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Abstract
In the aim to determine neurotoxicity, new methods are being validated, including tests and test batteries comprising in vitro 
and in vivo approaches. Alternative test models such as the zebrafish (Danio rerio) embryo have received increasing attention, 
with minor modifications of the fish embryo toxicity test (FET; OECD TG 236) as a tool to assess behavioral endpoints 
related to neurotoxicity during early developmental stages. The spontaneous tail movement assay, also known as coiling assay, 
assesses the development of random movement into complex behavioral patterns and has proven sensitive to acetylcholine 
esterase inhibitors at sublethal concentrations. The present study explored the sensitivity of the assay to neurotoxicants 
with other modes of action (MoAs). Here, five compounds with diverse MoAs were tested at sublethal concentrations: 
acrylamide, carbaryl, hexachlorophene, ibuprofen, and rotenone. While carbaryl, hexachlorophene, and rotenone consistently 
induced severe behavioral alterations by ~ 30 h post fertilization (hpf), acrylamide and ibuprofen expressed time- and/or 
concentration-dependent effects. At 37–38 hpf, additional observations revealed behavioral changes during dark phases with 
a strict concentration-dependency. The study documented the applicability of the coiling assay to MoA-dependent behavioral 
alterations at sublethal concentrations, underlining its potential as a component of a neurotoxicity test battery.
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Introduction

Chemical-induced effects on the development of the nerv-
ous system have received increasing attention over the past 
decades, owing to detrimental events such as the thalido-
mide incident (Vargesson 2015) and the Minamata Bay dis-
aster (Kitamura et al. 2020). However, the potential adverse 
effects of compounds have only been determined for a small 
fraction of the chemicals currently produced thus far (Delp 
et al. 2018). Among these adverse effects, neurotoxicity 
(NT) describes adverse effects of a biological, chemical, or 
physical agent on the structure and/or function of mature 
nervous systems (Vorhees et al. 2021) e.g., dopamine inhi-
bition or degradation of receptors (e.g., Delp et al. 2021). 
In contrast, developmental neurotoxicity (DNT) results 
from the inhibition or alteration of structures in the nerv-
ous system during its development (Delp et al. 2018) and 
effects may become apparent after the time point of exposure 
(Aschner et al. 2017), e.g., alterations of neuronal differ-
entiation, cell migration, or synaptogenesis (Chang 1998).

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-27662-2&domain=pdf
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Most approaches to assess (D)NT have focused on mam-
malian test systems, in accordance with various the Organiza-
tion for Economic Co-operation and Development (OECD) 
test guidelines (TGs). (OECD 2007)(Makris et al. 2009; van 
Thriel et al. 2012; Smirnova et al. 2014; Schmidt et al. 2017)
Such studies, however, cost up to $2 million per compound, 
and their sensitivity and applicability to human risk assessment 
have repeatedly been questioned (Bailey et al. 2014; Aschner 
et al. 2017; Fritsche 2017; Monticello et al. 2017; Clark and 
Steger-Hartmann 2018). Along with the call to reduce, refine 
and replace current animal testing procedures (3Rs principle 
by Russell and Burch (1959)), the shortcomings of existing 
test systems have stimulated a shift-of-focus to alternative test 
methods. This includes cell based DNT test batteries, as well 
as in silico modeling, and in vivo models such as the zebrafish 
(Danio rerio) embryo.(Strähle et al. 2012)Escher et al. 2022 
During early development from fertilization until an age of 
144 h post fertilization (hpf), when exogenous feeding begins, 
zebrafish embryos are not protected under current EU animal 
welfare legislation (EU 2010), and have, thus, been classified 
as an “alternative” test system (Embry et al. 2010; Halder et al. 
2010; Strähle et al. 2012). Their transparent chorion allows for 
immediate continuous monitoring of embryonic development 
and facilitates easy insight into organogenesis (Langenberg 
et al. 2003), which proved very comparable with that of other 
vertebrates (Meyers 2018).

Concerning potential (apical) endpoints of neurotoxicity, 
the development of locomotor behavior can be studied (Brock-
erhoff et al. 1995; Chandrasekhar et al. 1997; Blader 2000; 
Claudio et al. 2000; Arslanova et al. 2010; Brocardo et al. 
2012; Baiamonte et al. 2016; Zindler et al. 2019b, 2020b). 
In addition to a standardized set of morphological criteria 
for acute toxicity in the fish embryo acute toxicity (FET) test 
OECD TG 236 (OECD 2013), a whole suite of additional end-
points of ecotoxicological relevance can be made accessible 
by minor modifications of the protocol, which may cover tera-
togenicity (Brotzmann et al. 2019; von Hellfeld et al. 2020; 
Escher et al. 2022), endocrine disruption (e.g., Islinger et al. 
2002; Wang et al. 2019c; Yao et al. 2020; Zhou et al. 2020), 
induction of biotransformation (e.g., Goldstone et al. 2010; 
Loerracher et al. 2020b, a; Loerracher and Braunbeck 2021), 
or neurotoxicity (e.g., Bolon et al. 2011; Kais et al. 2015, 
2017; Stengel et al. 2018; Zindler et al. 2020a; Brotzmann 
et al. 2021; Wlodkowic et al. 2022; Kämmer et al. 2022).

Given the complexity of the brain, direct detection of (D)
NT and identification of affected regions remains challeng-
ing (Heyer and Meredith 2017), which has led to a focus on 
behavioral studies, along with neuropathological or neuro-
chemical analyses (Bolon et al. 2011; Wlodkowic et al. 2022). 
Behavior has proven to be a sensitive indicator of (D)NT in 
general (Vorhees et al. 2021) and brain malfunction in spe-
cific (Piersma et al. 2012; Foster 2014; Fisher et al. 2019). In 
zebrafish embryos, spontaneous tail movement (synonymous 

with “coiling”) provides a potential readout for (D)NT com-
pounds, as it represents an early form of motor activity (Vliet 
et al. 2017; Zindler et al. 2019b, a). The most prominent 
processes of early motoneuronal development are caused by 
changes in innervation and circuitry of the young locomotor 
system (Drapeau et al. 2002). At ~ 17 hpf, rhythmic tail move-
ments with a frequency of about 0.6 Hertz (Hz), caused by a 
simple spinal-cord-dependent neurocircuit, emerge (Brustein 
et al. 2003). This behavior peaks at 19 hpf, and until 27 hpf 
(Saint-Amant and Drapeau 1998). This is followed by coor-
dinated coiling behavior linked to the glutamatergic Rohon-
Beard-neurons in the tail and the trigeminal neurons on the 
head of the embryo (Brustein et al. 2003). This integrated coil-
ing behavior can be observed in the absence of external stimuli 
between 27 and 36 hpf (Saint-Amant and Drapeau 1998). This 
faster and more vigorous coiling controlled by glutamatergic 
and glycinergic receptors has been found to be particularly 
susceptible to chemical disruption (Saint-Amant and Drapeau 
1998; Ramlan et al. 2017), thus being of particular interest in 
early developmental-stage exposure experiments.

