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Abstract In order to develop a test battery based on a variety
of neurological systems in fish, three sensory systems (vision,
olfaction, and lateral line) as well as nerve transmission (ace-
tylcholine esterase) were analyzed in zebrafish (Danio rerio)
embryos with respect to their suitability as a model for the
screening of neurotoxic trace substances in aquatic ecosys-
tems. As a selection of known or putative neurotoxic com-
pounds, amidotrizoic acid, caffeine, cypermethrin, dichlorvos,
2,4-dinitrotoluene, 2,4-dichlorophenol, 4-nonylphenol,
perfluorooctanoic acid, and perfluorooctane sulfonic acid
were tested in the fish embryo test (OECD test guideline
236) to determine EC, values, which were then used as max-
imum test concentration in subsequent neurotoxicity tests.
Whereas inhibition of acetylcholinesterase was investigated
biochemically both in vivo and in vitro (ex vivo), the sensory
organs were studied in vivo by means of fluorescence micros-
copy and histopathology in 72- or 96-h-old zebrafish embry-
os, which are not regarded as protected developmental stages
in Europe and thus — at least de jure — represent alternative
test methods. Various steps of optimization allowed this neu-
rotoxicity battery to identify neurotoxic potentials for five out
of the nine compounds: Cypermethrin and dichlorvos could
be shown to specifically modulate acetylcholinesterase activ-
ity; dichlorvos, 2,4-dichlorophenol, 4-nonylphenol, and
perfluorooctane sulfonic acid led to a degeneration of
neuromasts, whereas both vision and olfaction proved quite
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resistant to concentrations < EC;, of all of the model
neurotoxicants tested. Comparison of neurotoxic effects on
acetylcholinesterase activity following in vivo and in vitro (-
ex vivo) exposure to cypermethrin provided hints to a specific
enzyme-modulating activity of pyrethroid compounds.
Enhancement of the neuromast assay by applying a simulta-
neous double-staining procedure and implementing a 4-scale
scoring system (Stengel et al. 2017) led to reduced variability
of results and better statistical resolution and allowed to dif-
ferentiate location-dependent effects in single neuromasts.
Since acetylcholinesterase inhibition and neuromast degener-
ation can be analyzed in 72- and 96-h-old zebrafish embryos
exposed to neurotoxicants according to the standard protocol
of the fish embryo toxicity test (OECD TG 236), the fish
embryo toxicity test can be enhanced to serve as a sensitive
neurotoxicity screening test in non-protected stages of
vertebrates.

Keywords Neurotoxicity - Fish embryo test - Zebrafish -
Acetylcholinesterase - Neuromasts - Ototoxicity - Vision -
Retina - Olfaction - HRIV concept

Introduction

Water plays a central role in human life, and the provision of
high-quality drinking water has become a major challenge in
human societies (Stengel et al. 2017). Given the multitude of
anthropogenic compounds found in surface and groundwaters,
anthropogenic impact may be a major risk for water quality
(Pal et al. 2014; Postigo and Barcelo 2015). An increasing
number of anthropogenic pollutants associated with neurotoxic
effects have been identified in water bodies including ground-
water (Fox et al. 2012; Grandjean and Landrigan 2006), and
there is increasing evidence that chronic exposure to such


http://orcid.org/0000-0002-1785-6759
mailto:braunbeck@unid.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-017-0399-y&domain=pdf

Environ Sci Pollut Res (2018) 25:4066-4084

4067

neurotoxicants may cause neurodevelopmental disorders such
as autism, attention-deficit hyperactivity disorder, dyslexia, and
others (Fox et al. 2012; Grandjean and Landrigan 2014).

Since so far only a limited number of priority pollutants are
being considered by the Water Framework Directive (EU
2008), various research programs have been initiated to devel-
op acute and mechanism-specific bioassays to identify the
putative damage potential within a hazard-based risk assess-
ment. Within the scope of RiSKWa, a joint research program
by the German Federal Ministry of Education and Research
(Huckele and Track 2013), the major task of the “Tox-Box”
project was to enhance the existing health-related indicator
value concept (HRIV; German: GOW-Konzept —
Gesundheitlicher Orientierungswert) through development
and prioritization of additional endpoint-related testing strate-
gies for genotoxicity, neurotoxicity, germ cell damage, and
endocrine effects (Grummt et al. 2013).

Among the endpoints covered within Tox-Box, neurotox-
icity is, by far, the least developed, and the present study was
designed to develop a battery of assays for the identification of
neurotoxicity in aquatic vertebrates. Over the last few years,
with respect to techniques to reveal neurotoxicity, major em-
phasis has been given to behavioral assays (Chen et al. 2011;
de Esch et al. 2012; Kliiver et al. 2015; Noyes et al. 2015;
Selderslaghs et al. 2013; Tierney 2011), and zebrafish has
become a favorite alternative to mammalian models
(Cowden et al. 2012; Dishaw et al. 2014; Irons et al. 2010;
Jarema et al. 2015; Padilla et al. 2011; Sipes et al. 2011;
Tanguay and Reimers 2008; Tilton et al. 2006; Truong et al.
2011, 2014; Zellner et al. 2011). Since, however, all of these
approaches are quite time-consuming and require sophisticat-
ed equipment, an attempt was made within Tox-Box to devel-
op simple methodologies suited for rapid screening purposes.
For this end, together with the classical biochemical acetyl-
cholinesterase assay (Kais et al. 2015), major sensory organs
— namely eyes (retina), nose (olfactory epithelium), and the
lateral line (neuromasts) — were investigated in zebrafish
(Danio rerio) embryos as a major model for aquatic toxicity
assessment. As test substances, a set of known or suspected
model neurotoxicants (amidotrizoic acid, caffeine,
cypermethrin, dichlorvos, 2,4-dinitrotoluene, 2,4-
dichlorphenol, 4-nonylphenol, perfluorooctanoic acid, and
perfluorooctane sulfonic acid) was selected.

