if
its mechanism of action directly or indirectly leads to activation of the neuronal synapse
and vice versa for hypoactivity. For example, different mechanisms of action such as AChE
inhibition and GABA antagonism may both enhance neuronal activation potential in the

108



Toxics 2021, 9, 104

neuromuscular synapses by inducing the inflow of sodium ions and blocking the inflow
of chloride ions respectively [21]. Both mechanisms are expected to cause hyperactivity
response regardless of the different target receptors. Similarly, compounds activating
GABA receptors or blocking sodium channels may cause hypoactivity by enhancing the
inhibitory synapses [22].

Based on such prior knowledge about the link between the mechanism of action
and toxicological response, we defined two levels of similarity for our mixture toxicity
expectation: (1) The mixture components are known to have similar target receptors or
mechanism of action and (2) they show similar toxicological response (i.e., effect direction:
hyper- or hypoactivity) in the STC test. Therefore, we selected mixture components based
on the above factors. Compounds expected to induce hyperactivity were chlorpyrifos,
chlorpyrifos-oxon and hexaconazole while abamectin, carbamazepine and propafenone
are anticipated to induce hypoactivity in the STC test.

The link between effect direction and mechanism of action has been shown for single
substances. In contrast, it is still open if this also works for mixture components with
similar or dissimilar mechanisms of action. Therefore, the goal of the present study is to
address the following questions: (1) Can the additivity models CA or IA be used to predict
combined effects for neuroactive chemical mixtures when the components share a similar
mode of action (hyper- or hypoativity) but show different mechanism of action? (2) Will a
mixture of chemicals where the components show opposing effect direction result in an
antagonistic combined effect? CA or IA cannot be used to predict the opposing effects and
therefore we define antagonistic effect in this case as a counteracting effect and not a lower
effect than predicted by CA or IA. We demonstrate that mixtures of neuroactive substances
with different mechanisms of action follow the additivity concept and we propose ways to
use the STC test in risk assessment.

2. Materials and Methods
2.1. Test Organism

Zebrafish embryos were raised from an in-house hybrid strain (OBI-WIK strain, F3
generation). The adults were cultured under 14 h light/10 h dark photoperiod in 120 L
aquaria (tap water, 26.5 == 1 °C). Adult fish were fed twice a day either with commercial
dry food flakes or Artemia sp. and physicochemical parameters of the aquaria water were
frequently measured (pH 7-8; water hardness 2-3 mmol/L, conductivity 540-560 puS/cm,
nitrate < 2.5 mg/L, nitrite < 0.025 mg/L, ammonia < 0.6 mg/L, oxygen saturation 87-91%).
Spawning was initiated by inserting spawning trays 4-6 h before the end of the light cycle
prior to the spawning day. Eggs were collected and cleaned 1 h after the onset of light.
Fertilized embryos were selected according to Kimmel et al. [23] with a microscope and
embryos between the 16th and 128th cell stage were used to start the exposure.

2.2. Chemicals

Chlorpyrifos (99.9%, CASRN 2921882), hexaconazole (CASRN 79983-71-4), abamectin
(100%, CASRN 71751412) and propafenone-hydrochloride (CASRN 34183-22-7) were pur-
chased from Sigma-Aldrich. Carbamazepine (99%, CASRN 298464) was purchased from
Acros Organic™ and chlorpyrifos-oxon (97.9%, CASRN 5598152) from Dr. Ehrenstorfer
GmbH. Stock solutions were prepared in 100% dimethyl-sulfoxide (DMSO) and diluted
in ISO water as specified in ISO 7346-3 (1996) (80 mM CaCl,-2H,0, 20 mM MgSO4-7H,0,
31 mM NaHCO;3, 3.1 mM KCI). The properties, effect concentrations and model parameters
for single substances used in mixture modeling are given in Table 1.
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Table 1. Properties and effects of single substances in the spontaneous tail coiling (STC) test.

. Mechanism of Expected Activity, STC ECs b
Substance Chemical Class Action 2 i.e,, Effect Direction (umol/L) b Slope of crc
. Acetylcholinesterase ..
Chlorpyrifos Organophosphate inhibitor * Hyperactivity 1.85 (1.95) 1.30
. Acetylcholinesterase .
Chlorpyrifos-oxon ~ Organophosphate . Hyperactivity 0.32 (0.44) 1
inhibitor *
Ergosterol
Hexaconazole Triconazole biosynthesis Hyperactivity 4.03 (3.63) 1.80
inhibitor *
Activation of
Abamectin Avermectin GABA-gated Hypoactivity 0.06 (0.09) 1.70
chloride channel #
Carbamazepin Dibenzazepin Sodium channel Hypoactivit 271 2.28
zepine enzazepine blocker # ypoactivity .
. Sodium channel ..
Propafenone Aromatic Ketone blocker # Hypoactivity 32 (46) 1.94

2 Mechanism of action was obtained from different sources including * http://drugbank.com * pesticide properties database (https:
/ /sitem.herts.ac.uk/aeru/ppdb/index.htm) and $ Sanchez-Bayo, (2012) [24]; b Data obtained from Ogungbemi et al., (2020), the minimum
and maximum of the concentration-response curves (crc) were set to 0 and 100, respectively. Values in parenthesis were obtained from
independent experiments and were used for the mixture modelling.

2.3. Mixture Testing in the STC Test

Several mixtures were designed to investigate the appropriate classification for similar
and dissimilar neuroactive substances which is suitable for mixture effect prediction using
CA or IA models. Mixture components were selected according to their mechanism of
action and effect direction (hyper- or hypoactivity) as follows (Figure 1 and Table 2):
Mixture A—compounds with the same mechanism of action and same effect direction;
Mixture B—compounds with different mechanism of action but same effect direction;
Mixture C—compounds in A and B; Mixture D—compounds with a different mechanism
of action and different effect direction. Mixtures A and B are binary while C and D are
ternary. The exposure concentrations of the mixtures given in Table 2 are based on mixture
ratios of the single substances calculated as molar fraction of their effect concentrations
(ECsp). The ECs concentration was selected to ensure that all components in the mixture
contribute to the effect. Mixture D was particularly designed to understand if and how
dissimilar compounds with different mechanisms of action and opposing effect direction
would interact in the STC test. Although components of mixture D are equitoxic (in terms
of ECsg ratio), the mixture was designed to reflect an unequitoxic scenario with respect to
effect direction (0.33 hypoactivity: 0.66 hyperactivity).
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Figure 1. Mixture design scheme representing the hypotheses of this study. The letters A, B, C and D represent the mixture

(Hexaconazole)

design according to Table 2. Each equation scheme for mixtures A, B and C represents a hypothesis whether concentration
addition (CA) or independent action (IA) models could predict the hyper- or hypoactivity effects expected for mixtures
with similar and dissimilar mechanisms of action. Equation for mixture D represents an antagonistic effect hypothesis.

Table 2. Summary of the mixture design, observed toxicity and predicted toxicity.

. Observed Mixture Exposure Concentration _ Predicted ECsg (umol/L) Observed
Mixture Substances . : a b
Activity Ratio (umol/L) CA 1A ECsp (umol/L)
Chlorpyrifos and 0,0.25,05,1,2,4
chlorpyrifos- Hyperactivity 0.816:0.184 0,0.1,0.3,09,2.7,5 1.19 1.16 1.25
. oxon 0,0.313,0.625,1.25,2.5,5
Mixture A
Carbamazepine .. . 0, 40, 80, 160, 320
and propafonone  HyPoactivity 0.86:0.14 0,78, 125, 200, 320 159 207 132
0,0.94,1.87,3.75,7.5,15
Hexaconazole .. 0,0.75,1.5,3,5.73,12
and chlorpyrifos  Lyperactivity  0.65:0.35 0,0.625,1.25,2.5,5, 10 2.79 369 279
Mixture B 0,0.625,1.25,2.5,5,10
Abamectin and .. . 0,2.8,5.6,11.3,22.5, 45
propafenone Hypoactivity 0.002:0.998 0,438, 8.75,17.5, 35, 70 23 27.6 17.4
Chlorpyrifos,
. hexaconazole .. 0.603:0.324 0,0.75,1.5,3,6,12
Mixture C and chlorpyrifos- Hyperactivity 0.073 0,033,1,3,9 2 2.19 1.95
oxon
. Chlorpyrifos, Hyper and 0.34:0.64 0,1.25,25,5 .
Mixture D hexaconazole Hvpoactivit 0.02 0124 - - -
and abamectin yP y o Lo
. . Chlorpyrifos-
Sﬁm“li;‘;;‘v‘;f oxon, Hveractiviry 01840286 0,0.313,0.625,1.25,2.5,5 i ) )
yP (chlorpyrifosand 7P y 0.53) 0,0.1,0.3,0.9,2.7
Mixture A
hexaconazole)
Simulation of Hexaconazole,
Hvoperactive (chlorpyrifos and Hperactivit 0.65:(0.286 0,0.625,1.25,2.5,5,10 B ) )
yP chlorpyrifos- P y :0.064) 0,0.33,1,3,9
Mixture B oxon)

* no mixture and toxicity predictions; ® Mixture ratios are calculated as molar fraction of the total concentration. The ratio in the mixture is
defined by the ratio of ECsgs. ? The given exposure concentrations refer to the exposure range of independent experiments. In subsequent
experiments, often different ranges were used to promote a better description of concentration-response curves. All concentration ranges
were combined for concentration-response modelling.
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To test if the simple case assumption of CA, i.e., substances are a dilution of each other
and an equitoxic concentration of one can replace another [5], holds true for combined
neurotoxicity effects in the STC test, we performed dilution experiments with the ternary
mixture to simulate the hyperactivity mixtures A and B (chlorpyrifos and chlorpyrifos-
oxon as well as chlorpyrifos and hexaconazole respectively). A portion of chlorpyrifos was
replaced with an ECs) equitoxic portion of hexaconazole in mixture A and chlorpyrifos-
oxon in mixture B (Table 2).