The development of locomotor behavior can be assayed in 
embryos up to 48 hpf (“coiling assay”), and it has been accepted 
that the assay can detect neurotoxic effects in zebrafish embryos 
(Selderslaghs et al. 2010, 2013; Ramlan et al. 2017; Vliet et al. 
2017; Basnet et al. 2019; Zindler et al. 2019b). Existing coiling 
behavior studies lack standardization, with some protocols used 
dechorionated embryos (de Oliveira et al. 2021), while others 
employed altered light:dark cycles (Kokel et al. 2013) or exam-
ined significantly shorter periods of coiling (Selderslaghs et al. 
2013). The recording of coiling incidents can be accomplished 
either manually (Chen et al. 2012; Abu Bakar et al. 2017; Wang 
et al. 2019a, b) or automatically (Ogungbemi et al. 2021; Zhang 
et al. 2021). Some studies rely on expensive third-party soft-
ware (Zindler et al. 2019a; de Oliveira et al. 2021), while oth-
ers use open-access software which require coding knowledge 
(González-Fraga et al. 2019), or the use of simpler programs 
(Kurnia et al. 2021). Past studies have also shown considerable 
variation in the experimental setup: In some protocols, expo-
sure was initiated with fertilization (Velki et al. 2017; Zindler 
et al. 2019b, a), others only began exposure during the coiling 
development itself (Vliet et al. 2017).

To elucidate the potential suitability of the coiling assay 
to detecting neurotoxicants with different modes of action 
(MoAs), and the assay’s sensitivity to these different MoAs, 
a selection of chemicals (acrylamide, carbaryl, hexachloro-
phene, ibuprofen, and rotenone) were tested in the coiling 
assay as proposed by Zindler et al. (2019a) (exposure from 
fertilization 48 hpf). Moreover, additional statistical analy-
ses were conducted to elucidate the potential suitability of 
changes in the light cycle as external stimuli of coiling. With 
this approach, the present study will contribute to improv-
ing the coiling assay as a testing method for DNT in diverse 
compounds using an alternative test system.
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Material and methods

Selection of test compounds

To prove the suitability of the modified coiling assay 
described by Zindler et al. (2019a) for the assessment of neu-
rotoxicity by drug-like compounds and pesticides, compounds 
with different MoAs, molecular and cellular targets, chemi-
cal behavior, and environmental relevance were selected: (1) 
carbaryl, an acetylcholine esterase (AChE) inhibitor (Schock 
et al. 2012); (2) hexachlorophene, an antimicrobial known to 
cause defects in the central nervous system of rats (Kimbrough 
1971) most likely elicited by myelinopathy (Jokanovic 2009); 
(3) ibuprofen, affecting behavior in developing zebrafish by 
significant decrease in early locomotion and hatching (Xia 
et al. 2017); (4) rotenone, a mitochondrial complex I inhibitor 
frequently employed in, e.g., Parkinson’s disease studies (Le 
Couteur et al. 1999; Betarbet et al. 2000); and (5) the indus-
trial reagent acrylamide as a positive control for neurotoxicity 
(Spencer and Schaumburg 1975; LoPachin and Gavin 2008), 
which inhibits presynaptic vesicle cycling (LoPachin and 
Gavin 2012), elicits proteomic and transcriptomic changes 
in the central nervous system, and induces depression-like 
behavior in zebrafish (Faria et al. 2018). Previous work had 
shown dimethyl sulfoxide (DMSO) to be a suitable solvent 
for zebrafish embryo behavioral studies, with final concentra-
tions of up to 1% not significantly altering the behavior of the 
embryos (Zheng et al. 2021; de Oliveira et al. 2021).

Chemicals and test concentrations

All compounds listed above were selected based on the 
observation of tremors before hatching elicited at sublethal 
concentrations in zebrafish embryos in the fish embryo acute 
toxicity (FET) test (details not shown). A detailed descrip-
tion of all other observed endpoints induced by exposure to 
the selected endpoints can be found in (von Hellfeld et al. 
(2020). Within EU-ToxRisk, test compounds were distrib-
uted by the Joint Research Centre (Ispra, Italy); and shipping 
and storage was in accordance with manufacturers’ instruc-
tions. Acrylamide and hexachlorophene were obtained from 

Sigma Aldrich (Deisenhofen, Germany); carbaryl from Car-
bosynth (Compton, UK), ibuprofen and rotenone were sup-
plied by TCI (dichrom, Eschborn, Germany) and DMSO, 
used as solvent for some of the compounds, was purchased 
from Honeywell (Offenbach, Germany). All other chemicals 
were purchased at the highest purity available from Sigma 
Aldrich, unless stated otherwise.

Physicochemical properties of the test compounds as well 
as test concentrations are summarized in Table 1. The high-
est exposure concentration for the coiling assay was selected 
to be below the 10% lethal concentration  (LC10; measured 
at 96 hpf) previously determined according in FET tests 
according to OECD TG 236 (von Hellfeld et al. 2020). In 
detail, test concentrations were established as follows: (1) 
the highest concentration was selected to be between the 
50% effect concentration  (EC50; measured at 96 hpf) and the 
 LC10, ensuring that effects can be observed without lethality. 
(2) The two following concentrations follow the  EC50 and 
 EC10, respectively. (3) The lowest tested exposure concen-
tration was set to always be well below the  EC10. For com-
pounds with published EC and LC data from the FET test 
in accordance with OECD TG 236 (OECD 2013), a range-
finding FET was conducted to ensure accuracy of data. For 
compounds not tested in the FET, a full assessment with 3 
replicates was conducted to establish the EC and LC values.

All test solutions were prepared freshly prior to the exper-
iment, using standardized water according to the OECD TG 
236 (OECD 2013). Stock solutions were stored at 4 °C dur-
ing the experiment and transferred to − 20 °C thereafter. 
For compounds requiring the use of a solvent (DMSO), the 
lowest possible final DMSO concentration was used (0.1% 
for hexachlorophene and rotenone, 0.5% for carbaryl and 
ibuprofen, see Table 1). Nominal concentrations were used; 
given a renewal of test solutions every 24 h, changes due to 
biotransformation, evaporation and adsorption were consid-
ered minimal for this experimental setup.

Fish maintenance and exposure

Adult wild-type “Westaquarium” strain zebrafish, kept 
in the facilities of the University of Heidelberg Aquatic 
Ecology and Toxicology Research Group (license 

Table 1  Physicochemical properties and concentration ranges of compounds tested in the coiling assay

1 National Center for Biotechnology Information – PubChem: https:// pubch em. ncbi. nlm. nih. gov/

Compound CAS nr g/Mol Water  solubility1 Log  Kow
1 DMSO [%] Test concentration in coiling assay

Acrylamide 79–06-1 71.08 390 g/L (25 °C)  − 0.67 0 0.1–2.1 mM 7.5–15 mg/L
Carbaryl 63–25-2 201.22 110 mg/L (22 °C) 2.36 0.5 1.5–37.3 µM 0.3–7.5 mg/L
Hexachlorophene 70–30-4 406.90 140 mg/L (25 °C) 7.54 0.1 1.0–49.2 nM 0.4–20 mg/L
Ibuprofen 15687–27-1 206.28 21 mg/L (25 °C) 3.97 0.5 1.5–145.4 µM 0.3–30 mg/L
Rotenone 83–79-4 394.42 0.17 mg/L (25 °C) 4.10 0.1 1.0–20.3 nM 0.4–8 mg/L

https://pubchem.ncbi.nlm.nih.gov/
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number: 35–9185.64/BH), were utilized for the production 
of zebrafish eggs. The maintenance and conditions, as well 
as the egg collection procedure were conducted according 
to Lammer et al. (2009). For a description of exposure in the 
FET test, see von Hellfeld et al. (2020).