Acetylcholinesterase inhibition as a classical mode
of neurotoxicity

Inhibition of the enzyme acetylcholinesterase (EC 3.1.1.7) is
by far the best-documented mode of action related to certain
neurotoxic compounds such as organophosphate- and
carbamate-type pesticides (Kais et al. 2015). Competitive
binding to acetylcholinesterase results in an accumulation of
acetylcholine within the synaptic cleft and, thus, to an

overstimulation of signal transduction across cholinergic syn-
apses (Russom et al. 2014), and acetylcholinesterase inhibi-
tion has been developed as a well-known biomarker of neu-
rotoxicity (for a recent review, see Kais et al. 2015). However,
chemicals other than carbamates and organophosphates have
also been documented to alter acetylcholinesterase activities,
e.g., polyaromatic hydrocarbons (PAHs; Kang and Fang
1997) or dioxins (Fan et al. 2013), and acetylcholinesterase
enzymatic activity may also be altered following degradation
of cholinergic neurons by, e.g., bisphenol A (Miyagawa et al.
2007). In zebrafish, the determination of acetylcholinesterase
activity (Ellman et al. 1961) has been adapted and successive-
ly optimized for adult and embryonic zebrafish by
Guilhermino et al. (1996), Kiister (2005), as well as Kiister
and Altenburger (2006, 2007). For the sake of animal welfare,
the number of individual zebrafish embryos could recently be
reduced significantly (Kais et al. 2015; Perez et al. 2013).

Vision: chemical modification of the retina

For most fish species, vision plays a central role for ori-
entation, schooling, capturing of prey and avoidance of
predators, as well as for reproduction. The general archi-
tecture of the retina into defined layers is common to all
vertebrates and covers three nuclear and two plexiform
layers (Schmitt and Dowling 1994). In the development
of zebrafish embryos, retinal layers develop from 50 hours
post-fertilization (hpf, Schmitt and Dowling 1994), and all
cell types are functional from 72 hpf. Sensory motor re-
sponse could be documented from 68 to 79 hpf, and
tracking eye movements was recorded from 73 to 80 hpf
(Easter and Nicola 1996). Since the correct arrangement of
cell types is vital for functionality, chemical-induced ab-
normalities in retinal architecture may severely corrupt the
performance of exposed embryos (Lee et al. 2012; Mishra
and Devi 2014; Wang et al. 2012) and can be tracked by
means of histopathology (Huang et al. 2014; Kim et al.
2013; Mecklenburg and Schraecrmeyer 2007; Mela et al.
2012; Triebskorn et al. 1994; Wang et al. 2012). Since
the basic structure of the vertebrate retina can easily be
documented by conventional histological staining tech-
niques, the present study used routine hematoxylin-eosin
staining to detect the effects of neurotoxic substances.

Olfaction

A functional olfactory system most likely plays a crucial role
in the life of fish (Hara 1975, 1994; Spehr et al. 2006). Since,
among vertebrates, most fish species have superior olfactory
capacities, chemical-induced corruption of olfaction may be
assumed to have a profound impact on orientation and migra-
tion, predator-prey relationships and social behavior (e.g., via
alarm pheromones), feeding, mating, and other population-
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relevant processes. This seems even more important, since, in
contrast to the cells of the retina, receptor cells of the olfactory
epithelium are directly exposed to potential toxicants in the
surrounding medium. As a consequence, studies into
chemical-related changes of the olfactory system have a long
tradition in ecotoxicology. In their review on environmentally
relevant laboratory studies, Tierney et al. (2010) listed multi-
ple methods and thus documented the fundamental usability
of the olfactory system in ecotoxicology.

With the advent of the first olfaction-dependent behaviors,
functionally mature olfactory neurons may be assumed to be
present in zebrafish from 96 hpf (Lindsay and Vogt 2004). As
the main odorant-receiving units in the olfactory epithelium,
the olfactory receptor neurons (ORNs) can be divided into
ciliary (cORNs) and microvillus olfactory receptor neurons
(mORNSs) as well as crypt cells (Byrd and Brunjes 1995;
Doving and Lastein 2009). These receptor neurons can be
differentiated by either expressing the G protein subunit
Goolf/s (cORC) or the subunits G0 and Gxg/11 (mORC
and crypt cells; Hansen and Zielinski 2005). Since in the em-
bryonic olfactory epithelia Gxolf/s seemed most promising
for the detection of intact ciliary olfactory receptor neurons,
the present study used fluorescence-labeled antibodies against
Goolf/s for the visualization of adverse effects of chemicals
on the olfactory epithelium.

The neuromast assay: alterations of the lateral line
as a tool to screen for ototoxicity

The lateral line system in aquatic organisms is a sensory
system related to the inner ear that consists of interconnect-
ed neuromasts, which detect changes of mechanical pres-
sure in the surrounding medium (Stengel et al. 2017).
Morphologically, it is divided into the anterior lateral line
system (ALL) located along the head and the posterior lateral
line system (PLL) spanning the trunk (Bleckmann and Zelick
2009; Ghysen and Dambly-Chaudiere 2004; Metcalfe et al.
1985; Raible and Kruse 2000; Stengel et al. 2017). Given that
the receptor cells are homologous to neurons in the inner ear
of humans (Fritzsch et al. 2007; Hayashi et al. 2015; Ton and
Parng 2005) and are located close to the epidermal surface of
the fish, the lateral line system is of particular interest for the
determination of neurotoxic effects in vivo (Froehlicher et al.
2009a). As a consequence, it has not only been used in
neurotoxicology (Linney et al. 2004), but also in ecotoxicol-
ogy (for review, see Stengel et al. 2017). Although the homol-
ogy of hair cells in the lateral line and in the human inner ear
makes the former a potential model for human
neurotoxicology (Fritzsch et al. 2007), data on the neurotox-
icity of specific substances are rare, and there are only a lim-
ited number of ecotoxicological studies using the lateral line
for the monitoring of neurotoxic compounds in aquatic eco-
systems (Coffin et al. 2009, 2010; Froehlicher et al. 2009b;
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Harris et al. 2003; Linbo et al. 2006, 2009). Only recently,
however, the method has been further optimized by
implementing a simplified double-staining procedure and a
4-scale scoring system (Stengel et al. 2017).

Material and methods
Chemicals and toxicants

All toxicants were purchased from Sigma-Aldrich
(Deisenhofen, Germany) at the highest purity available, unless
stated otherwise. As model neurotoxicants, amidotrizoic acid,
caffeine, copper sulfate (Merck, Darmstadt), cypermethrin,
3.,4-dichloroaniline, dichlorvos, 2,4-dinitrotoluene, neomycin,
4-nonylphenol, paraoxon-methyl, perfluorooctanoic acid, and
perfluorooctane sulfonic acid were used. For test concentra-
tions in the fish embryo tests and neurotoxicity assays, see
Table 1. All toxicant stock solutions were prepared in artificial
water according to OECD TG 236 (OECD 2013), unless stat-
ed otherwise. Cypermethrin was dissolved in dimethy! sulfox-
ide (DMSO) and diluted to final concentrations of 0.1%
DMSO in each treatment.

