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Background and objective

Neuroactive compounds (NCs) represent a large group
of chemicals that affect the activity of the nervous system
of target organisms through various primary modes of
action (MoA). This group of compounds includes neu-
roactive pharmaceuticals (antidepressants, antipsychot-
ics, anxiolytics, anticonvulsants, opioids, and morphine
derivatives), stimulants, illicit drugs, and pesticides with
neuroactive action (organophosphate, carbamate, organ-
ochlorine, pyrethroid and neonicotinoid insecticides).
The global use of NCs is increasing with growing of urban
population and adoption of urban lifestyle [1, 2]. Antide-
pressants, anxiolytics, and antipsychotics are among the
most frequently prescribed drugs [2, 3], caffeine is one of
the most widely consumed stimulants in the world [4, 5],
while pesticides are still extensively used in agriculture
worldwide [6].

Along with neuroactive pesticides, contamination of
the aquatic ecosystems by neuroactive pharmaceuticals
and illicit drugs lately came into the scientific spotlight,
and the increasing trend of their consumption worldwide
implies to even growing environmental concentrations in
the years to come. Clearly, NCs represent a newly recog-
nized hazard in the aquatic environment, with possible
adverse effects on aquatic ecosystems and implications to
human population. However, the questions whether and
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to what extent NCs present a risk for aquatic ecosystems
still remain largely open, due to, as the paper will show,
limitations of current approaches in environmental risk
and ecological impact assessment of chemicals. We will
explore the potential way forward by using the Adverse
Outcome Pathway (AOP) concept for the development
of biomarker-based strategy for identification and hope-
fully, prediction of ecological impacts of NCs in aquatic
ecosystems.

Neuroactive compounds (NCs) (—an emerging
hazard) in aquatic environment

The intensive use of NCs results in their constant release
in the environment, either in a form of parent com-
pounds or as their active metabolites, with surface waters
being most affected through municipal wastewater efflu-
ents or agricultural surface runoff and leaching. Waste-
water treatment plants are not able to eliminate NCs
completely, so they remain in effluents in concentrations
ranging from ng/L up to pg/L (reviewed by [2]).

Thanks to advanced analytical non-target screening
(NTS) with state-of-the-art gas- and liquid-chromatog-
raphy high-resolution mass spectrometry (GC-HRMS
and LC-HRMS) and rapidly developing automated data
analysis workflows, a comprehensive analysis of chemical
pollution of waters is increasingly available [7]. However,
apart from several neurotoxic insecticides, neuroactive
pharmaceuticals and other compounds with potential
neurotoxic properties are not included into mandatory
official surface water and wastewater treatment plant
effluent monitoring programs, so the official data on
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NCs in aquatic resources are very scarce. The available
open data are patchy and derive mainly from specific
projects and targeted sites. By compiling the results of
occurrence of organic contaminants in seven independ-
ent monitoring studies of European freshwaters, Busch
et al. [8] showed that majority of detected compounds
are from the group of pesticides (42%), followed by
pharmaceuticals and illicit drugs (34%) and industrial
chemicals (17%). Moreover, among all those contami-
nants, the largest group with an assignable MoA are
compounds that are known to interact with the nervous
system (18%) through more than ten different molecu-
lar mechanisms or targets. Zhou et al. [9] analyzed the
data collected from peer-reviewed publications and gov-
ernment reports on levels of pharmaceuticals in surface
waters in 34 European countries, and revealed that 26%
of compounds are from the groups characterized by
neuroactive MoA. In the receiving waters, pharmaceu-
ticals are detected in concentrations ranging from ng/L
to pg/L [10] depending on compound and distance of
sampling site from the wastewater treatment plant dis-
charge points, while their chemical properties and detec-
tion in fish tissues suggest that some of these compounds
have the potential to bioaccumulate (reviewed by [11]).
As presented by Zhou et al. [9], mean concentrations of
most frequently analyzed neuroactive pharmaceuticals in
European surface waters were: tramadol 1127 ng/L, caf-
feine 885 ng/L, carbamazepine 183 ng/L and fluoxetine
12 ng/L. Pharmaceuticals also occur in drinking water,
with anticonvulsant drug carbamazepine as one of the
most frequently detected [12]. A number of studies also
report the presence of illicit drugs and their indicators
in urban wastewater in Europe, predominantly cocaine,
cannabis, amphetamine, 3,4-methylenedioxymetham-
phetamine (MDMA; ecstasy), but lately also new psycho-
active substances (NPSs) [13-15]. Apart from Europe,
environmental concerns related to presence of illicit
drugs and their metabolites have also been raised in USA,
South America and China [16-19] with their levels typi-
cally in the range ng/L. Contamination of water bodies by
pesticides, including insecticides with neuroactive action,
has been well documented (reviewed by [6]). These com-
pounds have been traditionally recognized as ubiquitous
aquatic contaminants with their concentrations reaching
levels of pg/L.