Coiling assay

The coiling assay (Fig. 1) was conducted in accordance with 
Zindler et al. (2019a). Fertilized eggs (< 2 hpf) were placed 
in 50 ml crystalizing dishes containing the test solutions 
(i.e., negative control/solvent control, or exposure concentra-
tions are highlighted in Table 1) at 26.0 ± 1.0 °C and left in 
a HettCube 600R incubator (Hettich, Tuttlingen, Germany) 
for further development (n = 3 replicates: 20 embryos per 
concentration per replicate). At ~ 7 hpf, 5 embryos per treat-
ment group were transferred to a pre-exposed 24-well plate 
and centered with a 5.3 mm-diameter polytetrafluoroethyl-
ene ring (ESSKA, Hamburg, Germany) at the bottom of 
the well. The test concentrations were randomly distributed 
on the plate to avoid instrumental bias due to proximity to 
heating elements of other interferences. The plate was placed 
on an acrylic glass lightbox (twelve infrared lights: 880 nm, 

40° angle, 5 mm; Knightbright, Taiwan) in an incubator at 
26.0 ± 1.0 °C with a 14/10 h light/dark regime. The incuba-
tor was set to switch off for 15 min every hour, 3 min prior to 
the onset of recording to avoid interference of the recordings 
with capacitor vibrations. Test solutions were renewed daily, 
replacing the plate in the incubator approx. 20 min before the 
next recording to allow for re-acclimatization. Hourly 8-min 
videos (mpeg-4, 25 frames/s) were recorded (camera: Basler 
acA1920–155 µm, Ahrensburg, Germany; lens: M7528-MP 
F2.8 f75mm, computar, Basler, Ahrensburg, Germany; filter: 
heliopan, RG850, Gräfelfing, Germany) utilizing the Ethovi-
sion™ Software (Noldus, Wageningen, Netherlands).

Recording and management of coiling data

Videos were analyzed with the DanioScope™ Soft-
ware (Version 1.1, Noldus, Wageningen, Netherlands). 
To prevent false positive/negative results, the software 
parameters were adjusted to the behavior of control 
group embryos (for details, see Supplementary Material 
1). Data smoothing led to different y-axis scales in the 
graphs for mean burst duration for DMSO and the test 
compounds. Individuals moving too strongly could not be 

Fig. 1  Setup and timeline of the coiling assay with zebrafish (D. 
rerio) embryos. A 24-well plate and the Teflon rings were pre-
exposed to the respective test solutions for 24  h prior to exposure. 
Fertilized eggs were raised in crystallized glass dishes containing the 
respective exposure concentration or control medium until they were 

transferred into the 24-well plates (5 embryos per well, 20 embryos 
per concentration per replicate) and placed in the recording setup. 
Recording was performed at hourly intervals between 21 and 48 hpf, 
with two light regime changes (at 23.5 and 37.5 hpf). The test solu-
tions were 100% renewed each day
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tracked efficiently by the software and were eliminated 
from tracking at the time point in question (for the per-
centage of individuals that could be tracked for the test 
compounds, see Supplementary Material 2).

Hourly recordings of 8 min were made of the 24-well 
plate, and the DanioScope™ software gave a mean 
value ± standard deviation of the measured behavioral 
parameters (“mean burst duration (seconds)” indicating the 
duration of continuous movement, and “mean burst count 
per minute,” i.e., the number of movements initiated each 
minute) per embryo for each recording event. Additionally, 
the response of the embryos to extinguishing the light at 
37.5 h was examined, as it simulated an external stimulus. 
The so-called step change (SC) between recordings at 37 
and 38 h was calculated by subtracting the 38 h mean value 
of the recorded parameter from the 37 h mean value.  SC10 
and  SC50 values were calculated as the threshold for 10 and 
50% deviation from controls.

Data analysis and statistics

The DanioScope™ software was used to analyze the vid-
eos recorded and to convert them into mean values per 
individual per time point. From the data obtained, meas-
urements provided for individuals who had to be omitted 
due to excessive movement were manually removed (for 
an example, see Supplementary Material 3).

Data analysis was conducted in a multi-step process: 
the data was first screened manually, and all individuals 
that had to be omitted from analysis (see above) were 
removed. The data was normalized to negative/solvent 
controls and analysis of variance (ANOVA)-on-ranks and 
Dunn’s post-hoc tests were conducted for each biological 
replicate using GraphPad Prism (v.6 for Windows; Stat-
con, Witzenhausen, Germany). The statistical analysis 
was conducted separately for each biological replicate 
and time point, since the fish used originated from dif-
ferent parent fish and since tests had to be run on differ-
ent days, thus external influencing parameters could not 
be excluded. A deviation in behavior was an effect of 
exposure if at least two of three replicates found it to be 
statistically significant (p ≤ 0.05). All p-values are shown 
in Supplementary Material 4.

Mean values were normalized against controls, and the 
standard deviation was computed by taking the nth root of 
the sum of both standard deviations for n biological replicates. 
All graphs were created in SigmaPlot (v.14.0, Jandel-Systat, 
Erkrath, Germany), layouts were adjusted created in Inkscape 
(v.1.0.1, Free Software Foundation, Inc. Boston, USA).

Results and discussion

Methodological considerations

For the recording of coiling behavior, the following assay 
conditions proved to be optimal (variations not shown in 
detail): freshly fertilized zebrafish eggs were selected and 
exposed to the test solutions at latest 1.5 hpf. Each com-
pound was tested at 4 concentrations well below  LC10 val-
ues, with the lowest concentration selected to induce no 
effect. For quality assurance, untreated water and DMSO 
(where applicable) served as negative and solvent controls, 
respectively. Given that the camera was only capable of 
simultaneously capturing 5 columns on the 24-well plates, 
no internal positive control was tested.

Videos of 8 min were recorded every hour between 24 
and 47 hpf. From these videos, the mean burst duration and 
mean burst count per minute were obtained as mean values 
per individual and time point. Here, burst refers to the move-
ment initiated by the individual embryos. The burst duration 
refers to the length of time spent moving and the burst count 
per minute determines the amount of movement events initi-
ated within an observed minute. Control group individuals 
(≤ 0.5% DMSO, as well as untreated) followed the previ-
ously described behavior development with two burst fre-
quency peaks at ~ 24 hpf (Saint-Amant and Drapeau 1998) 
and 38 hpf. To account for biological variability, exposure 
groups were normalized to the corresponding control group 
obtained from the same zebrafish egg clutch. Differences 
between treatments and controls were considered to have 
been induced by exposure if an observation was made in at 
least two out of three biological replicates.