The detailed procedures for STC testing have been previously reported in detail [25].
Briefly, twenty fertilized embryos were exposed in 20 mL of the mixture solution prepared
from DMSO stock solution (0.1% maximum concentration) of the components, within a
60 mm glass crystallization dish covered with a watchmaker glass. Two replicates per
concentration and at least 2 independent experiments were conducted. The exposed
embryos were incubated at 28 °C under 14 h light/10 h dark photoperiod for 21 £+ 1 h. On
the next day, at 24 hpf, exposed embryos were removed from the incubator and allowed
to acclimatize to room temperature for at least 30 min. Videos of normally developed
embryos (without any obvious malformation) were recorded for 60 s. Collected videos
were analyzed for STC counts per minute (STC frequency) by means of a workflow using
the KNIME® Analytical Platform [25,26].

2.4. Mixture Modeling

Mixture toxicity modeling was performed to investigate the capacity of concentration
addition (CA) and independent action (IA) models to predict the combined effect of similar
and dissimilar neuroactive substances. Effect data for the single substances used for
mixture modelling were obtained from a previous study [17]. The CA mixture modeling is
based on the effect concentration of the individual chemicals and it considers chemicals
in a mixture to be a dilution of each other [5]. It is used to predict the mixture toxicity of
chemicals with a similar mechanism of action.

IR
ECXM,’X = !
i— ECxi

M

Equation (1) shows the mathematical representation of the CA model where ECxyy;y is
the total concentration of the mixture provoking x effect (i.e., 50% effect), P; is the fraction
of component i which represents the concentration of component i in the mixture, ECx; is
the concentration of component i provoking x effect, when applied singly.

The IA mixture modeling is based on the effect induced by individual chemicals in a
mixture. It is usually applied to predict the mixture toxicity of chemicals with the dissimilar

mechanism of action.
n

ECymix =1-[[(1-EC) @)
i=1
Equation (2) shows the mathematical representation of the IA model where ECpy;,
is the total effect of the mixture and EC; is the effect of component i in the mixture when
applied singly. Mixture toxicity modeling was performed using an in-house excel sheet
and the mixtox package in R [27].

2.5. Concentration—Response Modeling

Data from the mixture experiment were obtained as STC count per minute (STC
frequency). The mean STC frequency was estimated for the exposed 20 embryos. The
absolute STC frequency varied between the independent experiments. To combine results
from independent experiments, mean percentage change in STC frequency with respect to
unexposed embryos was estimated for independent experiments. Concentration-response
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modeling of the percentage change in STC frequency was performed using the 4-parameter
logistic function (LL.4) of the drc package in R [28].

(d—c)
1+ (%)

c+ 3)

Equation (3) shows the concentration (x) response (y) model where b is the slope; ¢
and d are the minimum and maximum STC response set to 0 and 100, respectively; and e is
the inflection point, e.g., the ECsp.

In cases of hyperactivity, the maximum effect of STC frequency was different for the
three tested hyperactive chemicals—chlorpyrifos, chlorpyrifos-oxon and hexaconazole
(see Figure 2). Mixture prediction using different maximal of the percentage STC effect
would have been based on a non-equitoxic mixture ratio of ECsg, EC4; and ECyy for
hexaconazole, chlorpyrifos and chlorpyrifos-oxon respectively. To equalize the mixture
ratio and maximum effect, the percentage STC change (obtained by normalizing to control)
was standardized by dividing with the maximum percentage effect for each chemical to
obtain a standardized percentage hyperactivity effect leading to 100% maximum effect for
all hyperactive chemicals (Figure 2). This allowed us to obtain a similar half-maximum
effect (ECsp) for the 3 chemicals. Skipping this hyperactivity standardization step would
have led to the unpredictability of mixture effects higher than that of the chemical with
the least maximal effect. Scholze et al. [29] used the toxic unit extrapolation approach to
equalize and extend the dose-response curves for partial agonists. However, the observed
hyperactivity effect in this study is usually followed by hypoactivity (possibly due to
paralysis) at higher concentrations and this could indicate a saturated hyperactive effect.
This appears not to support partial agonism but rather, the differential maximal effect of the
3 chemicals could be an indication of different mechanisms of hyperactive action. A partial
agonist is expected to act as an antagonist in the presence of a full agonist [30] but this was
not observed in the present study. Consequently, we consider the standardized percentage
hyperactivity effect to be more representative of the observations and for mixture modeling
in this study. The effect concentration causing a 50% increase or decrease of the STC
was estimated from the concentration-response curve and the confidence interval was
estimated as 2 times the standard error.

1
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<+++  Chlorpyrifos

==+ Chlorpyrifos-oxon
50% effect Hexaconazole
50% effect Chlorpyrifos
50% effect Chlorpyrifos-oxon
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-+ Chlorpyrifos
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Figure 2. Visual representation of the data transformation for hyperactivity-inducing chemicals: (A) Concentration response

curves showing different maximal for the hyperactivity inducing substances. The horizontal lines show ECsg, EC41 and ECpq4
which corresponds to the 50% effect for hexaconazole, chlorpyrifos and chlorpyrifos-oxon respectively; (B) Standardized
concentration-response curves for the hyperactivity substances. The horizontal line shows the same 50% effect for the 3

substances after standardization. Data taken from Ogungbemi et al. (2020) [17].

2.6. Measurement of the Exposure Concentrations

Measurement of exposure concentrations was conducted to verify that test com-
pounds were present in adequate concentrations in the test. Chemical measurement was
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performed only for one independent experiment of the binary mixtures since the same
relation of measured and nominal concentrations were expected for other independent
experiments and also for the ternary mixture. For quantifying chlorpyrifos/chlorpyrifos-
oxon and chlorpyrifos/hexaconazole mixtures, chemical analyses were conducted us-
ing an HPLC system (Merck-LaChrom) with diode array (model L7450) detector. One
mL of the exposure solution for each concentration of the respective mixtures was sam-
pled and 30 pL was injected directly. A reversed-phase column (Lichrospher 60 Re-
verse Phase (RP) select B, Merck, C-8), with a particle size of 5 um was used. The
column temperature was set to 40 °C and the flow rate was adjusted to 0.5 mL/min.
Different mobile phase ratios of AcN:water was used for chlorpyrifos/chlorpyrifos-oxon
(57:43%, elution time of 15 min) and chlorpyrifos/hexaconazole (65:35%, elution time of
12 min). The substances were detected at an absorbance of 207 nm. For quantifying carba-
mazepine/propafenone and abamectin/propafenone mixtures, chemical analyses were
performed on a linear ion trap / Orbitrap (LTQ Orbitrap XL) mass spectrometer (Thermo Sci-
entific, Waltham, MA, USA). Samples were diluted 100 (carbamazepine/propafenone) and
10 (abamectin/propafenone) times with ISO water before injection. An Agilent 1200 series
HPLC system with a Kinetex C18 column (100 x 3 mm, 2.6 pm particle size, Phenomenex)
was used for chromatographic separation after injection of 10 puL of sample. We used
0.1% formic acid and methanol containing 0.1% formic acid as mobile phases at a column
temperature of 40 °C and a flow rate of 0.4 mL/min. The analysis was conducted in
full scan mode with a mass range of m/z 100-1000 in negative and positive mode ESI
with a nominal resolving power of 100,000 (referenced to m/z 400). For peak integration,
compound calibration, and compound quantification, the software program TraceFinder
3.2 (Thermo Scientific, Waltham, MA, USA) was used.

3. Results
3.1. Chemical Analysis

Results of the chemical analysis are shown in Table 3. Measured concentrations were
close to the nominal concentration, typically with a maximum deviation of about 20% for
the highest tested concentrations for propafenone (+37 in Hypoactive Mixture A and —3%
in Hypoactive Mixture B), carbamazepine (—8.8%), chlorpyrifos (—20 and —20% in both
mixtures), chlorpyrifos-oxon (+19%) and hexaconazole (+15%). Measured concentrations
of abamectin were below the detection limit (MDL) in all measurements. Reasons might
be due to losses or rather adsorption to the test vessels because of its high lipophilicity
(logDph7.4(ACD/Labs) of 5.85). It is important to note that chlorpyrifos concentrations in
DMSO stock solutions declined by 25-40% after 2 months of storage. However, this
reduction in concentration did not lead to a significant difference in the STC effect (Data
not shown). Therefore, we used the nominal concentrations for further mixture toxicity
evaluations based on the assumption that a 20% difference between nominal and measured
concentrations will not cause a significant change in the observed effect.

Table 3. Measured concentrations of single substances in each mixture in micromole/liter. Values in round brackets are
the percentage change of the measured concentrations with respect to the nominal concentrations while values in squared
brackets are nominal concentrations that are below detection limit.

Hyperactive Mixture A Hypoactive Mixture A Hyperactive Mixture B Hypoactive Mixture B
Chlorpyrifos Chl%rsgrrllfos- Carbamazepine Propafenone Chlorpyrifos Hexaconazole Abamectin Propafenone
<MDL [0.25] <MDL [0.05] 92.2 (+36) 22.1 (+120) <MDL [0.2] 04 (—4) <MDL [0.009] 6.0 (+37)

0.2 (-59) <MDL [0.1] 128.0 (+20) 33.1 (+89) 0.2 (—50) 0.8 (+5) <MDL [0.018] 11.4 (+31)
0.7 (=32) 0.5 (+109) 190.8 (+11) 47.7 (+70) 0.6 (=37) 1.8 (+10) <MDL [0.035] 20.2 (+15)
1.8 (—-12) 0.6 (+39) 250.7 (—8.8) 61.3 (+37) 1.4 (—23) 3.6 (+10) <MDL [0.07] 31.4 (-10)
3.2(—20) 1.1 (+19) 2.8 (—20) 7.5 (+15) <MDL [0.14] 68.0 (—3)

MDL = Method detection limit. Chlorpyrifos MDL = 0.1 uM, Chlorpyrifos-oxon MDL = 0.1 uM, Hexaconazole MDL = 0.3 uM, Carba-
mazepine MDL = 0.0045 uM, Propafenone MDL = 0.0034 M, Abamectin MDL = 0.0005 M.
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3.2. Description of Mixture Effect in Comparison to CA and 1A Models

The effects of single substances used in the mixture testing have already been described
in Ogungbemi et al. [17] and are summarized in Table 1. The mixture effects exceeded those
of the single substances for all mixtures. Concentration-response curves for the observed
and predicted mixture effects, as well as those for the single substances, are shown in
Figure 3. Observed and predicted ECs values are also shown in Table 2.
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Figure 3. Comparison of observed (Mix) versus predicted effects of binary mixtures based on the concentration addition

(CA) and independent action (IA) models in the STC. Furthermore, mixture effects are compared to single substances
effects: (A) Hyperactivity Mixture A; (B) Hypoactivity Mixture A; (C) Hyperactivity Mixture B; (D) Hypoactivity Mixture B.
Grey shaded areas represent the confidence interval of the fitted mixture model for the observed effect. Different symbols
represent the observed mean of the STC effect for 20 embryos exposed in independent mixture experiments.