Do NCs present an emerging risk to aquatic
ecosystems?

Among the contaminants in the aquatic environment,
NCs are probably the ones with the most thoroughly
investigated and well-known primary MoA in target
species (human, arthropods). Typically, NCs interfere
with specific molecular targets such as neurotransmitter
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receptors, ion channels, enzymes and transporters
responsible for the removal of neurotransmitters from
the synaptic cleft, and other elements involved in syn-
aptic transmission and propagation of nerve impulses.
Although designed to act selectively on target species,
their unintended adverse effects are likely in non-target
organisms, due to the universal nature of transmission of
nerve impulses in animal kingdom. These effects depend
on the environmental concentrations, routes of uptake,
efficacy of metabolic, detoxification and excretory sys-
tem, bioaccumulation potential, and also on the level
of evolutionary and functional conservation of specific
molecular targets of NCs, which is typically very high
across phyla [1, 20]. It is therefore clear that NCs present
a hazard to aquatic biota, but whether they really present
an emerging risk to aquatic ecosystems is unclear, partly
due to the limitations of prospective risk assessment
(RA) of chemicals. In prospective RA of chemicals in
European Union, neurotoxicity is still assessed only using
in vivo test systems with standard oral toxicity studies in
rodents and, in case of prospective environmental risk
assessment (ERA) of pesticides, in vivo tests with addi-
tional mammals and birds as part of evaluation of eco-
toxicological effects on terrestrial vertebrates. Delayed
neurotoxicity testing, however, is currently required for
human health RA only, leaving the potential ecological
impacts of untested chemicals and their combined effects
to other vertebrates unknown, although compounds that
have not been designed as NCs (such as industrial chemi-
cals) could also have unintended neurotoxic properties
[21]. Neurotoxic effects of chemicals on aquatic species
are not assessed at all. Since neuroactive insecticides
are in general classified as toxic to very toxic to aquatic
animals, the tiered ERA approach and application of
conservative assessment factors basically make the out-
comes of standard acute and chronic aquatic ERA [22]
sufficiently protective, even though neurotoxicity is not
specifically addressed. However, in RA frameworks for
pharmaceuticals [23-25], effect assessment of human
and veterinary drugs for aquatic animals (required only
if predicted environmental concentrations—PEC .
water—Surpass the action limit of 0.01 pg/L) is restricted
to two standard tests (with invertebrates and fish) and
apical endpoints (mortality and only in case of daph-
nids—reproduction). The only mandatory test with fish is
an early life stage test (FELS, according to OECD guide-
line 210 [26]) with hatching and survival as the principal
endpoints. Although the protocol recommends recording
of any abnormalities in appearance and behavior (such
as uncoordinated swimming, hyperventilation or atypi-
cal feeding), such changes have rarely been quantified
so the effective values have hardly ever been expressed
for behavioral endpoints. Interestingly, even in the new
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draft Guideline [25], additional tailored assessment for
pharmaceutical substances with specific MoA has been
proposed for antibiotics and endocrine active substances
only [25]. Neurotoxicity has been briefly mentioned as
potential specific MoA in aquatic environment while
behavior has been rightfully recognized as an ecotoxico-
logically relevant endpoint for NCs. However, no further
action regarding tailored assessment of NCs has yet been
proposed due to the lack of reliable standardized end-
point and guidelines. Bearing in mind the lengthy test
guideline standardization procedures as well as the pres-
sure to limit vertebrate testing, the tailored assessment of
neurotoxic effects in aquatic environment with relevant
behavioral endpoints is not likely to be expected in near
future.

Since the acute toxicity of pharmaceuticals to aquatic
biota is generally low, while the existing standard aquatic
testing methods are not suitable for addressing neuro-
toxicity, we can conclude that current prospective RA of
chemicals in EU, particularly RA of pharmaceutical com-
pounds, does not adequately address the potential risk of
NCs in aquatic environment and does not provide reli-
able experimentally derived data for retrospective risk
and impact assessment of NCs in the context of Water
Framework Directive (WFD).

Experimentally derived evidence of adverse effects
of NCs in aquatic organisms

The evidence of sublethal effects of neuroactive phar-
maceuticals reported in scientific literature for aquatic
invertebrates, fish and/or amphibians almost exclusively
derive from laboratory studies with individual com-
pounds. The adverse effects include changes in brain
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chemistry, changes in feeding and social behavior, induc-
tion of stress and anxiety, changes in locomotion, nega-
tive effects on reproduction and development, reduction
in the immune system’s responsiveness and impact on
the efficiency of cryptic behaviors [reviewed by 11 and
20; 27, 28].