The coiling assay was conducted in accordance with the 
FET test (OECD 2013). Until approximately 72 hpf, devel-
oping zebrafish embryos are surrounded by the 1.5–2.5 µm 
thick acellular chorion, which consists of three layers 
pierced by pore canals (Hisaoka 1958; Laale 1977; Bon-
signorio et al. 1996; Rawson et al. 2000) and has repeat-
edly been speculated to function as a barrier for the uptake 
of chemicals (Kais et al. 2013). The pores are evenly dis-
tributed over the chorion with diameters varying between 
0.2 µm in unfertilized eggs (Hart and Donovan 1983) 
and 0.5–0.7 µm in fertilized eggs at the gastrula diameter 
(Rawson et al. 2000; Cheng et al. 2007; Lee et al. 2007). 
Between 24 and 48 hpf, the uptake of chemicals is limited 
to a molecular mass of 3 and 4 kilodalton, respectively 
(Pelka et al. 2017). Although all neurotoxicants tested are 
well below this critical molecular size (Table 1), exposure 
was extended to 120 hpf to prolong neurotoxicant exposure 
into life stages no longer protected by the chorion.
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The addition of the step change analysis at the onset of 
the second dark phase (difference between 37 and 38 h; 
Fig. 2) allows for the examination of effects by external 
stimuli on behavior. In contrast to the minor changes 
induced by DMSO (Fig.  2 c, d), the step changes for 
both acrylamide (Fig. 2 a, b) and ibuprofen (Fig. 2 e, f) 
exceed 10% difference from controls  (SC10), with ibupro-
fen almost reaching the 50% level  (SC50). In contrast to 
acrylamide, which induces an increase in activity (Fig. 2 
a, b), ibuprofen induces a decline (Fig. 2 e, f).

Environmental relevance of neurotoxicant 
concentrations tested in the coiling assay

As summarized in Table 2, all neurotoxicants tested had a 
strong effect on coiling behavior in zebrafish embryos, with 
effects on burst count per minute usually being more pro-
nounced than effects on burst duration. In fact, exposure to 
carbaryl, hexachlorophene and rotenone induced hyperactiv-
ity to an extent that required the exclusion of more than 30% 
of recorded embryos from the statistical analysis, making 
those videos unusable (Supplementary material 3).

Whereas effects by acrylamide and ibuprofen were only 
evident at concentrations higher than environmental levels, 
all other test compounds showed effects in the coiling assay 
well within the range of environmentally relevant concen-
trations. Concentrations of carbaryl in various rivers in 
Spain ranged from 6.11 to 32 µM (Picó et al. 1994), which 

is comparable to the range selected for the present coiling 
assays (1.5–37.3 µM). All concentrations tested for carbaryl 
induced severe hyperactivity, and concentrations ≥ 14.9 µM 
had an impact on the burst count per minute. Environmental 
concentrations of hexachlorophene in an urban drainage area 
in Greenboro (New York, USA) ranged from 8 to 120 nM 
(in up- and down-stream waters, and bottom water; Sims and 
Pfaender 1975), i.e., equivalent to or even higher than the 
concentrations tested in the coiling assays (1.0–49.5 nM), 
where hexachlorophene induced severe hyperactivity. Rote-
none concentration in various ground- and surface-water 
samples in the UK were up to 127 µM (Spurgeon et al. 
2022), which by far exceeded the concentration range of 
1.0–20.3 nM tested positive in coiling assay.

Effects of the solvent DMSO on the coiling behavior

Given the partly limited water solubility of the test com-
pounds, DMSO was used as a co-solvent. DMSO has not 
only been shown to induce alterations at the molecular (pro-
tein) level during development at 0.01% (Turner et al. 2012) 
and to affect hatching and morphology (Chen et al. 2011) 
at < 1%, but has also been debated in the context of effects on 
developmental and behavioral endpoints (Maes et al. 2012; 
Turner et al. 2012), especially in light of a test system as 
sensitive as the coiling assay (Hallare et al. 2006). Whereas 
some more sensitive zebrafish strains expressed behavioral 

Fig. 2  Effects of acrylamide, DMSO, and ibuprofen on the behavior 
of zebrafish (D. rerio) embryos during a change in the light regime. 
Graphs illustrate he difference in mean burst duration [seconds] (a, c, 
e) and burst count per minute (b, e, f) from 37 to 38 h old zebrafish 
embryos in the presence of acrylamide (a, b), DMSO (c, d), and ibu-

profen (e, f). Data are given as the difference between the two time 
points ± SD from n = 3 replicates with 20 embryos per concentration/
replicate.  SC10 and  SC50 indicate threshold for 10 and 50% deviation 
from the control groups, respectively
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alterations after exposure to > 0.55% DMSO (Christou et al. 
2020), wild-type zebrafish embryos did not show any effect 
on behavior at concentrations up to 1% DMSO in the coiling 
assay (de Oliveira et al. 2021).

Although the use of DMSO concentrations as low as 
0.01% has generally been accepted for (eco)toxicological 
studies (OECD 2000; Jeram et al. 2005), a range of DMSO 
concentrations was also tested in the present study. Only 
at the highest test concentration of 5%, DMSO induced a 
significant inhibition of both mean burst duration and mean 
burst count per minute; in contrast, DMSO concentrations 
up to 0.5% did not produce any significant effect on zebrafish 
embryo coiling behavior (Fig. 3). Considering the response 
to the change in illumination at 37.5 h, only treatment with 
0.01% DMSO induced an increase in the burst duration 
beyond the  SC10 (Fig. 2 c, d). The large standard deviation 
of the observation, however, led to the assumption that this 
observation was due to biological variability. Overall, results 
thus confirm the suitability of DMSO as a solvent for behav-
ioral studies, as already suggested by Chen et al. (2011) and 
Christou et al. (2020).

Effects of acrylamide on the coiling behavior

In zebrafish embryos, acrylamide affected coiling in a con-
centration-dependent manner: exposure to acrylamide signif-
icantly increased burst counts per minute in the later stages 
of the coiling assay after the onset of the second dark phase, 
while the mean burst duration was unaffected (Fig. 4). In 
fact, acrylamide exposure increased the burst count per min-
ute by more than 10% over controls already at the onset of 
the second dark phase, indicating that the increased activity 
in the later phases of recording were induced by the external 
stimulus of switching off the light.