Hyperactive Mixture A (chlorpyrifos and chlorpyrifos-oxon) (see Section 2.3 or Table 2
for the definition of the mixture name) induced hyperactivity with an ECsy of 1.25 uM.
The CA and IA models were similar and they both predicted the ECsg of the mixture
(Table 2). The prediction curves were within the confidence boundary of the tested mixture
at low and mid concentrations but both models slightly deviated and overestimated the
effect at higher concentrations (Figure 3A). The Hypoactive Mixture A (carbamazepine
and propafenone) caused hypoactivity with an ECsj of 132 uM. Both CA and IA (ECsg
of 159 uM and 207uM, respectively) underestimated the mixture effect. Nevertheless,
CA was predictive at low and medium-high concentrations (50-150 uM) while IA was
less predictive and slightly underestimated the hypoactivity effects except at the lowest
concentration range up to 100 uM (Figure 3B). Overall the estimation difference was always
below a factor of 2 for CA and IA.
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Hyperactive Mixture B (chlorpyrifos and hexaconazole) showed hyperactivity with
an ECsg of 2.79 uM (Table 2). CA could predict the exact observed ECsg of the mixture but
IA slightly underestimated the mixture effect [ECsy = 3.69 pM] (Figure 3C). Hypoactive
Mixture B (abamectin and propafenone) showed hypoactivity with an ECsy of 17.4 uM.
Both CA and IA slightly underestimated the mixture toxicity with ECsy values of 23 and
27.6 uM respectively. CA aligned with the confidence boundary of the observed mixture
effect while IA deviated from the observed concentration-response curve (Figure 3D).
Further, we tested a ternary mixture (Mixture C comprising of chlorpyrifos, chlorpyrifos-
oxon and hexaconazole). Both CA and IA models showed similar predictions and were
predictive of the observed mixture effect (Figure 4). In general, we observe a trend where
CA and IA could very well predict mixture hyperactivity effects but to a slightly lesser
extent for the hypoactivity effects—though these differences were minor.

Chlorpyrifos x Hexaconazole x Chlorpyrifos-oxon mix

o
O 8 ..
- Py
— --- ca S
o | . N /
s ™
E —  Mix
T L
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O
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» o |
8 <t Chlorpyrifos-oxon
N [
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T N
C
]
n
O - e S

102  1e-01 1e+00 1e+01  1e+02

Concentration [uM]

Figure 4. Comparison of observed (Mix) versus predicted effects of a ternary mixture based on
the concentration addition (CA) and independent action (IA) models for mixture C. Furthermore,
mixture effects are compared to single substances effects: Grey shaded areas represent the confidence
interval of the fitted mixture model for the observed effect. Different symbols represent observed
mean of STC effect for 20 embryos exposed in independent mixture experiments.

Further, we investigated the CA assumption that substances are dilutions of each other.
Results show that substituting portions of chlorpyrifos in the Hyperactivity Mixtures A and
B with hexaconazole and chlorpyrifos-oxon respectively, induced similar concentration—
response curves as the non-substituted mixture (Figure 5A,B). The mixture of chlorpyrifos-
oxon and (chlorpyrifos + hexaconazole) showed an ECsg of 1.77 uM which was higher
than that of chlorpyrifos-oxon and chlorpyrifos mixture by only a factor of 1.4. An ECs
of 2.13 uM was estimated for hexaconazole and (chlorpyrifos + chlorpyrifos-oxon) which
was lower than the hexaconazole and chlorpyrifos mix by only a factor of 1.3.
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Figure 5. A ternary mixture is used to simulate a binary mixture by replacing a portion of one
of the binary components with an equitoxic proportion of another substance: (A) Concentration—
response curves for Hyperactive Mixture A containing chlorpyrifos-oxon and chlorpyrifos. Portions
of chlorpyrifos were replaced with hexaconazole; (B) Concentration-response curves for Hyperactive
Mixture B containing hexaconazole and chlorpyrifos. Portions of chlorpyrifos were replaced with
chlorpyrifos-oxon.

3.3. Antagonistic Mixture Effects in the STC Test

Exposure of substances inducing opposing effect direction may induce antagonis-
tic effects. Therefore, we exposed a ternary mixture of dissimilar substances (Mixture
D) with different mechanisms of action and opposing effect directions (i.e., hyper- and
hypoactivity). Mixtures were designed to reflect an unequitoxic scenario (0.33 hypoac-
tivity: 0.66 hyperactivity; with respect to the corresponding ECs( values) by mixing the
hypoactivity causing abamectin with two hyperactivity causing substances (chlorpyrifos
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and hexaconazole). The result shows that the antagonistic effect of abamectin significantly
decreased the hyperactivity effect expected from hexaconazole and chlorpyrifos (Hyper-
active Mixture B). Furthermore, hypoactivity effect relative to control was observed at
mid-high concentration of the mixture (Figure 6).
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~~®--  Hexaconazole + Chlorpyrifos + Abamectin mix = 4
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Figure 6. Comparison of concentration-response curves for hexaconazole and chlorpyrifos (Hy-
peractive Mixture B) with or without the addition of abamectin. Addition of abamectin decreases
the hyperactivity effect (i.e., indicating an antagonistic effect) observed for the mixture without
abamectin. A gaussian function was fitted to the data to model the biphasic effect of the mixture
with abamectin.

4. Discussion

In order to evaluate the mixture toxicity of neuroactive compounds, two main chal-
lenges have to be considered regarding the application of prediction models: (1) Neuroac-
tive chemicals in mixtures interact with different biochemical targets. To capture the effects
of such a mixture, a possibility is to measure the effects at converging key events. (2) Mix-
tures may comprise of neuroactive chemicals with opposing effects. Consequently, we
explored (1) whether mixture effects of neuroactive substances with similar effect directions
(whether hyper- or hypoactivity) but different mechanisms of action would be additive and
if concentration addition (CA) or independent action (IA) models can predict such mixture
effect and (2) if mixtures of neuroactive substances with different mechanisms/modes of
action and opposing effect direction would induce observable antagonistic effects. In order
to address these challenges, we used an established behavior test, the spontaneous tail
coiling (STC) of zebrafish embryos. It is responsive to diverse mechanisms of actions that
finally translate to increased or reduced frequency of spontaneous movements as a result
of either activation or inhibition of the neuronal synapse leading to hyper- or hypoactivity
respectively (STC neuroactivity hypothesis). Accordingly, we hypothesized that neuroac-
tive chemicals inducing the same response (either hyper- or hypoactivity) in the STC test
can be predicted from CA or IA models. In contrast, compounds with modes of action with
opposing effects would result in antagonistic effects if compared to individual compounds.

4.1. Mixture Components with Different Mechanisms of Action but Similar Effect Direction Can
Act in an Additive Way

The first goal of the present study was focused on addressing the question—"Can
additivity be assumed for a mixture of substances with the same mode of action (e.g.,
antiandrogenic) but not the same mechanism of action (e.g., receptor-blocking and inhi-
bition of androgen production)?” which was posed in Kortenkamp et al. [31]. Based on
theory, the CA model is adequate to predict mixture toxicity of similarly acting components
(i.e., similar mechanisms of action) while IA is assumed to hold for dissimilarly acting
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chemicals. However, CA may also be applied to predict the effect of chemicals showing
similar toxicological responses (i.e., hyper- or hypoactivity) or modes of action [32]. We
hypothesized that irrespective of the mechanism of action, compounds inducing the same
toxicological response (whether hyper- or hypoactivity) would also lead to an additive
response in the STC. This allows defining the similarity /dissimilarity of mixture compo-
nents based on the combined knowledge of both the mechanism of action and toxicological
response. Results from the current study indicate that mixture toxicity of chemicals such
as propafenone and abamectin as well as chlorpyrifos and hexaconazole that are known
to induce different mechanisms of action but similar effect directions were predictable
using CA and IA models. (Figure 3C,D). Predictions of the IA model were very close to
those of CA and this is not surprising for a binary mixture considering that the differences
between the models increase with more mixture components [33]. However, there was also
no difference in the prediction of CA and IA for the ternary Mixture C (Figure 4). CA and
IA models could also predict the combined effect of pyrethroids and organophosphates in
a D. magna immobility assay [34]. The predictability of the mixture models for differing
neuro-mechanisms as observed in zebrafish embryos and daphnids may not be applicable
in other test systems or endpoints with different levels of complexity or specificity [35].
For instance, CA and IA are expected to give different predictions for simpler but specific
neuro-endpoints such as neural electric signal which may not reflect an integrated output
as the STC but this remains to be investigated. Therefore, it is dependent on the mechanistic
understanding of the test endpoint if neuroactive substances acting on different targets
in the nervous system should be considered as similarly or dissimilarly acting compo-
nents [34]. This also indicates that the assessment of similarity /dissimilarity of mixture
components should go beyond knowledge of molecular targets and should consider other
factors such as toxicological response and secondary mode of action [36].

4.2. Mechanistic Understanding of the Predictability Power of CA and 1A

The STC is presumed to be generated by depolarizations which trigger action poten-
tials in the synapses of the primary motor neurons [37]. Consequently, it is not farfetched
to consider different target interactions or mechanisms of action as similarly acting in so
far as they result in the same key event (activation or inhibition of neuronal synapses)
and same toxicological response (hyper- or hypoactivity). In this case, we may consider
neuroactivity via the STC endpoint to be an integrated effect on neuronal synapses and CA
might be more appropriate to predict mixture effects of chemicals in the STC. We showed
in the present study the capacity of CA to predict mixture B (substances with different
mechanisms of action but similar effect direction). This is consistent with previous studies
on nervous system-related endpoints. For example, Wolansky et al. [38] found that CA was
a good predictor of the mixture neurotoxicity of different pyrethroids on the motor activity
of rats and Gongalves et al. [39] reported that CA was adequate to predict the mixture effect
of PAHs on fish behavior.