The primary antibody against rabbit G,r was purchased
from Santa Cruz Biotechnology (Heidelberg, Germany; order
number: sc-383; polyclonal G0 heterotrimeric IgG (C-18)
from rabbit; 200 pg/ml). The fluorescence-labeled secondary
antibody against rabbit IgG was purchased from Thermo
Fisher-Invitrogen (Carlsbad, CA, USA; order number:
A10042; Alexa Fluor 568 donkey anti-rabbit IgG dk « rb
A568; 2 mg/ml). Primary and secondary antibodies were used
at dilutions of 1:200 and 1:1000 in phosphate-buffered saline
(PBS), respectively.

As fluorescent stains in the neuromast assay,
2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide
(DASPEI) and 4',6-diamidino-2-phenylindole (DAPI) were
purchased from Sigma Aldrich: The 0.05% DASPEI stock
solution in 5% DMSO was diluted with artificial water to a
final strength of 0.005% DASPEI (50 pg/ml) in 0.5% DMSO.
The 1-mg/ml DAPI stock solution was prepared in artificial
water and diluted to a working strength of 1 ng/ml.

Fish

All adult zebrafish used for breeding were wild-type descen-
dants of the “West Aquarium” strain obtained from the
Aquatic Ecology and Toxicology breeding facilities at the
University of Heidelberg (licensed under no. 35-9185.64/
BH). Details of zebrafish maintenance, egg production, and
embryo rearing have repeatedly been described in detail
(Kimmel et al. 1995, 1988; Nagel 2002; Spence et al. 2006;
Wixon 2000) and have been updated for the purpose of the
zebrafish embryo toxicity test by Lammer et al. (2009).
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Table 1 Model neurotoxicants and test concentrations used in the fish embryo test and subsequent neurotoxicity assays
Toxicant CAS Stock solution (mg/L) Test concentrations (mg/L)

Fish embryo tests Neurotoxicity assays
Amidotrizoic acid 117-96-4 8.9 0.56, 1.11,2.22,4.45,8.9 2.25,445,89
Caffeine 58-08-2 1000 19.4,42.7, 93.9, 206.6, 454.5, 1000 6.05,12.1,24.2
Copper sulfate' 7758-98-7 8 0.03,0.3,0.6, 1, 1.6 0.03,0.3,0.6, 1, 1.6
Cypermethrin 52315-07-8 1* 0.031, 0.062, 0.125, 0.25, 0.5, 1 0.0001, 0.001, 0.005,

0.01, 0.02

3,4-Dichloroaniline® 95-75-1 10 4 not tested
Dichlorvos 62-73-7 800 1.75,2.63, 3.95, 5.93, 8.82, 13.3, 20 0.75,1.5,3
2.,4-Dinitrotoluene 121-14-2 100 49,74,11.1, 16.6, 25 1,2,4
2.,4-Dichlorphenol 120-83-2 1.000 0.1,0.19,0,38,0.75, 1.5, 3, 6, 12 0.4,0.8,1.6
Neomycin 81405-10-3 30,000 2.3,4.6,9.2,184,36.8 2.3,4.6,9.2,184,36.8
4-Nonylphenol 84852-15-3 6 0.18,0.37,0.75, 1.5, 3.0 0.144, 0.72,0.36
Paraoxon-methyl® 950-35-6 200 1.09, 2.13, 4.16, 8.12, 12.7, 15.9, 20 2
Perfluorooctanoic acid 335-67-1 1000 400, 512, 640, 800, 1000 112.5, 225, 550
Perfluorooctane sulfonic acid 1763-23-1 ~40% * 3.125,6.25, 12.5, 25, 50 1.66, 3.33, 6.65
Zinc sulfate 7446-19-7 15,000 180, 550, 1670, 5000, 15,000 180, 550, 1670, 5000,

15,000

*Stock solution in 100% DMSO; final DMSO test concentration in all treatments: 0.1% DMSO

#As provided by the manufacturer

"EC10, ECs, and EC, 5 except for copper sulfate, 3,4-dichloraniline, neomycin, paraoxon-methyl and zinc sulfate, which were tested in specific

concentrations

! Copper sulfate at a concentration of 1.6 mg/L was used as a positive control in neuromast assays with all other toxicants

23 4-Dichloroaniline at a concentration of 4 mg/L was used as a positive control in the fish embryo tests

3 Paraoxon-methyl at a concentration of 2 mg/L was used as a positive control in the acetylcholinesterase inhibition assay

Zebrafish embryo toxicity test (FET)

In order to avoid indirect effects by systemic acute toxicity
potentially mimicking or concealing neurotoxic effects,
the highest test concentrations in the neurotoxicity tests
were set at the EC; values as determined in the fish em-
bryo test according to OECD TG 236 (OECD 2013) for
any observable effect in zebrafish embryos. In brief, em-
bryos were exposed at latest from 1 hpf in glass vessels,
which had been preincubated (saturated) for at least 24 h,
to a series of dilutions of the respective toxicants
(Table 1). After control of the fertilization success, embry-
os were transferred to 24-well plates (TPP Renner,
Dannstadt, Germany), which had been preincubated with
2 ml of the test solutions per well for 24 h prior to the test
initiation, and kept in an incubator at 26.0 + 1.0 °C under
a 10:14-h dark:light regime. In order to prevent evapora-
tion or cross-contamination between wells, the plates were
sealed with self-adhesive foil (Nunc, Wiesbaden,
Germany). Embryo tests were classified as valid, if the
mortality in the negative control was <10%, and the pos-
itive control (3,4-dichloroaniline) showed mortalities be-
tween 20 and 80% (Lammer et al. 2009; OECD 2013). All

fish embryo tests were run in at least three independent
replicates.

Zebrafish embryos were exposed to the test substances un-
til 96 hpfin a semistatic fashion, i.e., the medium was changed
every 24 h subsequent to the daily inspection of the embryos.
Every 24 h, the embryos were controlled for lethal effects
according to OECD TG 236 (coagulation, nonformation of
somites, non-detachment of the tail, and lack of heartbeat) as
well as for sublethal changes using the endpoints specified by
Bachmann (2002), Schulte and Nagel (1994) as well as Nagel
(2002). Both lethal and sublethal effects were used for the
determination of EC values. For subsequent neurotoxicity
tests, EC;( concentrations of all toxicants as revealed by the
FETs were used (Table 1).