Laboratory studies revealed that zebrafish larvae are
sensitive to d-amphetamine and cocaine, with similar
locomotor response as seen in mammals [29]. Moreo-
ver, zebrafish are responsive to the rewarding proper-
ties of drugs of abuse [30], exhibit anxiety-like state in
cocaine withdrawal [31], robust behavioral responses
and physiological changes in MDMA treatment [32],
while cannabinoid exposure exhibit persistent develop-
mental impacts [33]. Aside from mortality, exposure to
neonicotinoids causes a number of sublethal effects on
aquatic organisms, such as feeding inhibition, impaired
movement, reduced fecundity, reduced body size and
immune-suppression (reviewed by [34]). Sublethal doses
of organophosphate insecticides can cause physiologi-
cal impairment of vital functions in fish, such as feeding,
predator avoidance and reproduction [35], as well as neu-
rotoxic effects in fish that correlates with a slow escape
response to predator attack [36]. Such adverse neurologi-
cal outcomes can reduce an organism’s ability to survive,
grow or reproduce and thus increase the likelihood of
population-level disturbances [37].

Although conducted under unrealistic, typical labora-
tory conditions, in simplified experimental settings and
long exposure duration, some of the cited studies have
applied environmentally relevant exposure concentra-
tions of individual NCs (Table 1). The results indicate
that the adverse, in most cases behavioral effects of

Table 1 Neuroactive compounds (NCs), model organisms, tested concentrations and lowest concentrations with the observed
effect(s) in examples of laboratory studies providing experimentally derived evidence of adverse effects of NCs in aquatic organisms

Neuroactive compound Model organism Tested concentrations  Lowest concentration with the References
(ug/L) observed effect(s) (ug/L)
Carbamazepine Danio rerio 1,2and 5 1 [27]
Oxazepam Lota lota 1and 100 1 [28]
p-Amphetamine Danio rerio 13,5-2704 13,5 [29]
Cocaine Danio rerio 68-17,000 2000
Cocaine Danio rerio 1000-20,000 5000 [30]
Cocaine Danio rerio 5-51,000 510° [31]
3,4-Methylenedioxymethamphetamine  Danio rerio 250-120,000 40,000 [32]
(MDMA, “Ecstasy”)
A9-Tetrahydrocannabinol (THC) Danio rerio 300-5000 600 [33]
(LCsy=3 650)
Cannabidiol (CBD) Danio rerio 70-1250 70
(LCsp=530)
Ethoprophos Astyanax aeneus 14 14 [36]

? Concentration with the most consistent efficacy; LC50—median lethal concentration
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very low concentrations of NCs that eventually lead to
population-level outcomes, can be expected in aquatic
ecosystems constantly exposed to complex mixtures of
contaminants under stochastic environmental and multi-
stress conditions.

Can we assess, identify and confirm the adverse
effects and ecological impacts of NCs in aquatic
ecosystems?

It takes a complex, weight of evidence (WoE) approach
based on four complementing lines of evidence (LoE) to
assess the ecological impact of overall chemical pressure,
and to identify the drivers of mixture risks [38]. Four lines
of evidence include: LoE 1: CBM—component-based
methods that allow a predictive mixture risk modeling;
LoE 2: EBM—effect-based methods (battery of MoA-spe-
cific bioanalytical tools); LoE 3: in situ tests and analysis
(caged or free-living animals) based on a battery of suf-
ficiently selective and MoA-specific biomarkers of effect
measurable on various level of biological organization
(from gene expression and enzyme activity to behavior)
and LoE 4: biomonitoring (field-derived) data on aquatic
communities structure and composition, as an ultimate
measure of ecosystem integrity.