In previous studies, acrylamide exposure was found to 
induce a “depression phenotype” concurrent with anxiety-
like behavior in both embryos at 120 hpf and adult zebrafish 
(Prats et al. 2017; Faria et al. 2018, 2019). Inhibition of pre-
synaptic vesicle cycling (LoPachin and Gavin 2012) resulted 
in reduced neurotransmitter release, membrane-reuptake, 
and vesicular storage, thus affecting, e.g., dopamine trans-
port (LoPachin 2004; Barber and LoPachin 2004; LoPachin 
et al. 2006, 2007a, b; Barber et al. 2007). Since acrylamide 

Fig. 3  Effects of DMSO on spontaneous tail movement (coiling) of 
zebrafish (D. rerio) embryos during the light/dark cycles of the coil-
ing assay: (a) Mean burst duration [seconds];  (b) normaized burst 
duration; (c)burst count per minute; (d) normalized burst count 
between 21 and 47 hpf of zebrafish embryos in the presence of vari-
ous concentrations of DMSO (n = 3, 20 embryos per concentration/
replicate). Normalized data were adjusted to negative controls (water) 

(b, d), and the 5% DMSO treatment group was excluded for better 
data visualization, highlighting the applicability of DMSO at ≤ 0.5 % 
concentration as a solvent in the coiling assay. a, c: Mean ± SD. Top 
bar: Light cycle pahse (black–dark; white–light). *: Time point and 
concentration (in corresponding color) of significant difference to 
controls (for statistical significance of changes over controls, see Sup-
plementary Material 4)
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did not affect axonal transport or protein synthesis, effects 
on presynaptic vesicle were concluded to be the direct toxic 
mechanism of acrylamide (LoPachin and Lehning 1994). 
Depression and anxiety-like behavior were also observed in 
rats, where acrylamide exposure decreased the monoamine 
neurotransmitters serotonin, norepinephrine, and dopamine 
(Dixit et al. 1981; Raushan et al. 1987), which could be 
linked to behavioral changes (Ruhé et al. 2007). Thus, the 
increase in the burst count per minute after the onset of the 
second dark phase observed in the present study might also 
be interpreted as an anxiety phenotype in response to the 
change in illumination.

Effects of ibuprofen on the coiling behavior

Exposure of zebrafish embryos to ibuprofen resulted in 
marked hypoactivity in both parameters, with burst counts 
per minute being more significantly attenuated than mean 
burst duration (Fig. 5). This observation was further sup-
ported by the step change analysis, where the mean burst 
duration was more strongly affected by the light change 
(Fig. 2): embryos exposed to 14.5 and 48.5 µM ibuprofen 

had a reduced burst count per minute below the  SC10, while 
the 145.4 µM ibuprofen treatment group were close to  SC50 
levels. In this case, even the derived standard deviation of 
the observation was below the  SC10.

Ibuprofen is known for its cyclooxygenase enzyme inhi-
bition, reducing inflammation and pain by inhibiting pros-
taglandin and thromboxane formation (Bartoskova et al. 
2013). Cyclooxygenases are necessary in early development 
of the embryo, as they regulate a vast number of hormones 
and developmental processes during early embryogenesis 
(Grosser et al. 2002). The reduction in burst counts per 
minute (and a trend towards reduction in burst duration) 
might thus be an indicator of impaired expression of glycine 
receptors, which are initially excitatory in zebrafish embryos 
(Brustein et al. 2013), before becoming inhibitory at around 
30 h with the development of the potassium-chloride trans-
porter 2 (Ben-Ari 2002; Brustein et al. 2013). A similar 
coiling phenotype was observed in the zebrafish mutant 
strain “shocked” (Cui 2005), where the under-expression 
of glycine receptors inhibited muscle fiber uncoupling and 
thus slowed down neurotransmission (Luna et al. 2004). A 
study conducted with the glycine receptor-blocker strychnine 

Fig. 4  Effects of acrylamide on spontaneous tail movement (coiling) of 
zebrafish (D. rerio) embryos during the light/dark cycles of the coiling 
assay: (a) mean burst duration [seconds], (b) normalized burst dura-
tion, (c) burst count per minute, (d) normalized burst count between 
21 and 47 hpf of zebrafish embryos in the presence of various concen-
trations of acrylamide (n = 3; 20 embryos per concentration/replicate). 

Acrylamide only significantly increased burst count per minute during 
the second dark phase (after 37.5 hpf) of the trial. a, c mean ± SD; b, d 
normalized to the untreated control group. Top bar: light cycle phases 
(black–dark; white–light). *: Time point and concentration (in corre-
sponding color) of significant difference to controls (for statistical sig-
nificance of changes over controls, see Supplementary Material 4)
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further induced an increase in multiple-coil events (with 
coiling continued for a longer duration), followed by longer 
recuperation phases (Cui 2005).

Effects of carbaryl on the coiling behavior

The analysis of effects by carbaryl, hexachlorophene and 
rotenone were more challenging, since a considerable 
number of individuals showed such a strong increase in 
activity that they had to be excluded from the analysis, 
since the program failed to track them with sufficient 
accuracy (see Supplementary Material 2). Yet, a statisti-
cally significant increase of burst counts per minute over 
DMSO controls could be seen from, e.g., 23 to 29 h for 
14.9–37.3 µM carbaryl (Fig. 6). Due to the general hyper-
activity at ≥ 30 hpf, the statistical trends could not be 
documented beyond 30 h.

The known acetylcholine esterase inhibitor carbaryl 
stimulates the activity of exposed organisms, e.g., mice 
(Andrieux et al. 2004), medaka (Oryzias latipes; Carlson 
et al. 1998) and zebrafish (Behra et al. 2002; Lin et al. 
2007; Schock et al. 2012). Likewise, other acetylcholine 

esterase-inhibiting compounds like dichlorvos could also 
be determined as positive in the coiling assay (Zindler 
et al. 2019a). The hyperactivity in coiling observed in the 
present study can thus directly be linked to acetylcholine 
esterase inhibition as the underlying MoAs leading to 
reduced metabolization of acetylcholine and an overstimu-
lation of neurons (Blacker et al. 2010).

Effects of hexachlorophene on the coiling behavior

Exposure of zebrafish embryos to hexachlorophene only 
induced temporary hyperactivity between 29 and 38 hpf; 
this trend, however, again failed to reach statistical signifi-
cance due to the increase in general hyperactivity (Fig. 7).

In humans, accidental exposure to hexachlorophene 
caused central nervous system disruption and structural 
brain deformation (Powell et  al. 1973; Martin-Bouyer 
et al. 1982; World Health Organization 2006). In mice 
and baboons, hexachlorophene exposure led to lethargy 
and reduced activity prior to lethality during episodes of 
convulsion (Tripier et al. 1981). Moreover, hexachloro-
phene has been implicated in disrupting the ion gradient 

Fig. 5  Effects of ibuprofen on spontaneous tail movement (coil-
ing) of zebrafish (D. rerio) embryos during the light/dark cycles of 
the coiling assay: (a) mean burst duration [seconds], (b) normal-
ized burst duration, (c) burst count per minute, (d) normalized burst 
count between 21 and 47 hpf of zebrafish embryos in the presence of 
various concentrations of ibuprofen (n = 3; 20 embryos per concen-
tration/replicate). Ibuprofen exposure significantly reduced the burst 

count per minute during the entire assay in a concentration and time 
dependent manner. a, c mean ± SD; b, d normalized to the solvent 
control group. Top bar: light cycle phases (black–dark; white–light). 
*: Time point and concentration (in corresponding color) of signifi-
cant difference to controls (for statistical significance of changes over 
controls, see Supplementary Material 4)
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across membranes, causing edema as well as demyelination 
(Jokanovic 2009). Such phenotypes of distal degeneration 
of some axons of both the peripheral and central nervous 
systems (polyneuropathy) could be associated with single 
or short-term exposure to various organophosphates (e.g., 
chlorpyrifos, dichlorvos, methamidophos, phosphami-
don, and mevinphos) as well as certain carbamates, which 
initially lead to muscle cramps and spasms, before they 
induced progressive weakness and reduced reflexes (Lotti 
and Moretto 2005). Demyelination might, thus, also be 
speculated to be the underlying mechanism of the changes 
in behavioral parameters observed in the present coiling 
assays with hexachlorophene.