In vivo acetylcholinesterase inhibition assay

In the acetylcholinesterase inhibition tests, five embryos per
concentration were exposed to the model neurotoxicants for
96 h and processed as whole-body homogenates according to
Kais et al. (2015). In brief, 96-h-old embryos were rinsed 3 x
10 min in artificial water, anesthetized by rapid cooling on ice,
blotted dry on filter paper, and euthanized by shock-freezing
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in liquid nitrogen for subsequent storage at —20 °C. For ho-
mogenization, five embryos per concentration were thawed
on ice, and 400 pl ice-cold 0.1 M phosphate buffer in 1%
Triton X-100 was added prior to homogenization with a
TissueLyzer II® (Quiagen, Hilden, Germany) at 30 Hz for
1 min. Homogenates were centrifuged at 10,000g and 4 °C
for 15 min, and supernatants were used for enzyme kinetics
and protein determination in 96-well plates using a
GENios® microtiter plate reader (Tecan, Crailsheim,
Germany) as described by Kiister (2005) and Kiister and
Altenburger (2006)). Each experiment was run in triplicate;
all enzyme measurements were conducted in 8 reads per
concentration per replicate. Enzyme activities were calcu-
lated as changes in optic density Agp/min/mg protein con-
tents according to Ellman et al. (1961)). Paraoxon-methyl
served as a positive control at a concentration of 2 mg/L
(Kais et al. 2015).

In vitro (ex vivo) acetylcholinesterase inhibition assay

For measurement of acetylcholinesterase activity after in vitro
exposure, five untreated control embryos were pooled and
homogenized as described above (Kais et al. 2015). After
transfer of 50 pl homogenate to 96-well microtiter plates, each
well was incubated for 15 min at room temperature with 50 pl
of the model neurotoxicants dichlorvos or cypermethrin at
concentrations of 0.75, 1.5, and 3 mg/L or 1, 5, 10, and
20 ng/L (in phosphate buffer), respectively. Determination of
enzyme activities and protein contents followed the protocol
described above.

Retina toxicity

Experiments into retina toxicity were carried out with arti-
ficial water as a negative control. After 96 h exposure to
model neurotoxicants, embryos were rinsed with artificial
water for 3 x 10 min prior to transfer of 20 embryos per
concentration in an Eppendorf tube. Embryos were
immobilized by rapid cooling (Wilson et al. 2009) and fixed
in Davidson’s fixative (Fournie et al. 2000; OECD 2010)
for at least 24 h at 4 °C. After triplicate rinsing in PBS,
groups of 20 embryos were embedded in 1% agarose in
multimolds according to Sabaliauskas et al. (2006). After
solidification, agarose blocks were transferred to
histocassettes (Leica Microsystems, Wetzlar, Germany)
and stored overnight in 70% ethanol. Following dehydra-
tion in a graded series of ethanol, agarose blocks were in-
filtrated with paraffin using a 48-h program on a Leica TP
1020 tissue processor (Leica Microsystems, Wetzlar,
Germany) and embedded in Histoplast® with a Leica EG
1140 H paraffin-dispensing module. After solidification,
paraffin blocks were stored at room temperature. Paraffin
sections were cut at 4 um on a Reichert-Jung (Nussloch,

@ Springer

Germany) HN 40 microtome, mounted on glass slides, and
stained with hematoxylin and eosin (Romeis 2010).

Olfactory toxicity

Experiments into retina toxicity were carried with artificial
water as a negative control, and 1.6 mg/L copper sulfate
served as a positive control. After 96 h exposure to model
neurotoxicants, embryos were rinsed in artificial water for 3
x 10 min. For preparation of whole mounts, embryos were
immobilized via rapid cooling according to Wilson et al.
(2009) and fixed in 4% paraformaldehyde in PBS for 4 h at
4 °C. After rinsing for 3 x 10 min in PBS supplemented with
0.1% Triton X-100 (PBST), embryos were permeabilized in
ice-cold acetone for 7 min at —20 °C.

After rehydration with distilled water for 5 min and rinsing
for 3 x 10 min with PBST, embryos were incubated for 4 h in
blocking solution (2% bovine serum albumin (BSA) in PBST)
at room temperature prior to overnight incubation with the
primary antibody (anti-GocSolf; dilution 1:200) in blocking
solution at 4 °C. On the following day, embryos were rinsed
in PBST for 5 x 10 min and incubated in the dark overnight
with the secondary antibody (dk o rb A568; dilution 1:1000)
in PBS at 4 °C. All subsequent steps were carried out in the
dark to prevent photobleaching of fluorescence-labeled sec-
ondary antibodies. Following another 3 % 10 min rinse with
PBST, embryos were incubated with 1 ng/L DAPI in PBS
for 30 min at room temperature. For microscopy, embryos
were rinsed for 3 x 10 min in PBS and whole-mounted in
0.7% low-melting Seakem Gold agarose (Biozym,
Oldendorf, Germany) on glass bottom culture dishes
(MatTek, Ashland, USA).

Alternatively, immobilized and paraformaldehyde-fixed
embryos were rinsed for 3 x 10 min in PBS and gradually
incubated in a 10% sucrose solution in PBS for 3 h at 20 °C
and in a 30% sucrose solution overnight at 4 °C to prevent
formation of ice crystals in the following freezing procedure.
Embryos were transferred into molding cups and embedded
with tissue freezing medium (Leica, Nussloch, Germany).
After positioning for coronal sectioning using forceps, embry-
os were frozen at —20 °C in a Leica cryostat CM 3050S and
stored in a freezer at —20 °C. Coronal cryosections of 25 um
thickness were made using the Leica cryostat CM 30508,
collected on gelatinized microscope slides, and stored in a
freezer at —20 °C.

For staining, cryosections were marked with Super PAP
Pen (Daido Sangyo, Osaka, Japan) as a liquid barrier and
dried at room temperature in a moist chamber for 10 min.
Sections were postfixed with 4% paraformaldehyde for
5 min and rinsed for 3 x 10 min in PBS. Sections were
blocked with 2% BSA in PBST for 1 h at 20 °C and incu-
bated for 2 h with the primary antibodies as described
above. After rinsing for 3 x 10 min in PBS, slides were
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Table 2 Acute toxicity (96 h) of

model neurotoxicants as Test substance LCso ECso ECio

determined in the fish embryo test

(OECD TG 236) with zebrafish Amidotrizoic acid n.e. n.e. n.e.

(Danio rerio). Data are given as Caffeine* 514.89 £ 0.0 459+5.16 242 +1.86

LC and EC values (mg/L) Cypermethrin n.e. n.e. n.e.
Dichlorvos* 8.1+0.49 4.65+0.54 2.83+0.53
2.4-Dinitrotoluene* n.d. 6.9+ 0.07 3.9+0.08
2.,4-Dichlorphenol 7.1+0.28 2.3+0.06 1.6 £0.48
4-Nonylphenol* 1.505 +0.39 0.276 +0.09 0.144 + 0.06
Perfluorooctanoic acid 759 £ 116 759 £ 116 550 + 86
Perfluorooctane sulfonic acid* 342 +1.03 21.39 +£1.05 6.65+1.19

*Data from Stengel et al. (2017)

n.d. no lethal effects up to the highest concentration. n.e. no effects detectable within solubility limits

incubated overnight at 4 °C in the dark with the secondary
antibodies as described above. After a 3 x 10-min rinse in
PBS, slides were incubated with 70 pl of 1 pg/ml DAPI per
section for 1 min under light exclusion. After rinsing for 3 x
5 min in PBS, slides were coverslipped in GelMount
Aqueous Mounting Medium and stored at 4 °C in a light-
proof box until microscopy.