Provided that the adequate MoA-specific tools are
available, theoretically, the concept could be used to
assess the ecological impact of NCs. However, there are
currently (too) many limitations and challenges to be
addressed. Apart from insecticides, for the vast major-
ity of other NCs (pharmaceuticals and illicit drugs,
their metabolites and transformation products), chronic
or sublethal effect data for aquatic biota are not availa-
ble, so in CBM (LoE 1) the chronic data must be either
extrapolated from acute endpoints or read across [38,
39] which makes the prediction of chronic toxic pressure
from chemicals from this group as well as the assessment
of the contribution of NCs to the overall toxic pressure
in aquatic ecosystems rather unreliable. With regard to
EBM (LoE 2), it is believed that a comprehensive bio-
analytical test battery provides integrated information of
the effects of the biologically active substances in a water
sample [40]. For certain groups of xenobiotics, such as
endocrine disruptors (EDs, particularly estrogenic and
androgenic compounds) and dioxin-like compounds
(DLCs), universal expression of bioassay data, based on
the assay’s reference compound, biological toxic equiva-
lents (estradiol equivalent (EEQ) or TCDD equivalent
(TCDDEQ)) [41, 42] enables quantification of effects.
However, in case of NCs diversity of chemical struc-
tures, MoAs and specific molecular targets, and conse-
quently the lack of one prototype compound that could
be used as a reference, makes such universal bioanalyti-
cal approach difficult to develop. Therefore, inhibition
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of AChE (expressed as parathion EQ) is still the only
commonly used in vitro endpoint for specific neurotox-
icity [43], limiting the assessment of neurotoxic effects
to insecticides and a handful of other NCs with similar
MoA, while ignoring all the other MoAs and potential
adverse effects. Similarly, the most well-known and basi-
cally the only commonly used biomarker (LoE 3) of effect
for neurotoxicity is the acetylcholinesterase (AChE)
inhibition, typically measured in the brain or whole ani-
mal homogenate from free-living or caged animals [21].
While some already available additional in vitro bio-
analytical tools, such as neuronal and glial cell viability
assays, precursor cell differentiation and apoptosis assays
using neuroblastoma cells, myelination, neurotransmitter
receptor profiles in neuroblastoma cells and interference
with neurotransmitter enzymes or postsynaptic receptors
are expected to be validated for water quality assessment
soon [43], there is little progress in expanding the “core
battery of biomarkers” (according to [44]) to comprehen-
sively address the neurotoxicity in aquatic ecosystems.
One way forward might be to use online (multispecies)
biomonitoring devices instead of simple caging and to
observe, in real-time, behavioral changes of exposed ani-
mals. However, this approach limits the assessment to
few places of interest (hot spots) and could not be applied
to monitor natural populations in aquatic ecosystems.
Laboratory studies with aquatic animals exposed to envi-
ronmentally realistic sublethal concentrations of NCs
imply that the behavioral changes are pivot key events
leading to adverse outcomes of NCs. But prior to behav-
ioral alterations, significant changes in brain neurochem-
istry must occur [21]. Monitoring such changes using
properly identified and carefully selected neurochemical
biomarkers seems to be a promising strategy for impact
assessment of NCs in aquatic ecosystems. So far, limited
progress has been made in establishment of specific bio-
marker response patterns for NCs that could be widely
accepted and used in ecological impact assessment.

Impact assessment of NCs in aquatic ecosystems
and relevance of Adverse Outcome Pathway (AOP)
framework

The effects of toxicants, including NCs, can be first
observed already at the molecular level, and are followed
by subsequent (measurable) responses on different lev-
els of biological organization that culminate in adverse
effects at the level of individual or population. Any of
alterations in molecular, cellular, biochemical and physio-
logical processes are potential biomarkers which, ideally,
can provide valuable early warning signals of environ-
mental contamination by specific group of compounds.
However, their biological significance in terms of linkage
of specific early responses to population and ecosystem
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consequences has been stressed as the key issue limiting
the use of biomarker approach in ERA [45]. Therefore,
it is important to have a linkage framework on the sub-
individual level by which the response can be connected
to potential adverse outcomes, and which would high-
light the usefulness of biomarkers in mapping the risk of
chemical exposure on all the biological levels at which a
chemical is likely to act [46].

A concept that could provide a solid framework to link
molecular or cellular events to a whole organism is the
Adverse Outcome Pathway (AOP) [42]. AOPs represent
biologically plausible and empirically supported links
between a series of Key Events (KE), which are measur-
able changes at the molecular, cellular, tissue, organ, indi-
vidual, and population level, from a Molecular Initiating
Event (MIE, the initial point of chemical interaction) to
an Adverse Outcome (AO) [47]. All AOPs developed so
far (or being still under development) are available in an
open-source platform AOP-Wiki (https://aopwiki.org).
Here, specific AOPs with MIEs and/or KE related to
impairment of molecular targets associated to neuronal
functions can be searched and extracted. By description,
AQOPs are chemical agnostic. However, matching events
described within AOPs with responsive biomarkers
observed for NCs can contribute to the strengthening of
the weight of evidence for a causal relationship between
chemical exposure and adverse health outcomes [47].
Such approach could help in identification of biomark-
ers that could really serve as early warning indicators that
respond before measurable effects on individual perfor-
mance and population/community dynamics occur [48].

Proof of concept where several biomarkers of effects
were linked to adverse reproductive outcomes using
information collected in specific AOPs has been suc-
cessfully demonstrated for phthalate exposure in human
studies [47]. Integration of biological responses to chemi-
cals into the AOP framework was also presented by Lee
et al. [46], while Oki and Edwards [49] provided a proof
of concept of integrating multiple complementary toxic-
ity datasets explored and determined by computational
data mining approach in the development of AOPs.