Effects of rotenone on the coiling behavior

Interestingly, rotenone exposure initially induced a reduction 
in both burst count per minute and mean burst duration, with 
some intermittent statistical significance. However, from 30 
hpf extreme hyperactivity was observed, which prohibited 
conclusive statistical analysis (Fig. 8).

For research purposes, rotenone has frequently been used 
to induce motor and non-motor Parkinson’s disease via pro-
gressive loss of dopaminergic neurons in the substantia nigra 
(Le Couteur et al. 1999; Betarbet et al. 2000). As a mito-
chondrial complex I inhibitor, rotenone leads to enhanced 
mitochondrial reactive oxygen species production, impaired 
energy metabolism, proteasomal dysfunction, and finally 
apoptosis of dopamine neuronal cells (Li et al. 2003). The 
ability of rotenone to cross the blood–brain barrier is thought 
to play a vital role for its severe toxicity (Tanner et al. 2011).

In adult zebrafish, however, behavioral alterations, 
including decreased locomotor activity, were only seen 
in response to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), but not with rotenone, where even systemic 
administration did not induce effects (Bretaud et al. 2004). 
In contrast, juvenile zebrafish showed loss of dopamine 
neurons in association with decreased locomotion and car-
diac defects (Ünal et al. 2020; Wang et al. 2017). However, 
reports on the effects of rotenone on adult zebrafish are not 
consistent, since Wang et al., (2017) reported that rote-
none-treated fish spent less time swimming at a fast speed, 

Fig. 6  Effects of carbaryl on spontaneous tail movement (coiling) of 
zebrafish (D. rerio) embryos during the light/dark cycles of the coil-
ing assay: (a) mean burst duration [seconds], (b) normalized burst 
duration, (c) burst count per minute, (d) normalized burst count 
between 21 and 47 hpf of zebrafish embryos in the presence of vari-
ous concentrations of carbaryl (n = 3; 20 embryos per concentration/
replicate). Carbaryl exposure significantly increased the burst count 
per minute in early stages of the assay before the onset of hyperac-

tivity (red box) limiting statistical analysis. a, c mean ± SD; b, d 
normalized to the solvent control group. Top bar: light cycle phases 
(black–dark; white– light). *: Time point and concentration (in cor-
responding color) of significant difference to controls (for statistical 
significance of changes over controls, see Supplementary Material 4). 
Red box: at least 20% of organisms had to be excluded from the anal-
ysis of at least one of the exposure concentrations within this time 
frame
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indicating a deficit in motor function. In a light–dark box 
test, rotenone-treated fish exhibited longer latencies to 
enter the dark compartment and spent more time in the 
light compartment, reflecting anxiety- and depression-
like behavior. Furthermore, rotenone-treated fish showed 
less of an olfactory preference for amino acids, indicat-
ing olfactory dysfunction. Overall, behavioral alterations 
induced by rotenone exposure have been associated with 
decreased levels of dopamine in the brain (Wang et al. 
2017).

The coiling assay in the context of testing 
for (developmental) neurotoxicity

One in every six children has a developmental disability, 
and in most cases these disabilities affect the nervous sys-
tem (Boyle et al. 1994). From the list of 80,000 chemicals 
registered for commercial use with the United States Envi-
ronmental Protection Agency (US EPA) and 62,000 chemi-
cals already in use when the Toxic Substances Control Act 
was enacted in the USA in 1977 (US EPA 1998), Grandjean 
and Landrigan (2006) identified 201 industrial chemicals 

as neurotoxic to humans, covering metals and inorganic 
compounds, organic solvents, numerous pesticides, and a 
multitude of other organic compounds. They argued that 
this evidence did by far not represent the true potential for 
industrial chemicals to cause neurodevelopmental disorders 
and concluded an urgent need for systematic testing for (D)
NT. The need to identify (D)NT substances has, therefore, 
continued to grow with the continuous increase in the num-
ber of chemical compounds in human use, and a multitude 
of screening assays for (D)NT have been developed.

Various protocols have been developed for the coiling 
assay, which has been designed to identify effects on early 
behavior of zebrafish embryos through the assessment of 
spontaneous tail coiling (Selderslaghs et al. 2010, 2013; 
Velki et al. 2017; Wang et al. 2018; Zindler et al. 2019b, a; 
Bachour et al. 2020; Guo et al. 2021; Kurnia et al. 2021). 
Behavioral profiles become more complex, when exposure 
to neurotoxicants induces hyperactivity at low concentra-
tions (e.g., through their ability to inhibit acetylcholine 
esterase) and hypoactivity at higher concentrations. This is 
the case for compounds which e.g., overstimulate the cho-
linergic system (Stehr et al. 2006; Küster and Altenburger 

Fig. 7  Effects of hexachlorophene on spontaneous tail movement 
(coiling) of zebrafish (D. rerio) embryos during the light/dark cycles 
of the coiling assay: (a) mean burst duration [seconds], (b) normal-
ized burst duration, (c) burst count per minute, (d) normalized burst 
count between 21 and 47 hpf of zebrafish embryos in the presence 
of various concentrations of hexachlorophene (n = 3; 20 embryos per 
concentration/replicate). No statistically significant behavioral altera-

tion was observed during hexachlorophene exposure, although hyper-
activity (red box) was observed, which could not be analyzed. a, c 
mean ± SD; b, d normalized to the solvent control group. Top bar: 
light cycle phases (black–dark; white–light). Red box: at least 20 % of 
organisms had to be excluded from the analysis of at least one of the 
exposure concentrations within this time frame
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2007) or interact with γ-aminobutyric acid-gated chloride 
channels (Raftery and Volz 2015; Ogungbemi et al. 2019). 
Whereas many authors discussed the development of coil-
ing behavior per se and the time patterns of movements, 
little distinctions have been made between the type of move-
ments, which are more commonly grouped under the term 
“frequency” (Stehr et al. 2006; Tierney 2011; Velki et al. 
2017). The present study, however, indicates that more 
attention should be given to a more in-depth analysis of 
behavioral patterns throughout the coiling period within 
fish development.

Further considerations

This publication was designed as a pilot study, highlighting 
the potential of the coiling assay in detecting developmen-
tal neurotoxins with diverse MoAs. The presented data are 
based on five compounds only, and for method validation a 
larger database would be required. However, the data pre-
sented could provide guidance for future research, aiding the 
development of a standard operating procedure.

One limitation highlighted in this study is the issue of 
adequately analyzing severe hyperactivity using the program 
presented. Other studies have shown that, e.g., MATLAB 
can successfully track more extensive embryonic movements 
(González-Fraga et al. 2019). This, however, requires ade-
quate coding skills, thus being of limited applicability for 
some. Although it may be possible to discern the movement 
manually in many cases, this might introduce observational 
bias, and thus, the comparability of results between different 
researchers could be impacted. At this point, there seems to 
be no viable solution to the highlighted analysis issue, other 
than potential future program updates or developments of 
novel analysis methods.