Neuromast assay
Neuromast assays were performed according to Stengel

et al. 2017: Four embryos per concentration were exposed
to the model neurotoxicants for 96 h in three replicates
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cypermethrin (left) and dichlorvos (right). Inhibition is expressed as per-
cent of the negative control (100%; open columns). Positive control:
2 mg/L paraoxon-methyl (black columns). N = 3. Statistical difference
from negative controls: ***p < 0.001 (one-way ANOVA, Dunn’s test)
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with artificial water as a negative control and 1.6 mg/L
copper sulfate as a positive control. Embryos were stained
with 0.005% DASPEI in 0.5% DMSO and 1 ng/ml DAPI
for 30 min each. Nine specific neuromasts per embryo and
four embryos per replicate were stained and scored in a
weighted 3-step and 4-step scoring approach. Each
neuromast was scored from grade 0 (unchanged control:
all hair cells well-stained) over grade 1 (minor damage:
reduced mitochondrial staining intensity and/or less hair
cells) and grade 2 (strong damage: mitochondria only
faintly stained and/or strongly reduced number of hair
cells) to grade 3 (very strong damage: mitochondria and
hair cells barely detectable) in the 4-step approach or ac-
cording to Harris et al. (2003) for the 3-step scoring ap-
proach. For data presentation, the overall score of an em-
bryo was determined by forming the average of the scores
for single neuromasts of the respective embryo. For each
replicate, the average score for all 4 embryos per replicate
was computed, and for each treatment the average score of
the 3 replicates was calculated. For differential sensitivity
of the neuromasts of the anterior and the posterior lateral
line systems, the neuromasts of either system were calcu-
lated separately (detailed results presented in
Stengel et al. 2017).

Microscopic analysis

Slides for olfactory toxicity (immunohistochemistry) were an-
alyzed with a Nikon ECLIPSE 90i microscope (Nikon,
Diisseldorf, Germany). Micrographs were taken with a
Nikon DS-Ril camera for frozen and paraffin sections and a
Nikon C1 camera for confocal laser scanning microscopy of
whole mounts and neuromast scoring (Stengel et al. 2017).
Alexa Fluor 568 was excited at 561 nm, and emission was
recorded at 605 nm. DAPI was excited at 405 nm, and emis-
sion was recorded at 500 nm. A water immersion objective
with a x60 magnification was used for imaging of whole
mounts and neuromasts with scan speed set to 1/16, whereas
for frozen and paraffin sections, a plan oil emersion objective
at x60 magnification was used.

Quantification of results and statistical analyses

With respect to quantification, effects are usually given in
percent of either positive or negative control activity.
Statistical analysis for embryo toxicity was accomplished
with ToxRat® 2.10.03 (ToxRat Solutions, Alsdorf,
Germany). For neurotoxicity assays, statistical analyses
were carried out with Sigma Plot 12.3 (Systat-Jandel,

Fig. 3 Hematoxylin/eosin-stained 5-pm sections of paraffin-embedded
eyes of zebrafish (Danio rerio) embryos after 96 h exposure to ¢ 2,4-
dichlorophenol, d amidotrizoic acid, e 4-nonylphenol, and f
perfluorooctanoic acid. a, b Negative controls, with b enlargement of
white frame in a. Note that small cracks especially within the inner
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nuclear layer should be regarded as artifacts of sectioning and not be
interpreted as adverse effects of neurotoxicants. Abbreviations:
RCG — receptor cell layer, ONL — outer nuclear layer, OPL — outer
plexiform layer, INL — inner nuclear layer, IPL — inner plexiform layer,
GCL — ganglion cell layer. Bar = 20 pm
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Erkrath, Germany) using one-way ANOVA in combination
with Dunn’s test by comparing replicates for significant
differences.

Results
Fish embryo toxicity tests

Prior to the neurotoxicity assays, zebrafish embryo toxicity
tests were conducted according to OECD TG 236 (OECD
2013) to screen for ranges of acute toxicity of the model
neurotoxicants and to determine EC; values (Table 2). EC;
values were later used as the maximum test concentrations to
exclude unspecific secondary effects on neuronal systems.

Amidotrizoic acid and cypermethrin failed to induce any
lethal or sublethal effects within solubility limits; thus, LC
and EC values could not be derived. As a consequence, the
solubility limit of amidotrizoic acid (8.9 mg/L) and an as-
sumed effect level for cypermethrin of 20 ng/L were used as
maximum test concentrations in subsequent neurotoxicity
tests. Since 2,4-dinitrotoluene only produced sublethal ef-
fects, only EC values, but no LC values could be deter-
mined. For all other substances, EC;( values could be di-
rectly determined as maximum test concentrations for neu-
rotoxicity testing.

Fig. 4 Fluorescence imaging of
the eye of a 96-h control zebrafish
(Danio rerio) embryo with para-
formaldehyde autofluorescence
(green, a) and DAPI-staining for
nuclei (blue, b) as well as merged
(¢). d Higher magnification of
white frame in ¢. Arrows in a in-
dicate areas with high parafor-
maldehyde autofluorescence (1:
INL, 2: ONL, 3: RCL). d Erratic
structural irregularities are indi-
cated by dots in the inner plexi-
form layer and asterisk/hash for
the inner nuclear layer.
Abbreviations: RCG — receptor
cell layer, ONL — outer nuclear
layer, OPL — outer plexiform
layer, INL — inner nuclear layer,
IPL — inner plexiform layer,
GCL — ganglion cell layer. All
bars: 20 pm

Acetylcholinesterase inhibition

Embryos were exposed to the EC; concentrations (Table 2) of
the nine selected model compounds, as determined in range-
finding FETs. DMSO (0.1%; solvent control for cypermethrin)
did not show any influence on acetylcholinesterase activity
(Fig. 1). Likewise, except for cypermethrin and dichlorvos,
none of the test compounds showed significant effects.
Acetylcholinesterase activities in embryos exposed to dichlor-
vos ranged between 45% of the activity in the negative control
and 73% of the inhibitory effects of the positive control paraox-
on-methyl. Unexpectedly, acetylcholinesterase activities in em-
bryos exposed to cypermethrin showed a slight, but statistically
significant increase to 107% of the negative control (Fig. 1).