Biomarkers of effect of NCs and AOPs

Synaptic transmission, the main target of the major-
ity of NCs, is a complex, well coordinated, multi-stage
process starting with biosynthesis of neurotransmitters,
their exocytosis, binding to specific postsynaptic recep-
tors and induction of the resulting postsynaptic potential,
and finally removal of neurotransmitters from the synap-
tic cleft (either by enzymatic degradation or by specific
transport proteins). Each of these steps is a possible tar-
get of NCs and, if measurable and sensitive enough, a
potential biomarker of effect of NCs. The strengths and
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limitations of these, so-called neurochemical biomarkers
in the field of ecotoxicology have been reviewed by Basu
[37], but the question of translation of measured changes
to structural or functional damage to the nervous system
and ultimately to adverse outcomes remained open, as
well as their integration into ecological risk and impact
assessment frameworks and practices.

For the purpose of this discussion paper, and guided by
AOPs including MIEs and/or KE related to impairment
of neuronal functions, we searched for the data from
(eco)toxicological studies measuring parameters with
relevance in definition of biomarkers of effect of NCs in
aquatic organisms. The search was performed in Sco-
pus, (https://www.scopus.com/search/), ScienceDirect
(https://www.sciencedirect.com/) and PubMed (https://
pubmed.ncbi.nlm.nih.gov/) databases using combina-
tions of the following keywords: aquatic environment,
biomarkers, effects, fish, invertebrates, pharmaceuticals,
non-target organisms, neuroactive substances, neuro-
chemical biomarkers, neurotransmitters, pesticides,
psychoactive substances, stimulants. For the advanced
search, basic key words were also combined with the
additional ones, mostly referring to the specific biomark-
ers defined in Table 2. From the search results, we have
selected (eco)toxicological studies focusing on effects on
NCs and their mixtures on specific neurochemical bio-
markers in aquatic invertebrates and fish. Based on those
selected studies and MIEs and KEs defined in the avail-
able AOPs at AOP-Wiki, we extracted 20 endpoints with
relevance in definition of biomarkers of effect of NCs and
potential candidates for development of corresponding
impact assessment tools (Table 2). This list, however, can
easily be extended due to the diversity and complexity of
elements of neurotransmitter signaling pathways.

It transpired that among almost 400 AOPs registered
at AOP-Wiki platform, there are 37 potentially relevant
as sources of candidates for biomarkers of effect of NCs
(Table 2). The AOP examples presented in this review
are available in the AOP knowledgebase (https://aopwi
ki.org), and their overview together with relevant MIEs/
KEs, AOs, taxonomic applicability, present status and
web addresses for each AOP, are provided in Supplemen-
tary material (Additional file 1: Table S1). Among them,
there are only 4 with confirmed OEDC status and open
for citation and comments (AOP10, AOP 12, AOP13,
and AOP48), while the others are still at different stages
of development. All these AOPs include 17 different
MIEs and/or KEs, related to different stages of synaptic
transmission or propagation of nerve impulses. From the
selected (eco)toxicity studies with different aquatic spe-
cies as model organisms exposed to NCs, 10 different
endpoints are extracted as potentially relevant biomark-
ers of effect of NCs. When comparing molecular targets
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Table 2 Overview of molecular responses with relevance in definition of biomarker of effects of NCs measured in aquatic organisms
in (eco)toxicological studies and AOPs including corresponding MIE or KE