It should be noted that during all early development assays 
(including the FET test and the coiling assay), protocols high-
light the necessity to follow a given light:dark cycle for natural 
development (e.g., OECD 2013; Zindler et al. 2019b; Braun-
beck et al. 2020). Alterations of wavelength or duration of 
lighting have shown that rearing under conditions deviating 
from those applied in the present study led to reduce survival 
and hatching success, as well as increased developmental 

Fig. 8  Effects of rotenone on spontaneous tail movement (coil-
ing) of zebrafish (D. rerio) embryos during the light/dark cycles of 
the coiling assay: (a) mean burst duration [seconds], (b) normal-
ized burst duration, (c) burst count per minute, (d) normalized burst 
count between 21 and 47 hpf of zebrafish embryos in the presence 
of various concentrations of rotenone (n = 3; 20 embryos per con-
centration/replicate). No statistically significant behavioral alteration 
was observed during rotenone exposure, although hyperactivity (red 

box) was observed, which could not be analyzed. a, c mean ± SD; b, 
d normalized to the solvent control group. Top bar: light cycle phases 
(black–dark; white–light). *: Time point and concentration (in cor-
responding color) of significant difference to controls (for statistical 
significance of changes over controls, see Supplementary Material 4). 
Red box: at least 20% of organisms had to be excluded from the anal-
ysis of at least one of the exposure concentrations within this time 
frame
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malformations (Villamizar et al. 2014). This can be explained 
by the development of the zebrafish eye, which begins at 
around 10 hpf and has differentiated into retinal ganglion cells 
and the optic nerve by ~ 28 hpf (Morris and Fadool 2005). The 
eye is structurally fully formed by 72 hpf (Glass and Dahm 
2004), with a precise visual startle response detected at ~ 68 
hpf (Easter Jr and Nicola 1996) and the light–dark response 
becoming evident not much later (Morris and Fadool 2005). 
A true optokinetic response, comparable to that observed in 
adult zebrafish becomes evident around 96 hpf but can ini-
tially be observed just after hatching (Easter and Nicola 1997). 
However, physical responses to changes in light conditions 
have been observed much earlier, in embryos during the coil-
ing assay (e.g., Kokel et al. 2013; Zindler et al. 2019b). While 
the zebrafish embryo eye may thus not be fully developed or 
functioning, it can be assumed, that responses to large-scale 
visual stimuli such as light changes can already be perceived 
and lead to changes in behavior.

Conclusions and perspectives

In the present study, a modified version of the coiling assay 
initially presented by Zindler et al. (2019a) was utilized 
to address some of the gaps in current protocols for the 
analysis of changes in zebrafish embryo behavior at suble-
thal concentrations. Additionally, this work has highlighted 
the suitability of the coiling assay as presented here to the 
detection of neurotoxic compounds with diverse MoAs. 
Moreover, the coiling assay holds the potential to deter-
mine compound- or MoA-specific behavioral profiles. 
However, while the assay was successful in determining 
behavioral alterations for all test compounds, excessive 
increases in locomotor behavior, albeit observable, proved 
to technically overstrain current tracking software sys-
tems. Nevertheless, the coiling assay holds great potential 
for the assessment of neurotoxic compounds, and would 
also be highly applicable in a test battery setting, as this 
would allow bringing, e.g., data from in vitro neurotoxic-
ity assays like the neurite outgrowth impairment in human 
mature dopaminergic neurons (NeuriTox) assay (Delp et al. 
2018) or the neurite outgrowth impairment in human iPSC-
derived immature dorsal root ganglia neurons (PeriTox) 
assay (Hoelting et al. 2016) into a more functional context.

The software used in the present study allowed to read 
out several parameters for further analysis, and an in-depth 
analysis of effects by the set of neurotoxicants revealed that 
the test parameters are not addressed stereotypically by dif-
ferent compounds, suggesting the existence of MoA-spe-
cific effect profiles. The development of new and improved 
hard- and software allowing for a better analysis of indi-
viduals are likely to further comprehensive toxicity testing. 
Given the comparatively short experimental duration, the 

most time-consuming aspect of the coiling assay remains 
the software-based analysis of videos and subsequent data 
processing. If this step could be automated as suggested 
by González-Fraga et al. (2019), Ogungbemi et al. (2020, 
2021) as well as Kurnia et al. (2021), the coiling assay with 
zebrafish embryos might even be developed into a high 
throughput alternative test method for neurotoxicity testing.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 27662-2.

Author contribution All authors contributed to the manuscript devel-
opment and writing. Thomas Braunbeck, Marcel Leist and Rebecca von 
Hellfeld conceptualized the study. Material preparation, data collection, 
and analysis were performed by Rebecca von Hellfeld and Christoph 
Gade. The first draft of the manuscript was written by Rebecca von 
Hellfeld, Christoph Gade, and Lisa Baumann. All authors commented 
on previous versions of the manuscript. All authors read and approved 
the final version.

Funding This project has received funding from the European Union’s 
Horizon 2020 research and innovation program under grant agreement 
No 681002 (EU-ToxRisk).

Data availability Original datasets of the current study and analyses 
generated are available in the BioStudies repository (https:// wwwde vi. 
ebi. ac. uk/ biost udies/ Eu- ToxRi sk/).

Declarations 

Ethical approval and consent to participate The work was conducted in 
strict accordance with governmental legislations in the aquatic toxicol-
ogy research group of the University of Heidelberg (License number: 
35–9185.64/BH).

Consent for publication All authors agree with the content of the man-
uscript and gave explicit permission to submit and publish this work.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abu Bakar N, Mohd Sata NSA, Ramlan NF et al (2017) Evaluation of 
the neurotoxic effects of chronic embryonic exposure with inor-
ganic mercury on motor and anxiety-like responses in zebrafish 
(Danio rerio) larvae. Neurotoxicol Teratol 59:53–61. https:// doi. 
org/ 10. 1016/j. ntt. 2016. 11. 008

https://doi.org/10.1007/s11356-023-27662-2
https://wwwdevi.ebi.ac.uk/biostudies/Eu-ToxRisk/
https://wwwdevi.ebi.ac.uk/biostudies/Eu-ToxRisk/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ntt.2016.11.008
https://doi.org/10.1016/j.ntt.2016.11.008


75295Environmental Science and Pollution Research (2023) 30:75281–75299 

1 3

Andrieux L, Langouët S, Fautrel A et al (2004) Aryl hydrocarbon recep-
tor activation and cytochrome P450 1A induction by the mitogen-
activated protein kinase inhibitor U0126 in hepatocytes. Mol Phar-
macol 65:934–943. https:// doi. org/ 10. 1124/ mol. 65.4. 934

Arslanova D, Yang T, Xu X et  al (2010) Phenotypic analysis of 
images of zebrafish treated with Alzheimer’s gamma-secretase 
inhibitors. BMC Biotechnol 10:24. https:// doi. org/ 10. 1186/ 
1472- 6750- 10- 24