The potential existence of systemic regulatory effects
leading to different amounts of enzyme available was ex-
cluded by adding an in vitro (ex vivo) exposure scenario
for cypermethrin and dichlorvos (Fig. 2). Embryos were ex-
posed to concentrations similar to those used for in vivo
exposure (cypermethrin — 1, 5, 10, and 20 ng/L; dichlorvos
— 0.75, 1.5, and 3 mg/L); 2 mg/L paraoxon-methyl served
as a positive control. Embryos exposed to cypermethrin did
not show any effect on acetylcholinesterase after in vitro
exposure. In contrast, in vitro exposure to dichlorvos resulted
in even more pronounced acetylcholinesterase inhibition than
in vivo exposure (Fig. 2).
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Neurotoxicant-induced changes in the structure
of the retina

Both hematoxylin/eosin (Fig. 3) and combined paraformal-
dehyde/DAPI fluorescence staining (Fig. 4) of zebrafish
embryo eyes allowed a well-defined visualization of retinal
cell layers. However, none of the selected model
neurotoxicants induced any abnormalities in the retinal
structure after 96 h exposure to ECy concentrations
(Figs. 3 and 5).

Fig. 5 Fluorescence imaging of
the eyes of 96-h zebrafish (Danio
rerio) embryos stained by para-
formaldehyde autofluorescence
(green) and DAPI nuclei (nuclei:
blue): negative control,
amidotrizoic acid, dichlorvos,
2,4-dinitrotoluene, and
perfluorooctanoic acid at EC,
ECs, and EC, 5 concentrations (as
derived from the 96-h fish em-
bryo test results). At exposure
concentrations <EC values, the
selected model neurotoxicants fail
to induce significant changes in
the architecture of the retina

Negative control
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Neurotoxicant-induced modifications of the olfactory
epithelium

If compared to standard cryotechniques, structural preserva-
tion of cilia in the whole-mount approach was far better (de-
tails not shown). Whole-mount staining of embryonic
zebrafish with dk o tb A568 detecting anti-GaSolf revealed
a strong fluorescence signal in the cilia of olfactory receptor
neurons; whereas the nuclei of the olfactory epithelium itself
could well be visualized, DAPI failed to stain the underlying

EC,5
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tissues (Fig. 6), most likely due to restricted permeability of
the olfactory epithelium for the dye.

In a full dose-response relationship experiment with copper
sulfate up to 40 mg/L, a clear-cut concentration-dependent
destruction of receptor cilia could be documented, however,
only at concentrations above the EC, concentration in the
FET (Fig. 7), indicating that adverse effects on the olfactory
epithelium occur, however only at elevated concentrations.
Likewise, none of the nine selected neurotoxicants produced
any changes in the ciliary architecture of the embryonic olfac-
tory epithelium at concentrations < EC;q (Fig. 8). Only the
positive controls copper sulfate and zinc sulfate led to a de-
crease in the number of cilia or to structural changes in the
olfactory epithelium.

Alterations in the lateral line (neuromast assay)

As documented in detail by Stengel et al. (2017), combined
DASPEI/DAPI staining leads to a well-defined fluorescence
signal from both nuclei and mitochondria in neuromasts of
both the anterior and the posterior lateral line (Fig. 9). The
combined DAPI/DASPEI staining strongly improved the
identification of neuromasts, if compared to single DASPEI
staining, thus leading to a better detection of effects especially
at higher test concentrations. For substances such as the pos-
itive control, copper sulfate, overall fluorescence intensity of
the neuromasts gradually decreases with increasing concen-
trations (Fig. 9; for details, see Stengel et al. 2017).

As an enhancement of the 3-grade scoring scheme by
Harris et al. (2003), quantification of neuromast fluorescence
intensity by a 4-grade system allowed a significant reduction
of variability of scoring results for, e.g., neomycin (Fig. 10).
Thus, in contrast to the 3-grade scoring system, which failed
to show statistical significance of effects by up to 36.8 mg/L
neomycin, the 4-grade scoring system resulted in a statistically

significant reduction of neuromast integrity from 9.2 mg/L
neomycin (Fig. 10).

Among the selected model neurotoxicants, dichlorvos, 2.4-
dinitrotoluene, 4-nonylphenol, and perfluorooctane sulfonic
acid could be documented to produce statistically significant
adverse effects in the hair cells of the lateral line organ. Effects
were shown to depend on the substance, exposure time, and
neuromast localization (Stengel et al. 2017).

Discussion

Except for acetylcholinesterase inhibition (for review of the
recent literature, see Kais et al. (2015) and a certain trend to
visualize the consequence of neurotoxicity via behavioral
studies (Beauvais et al. 2001; Chen et al. 2011; Eddins et al.
2010; Kienle et al. 2009; Kliuver et al. 2015; Kokel et al. 2010;
Rihel and Schier 2012; Selderslaghs et al. 2009, 2012, 2013;
Topping et al. 2007), neurotoxicity testing in fish has not yet
reached standardization. Nevertheless, neurotoxicity has al-
ready been implemented in national regulations for the pro-
tection of, e.g., drinking water resources (Dieter 2003; UBA
2003). Namely, the German health-related indicator value
(HRIV) concept (Grummt et al. 2013) lists neurotoxicity as
the second endpoint to be addressed (Fig. 11): In case there are
data to indicate that a substance is neurotoxic, a maximum
concentration (HRIV3) of 0.3 pg/L may not be exceeded. If
data on neurotoxicity of a given substance are lacking, neuro-
toxicity is assumed following a worst-case scenario and the
same HRIV; (0.3 pg/L) applies. If groundwater used for
drinking water exceeds 0.3 pg/L for a proven or suspected
neurotoxicant, measures have to be taken to reduce the con-
centration to < 0.03 pg/L; otherwise, the water may no longer
be used for drinking water purposes.