Biomarkers (Eco)toxicological studies AOPs?
Exposure to NCs Model organism(s) Response References ID Response
Neurotransmitter levels or related neuronal activity
Acetylcholine (Ach) Wastewater effluent Rutilus rutilus U [50] 16,281,312 4
Diazinon and diazoxon Oreochromis niloticus 0 [51]
Dopamine Venlafaxine Morone saxatilis x Morone = [52] 112,170 M
chrysops
Municipal effluents Elliptio complanata N [53]
Domestic wastewater Elliptio complanata 0 [54]
aeration lagoons
Dieldrin Micropterus salmoides = [55]
Fluoxetine Carassius auratus 4 [56]
Diazepam Daphnia magna N3 [57]
Serotonin Venlafaxine Morone saxatilis x Morone |, [52] 97,98, 195, 203, 204 4
chrysops
Wastewater effluent Rutilus rutilus = [50]
Municipal effluents Elliptio complanata J [58]
Municipal effluents Elliptio complanata U [53]
Domestic wastewater Elliptio complanata b [54]
aeration lagoons
Fluoxetine Morone saxatilis x Morone |, [59]
chrysops
Fluoxetine Carassius auratus 0 [56]
Fluoxetine Daphnia magna b [57]
GABA Dieldrin Micropterus salmoides b [55] 197,215, 231 1
Diazepam Daphnia magna N [57]
Glutamate Wastewater effluent Rutilus rutilus M [50] 13,215 31
Neurotransmitter receptors
Nicotinic Ach receptors No relevant (eco)toxicological studies including these biomarkers 178 4
Muscarinic Ach receptors 281 1
Serotonin receptors 221,222,224, 225, 235, 1
236
GABA receptors 10, 160, 215, 231 1
Glutamate receptors 12,13,48,113,161, 215 1
a-noradrenergic (NE) 126 J
receptors
Beta-2 adrenergic recep- 164 4
tor
Mu Opioid Receptor 233,234 4
Neurotransmitters catabolic enzymes
Acetylcholine esterase Pulp and paper mill Carassius auratus I [60] 16,281,312 N
(AChE) effluents
Sewage effluent Astyanax bimaculatus b= [61]
Fluoxetine Pomatoschistus microps J [62]
Organophosphorus Estuarine fish and inver- |, Reviewed by [63]
insecticides tebrates
Diazepam Hediste diversicolor A [64]
Mixture of pesticides Markiana nigripinnis and |, = [65]
Astyanax lacustris
Municipal wastewaters  Abramis brama 1, [66]
Municipal wastewaters Meretrix meretrix 1, [67]
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Table 2 (continued)
Biomarkers (Eco)toxicological studies AOPs?
Exposure to NCs Model organism(s) Response References ID Response
Monoaminoxidase (MAQO) ~ Caffeine, carbamazepine  Corbicula fluminea = [68] No AOPs including these biomark-
ers as MIE/KE
Wastewater treatment Different fish species M [69]
plant effluents
Pulp and paper mill Carassius auratus J [60]
effluents
Municipal effluents Elliptio complanata 0 [58]
Domestic wastewater Elliptio complanata 0 [54]
aeration lagoons
Carbamazepine, fluox- Hediste diversicolor U [70]
etine
GABA transaminase Pulp and paper mill Carassius auratus M [60]
(GABA-T) effluents
Neurotransmitter transporters
Dopamine transporters Municipal effluents Elliptio complanata 4 [53] No AOPs including these biomark-
Domestic wastewater Elliptio complanata 1 [54] ers as MIE/KE
aeration lagoons
Fluoxetine Carassius auratus N [56]
Serotonin transporters Municipal effluents Elliptio complanata J [53] 97,98, 195,203,204, 221, |, 1
Domestic wastewater Elliptio complanata 1 [54] 222,223,224,225,226
aeration lagoons
Voltage-gated ion channels activity
Sodium channels No relevant (eco)toxicological studies including these biomarkers 94, 96,197,215, 230 1
Potassium channels 95 |

MIE Molecular Initiating Event, KE Key Event

2The web addresses and status for each AOP are provided in Additional file 1: Table S1

defined by available AOPs and selected (eco)toxicity stud-
ies, there are only 7 that are covered by both approaches,
while the rest (13) are covered only by one approach.

Neurotransmitter (NT) levels or related neuronal activity

Although playing a central role in relaying information
at chemical synapses in the CNS, minor changes in the
concentration of neurotransmitters can lead to neuro-
degenerative diseases [71]. Based on AOP database and
corresponding references, changes in neurotransmitter
(NT) levels or the associated neuronal activity can lead to
increased mortality, increased predation and population
decline, decreased reproductive success, impairment of
learning and memory, depending on NT [72-74]. On the
contrary, population increase has been also suggested as
an AO in one AOP including increased serotonin level as
KE [72]. Most of the AOPs refer to increase in NT levels
as KEs leading to adverse outcome, especially in the case
of acetylcholine and serotonin levels. In addition to AOP
data, results of (eco)toxicological studies also imply to
NT levels as sensitive biomarkers of NCs. It was shown
that effects of NCs on NT levels strongly depend on

the type of exposure, model/bioindicator species, brain
region used for the analyses and gender, so both increase
and decrease can be detected in levels of each NT [50—
59]. This means that, in real-life exposures, being influ-
enced by many factors, the response of an organism to
various NCs on the level of NTs release and their result-
ing levels is rather unpredictable, so increased, decreased
or unchanged NT levels can be measured in exposed in
comparison to basal levels in unexposed organisms. On
the other hand, AOPs mostly refer to increase in NT
levels as KEs. Such consistent nature of KEs reported
in AOPs does not fully correspond to real-life scenario,
which makes integration of biomarker data into available
AOPs and prediction of AOs difficult to perform. Hence,
development of additional AOPs including decrease in
NT levels for each NT would be of great importance for
reliable and accurate prediction of AOs.