Based on the confidence interval of the experimental mixture, the IA model was slightly
less predictive (a factor of about 1.6% deviation) for hypoactivity effects (Figure 2B,D). This
could be due to unspecific effects such as axonal deformation and malformations which might
contribute additional effect to the primary hypoactivity of the embryo [17]. Such additional
effects would likely be captured as an integrative hypoactivity effect in the CA model. Further,
the accuracy of the IA model in complex organisms such as zebrafish embryos has been
questioned due to converging signaling pathways and inter-dependent subsystems [31,35,40].
For instance, Corbel et al. [10] found that carbamate and pyrethroid had a converging effect
on acetylcholine concentration in the synapse even though they have different mechanisms
of action. Estrogen receptor activation was also seen as an integrated effect of different
cascading steroidal receptor signaling [29]. In addition, we could simulate concentration
additive mixtures by replacing a portion of the mixture component with another similar
acting substance (similar effect direction but different mechanism of action) (Figure 4A,B).
This adds credence to the CA assumption that components can be described as a dilution of
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each other in the STC test. However, the results of mixture assessment with STC do not allow
to favor one of the models as the differences between CA and IA were quite small.

Mixture toxicity prediction using CA and IA models assumes that the mixture com-
ponents do not interact to affect the uptake, distribution, metabolism and elimination of
each other [8,41]. Mixture interaction of neuroactive substances may occur via the biotrans-
formation pathways due to the reduced activation or competition for biotransformation
sites [42]. Organophosphates were found to be a major synergistic group due to their ability
to inhibit esterases which are responsible for phase 2 biotransformation of chemicals [43].
However, we did not observe synergistic interaction of a mixture of chlorpyrifos and its
oxon metabolite in the present study and this could be due to potential limited biotransfor-
mation capacity of early stages of the zebrafish embryo [44] or the sensitivity of our test
system. Other mixture neurotoxicity studies have shown interaction effects. For example, a
mixture of chlorpyrifos and nickel on zebrafish embryos was found to be antagonistic [45]
and the mixture of atrazine and chlorpyrifos was assessed as synergistic [46]. However,
120 and 96 hpf embryos, which should have higher rates for biotransformation into the
active oxon metabolite, were used in these studies.

4.3. Mixture Components with Different Mechanisms of Action and Opposing Effect Direction
Are Antagonistic

We investigated the STC outcome for mixtures comprising of different mechanisms of
action as well as opposing effect directions (Mixture D). The results show that mixtures with
both hyper- and hypoactivity-inducing components will lead to antagonistic interaction
(Figure 6). Our results corroborate the recommendation of a chemical grouping for mixture
analysis based on common adverse outcomes (hyper- and hypo-activity in this case)
with less emphasis on the similarity of the mechanism of action [31]. Information on
common adverse outcomes such as hyper- and hypoactivity will be useful to qualitatively
predict mixture outcomes of multi-component/complex mixtures as well as to understand
deviations from additivity. For instance, the antagonistic effects of abamectin on the
hyperactivity level of the mixture of chlorpyrifos and hexaconazole (Figure 6) would have
been unexplainable if only a mechanism of action-based classification was used. This
particularly applies to endpoints with opposing effect directions such as locomotor activity
or even gene response. For such endpoints, chemicals that primarily induce hyperactivity
at low concentrations may cause hypoactivity at higher concentrations due to seizures and
paralysis [13]. The use of chemicals inducing such biphasic activity as a component in a
mixture without considering the primary effect direction could lead to misinterpretation
of its impact on the combined effect. This biphasic activity was also observed for Mixture
D in the current study and could be due to the relatively higher counteractive potency of
abamectin (ECsg of 0.06 M) induced at high mixture concentrations in comparison to the
hyperactivity effect of chlorpyrifos and hexaconazole with much higher ECsps (Figure 6).

Hyper- and hypoactivity response could also be used as an effect-based strategy
for bio-monitoring of complex environmental mixtures which can facilitate the identifi-
cation of chemicals inducing mixture neurotoxicity that would not have been detected
with analytical chemical measurements [47,48]. However, equitoxic ratio of substances
with opposing effect direction could lead to normalization or mitigation of the expected
individual effects or mixture effects approaching control level. This counteracting effect
could be a huge challenge for diagnostic risk assessment. Therefore, effect evaluation with
STC as converging key event of a complex environmental mixture may only indicate an
effect size related to the amount of neuroactive components if they show effect in the same
direction (i.e., hyper- or hypoactivity). With opposing effects in the STC, effect evaluation
may not relate to the cumulative exposure levels. However, this may present a better
evaluation of the exposure level regarding the relevant biological effects and potential
hazards. Nevertheless, a solution could be to spike environmental mixtures with a positive
control such that deviations from the known effect size of the positive control could be
an indication of the inherent effect of the mixture. In prospective mixture evaluation, one
solution could be to employ a non-equitoxic mixture ratio design (e.g., 25% compound A
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and 75% compound B or vice versa) for opposing acting substances such that the strength
of the counteracting effect is weakened. This non-equitoxic design was useful to evaluate
Mixture D in the current study. However, this approach may lead to hidden effects and
could give a false perspective of effect assessment. Regardless, it is necessary to elaborate
on when effect normalization is an acceptable ecological risk.

5. Conclusions

We found that mixtures of neuroactive substances with different mechanisms of action
but similar effect direction are additive and could be predicted using CA or IA models.
Convergence and integration of effects in the nervous system provides a mechanistic
understanding to support similarity classification of neuroactive compounds not only
based on mechanisms of action but also considering the toxicological response or effect
direction (whether hyper- or hypoactivity). Consequently, we recommend considering
toxicological response or effect direction as an additional grouping factor when applying
CA and IA models. On the other hand, mixtures of substances with different mechanisms
of action and opposing effect direction are antagonistic. Being able to detect neurotoxicity
within an environmental sample (complex mixture) is relevant since neuroactive chemicals
are usually dominating concentrations of contaminants in the environment and may be
major drivers of mixture toxicity. Since established effect-based tools may overlook or
may not capture neurotoxicity, in this study, we propose a way to use the STC test for risk
assessment despite counteracting effects which could complicate proper evaluation.
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Abstract: The aim of this study was to analyze the impact of three concentrations of a pesticide
mixture on the first development stages of rainbow trout (Oncorhynchus mykiss). The mixture was
made up of three commonly used pesticides in viticulture: glyphosate (GLY), chlorpyrifos (CPF)
and copper sulfate (Cu). Eyed stage embryos were exposed for 3 weeks to three concentrations of
the pesticide mixture. Lethal and sub-lethal effects were assessed through a number of phenotypic
and molecular endpoints including survival, hatching delay, hatching success, biometry, swimming
activity, DNA damage (Comet assay), lipid peroxidation (TBARS), protein carbonyl content and gene
expression. Ten target genes involved in antioxidant defenses, DNA repair, mitochondrial metabolism
and apoptosis were analyzed using real-time RT-qPCR. No significant increase of mortality, half-hatch,
growth defects, TBARS and protein carbonyl contents were observed whatever the pesticide mixture
concentration. In contrast, DNA damage and swimming activity were significantly more elevated at
the highest pesticide mixture concentration. Gene transcription was up-regulated for genes involved
in detoxification (gst and mt1), DNA repair (0gg1), mitochondrial metabolism (cox1 and 12S), and
cholinergic system (ache). This study highlighted the induction of adaptive molecular and behavioral
responses of rainbow trout larvae when exposed to environmentally realistic concentrations of a
mixture of pesticides.

Keywords: copper; glyphosate; chlorpyrifos; early life stages; rainbow trout; swimming behavior;
DNA damage; development

1. Introduction

Increased concern about chemical contaminants in natural environments has led to a
growth in research aimed at predicting the impacts of these contaminants on ecosystems.

Pesticides are the only kind of chemicals that are purposely re-leased into the environ-
ment [1]. Currently, more than 400 chemical compounds are used to treat crops against
pests and weeds [2]. Global pesticide usage is calculated at 4.6 million tons per year [1,3].
It has been estimated that 98% of pesticides applied to agricultural crops do not reach their
intended target, and could affect terrestrial and aquatic ecosystems. Studies have shown
that 40% of worldwide land mass poses a risk in terms of pesticide runoff into rivers and
streams [4]. While most ecotoxicological studies focus on individual pesticides, several
reports have also confirmed that pesticides are usually found in complex mixtures at low
concentrations [2,5], and aquatic organisms are directly exposed to them [6-8]. Exposure
to pesticide mixtures may trigger additive effects when molecules have similar modes of
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action and affect the same molecular target, or by independent action when they have
dissimilar modes of action affecting the same or different molecular targets, and therefore
synergism or antagonism may occur [9].

Because of its anti-microbial and anti-fungal properties, copper (Cu), also listed as a
priority substance in the water Framework Directive (WFD) [10], is widely used to protect
vineyards from fungal diseases. Given its intensive use for both conventional and organic
agriculture, Cu is a widely present pollutant in the environment, and transfer from soils
to aquatic ecosystems is likely to occur [11,12]. While it has an essential role in numerous
cellular processes, excess Cu generates toxicity by producing reactive oxygen species (ROS)
which may cause damages to lipids, proteins and nucleic acids, leading to cell death [13,14].
In a previous study, first stages of rainbow trout were found to be very sensitive to Cu [15].
Indeed, after a 3-week exposure to environmental concentrations of Cu (2 and 20 pug/L),
inhibitory effect on hatching and significant induction of malformations were observed.
In addition, several genes were down-regulated in Cu-exposed rainbow trout, especially
those involved in detoxification (gst, mt1 and mt2) and in cell cycle regulation (p53).

Glyphosate (GLY) is a broad-spectrum, non-selective and systemic herbicide used in
numerous phytosanitary products. It acts as an inhibitor of the 5-enolpyruvyl-shikimate-
3-phosphate synthase (EPSPS), an enzyme involved in the shikimic acid pathway that
is common in all plants. Because of its extensive use, especially in genetically modified
crops [16], high concentrations (ranging from 7.5 to 700 pug/L) have been found in different
streams and lakes near agricultural basins [17-19]. Several reports have highlighted the
sub-lethal effects of GLY on fish in particular on DNA integrity [20-22], acetylcholinesterase
(AChE) inhibition [23], swimming behavior alterations [24,25], and antioxidant enzyme ac-
tivities [26,27]. We reported that, following a 3-week embryo-larval exposure to glyphosate
(0.1 and 1 mg/L), rainbow trout larvae exhibited reduced head size when compared to
control larvae. Additionally, swimming behavior was also affected and exposed larvae had
increased mobility compared to non-exposed larvae [28].