Fig. 6 Fluorescence staining of the olfactory epithelium of 96-h-old
zebrafish (Danio rerio) embryos with dk o rb A568 detecting GaSolf
(red) and DAPI (blue) as a counterstaining. a Olfactory epithelium of a
96-h-old zebrafish embryo prepared in cryotechnique. b Olfactory

epithelium of zebrafish embryo prepared in whole-mount. The tissue
presentation in the whole-mount presentation is clearly superior to that
after cryopreparation. White arrow indicates location of cilia.
Bars =25 um
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Fig. 7 Olfactory epithelium of
96-h-old zebrafish (Danio rerio)
embryos exposed to different
concentrations of the positive
control copper sulfate for 30 min,
stained for cilia (red) with dk o« rb
A568 detecting GaSolf and
counterstained with DAPI (nu-
clear layer: blue). With increasing
concentrations of copper sulfate,
an increasing amount of cilia un-
dergoes destruction. a Negative
control. b 2.5 mg/L. ¢ 5 mg/L. d
10 mg/L. e 20 mg/L. f 40 mg/L
CuSOQ,. Bars = 50 uM

As a consequence, there is considerable regulatory pressure
on the development and standardization of methodologies to
measure neurotoxicity in aquatic ecosystems, and several re-
search projects have been imitated to provide techniques to
reveal, among other parameters, neurotoxicity (Grummt et al.
2013; Huckele and Track 2013). The purpose of the present
communication is to introduce a tool box to measure neuro-
toxicity in fish; zebrafish embryos were picked as experimen-
tal models due to the high level of standardization of the fish
embryo test (OECD 2013) and since, up to an age of 120 h
post-fertilization, zebrafish embryos are not regarded as
protected according to current EU animal welfare regulations
(EU 2010; Strahle et al. 2011).
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The fish embryo toxicity test (OECD 2013) has repeatedly
been reviewed (Belanger et al. 2013; Braunbeck et al. 2005,
2015; Embry et al. 2010; Halder et al. 2010; Lammer et al.
2009; Nagel 2002), and its potential to incorporate endpoints
beyond such indicating acute toxicity has repeatedly been
highlighted (Braunbeck et al. 2015; Di Paolo et al. 2015;
Driessen et al. 2013; Kanungo et al. 2014; Nishimura et al.
2015; Sipes etal. 2011; Weigtetal. 2011). In the present study,
all experimental procedures were carried out on the basis of
OECD test guideline 236 (OECD 2013), and the dose-
response relationships for acute toxicity were used to derive
EC, values, which were then used as the highest test concen-
tration in subsequent assays for neurotoxicity. As already
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Fig. 8 Fluorescence staining of the olfactory epithelium of 96-h-old control): complete destruction of cilia (#). ¢ 15 g/L ZnSO, (positive
zebrafish (Danio rerio) embryos with dk o rb A568 detecting GoSolf control): partial destruction of cilia. d 3.9 mg/L 2,4-dinitrotoluene
(red) and DAPI (blue) as a counterstaining after exposure to selected (ECyp). e 1.6 mg/L 2,4-dichlorophenol (EC¢); 2.8 mg/L dichlorvos
neurotoxicants. a Negative control. b 39.9 mg/L CuSO, (positive (ECj). *: intact cilia of olfactory receptor neurons. Bar = 50 um

Fig. 9 Live-imaging of

neuromasts in the head region of a

96-h-old zebrafish (Danio rerio)

embryo: 30 min double-staining

with 0.005% DASPEI (2-[p-

(dimethylamino) styryl]ethyl-

pyridiniumiodite (pink) as a

marker of mitochondria-rich

cells) in 0.5% DMSO and 0.1%

DAPI (4',6-diamidine-2-

phenylindol; blue: nuclei) in arti- Neuromasts
ficial water mounted in 1% low-
melting agarose supplemented
with 0.016% MS222 for anesthe-
sia. Among potential positive
controls (copper sulfate, neomy-
cin, and paraoxon-methyl), 96 h
exposure to copper sulfate (lower
series of micrographs) leads to the
most prominent concentration-
dependent decline in stainable
neuromasts (with permission
from Braunbeck et al. 2015)

Copper sulfate
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Fig. 10 Left: Comparison of results obtained from 3-step and 4-step
scoring for neuromast modification after exposure of zebrafish (Danio
rerio) embryos to 2.3 — 36.8 mg/L neomycin for 96 h; n = 3. Statistical
difference from negative controls: *p < 0.05 (one-way ANOVA, Dunn’s
test). Right: Scoring visualization of neuromast damage in chosen
neuromasts (from left to right): 0 — unchanged control: all hair cells well

emphasized by Kais et al. (2015), Stengel et al. (2017) as well
as Weigt et al. (2012), specific toxicity can only reliably be
monitored, if systemic effects in consequence of acute toxicity
are strictly avoided, i.e., if tests are conducted at concentra-
tions well below acute toxicity.

Acetylcholinesterase inhibition is a classical marker of
neurotoxicity by organophosphorus- and carbamate-type
pesticides as well some PAHs (Chen et al. 2014; Kang
and Fang 1997; Mwila et al. 2013; Russom et al. 2014,
Tilton et al. 2011; Wogram et al. 2001; Yen et al. 2011)
and has already been standardized for the zebrafish embryo
(Kais et al. 2015; Kiister 2005; Kiister and Altenburger
20006; Perez et al. 2013). Results of the present study further
confirm the selectivity of the acetylcholinesterase assay,
since only the synthetic organophosphate pesticide dichlor-
vos inhibited acetylcholinesterase activities (Table 3; Assis
etal. 2007, 2012; Silva et al. 2013). Likewise, although its
primary targets are voltage-gated sodium channels (Casida
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stained; 1 — minor damage: reduced mitochondrial staining intensity
and/or less hair cells; 2 — strong damage: mitochondria only faintly
stained and/or strongly reduced number of hair cells; 3 — very strong
damage: mitochondria and hair cells barely detectable. Data for fluores-
cence intensity are given as the average of the individual fluorescence
scores of 12 embryos per replicate

et al. 1983), pyrethroid pesticides such as cypermethrin
have repeatedly been shown to modulate acetylcholinester-
ase activities (Arora et al. 2017; Bonansea et al. 2016; Das
and Mukherjee 2003; Narra 2016; Reddy et al. 1991; Vani
et al. 2012), however, usually in an inhibitory fashion. In
contrast, in the zebrafish embryo, cypermethrin caused a
small, yet significant increase of acetylcholinesterase activ-
ity, which corroborates conflicting observations by other
authors (Assis et al. 2012; Gioda et al. 2013; Samanta
et al. 2014). Pyrethroids may also bind to the acetylcholine
receptor (Soderlund et al. 2002), which, however, can at
least be excluded as a mode of action in the ex vivo
(in vitro) acetylcholinesterase assay used.