Neurotransmitter receptors

In the synapse, released neurotransmitters can bind to
and activate specific receptors on adjacent, postsynap-
tic neurons [37]. Action on neurotransmitter receptors
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is primary MoA of many NCs. Some of the examples
are neonicotinoid insecticides binding to the nicotinic
acetylcholine receptors (reviewed by [21]) and antipsy-
chotics acting as antagonists of dopamine and serotonin
receptors. Activation and inhibition of NT receptors is
included as KE in 21 AOPs, indicating a significant role of
this step of neurotransmission in neural functions. Most
of the AOPs are related to changes in the activity of sero-
tonin, GABA and glutamate receptors, with both inac-
tivation and activation of receptors as type of the event.
The suggested AOs are increased/decreased depression
and increased agitation for serotonin receptors, epilep-
tic seizures for GABA receptors (AOP10; [75, 76]) and
impairment of learning and memory for glutamate recep-
tors (AOP12; AOP13; AOP48; [74, 77, 78]). There are
also available AOPs related to activation of cholinergic
receptors [79], while dopamine receptors are completely
neglected in AOP framework. Although included in sev-
eral AOPs as events which impairment leads to various
AOs, to our knowledge there are no relevant (eco)toxic-
ity studies dealing with effects of NCs on the activity of
NT receptors. Based on their relevance in primary MoA
of NCs, and considering the information derived from
AOQOPs, they seem to be promising candidates for sensi-
tive biomarkers of effect of NCs, so intensive research
directed to synchronization of (eco)toxicological research
in non-target organisms and present AOPs is highly
recommended.

Neurotransmitters catabolic enzymes and transporters

An essential step in synaptic transmission is the removal
of NT from the synaptic cleft, which happens by diffu-
sion, enzymatic degradation or reuptake by specific
transporters. AChE is a target of many NCs (such as
organophosphorous and carbamate insecticides) with
primary MoA related to inhibition of these enzymes,
while NT transporters are common targets of neuroac-
tive pharmaceuticals (such as antidepressants acting as
inhibitors of serotonin reuptake by transporter (5-HTT)).
According to available AOPs, AChE inhibition leads to
increased mortality and neurodegeneration [73]. It is
also one of the most studied neurochemical biomarkers
in (eco)toxicological research where both inhibition and
stimulation of enzyme activity was detected in different
organisms [60-67]. Monoamine oxidase (MAQO), cata-
bolic enzyme degrading dopamine and serotonin [37],
was also well studied in (eco)toxicological research with
changes in the activity noticed in different organisms
exposed to NCs and their mixtures [54, 58, 60, 68-70].
However, available AOPs do not include this potential
biomarker as MIE or KE. Among the NT transport-
ers, dopamine and serotonin transporters are promis-
ing biomarkers based on the (eco)toxicological studies
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[53, 54, 56], but AOPs include only serotonin transport-
ers as MIEs or KEs. Inhibition or decrease of the sero-
tonin transporter activity (5-HTT) is included in 11
different AOPs, suggesting increased predation, changes
in reproductive success and population size [72], as well
as increased depression and agitation as most prominent
AOs. Overall, the use of information on the responses
related to either NT receptors or NT removal are not
well synchronized in (eco)toxicological research and
AOQOPs, implying the necessity of integration of promising
biomarkers such as MAO, GABA transaminase (GABA-
T) and dopamine transporters into AOP framework.

Voltage-gated ion channels activity

Although being of crucial importance in propagation of
nerve impulses, the activity of sodium and potassium
voltage-gated channels is completely neglected in (eco)
toxicological studies, but it is included in 6 different
AOQOPs suggesting reduced survival [72], seizures and epi-
lepsy as the most prominent AOs. Incorporating these
parameters in (eco)toxicological studies would provide
more information on their applicability as biomarkers.

Future perspectives and strategies in definition
of specific biomarker response patterns for NCs
Even though we live in the age of information and infor-
matics and intensified efforts invested worldwide in
creation and curation of open, user-friendly databases
and software, with enormous quantities of information
available with a click of a mouse, it seems that we are still
living and working in our own small bubbles, rather self-
sufficient and ignorant about the developments outside
our narrow field. Unfortunately, environmental research
is not exempted. When it comes to neuro(eco)toxicologi-
cal research, it seems that different research communities
co-exist and develop separately, in parallel, without much
(critically needed) synchronization and harmonization.
A typical example to illustrate these rather hard (self)
accusations is the fact that despite the continuously
emerging findings on MoA of NCs and other emerging
contaminants from the mechanistic laboratory studies,
it seems that the “core biomarkers” (as presented already
15 years ago by Pampanin et al. [44]) including inhibition
of acetylcholinesterase (AChE) activity, metallothionein
(MT) concentration, induction of cytochrome P450 1A
enzymes (CYP1A), and the activity of antioxidant and
detoxification enzymes are still the first choice in field
ecotoxicological studies, regardless the sources of pollu-
tion and type of compounds inducing (or not) the meas-
ured parameters. In many studies, including those related
to exposure to NCs, such traditional approach most often
results in inconsistent and low- or no-effect responses.
With a broad spectrum of more specific and sensitive
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biomarkers of effect of NCs presented in this paper, this
concept should be revised, to establish a strategy which
will be based on measurement of parameters directly
related to disturbance of neurotransmission and propa-
gation of nerve impulses, in cases of suspected NCs pol-
lution and their ecological impact assessment.