Chlorpyrifos (CPF) is an organophosphorus insecticide (OP) which has been widely
used in the past by both industrial and private users. However, because of its high
toxicity for humans and animals, the use of the product for domestic purposes has been
restricted (US EPA), and there is a declining trend in its consumption [3]. Because it is
on the list of priority substances for the WFD, its presence in surface and groundwater
is closely monitored. While CPF has been detected predominantly in sediments from
cultivated areas, low concentrations have also been observed in stream water, where
maximum concentrations ranged between 0.06 and 0.45 pg/L in the USA and Argentina,
respectively [29,30]. As an OP, CPF affects the nervous system by inhibiting the AChE
enzyme [31], disrupting the transmission of nerve impulses through synaptic terminals and
impacting essential functions such as respiration and swimming behavior of fish [32,33].
In a recent study, low concentrations of CPF (0.3 and 3 ng/L) did not affect rainbow trout
embryonic and larval viabilities. However, sub-lethal effects were observed on mobility
of larvae, which was reduced for those exposed to 3 ug/L of CPF compared to control
conditions. Low concentrations of CPF also down-regulated genes involved in steroid
hormone pathways such as er-b and cyp19a1 [34].

These three compounds (Cu, GLY and CPF), which have differing modes of action
and functions, may be applied to crops simultaneously. Given the ease with which they
are transported into water bodies through runoff, spray drift, or groundwater, it could be
valuable to consider the toxicity of their combined effects, using realistic environmental
concentrations, in aquatic organisms. To date, data on the effects of pesticide mixtures
remain scarce, particularly relating to the early life stages of fish. To assess the sublethal
effects of environmental concentrations of a pesticide mixture, a 3-week exposure was
performed on rainbow trout embryos and several developmental and behavioral endpoints
were recorded. The endpoints studied included survival, hatching delay, hatching success,
morphological anomalies, swimming behavior, genotoxicity (measured by the comet
assay), lipid peroxidation and protein carbonyl content, and gene transcription levels.
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The expression levels of ten genes were selected according to their biological functions in
antioxidant defenses (cat, sod), detoxification (mt1, gst), mitochondrial metabolism (cox1,
12S), cholinergic system (ache), DNA repair (0gg1, rad) or apoptosis (bax).

2. Materials and Methods
2.1. Test Chemicals

Chlorpyrifos-ethyl (CAS No. 2921-88-2) was purchased from ChemService (Mersey-
side, UK). Copper sulfate (CuSO4-HyO, CAS No. 7758-99-8, 99.99%) was purchased from
Sigma Aldrich (Lyon, France). Glyphosate was purchase as a commercial formulation
(available on the market) Roundup®GT Max. The active substance of Roundup®GT Max is
480 g/L of glyphosate acid, which is equivalent to 588 g/L of potassium salt of glyphosate.

2.2. Exposure System

Eyed-stage rainbow trout embryos (Oncorhynchus mykiss) were purchased from INRAe-
PEIMA (Sizun, FR). Embryos were exposed for 3 weeks from stage 240 DD (Degree Days)
to larvae stage 500 DD at 12 + 0.5 °C. Stock solutions of copper (0.67, 2 and 20 mg/L) and
glyphosate (33.3, 100 and 1000 mg/L) were prepared using osmosis water. Stock solutions
of chlorpyrifos-ethyl (33.3, 100 and 1000 mg/L) were prepared using DMSO (dimethyl
sulfoxide) as a solvent. Each condition (control-solvent mixture conditions) contained
0.0003% DMSO.

Prior embryonic exposure, experimental apparatus units and tanks (1 L in polyethy-
lene terephthalate) were saturated with chlorpyrifos diluted in distilled water for 2 weeks
with the studied concentrations for each condition, to ensure saturation of aquaria and
avoid dramatic decrease of this compound during exposure. Test solutions were pre-pared
by dilution of the stock solutions in a 5 L tank of spring water (dechlorinated) from Laque-
uille (4.7 mg/L Ca, 1.8 mg/L Mg, 59 mg/L Na, 2.8 mg/L K, 40.3 mg/L HCO;~, 0.2 mg/L
SO4%~, 0.5 mg/L NO3~, 7.5 pH, <1.2 mg/L Cl™), oxygenated and renewed every two
days. The experimental conditions were designed as follows: condition A (solvent control),
condition B (0.1 ug/L of CPF + 0.67 ug/L of Cu + 33.3 ug/L of GLY), condition C (0.3 pg/L
of CPF + 2 ug/L of Cu + 100 ug/L of GLY) and condition D (3 pg/L of CPF, 20 ug/L of
Cu + 1000 png/L of GLY). Conditions C (3-fold condition B) and D (10-fold condition C),
which agree with the medium and highest concentrations in this study, correspond to the
lowest and highest concentrations previously studied [15,28]. Each studied condition con-
sisted of three replicates with 75 embryos in one L aquaria. A peristaltic pump (ISMATEC,
ISM942) allowed the maintenance of a continuous flow rate (9 mL/min) of contaminated
water from tanks into the incubation aquaria. Dissolved oxygen was measured each day
with a fiber-optic mini-sensor Fibox 3 (PreSens Precision Sensor, Regensburg, Germany)
and data was recorded with OxyView v6.02 software (PreSens Precision Sensor).

2.3. Chemical Analysis of Pollutants in Water

Water samples were collected at T (at the moment of exposure), T4 and T4g (before
water was renewed). Water samples were analyzed to determine Cu concentrations. Water
samples of 40 mL for each condition were acidified with 5% of nitric acid (Nitric acid
65%, Fluka). Copper concentrations in water of condition “20 pug/L” and fish samples
were analyzed by inductively Coupled Plasma Optic Emission Spectrometry (ICP-OES 720,
Agilent Technologies), whereas copper concentrations in water of controls and “2 nug/L”
conditions were analyzed using an atomic absorption spectrophotometer (Varian SpectrAA
2407, Agilent Technologies, Santa Clara, CA, USA). Detection limit (DL) for ICP-OES was
2.26 ng/L Cu?* and for atomic absorption was 0.5 ug/L Cu®*. Glyphosate concentra-
tion and its main metabolite amino-methyl-phosphonic acid (AMPA) in water samples
were analyzed using the method described by [35]. These samples were analyzed using
an HPLC-ESI MS (Dionex Ultimate 3000, Thermo Fisher scientific—API 2000 ABSciex).
Concentrations were determined with a calibration curve from 1 to 10 pg L~!. To ensure
accuracy of each analysis, isotope-labeled surrogates was quantified, derivatization blanks
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were analyzed and quality controls were performed every 10 samples during analysis.
Finally, data processing was performed with Analyst V1.6.2. CPF concentrations in water
samples were measured by chromato-graphic methods using the Trace GC Ultra Gas Chro-
matograph (Thermo Fisher Scientific) equipped with an AS-3000 Autosampler (Thermo
Fisher Scientific) and coupled to a TSQ Quantum GC Triple Quadrupole (Thermo Fisher
Scientific). The limit of quantification was 100 ng/L. The control of the device and the data
processing were carried out by the XCalibur software.

2.4. Embryo-Toxicity Assay

Embryonic and larval viability was recorded daily, and dead embryos were removed.
Embryonic and larval viability denote the number of living individuals compared to the
total number of embryos at the start of the experiment or total number of hatching larvae.
Hatching rate is calculated by dividing the number of hatched embryos by the total number
of embryos at the beginning of the experiment. Duration of development expressed in
degree-days (DD) is the duration of embryonic development from fertilization to hatching.
At the end of the experiment, 15 larvae per replicate (n = 45) were placed individually in
a Petri dish with ice water and a few drops of carbonated water to sedate them. Photos
of each larva were taken with stereomicroscope (MZ 7.5 Leica) coupled to a camera CCD
(DFP420C Leica) and a cold light (Intralux® 4100, Volpi AG, Schlieren, Switzerland). From
the photos, total body length, head length and yolk sac area were measured for each
larva. Larvae were also observed for the presence of developmental anomalies including
edemas, yolk-sac absorption, spinal malformations, craniofacial anomalies, and presence
of hemorrhages [15,36].

2.5. Swimming Behavior Analyses

Swimming behavior analysis was carried out on 10 larvae per replicate (n = 30) at
the end of the 3-week exposure. For 30 min, larvae were acclimated in the dark in 6-well
microplates containing 3 mL of exposure solution at 12.0 £ 0.5 °C. After acclimation, the
microplates were placed in the recording chamber (Daniovision Image Analysis System
with Ethovision software version 12.0 Noldus) coupled to a thermoregulatory system set
at 12 & 0.5 °C (Pilot one®, Huber). The DanioVision recording chamber includes a white
light that can mimic a day/night cycle. Trout larvae were subjected to a light stress with a
cycle duration of 30 min including 10 min dark, 10 min light and 10 min dark. An infrared
camera in the recording chamber recorded the motion of each larva in response to light
stimulation. The Ethovision software recorded the larval velocity every 30 s. Average
velocity, total distance swam and time of mobility were determined for each light and
dark phase.