Likewise, alteration of neuromasts by neurotoxicants as the
functional units of the lateral line in fish has repeatedly been
documented in zebrafish (Buck et al. 2012; Coffin et al. 2010;
Froehlicher et al. 2009a; Harris et al. 2003; Johnson et al.
2007; Owens et al. 2008; Ton and Parng 2005) and has



Environ Sci Pollut Res (2018) 25:4066-4084 4079
Fig. 11 Summary of the German =
health-related indicator value Eetenccaly ket YES NO NO NO NO NO
(HRIV) concept (adapted from YES/
Grummt et al. (2013) based on Genotoxic? no data NO NO NO NO
UBA (2003). HRIV values depend
on the avail.ability of toxicological Immunc:- a."g/"r N YES / NO NO NO
data sets. Since HRIV, was the R CIORILE no data
init.ial Va11:1e for substapces with no Silsaliarie YES/ NO NO
toxicological data available, and toxicity? no data
since HRlIlvz wai dgﬁn‘izicl after Chronic YES / e
HRIV,, e numbering docs not toxicity? no data
appear logical. In case a substance
has been proven to be neurotoxic, a E 3.0 ug/L 0 ug
maximum concentration (HRIV) E 5 N Sy 1RVz)
of 0.3 pg/L may not be exceeded. L5 1.0 pg/L
If data on neurotoxicity of a given E = (HRIV,)
substance are not available, neuro- o = 0.3 g
toxicity is assumed following a % 8 R
worst-case scenario, and the same oy ;; T
HRIV; (0.3 pg/L) applies % % (I.-IRFII\%) Drecs on3a D nle

© > <001 pglL

e (HRIV,)

recently been further optimized by Stengel et al. (2017): The
combination of DASPEI and DAPI staining resulted in a lon-
ger persistence of fluorescence activity during degenerative
processes such as apoptosis or necrosis and thus significantly
reduced variability of observations between replicates.
Enhancement from a 3-step (Harris et al. 2003) to a 4-step
scoring scheme further reduced variability and not only allows
a better differentiation of effects but also increases the statis-
tical resolution of the assay. Finally, consideration of
neuromasts located in both the anterior and the posterior

lateral line systems clearly improves the coverage of effects
by neurotoxicants.

In contrast to the acetylcholinesterase and neuromast as-
says, both vision and olfaction proved quite resistant to the
action of neurotoxicants at levels up to EC,, concentrations
(Table 3). Morphological alterations in the architecture of the
fish retina have only very rarely been documented:
Chandrasekar et al. (2011) revealed increased rates of apopto-
sis in the retina of 33-h-old zebrafish embryos associated with
strong malformations of the notochord for a concentration of

Table 3 Summary of effects by

selected model substances and Toxicant FET (ECyp)  AChE inhibition =~ Neuromast  Olfactory toxicity = Retina toxicity
positive controls in the fish —
embryo test (FET; EC)o), the Amidotrizoic acid - - - - -
acetylcholinesterase inhibition Caffeine + - - — _
assay, the neuromast assay, as Cypermethrin _ + B B _
well as structural changes in the ]
olfactory and retinal epithelia of Dichlorvos + + + - -
zebrafish (Danio rerio) 2,4-Dinitrotoluene ~ + - - - -
2,4-Dichlorphenol + — -
4-Nonylphenol + - — -
Perfluorooctanoic + - - - -
acid
Perfluorooctane + - + -
sulfonic acid
Copper sulfate! X X + + X
Zinc sulfate' X X X + X
Neomycin’ X X + X X
Paraoxon-methyl®> - + X X X

+ significant effect, — no effect detected, x not tested

! Positive control used in tests for olfactory toxicity

2 positive control used in neuromast assays

3 Positive control used in acetylcholinesterase inhibition assays
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Fig. 12 Comparison of lower
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440 ng/L nonylphenol, which, however, exceeds the EC; of
nonylphenol of ~140 pg/L (Table 2) by a factor of more
than 3 and can, thus, be questioned as a specifically neuro-
toxic effect. For concentrations between 0.5 and 1.8 pg/L
chlorpyrifos, an organophosphorus pesticide with a similar
mode of action as dichlorvos, Mishra and Devi (2014) ob-
served an induction of vacuolization in the tectum opticum
of the snakehead fish (Channa punctatus). Although tested
at similar concentrations, effects by dichlorvos in the retina
of zebrafish are apparently less sensitive than those ob-
served in the tectum opticum.

The specificity of the rabbit GaSolf antibodies to detect
embryonic olfactory epithelia in fish has repeatedly been doc-
umented (Braubach et al. 2012; Ferrando et al. 2011, 2014;
Hansen et al. 2003). For copper sulfate, effects on ciliary ol-
factory neurons from 2.5 mg/L corroborate observations by
Bettini et al. (2006), who illustrated effects by copper sulfate
from 15 pug/L. More general effects by copper sulfate on the
structure and functionality of the olfactory system have been
shown by Baldwin et al. (2003, 2011), Sandahl et al. (2006),
Moran et al. (1992), Julliard et al. (1996), as well as Hansen
and Zeiske (1998), however, with variable effect thresholds.
For the other model neurotoxicants 2,4-dinitrolouene, dichlor-
vos, and 2,4-dichorophenol, no effect on the olfactory system
could be shown.

With respect to the lower detection limits of responsive
endpoints at the molecular, morphological, and apical levels,
it appears of interest to note that EC,, values for acetylcholin-
esterase inhibition (0.18 mg/L), neuromast degeneration
(0.75 mg/L), and the fish embryo test (2.86 mg/L) consistently
increased with the level of biological organization (Fig. 12 for
dichlorvos) lending further support to the concept of correla-
tions between endpoint sensitivity and both the specificity of
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effects and the hierarchy of biological organization
(Braunbeck 1992, 1998).

Conclusions

Whereas both the visionary and the olfactory system proved
quite resistant, the acetylcholinesterase and the neuromast as-
says proved highly sensitive for effects by neurotoxicants and
should, therefore, be incorporated into a test battery for neu-
rotoxic action in fish. Acetylcholinesterase inhibition/
stimulation and neuromast degeneration address different
modes of action, which can easily be combined with observa-
tions already routinely recorded in the standardized protocol
for the fish embryo test (OECD test guideline no. 236; OECD
2013) such as movement (somite formation) and heartbeat to
form a comprehensive battery of endpoints addressing the
effects of potentially neurotoxic compounds. Since acetylcho-
linesterase inhibition and neuromast degeneration in both the
anterior and the posterior lateral line systems can easily be
analyzed in 72- or 96-h-old zebrafish embryos exposed to
neurotoxicants according to the standard protocol of the fish
embryo toxicity test (OECD TG 236), the fish embryo toxicity
test can be enhanced to serve as a sensitive neurotoxicity
screening test. Care should be taken, however, to not catego-
rize observations made at concentrations higher than EC
values as specific neurotoxic effects. In any case, the test bat-
tery for neurotoxicity should be validated by additional exper-
iments with neurotoxicants with other modes of action.
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