On the other hand, “hard (eco)toxicological science”
seems to be unaware of the high value of basic physi-
ological research findings for risk-oriented environmen-
tal research and management. Approach to study the
concentration-dependent response of organism can help
to understand mechanism of toxicity [11], but laboratory
experiments are too often conducted using environmen-
tally unrealistic exposure concentrations of NCs which
makes the ecological relevance of such findings rather
limited. Valuable behavioral laboratory studies with
NCs are being vastly underused because sub-individual
parameters are rarely simultaneously measured and the
opportunity to feed the results into existing or newly sug-
gested AOPs and contribute to identification of specific
biomarker response patterns for NCs is in most cases
lost. Although the AOP concept has been proposed and
widely promoted for years, it seems that the research
community gathered around the concept is rather her-
metic and strictly divided between human and ecologi-
cal applications. The AOP concept starts resembling the
classical literature in terms that everybody has heard
about it (and readily uses the buzz word in the scien-
tific publications) but not many (eco)toxicologists have
really embraced it. Traditional (eco)toxicologists seem to
be rather reluctant to either plan the experimental work
so that the results might feed into AOPs under devel-
opment, or to extract valuable information and, more
importantly, knowledge gaps from existing AOPs when
planning future research.

Bearing in mind that the neurochemical biomarkers
present only one tiny piece of a big neuro(eco)toxicologi-
cal puzzle comprehensively presented in excellent review
by Legradi et al. [21], “out of the box” way of thinking
requires revisiting the role of biomarkers and making the
most of their full potential in ecotoxicological research
and ecological impact assessment. To do so, there are at
least three currently parallel research avenues that should
be taken synergistically in development of biomarker-
based strategy for impact assessment of NCs in aquatic
environment and prediction of their adverse effects

(Fig. 1).

I. Mechanistic laboratory studies using cell-culture
based assays and laboratory organisms (standard
and non-standard aquatic invertebrates, fish), ana-
lyzing wide spectra of NCs with different primary
MoA and substantial number of their possible
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molecular, biochemical and/or behavioral targets.
Such investigations provide data on mechanism
of toxic effects of NCs, regardless of their primary
MoA, in different experimental models. They ena-
ble establishment of the database on possible and
most responsive biomarkers of effect of NCs.

II. Field studies using caged or wild, sentinel spe-
cies from the aquatic environment (contaminated
by NCs and pristine sites) for the analyses of the
selected biomarkers of effect of NCs. Such inves-
tigations, supported by chemical analysis, chemo-
informatic approach, component-based predic-
tive modeling and effect-based (bioanalytical)
tools aimed to identification and quantification
of NCs and their potential risk to aquatic ecosys-
tems, would provide information on cause—effect
relationships between detected contaminants and
responses measured in situ, enable validation of
experimentally derived battery of specific biomark-
ers, and establishment of biomarker response pat-
terns for identification of compounds with neuro-
active properties in environmental mixtures and
their ecological impact.

[II. Integration in the existing AOPs and development
of new AOPs which include biomarkers of effect of
NCs defined in I and II as MIEs and/or KEs, with
implications for AO.

The synchronization of biomarker research via these
three research avenues is of crucial importance for gain-
ing comprehensive results and selection of the most sen-
sitive and most specific parameters. The search for such
biomarkers does not end with the parameters presented
in this paper, but can be extended to other events such as
control of neurotransmitter release, as well as functional
or structural changes in nerve cells.

Conclusion
Current approaches to assess the impacts of NCs on
the exposed aquatic ecosystems are still poorly estab-
lished although the development and implementation
of appropriately targeted water management strategies
critically depend on realistic estimations and relevant
data. Under-, but also over-estimation of impacts related
to NCs in the environment could critically jeopardize
effectiveness of abatement measures. In order to realisti-
cally identify and assess the role of NCs pollution on the
ecological integrity of aquatic ecosystems, we advocate
the development and application of AOP embedded bio-
marker-based strategy.

Lack of well-characterized and widely accepted bio-
markers clearly related to adverse effects in the exposed
organisms, and incomplete AOPs incorporating these
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Ecological impact assessment
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Fig. 1 Selection of specific biomarkers, identification, confirmation and validation of biomarker's response patterns for impact assessment of
neuroactive compounds in the aquatic environment: synchronization of mechanistic and field studies and integration into AOP framework. NCs
neuroactive compounds, LoE line of evidence, CBM component-based predictive mixture modeling, E8M effect-based methods (bioanalytical tools)

biomarkers as MIEs/KEs, still represent challenges in
investigations aimed at development of biomarker-
based strategy for impact assessment of NCs in the
aquatic environment. The holistic approach in biomarker
research that integrates data resulting from synchronized
mechanistic laboratory studies (in vitro and in vivo) and
field studies is essential for determination of sensitive
biomarkers of effect of NCs and related response pat-
terns. Special emphasis should be put on further develop-
ment and utiliation of adverse AOP framework database
in establishment of a strategy for impact assessment of
NCs in the aquatic environment.
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