2.6. Comet Assay with FPG Enzyme

Comet assay was performed on blood cells sampled by decapitation of 6 larvae per
replicate (1 = 18) using a heparinized pipette. Before decapitation, larvae were sedated
using iced water and a few drops of carbonated water. Samples were immediately frozen in
liquid nitrogen in microtubes with 200 pL of cryo-conservation solution (250 mM sucrose,
40 mM citrate trisodique, 5% DMSO, pH adjusted to 7.6 with nitric acid 1 M) until analysis.
To improve the sensibility of the comet as-say, slices were incubated with form-amido-
pyrimidine glycosylase (Fpg) enzyme for 30 min at 37 °C, as described by [37]. The
comet assay was assessed following the protocol of [36] and [15]. After 20 min of DNA
unwind in alkaline solution, electrophoresis was performed with a voltage of 25 V and
300 mA for 20 min. After nuclei separation, slides were stained with 20 pg/mL of ethidium
bromide solution, and comet lecture was carried out using an epifluorescence microscope
(Olympus BX51) at x20 equipped with an Olympus U-RFL-T reflected fluorescence system
lamp. 100 nuclei per slide were quantified using the Comet Assay IV software (Instrument
Perspective LtD). Results are expressed as a percentage of DNA tail.
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2.7. Biochemical Analysis
2.7.1. Preparation of Supernatant

Pools of 2 larvae (Three pools per replicate, n = 9) (approximately 250 mg for one
pool) were homogenized in 250 pL of phosphate buffer (0.1 M; pH 7.5; 4 °C) using an
UltraTurrax® tissue homogenizer with a potter at 9000 g and 4 °C. The supernatant S9
fraction was obtained after centrifugation at 9000 x g for 25 min at 4 °C. Each S9 fraction
was split up into three tubes for total protein, TBARS and carbonyl protein analysis.

2.7.2. Total Protein

The protein content was determined according to the method described by [38] on the
S9 fraction. Measurements were performed using bovine serum albumin as standard, and
absorbance was recorded at 750 nm using a spectrophotometer microplate reader (Synergy
HT, BioTek).

2.7.3. Lipid Peroxidation (TBARS)

Lipid peroxidation was performed as reported by [39], adjusted for a microplate
reader. A volume of 500 pL of a solution containing 20% of butylated hydroxytoluene
(BHT) and 20% of trichloroacetic acid (TCA) was added to 500 uL of S9 fraction. The
mixture was centrifuged at 9000 x g for 10 min. Then, 600 pL of the supernatant was added
to 120 uL of HCI and 480 uL of TRISbase (25 mM)-TBA (thio-barbituric acid—100 mM)
and heated at 80 °C for 15 min. Afterwards, samples were cooled in iced water and mixed.
The absorbance of the mixtures was measured using a UV-spectrophotometer (Synergy
HT, BioTek) at 530 nm. Results were expressed as nmol of thio-barbituric acid reactive
substance (TBARS) equivalents per mg of protein.

2.7.4. Protein Carbonyl Assay

Protein carbonyl content was performed using the procedure of [40]. S9 fraction
(500 pL) was added to 50 pL of a solution of streptomycin sulfate (11%)-phosphate buffer
(100 mM pH 7.4), mixed and incubated for 15 min at room temperature. Mixtures were
centrifuged at 6000x g for 10 min and then split up into two tubes. The first one was
used as a control and contained 200 pL of supernatant and 800 nL of HCI (2.5 M), and
the other was used as a sample, where 200 pL of supernatant was added to 800 uL of
DNPH (2.4-dinitrophenylhydrazine 10 Mm), and then left incubated for 1 h. Proteins were
precipitated with 20% TCA (trichloroacetic acid), and the formed pellets were washed
3 times by resuspension with 1 mL of ethanol-ethyl acetate (v:v). Pellets were solubilized
with 500 uL of 6 M guanidine hydrochloride and centrifuged at 10,000x g for 10 min. The
measure of carbonyl content was performed with a UV-spectrophotometer (Biotek Synergy
HT) at 370 nm. Results are expressed as nanomoles of DNPH incorporated /mg of protein,
using the molar absorption coefficient of 22,000 M~ 'em 1.

2.8. Gene Expression

At the end of the exposure, 6 larvae per replicate (n = 18) were sampled and kept
individually in RNA later buffer (Qiagen). Samples were stored at —80 °C.

2.8.1. RNA Extraction

Total RNAs were extracted in whole larvae using the kit SV Total RNA Isolation
system” (Promega) following the indications of the provider. Larvae were mixed and
homogenized with the MP fastprep®-24 (Biorad, 6 m/s, 40 s) using ceramic beads (MP
Biomedicals, Lysing Matrix D bulk).

2.8.2. Retro-Transcription of Total RNA into cDNA

The reverse transcription of total purified RNA was performed using the kit “GoScript
Reverse Transcription System” (Promega). A mixture of 1 uL of oligo dT (1 uM), 1 uL of
hexanucleotides (1 tM) and 10 pL of total purified RNA (1 pg) were mixed and heated for
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5 min at 70 °C followed by 5 min at 4 °C with a thermocycler (Eppendorf Mastercycler)
to allow primer annealing. Afterwards, 1 pL of dANTP solution (10 mM), 4 puL of activity
buffer, 1.5 uL of MgCl2 (25 mM), 1 uL of reverse transcriptase (1 U/uL) and 0.5 pL of
RNAsine were added. Reverse transcription was then performed at 42 °C for 1 h. The
cDNA samples were kept at —20 °C until analysis by quantitative real-time PCR.

2.8.3. Quantitative Real-Time PCR

The studied primers were designed using Primer3plus soft-ware (Table 1). Each
primer-pair was tested and showed an efficiency greater than 95%. Real-time qPCR was
performed using GoTaq® qPCR Master Mix kit (Promega). Each reaction mixture was
made up of 1 uL of cDNA sample, 2 puL of specific primer pair mix (200 uM each) and
17 uL of a mix consisted of Nuclease-Free Water and GoTaq® qPCR Master containing
SyberGreen fluorescent dye. Real-time PCR reactions were carried out in a Mx3000P®
qPCR system (Stratagene), and the amplification program was one cycle at 95 °C for 10 min,
then 45 amplification cycles at 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s. The specificity
of the amplifications was checked using the dissociation curve of the PCR products. The
dissociation curve was acquired by following the SYBR Green fluorescence level during a
gradual heating of the PCR products from 60 to 95 °C.

Table 1. Accession number and specific primer pairs for the Oncorhynchus mykiss used in our study.

Gene Accession Number Primer (5'-3')
17 NM_ 0011606722 CATGTCCGTCCCTCTOGGT >
a
sod CurZn NM_001124329.1 CGGGTCCAGTGAGAGTCAAC
a
ot KPO13084.1 CTTCTGGGTGGCCGAAGAAT
125 7985001 GCCCATIICTIOCCACCTCA S
ot XR 0024747911 GTAAGGACCCCATGGOTGTCH
st XM 0216123091 GTATTIGAGGOTGOCAGCCTS
- BTO7as.1 AGAACACATCCTGGGCACAG®
a
i MIS1041 GTANTGCACCAGGCCTCACT b
e XM_ 021577686 AGGAGGGTTCTACAGCGGAT @

TATCCTGGACCCACTGGAGG P

2 Forward primer ® Reverse primer.

For each gene, the cycle thresholds (Ct) were obtained from the software MxPro™
gqPCR. Two reference genes (rpl7 and eflx) were used, and the level of gene transcription
was normalized with the mean of Ct value of reference genes according to the method
of 228t [41]. Induction (>2) or repression (<0.5) factors were determined by the ratio of
transcription levels of each condition and the control. The list of studied genes and primer
pairs are presented in Table 1.

2.9. Statistics

Each condition was carried out in 3 independent replicates. Results are presented
as mean =+ SD (standard deviation). Normality of data distribution was verified by the
Shapiro-Wilk test (p < 0.01), and the homogeneity of variances by the Levene test (p < 0.05).
When data followed a normal distribution, a one-way ANOVA analysis was used (p < 0.05)
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followed by the Tukey post-hoc test. If normality was not met, the non-parametric test of
Kruskal-Wallis (p < 0.05) was used. All statistical analysis was performed using R software.

3. Results
3.1. Condition of Exposure

Concentrations of CPF (chlorpyrifos), GLY (glyphosate) and Cu were analyzed at
each water change at Ty, Tp4, and Ty4g in the different treatments to estimate the losses
of the compound (Table 2). To analyze the complexes between Cu-GLY in solution, GLY
was treated with a metal complex EDTA (ethylene diamine tetra-acetic acid), and Cu was
acidified with HNOj3. In all conditions, the measured concentrations of CPF were inferior
to the nominal concentrations at Ty. For the condition B, all CPF concentrations were below
the detection limit. For the two other conditions C and D, CPF concentration strongly
declined after a few hours due likely to compound sorption to exposure unit. In the case of
GLY, measure concentration was superior to the nominal concentrations at Ty, and slight
decreases were observed at T»4 and Tyg, but always higher than the nominal concentration.
For Cu, the measured concentration was below the quantification limit for the B condition
but was very close to the targeted concentrations for conditions C and D at Tp4. In contrast
to the two other compounds, Cu concentration increased over time.

Table 2. Nominal and measured concentrations of chlorpyrifos (CPF), copper (Cu) and glyphosate (GLY) for each condition.
Concentrations of samples were analyzed at Ty, To4 and Tyg.

CPF (ug/L) ! Cu?* (ug/L) 2 GLY (ug/L)
Nominal Measured Nominal Measured Nominal Measured Concentration
Concentration Concentration Concentration Concentration Concentration

Acidified (HNO3) No EDTA EDTA

Condition B 0.1 Ty < 0.04 0.67 Tp<1.1 333 Ty 63.3 64.7

Toy < 0.04 Ty <1.1 Topq 67.5 49.2

T48 <0.04 T48 <11 T48 55.4 42.2

Condition C 0.3 Ty 0.18 2.0 Ty 2.03 100 Ty 160.0 175.8
Tos <0.04 Toy 4.16 To4 140.0 168.0
Tyg <0.04 Tyg 4.81 Tyg 154.0 137.25
Condition D 3.0 To 1.63 20.0 T 19.63 1000 T 1345.0 1785.0
Tps 0.1 Toy4 26.32 To4 1645.0 2022.5
Tyg 0.05 Tyg 26.65 Tyg 1775.0 1790.0

! Limit of quantification: 0.13 pug/L, limit of detection: 0.04 pg/L. 2 Limit of quantification: 1.1 pg/L, limit of detection: 0.1 pg/L. 3 Limit of
quantification: 30, 600 and 6000 ng/L.

3.2. Embryonic and Larval Survival

Dissolved oxygen varied from 84% to 94.6% throughout the embryonic and larval
exposure. After 3 weeks exposure to the mixture of pesticides, no significant mortality was
observed in embryos and larvae in any of the conditions studied (Table 3). Embryonic and
larval survival reached more than 95% in all conditions. Hatchability was high, and more
than 90% of embryos succeeded in hatching. No significant differences between conditions
were observed for the duration of embryonic development.

3.3. Phenotypic Effects

Biometric measurements included total size, head size and yolk sac area. No significant
alterations were observed in biometrics for larvae exposed to mixtures of CPF, Cu and
GLY compared to non-exposed larvae (Table 3). Similarly, no significant increases of
developmental anomalies were noted on larvae at the end of the three weeks exposure.
Percentages of abnormal larvae were 15.0 & 2.8, 23.7 £ 3.6, 15.0 &= 7.8 and 22.8 = 11.3% for
control and conditions B, C and D, respectively (Table 3).

3.4. Swimming Behavior

Average velocity (mm/s) and mobility (s) of rainbow trout larvae subjected to light
stress are presented in Figure 1. Average velocity did not show any significant difference
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between conditions, and only a slight increase between conditions A and C (p-value = 0.052)
was observed at the basal period (dark 1, Figure 1A). On the other hand, larvae exposed to
condition C displayed a significant increase in their mobility compared to control larvae
(p < 0.05) in both dark periods (dark 1 and 2, Figure 1B). In contrast, no significant differ-
ences were observed when larvae were subjected to light stress, due to their high variability.

Table 3. Viability and developmental anomalies of early life stages of rainbow trout exposed to a mixture of three pesticides,

copper, glyphosate and chlorpyrifos. Values represent Mean + SD. No significant differences were observed, n = 3, ANOVA.

Control A Condition B Condition C Condition D
Acute toxicity
Embryo viability (%) 98.7 £ 2.3 96.8 + 3.4 964+ 15 942 +4.1
Larval viability (%) 97.7 £ 2.1 945 + 4.8 96.0 3.2 952 +49
Cumulative viability (%) 96.4 + 0.8 91.7+73 92.6 + 3.1 89.5 £ 35
Hatching rate (%) 95.6 +£ 2.0 920+ 4.6 92.0 +4.8 90.2 +4.1
Sub-lethal toxicity
Duration of development (DD) 301.1 £22 2949 +12.2 305.7 £1.1 309.9 £ 8.3
Total length (mm) 19.5+0.3 19.6 £ 0.2 19.8 £ 0.2 19.14+0.2
Head length (mm) 454+0.0 45+0.1 4.6 +0.0 43402
Ratio of head /body length (%) 232 +0.1 23.1+0.2 231+0.1 224407
Area of yolk sac (mm?) 10.8 £0.2 10.1 £ 0.4 104 £ 0.5 10.5 £ 0.1
Abnormalities (%)
Total 15.0+2.8 23.7 £ 3.6 150+78 228+ 11.3
Oedemas 75+84 127+ 6.2 9.3+56 1194+ 6.5
Spinal 75+ 84 16.6 +11.2 129 +11.3 16.5 + 14.8
Craniofacial 1.8+32 54+53 11.34+45 14.0+ 45
Haemorrhages 76 £ 6.6 0.0£0.0 9.3+£56 119 £ 6.5
14
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Figure 1. Velocity average (mm/s) (A) and cumulative time of mobility (s) (B) of rainbow trout larvae

following exposure to a mixture of three pesticides, copper, glyphosate and chlorpyrifos. Different

letters at the top of the bars indicate significant differences between conditions. Values represent
Mean £ SD (n = 3, ANOVA, p < 0.05).
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3.5. DNA Damage

Results of comet assay from blood cells are presented in Figure 2 with and without
treatment by Fpg enzyme prior the alkaline unwinding of DNA. Fpg treatment was used to
increase the sensitivity of the test. No significant differences in DNA damage were detected
between conditions with the classical comet assay and tail DNA intensity ranging from
3.6 to 6.4%. When nuclei were treated with Fpg enzyme, a three to four times increase of
DNA damage was observed in comparison to results without Fpg treatment for the same
exposure condition. In addition, DNA damage was significantly increased in larvae from
control (16.2 &+ 3.0%) to condition D (23.3 + 1.5%).
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Figure 2. DNA damage in blood cells from rainbow trout larvae after exposure to a mixture of three
pesticides (copper, glyphosate and chlorpyrifos), with- and without treatment with the Fpg enzyme.
Different letters at the top of the bars indicate significant differences between conditions. Absence of
letters indicates no significant differences (Mean + SD, n = 3, ANOVA, p < 0.05).

3.6. Lipid Peroxidation and Protein Carbonyls

A significant reduction in TBARS levels was observed on larvae from condition D
when compared to control (Figure S1A). However, no significant alterations in protein
carbonyl contents were observed in larvae from all conditions when compared to non-
exposed larvae (Figure S1B).

3.7. Gene Expression

Gene expression levels from whole larvae of rainbow trout revealed several up-
regulated genes following a three weeks exposure to pesticide mixture (Table 4). Mixtures
of GLY, Cu and CPF resulted in a significant induction of genes involved in detoxification
(gst and mt1), DNA repair (0gg1), mitochondrial metabolism (cox1 and 12S) and cholinergic
system (ache). High variability in gene transcription was observed for genes involved in
oxidative stress (cat, sod) and no significant differences were observed, nor was the gene
involved in apoptosis (bax) regulated. Strong genetic induction for 5 out of 10 genes was
observed in larvae from condition D, indicating the likelihood that a higher concentration
in the mixtures can lead to more severe toxic effects.
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Table 4. Transcription levels of whole larvae of rainbow trout after 3 weeks of exposure to a mixture
of copper, glyphosate and chlorpyrifos. Data was expressed as induction (above 2) or repression
(below 0.5) factors compared to the control condition. Asterisks (*) refer to significant differences
compared to control condition (n =3, ANOVA, p < 0.05). /: identical to control.

Gene Condition B Condition C Condition D
cat / / /
sod / / /
gst 25* / /

cox1 53* 3.8% 23.8 %
12s 49* 52% 324*

0gg1 44* 6.3* 34.8 *

rad51 / / /
bax / / /
mtl 9.4 * / 12.7 *
ache 45* 7.0%* 36.7 *

4. Discussion

Numerous reports have shown that most aquatic ecosystems located close to farmland
are contaminated with diverse kinds of pesticide, at different concentrations, which can
have an impact on aquatic biota [6,9,42]. Commercial pesticide formulations including
copper (Cu), chlorpyrifos (CPF) and glyphosate (GLY) are widely used for crop treat-
ments, and are frequently detected in wetlands and streams, usually transported by
runoff [11,17,19,43,44]. The interaction between these molecules can lead to changes in their
overall toxicity as a function of the synergistic and/or antagonistic effects [5]. Each studied
compound has a different mode of action, and its interaction may imply an induction or an
inhibition of a specific metabolic pathway [5].

Our results show no significant mortality of embryos and larvae of rainbow trout
exposed to low, moderate and highly concentrated mixtures of Cu, CPF and GLY. In previ-
ous studies performed with individual pesticides, no mortality was observed in early life
stages of rainbow trout exposed to GLY [28] and CPF [34]. However, significant embryonic
mortality (about 10%) and a high frequency of half-hatched embryos (25%) have previously
been observed for embryos exposed to 20 ug/L of Cu [15]. In this study, the addition
of CPF and GLY seems to inhibit the toxicity of Cu for embryos and larvae of rainbow
trout. This result could be explained by possible interactions between compounds. Indeed,
GLY is known to be a strong chelator of heavy metals such as Cu [45,46]. The functional
groups of glyphosate (amine, carboxylate and phosphate) can react with metal ions to
form complexes, resulting in a decreased bio-availability of Cu [47,48]. Our findings are
consistent with similar studies with freshwater cladocera (Ceriodaphnia dubia) and earth-
worms (Eisenia fetida). Indeed, neonates of C. dubia were exposed to seven heavy metals,
both alone and in binary mixtures with Roundup®, and most of the metals displayed
less than additive toxicity [48]. In the same study, LC50-48h for C. dubia was estimated at
10 pg/L of Cu?*, but in the presence of GLY mortality was reduced to 95%. GLY could
also affect the bioavailability of metals: for instance, it favors uptake of Hg and decreases
uptake of Ag [48]. Zhou [47] tested the interactions between Cu and GLY on the toxicity of
earthworm (Eisenia fetida). Acute toxicity of Cu for E. fetida was calculated at 0.11 mg/L
(LC50-48h), but when it was combined with GLY at concentrations of 0, 2 and 10 mg/L,
worm mortalities declined from 57%, to 3% and 0%, respectively. The authors observed
that the free Cu* was reduced with the presence of GLY, preventing the accumulation of
Cu in worms.

For the swimming behavior of rainbow trout larvae exposed to single pesticides, we
observed that GLY (100 pg/L) induced hyperactivity of larvae, increasing their velocity
and mobility under light stimulation [28]. Similar observations were obtained by [24,49,50]
in different fish species. On the other hand, larvae exposed to CPF (3 pug/L) were signifi-
cantly less mobile than non-exposed larvae [34]. Comparable results were observed by [51]
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and [52], usually related to a decreased of acetylcholinesterase (AChE) activity [53-55]. In
this study, rainbow trout larvae exposed to the mixture of pesticides at low and medium
concentrations were significantly more mobile than control larvae. Mobility of larvae
exposed to high concentrations of pesticide did not significantly differ from controls, and
no differences were observed after light stimulation. Bonifacio [56] exposed adult females
of ten spotted livebearer fish (Cnesterodon decemmaculatus) for 6 weeks at concentrations
of CPF (0.1to 1 pg/L) and GLY (0.2 to 2 mg/L). They observed that fish exposed only to
CPF had reduced swimming activity, but no differences were observed for fish exposed
to GLY and binary mixtures. They hypothesized that GLY could decrease the effect of
CPF on swimming activity. In another study, the addition of Cu also diminished the
impact of CPF on swimming behavior of adult zebrafish (Danio rerio) exposed to a mix-
ture of Cu (6.3 to 40 pg/L) and CPF (35 to 220 ug/L) for 24 h [57]. Indeed, decreased
swimming activity was observed in zebrafish exposed to the highest concentration of CPF,
suggesting that the addition of Cu may block the biochemical and neurological impacts
of CPF or modify its uptake by the neuron. Responses in terms of both hyperactivity and
hypoactivity were observed on females of Jenynsia multidentata exposed for 24 and 96 h
to a binary mixture of CPF (0.4 and 4 pg/L) and cypermethrin (0.04 and 0.4 pg/L) [53].
Low mixture concentrations significantly increased their swimming activity in the upper
area of the aquaria, and higher mixture concentrations reduced their swimming activity
and caused them to favor the bottom of the tank [53]. Alterations of normal behavior may
also depend on the ratio and concentrations of pollutants that are present in a mixture.
For example, Kienle [51] exposed zebrafish embryos for 11 days to mixtures of CPF, at
0.25 and 1 mg/L, and nickel chloride (NiCly), at 7.5 and 15 mg/L. When fish were exposed
to individual compounds, opposing behaviors were observed, i.e., CPF increased their
swimming activity while nickel decreased it. Interestingly, when nickel was combined with
low concentrations of CPF, the swimming activity of larvae also decreased; but, combined
with higher concentrations of CPF, larvae increased their activity. Kienle [51] argued that
both compounds have different modes of action, and in a mixture they may act indepen-
dently of each other. We can therefore suppose that the hyperactivity observed in our
larvae may be an effect caused mostly by the dominance of GLY, in accordance with our
previous results [28]. However, since there was an absence of significant response to light
change for larvae exposed to mixtures of pesticides, we can assume that the presence of
Cu and CPF antagonized or reduced the effects of GLY on larvae. Furthermore, numerous
studies have documented the relationship between AChE activity and behavioral changes
in fish [54,58,59]. In our work, we observed that ache gene expression was up-regulated
in all conditions compared to control, suggesting that alterations observed on behavior of
larvae could be related to this induction. Indeed, several pesticides, such as chlorpyrifos
and glyphosate, have the capacity to inhibit the AChE activity [23,60]. This inhibition may
cause acetylcholine accumulation in synapses of cholinergic neurons, leading to deficiency
of important functions such as swimming and feeding [61,62].

When embryos of rainbow trout were exposed separately to Cu, GLY and CPF, no
significant increase in DNA damage on blood cells was observed after 3-week exposure
compared to non-exposed larvae [15,28,34]. Blood cells from larvae exposed individu-
ally to GLY and CPF were also treated with the Fpg enzyme (forma-mido-pyrimidine
DNA glycosylase), but no significant changes were observed. Fpg is a DNA-based exci-
sion repair enzyme that makes it possible to detect and remove lesions related to basic
sites (apuric or apyrimidic), alkylation and oxidative damage (8-oxoguanine) induced by
Reactive Oxygen Species (ROS) [37]. In this study, the addition of Fpg enzyme reveals
additional DNA damage, in particular for larvae exposed to the highest mixture concen-
tration (condition D). DNA damage has previously been detected by the comet assay in
various aquatic organisms exposed individually to Cu, GLY and CPF using environmental
concentrations [20,21,63,64]. Few studies have examined the genotoxicity effects of mix-
tures of pesticides on fish. DNA damage was only observed in hemocytes of the freshwater
clam Corbicula fluminea exposed to a herbicide mixture of Roundup® (2 and 10 mg/L) and
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atrazine (2 and 10 pg/L) for 96 h, but no genotoxic effects were observed when clams were
exposed to the herbicides separately using the same concentrations [65]. In another study, a
mixture of endo-sulfan and CPF (0.94 to 1.88 ug/L) also caused significant DNA damage to
erythrocytes of fingerlings of Nile tilapia Oreochromis niloticus, after a 70-days exposure [66].
The genotoxicity of mixtures of metals has also been studied using the micronucleus as-
say on erythrocytes of fish, Synodontis clarias and Tilapia nitolica, exposed to Cu and zinc
(Zn) [67]. In this case, micronuclei frequency was significantly increased when fish were
exposed to binary mixtures, compared with exposure to individual metals. No significant
protein carbonyl content was observed in exposed larvae when compared to control group.
However, TBARS levels from larvae exposed to condition D were significantly lower than
control ones. Exposure to individual compounds showed a significant reduction in TBARS
levels in larvae exposed to 0.1 mg/L of GLY [28], while Cu and CPF alone did not modify
TBARS [15,34]. As we hypothesized previously, the absence of increased TBARS levels and
protein carbonyls may be the result of an efficient anti-oxidant system, serving to defend
against oxidative stress as observed by [27,68,69] in piava (Leporinus obtusidens), freshwater
catfish (Channa punctatus) and Anguilla anguilla, respectively.

With regard to gene expression levels, 3-week exposure to all conditions was mainly
associated with the up-regulation in the genes investigated, with similar patterns observed
in each of the studied conditions. The exposure to the mixture of the three compounds led
to the up-regulation of genes involved notably in detoxification, mitochondrial metabolism
and DNA repair. Cu, GLY and CPF are well known to produce individually reactive oxygen
species (ROS), and the enzymes catalase (CAT) and superoxide dismutases (SOD) protect
the cells from oxidative damage caused by ROS. In our study, no significant regulation
of cat and cytoplasmic sodCu/Zn genes were observed on exposed larvae because of their
elevated variability. However, many studies have shown evidence of the capability of
these compounds to induce antioxidant gene expression [62,70-72]. ROS neutralization
could also be completed by mitochondrial sodMn or gpx (Glutathione peroxidase) via
glutathione oxidation, but these two genes were not investigated in our study. Genes
involved in detoxification, gst and mt1, were induced, especially in larvae exposed to the
lowest and the highest mixture concentrations. Expression of gst (glutathione s-transferase)
is usually up-regulated when fish are exposed to xenobiotics. In our study, gst expres-
sion was significantly increased in larvae exposed to the lowest mixture concentration
(condition B), and this could indicate that larvae were able to implement defense mech-
anisms against low concentrations of pesticides. GST proteins play an important role in
detoxifying xenobiotic compounds by catalyzing the conjugation of reduced glutathione
(GSH) on primary metabolites from phase I metabolism [73]. Mt1 gene encodes the met-
allothionein proteins, usually induced by metal exposure, such as to copper, but it has
also an antioxidant role [74]. Metallothionein proteins have the capacity to bind xenobiotic
heavy metals through their thiol groups, providing protection against metal toxicity and
oxidative stress [74]. In a previous study using Cu [15], rainbow trout larvae showed a
down-regulation of mt1, mt2 and gst genes after 3-weeks exposure. However, no signif-
icant changes of gst gene expression were observed on larvae exposed individually to
GLY and CPF [28,34]. Therefore, we can presume that the induction of these genes is the
consequence of an additive effect over these functions on larvae exposed to the mixture of
pesticides. In our study, a significant induction of cox1 (cytochrome c-oxidase subunit 1)
and 12S gene expression was observed in all conditions compared to control larvae. These
up-regulations were even stronger in larvae exposed to the highest mixture concentrations
(condition D). An induction of these genes could reveal an increased mitochondrial number
per cell and a possible mitochondrial electron transport chain disruption from the lowest
mixture concentration tested. The mitochondria is involved in the production of energy for
cellular metabolism by synthesizing ATP (adenosine triphosphate). Since the mitochondria
is a major source of ROS (superoxide and hydrogen peroxide) through the disruption
of the electron-transport chain [75], the up-regulation of cox1 could denote an increased
demand for energy to fight the effects of toxicants. Furthermore, the putative increase
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of mitochondria could also stimulate ROS production [75,76]. The observed induction
of cox1 and 125 genes could mean a high-energy demand, in the form of ATP, to defend
cells against ROS production or to repair cellular damage by pesticides. This demand
of energy may even be required for functions that we have not considered in this study.
We also observed, in all conditions, an induction of DNA repair gene expression, oggl,
which is responsible for the removal of 8-oxoguanine as a result of ROS production. The
over-expression of 0gg1 (X34.8) on larvae exposed to the highest mixture concentration is
probably related to the significant induction of DNA damage that we observed on blood
cells after treatment with Fpg enzyme. Consequently, DNA lesions observed in blood cells
were likely to be related to oxidative damage. The up-regulation of DNA repair (0gg1) and
detoxification (gst and mt1) gene expression may indicate that defense mechanisms were
effectively implemented to avoid the effects of ROS production in cells and DNA. This
could relate to high demand for energy, with up-regulation observed for 12S and cox1 gene.
However, to validate this relationship, future research could focus on the expression of
the mitochondrial superoxide dismutase gene (sodMn), which transforms the superoxide
anion into hydrogen peroxide, and the expression of glutathione peroxidase (gpx), which
detoxifies the hydrogen peroxide into water.

It was not clear whether the observed gene regulation in larvae was a consequence
of a toxic effect or an adaptation effect. However, since no significant toxic effects were
observed on exposed larvae (e.g., mortality, lipid / protein oxidation), we considered that
the significant gene up-regulation was mostly an adaptive effect triggered to deal with
toxic exposure. At higher mixture concentrations, energy demand increased and the DNA
repair, mtl and ache gene expression greatly increase. This indicates a defense mechanisms
induction to prevent toxic effects resulting from increased exposure to chemicals. When
comparing the pattern of gene expression from the present work with previous work done
with individual exposure to Cu, GLY and CPF [15,28,34], we could consider that the joint
action of the three pollutants had an additive or a synergistic effects since the observed
effects of the mixture were stronger than the isolated substances.

5. Conclusions

Sub-chronic exposure to a mixture of copper, glyphosate and chlorpyrifos on rainbow
trout embryos can induce hyperactivity and DNA damage at the higher tested concentra-
tions. In addition, several genes were up-regulated, especially those involved in detoxifica-
tion, mitochondrial metabolism, cholinergic system and DNA repair. The up-regulation of
gst, 0gg1, mtl, cox1 and 12S gene expression suggests that exposure to the mixture of the
three pesticides at realistic environmental concentrations promotes cellular defense mecha-
nisms, indicating the induction of adaptive responses which could limit the occurrence of
more severe effects. Our results provide new information about the spectrum of effects
and the mechanisms involved in cellular response of rainbow trout embryos exposed to an
environmentally relevant mixture of pesticides.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/toxics9080174/s1, Figure S1: Content of lipid peroxidation expressed as nanomoles of
TBARS/mg of protein (A), and content of protein carbonyl expressed as nanomoles of carbonyl/mg
of protein (B) in whole body of rainbow trout larvae exposed to a mixture of thee pesticides, copper,
glyphosate and chlorpyrifos.
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