Aschner M, Ceccatelli D, Daneshian M et al (2017) Reference com-
pounds for alternative test methods to indicate developmental 
neurotoxicity (DNT) potential of chemicals: example lists and 
criteria for their selection and use. ALTEX 34:49–73. https:// 
doi. org/ 10. 14573/ altex. 16042 01

Bachour R-L, Golovko O, Kellner M, Pohl J (2020) Behavioral effects 
of citalopram, tramadol, and binary mixture in zebrafish (Danio 
rerio) larvae. Chemosphere 238:124587. https:// doi. org/ 10. 
1016/j. chemo sphere. 2019. 124587

Baiamonte M, Parker MO, Vinson GP, Brennan CH (2016) Sustained 
effects of developmental exposure to ethanol on Zebrafish anxi-
ety-like behaviour. PLoS One 11:1–14. https:// doi. org/ 10. 1371/ 
journ al. pone. 01484 25

Bailey J, Thew M, Balls M (2014) An analysis of the use of animal 
models in predicting human toxicology and drug safety. ATLA: 
Alternatives to Laboratory Animals 42:181–199. https:// doi. org/ 
10. 1177/ 02611 92914 04200 306

Barber DS, LoPachin RM (2004) Proteomic analysis of acrylamide-protein 
adduct formation in rat brain synaptosomes. Toxicol Appl Pharma-
col 201:120–136. https:// doi. org/ 10. 1016/j. taap. 2004. 05. 008

Barber DS, Stevens S, LoPachin RM (2007) Proteomic analysis of rat 
striatal synaptosomes during acrylamide intoxication at a low 
dose rate. Toxicol Sci 100:156–167. https:// doi. org/ 10. 1093/ 
toxsci/ kfm210

Bartoskova M, Dobsikova R, Stancova V et al (2013) Evaluation of ibupro-
fen toxicity for zebrafish (Danio rerio) targeting on selected biomark-
ers of oxidative stress. Neuro Endocrinol Lett 34(Suppl 2):102–108

Basnet R, Zizioli D, Taweedet S et al (2019) Zebrafish larvae as a 
behavioral model in neuropharmacology. Biomedicines 7:23. 
https:// doi. org/ 10. 3390/ biome dicin es701 0023

Behra M, Cousin X, Bertrand C et al (2002) Acetylcholinesterase is 
required for neuronal and muscular development in the zebrafish 
embryo. Nat Neurosci 5:111–118. https:// doi. org/ 10. 1038/ nn788

Ben-Ari Y (2002) Excitatory actions of gaba during development: the 
nature of the nurture. Nat Rev Neurosci 3:728–739. https:// doi. 
org/ 10. 1038/ nrn920

Betarbet R, Sherer TB, MacKenzie G et al (2000) Chronic systemic 
pesticide exposure reproduces features of Parkinson’s disease. 
Nat Neurosci 3:1301–1306. https:// doi. org/ 10. 1038/ 81834

Blacker AM, Lunchick C, Lasserre-Bigot D et al (2010) Toxicological 
profile of carbaryl. In: Hayes’ Handbook of Pesticide Toxicol-
ogy. Elsevier, pp 1607–1617. https:// doi. org/ 10. 1016/ B978-0- 12- 
374367- 1. 00074-4

Blader P (2000) Zebrafish developmental genetics and central nervous 
system development. Hum Mol Genet 9:945–951. https:// doi. org/ 
10. 1093/ hmg/9. 6. 945

Bolon B, Bradley A, Butt M et al (2011) Compilation of onternational 
regulatory guidance documents for neuropathology assessment 
during nonclinical general toxicity and specialized neurotoxicity 
studies. Toxicol Pathol 39:92–96. https:// doi. org/ 10. 1177/ 01926 
23310 385145

Bonsignorio D, Perego L, Del GL, Cotelli F (1996) Structure and mac-
romolecular composition of the zebrafish egg chorion. Zygote 
4:101–108. https:// doi. org/ 10. 1017/ S0967 19940 00029 75

Boyle CA, Decouflé P, Yeargin-Allsopp M (1994) Prevalence and 
health impact of developmental disabilities in US children. Pedi-
atrics 93:399–403

Braunbeck T, Böhler S, Knörr S et al (2020) Development of an OECD 
guidance document for the application of OECD test guideline 
236 (acute fish embryo toxicity test): the chorion structure and 
biotransformation capacities of zebrafish as boundary conditions 
for OECD test guideline 236. UBA Texte 94:106

Bretaud S, Lee S, Guo S (2004) Sensitivity of zebrafish to environmen-
tal toxins implicated in Parkinson’s disease. Neurotoxicol Teratol 
26:857–864. https:// doi. org/ 10. 1016/j. ntt. 2004. 06. 014

Brocardo PS, Boehme F, Patten A et al (2012) Anxiety- and depres-
sion-like behaviors are accompanied by an increase in oxidative 
stress in a rat model of fetal alcohol spectrum disorders: protec-
tive effects of voluntary physical exercise. Neuropharmacology 
62:1607–1618. https:// doi. org/ 10. 1016/j. neuro pharm. 2011. 10. 006

Brockerhoff SE, Hurley JB, Janssen-Bienhold U et al (1995) A behav-
ioral screen for isolating zebrafish mutants with visual system 
defects. Proc Natl Acad Sci U S A 92:10545–10549. https:// doi. 
org/ 10. 1073/ pnas. 92. 23. 10545

Brotzmann K, von Hellfeld R, Braunbeck T (2019) Teratogenicity in 
mammals predicted by a non-mammal test system, the zebrafish 
(Danio rerio</i>) embryo. Reprod Toxicol 88:22. https:// doi. org/ 
10. 1016/j. repro tox. 2019. 07. 071

Brotzmann K, Wolterbeek A, Kroese D, Braunbeck T (2021) Neuro-
toxic effects in zebrafish embryos by valproic acid and nine of 
its analogues: the fish-mouse connection? Arch Toxicol 95:641–
657. https:// doi. org/ 10. 1007/ s00204- 020- 02928-7

Brustein E, Saint-Amant L, Buss RR et al (2003) Steps during the devel-
opment of the zebrafish locomotor network. Journal of Physiology-
Paris 97:77–86. https:// doi. org/ 10. 1016/j. jphys paris. 2003. 10. 009

Brustein E, Côté S, Ghislain J, Drapeau P (2013) Spontaneous glycine-
induced calcium transients in spinal cord progenitors promote 
neurogenesis. Dev Neurobiol 73:168–175. https:// doi. org/ 10. 
1002/ dneu. 22050

Carlson RW, Bradbury SP, Drummond RA, Hammermeister DE (1998) 
Neurological effects on startle response and escape from preda-
tion by medaka exposed to organic chemicals. Aquat Toxicol 
43:51–68. https:// doi. org/ 10. 1016/ S0166- 445X(97) 00097-0

Chandrasekhar A, Moens CB, Warren JT et  al (1997) Develop-
ment of branchiomotor neurons in zebrafish. Development 
124:2633–2644

Chang LW (1998) Introduction. In: Handbook of Developmental Neu-
rotoxicology. Elsevier, pp 1–2

Chen T-H, Wang Y-H, Wu Y-H (2011) Developmental exposures to 
ethanol or dimethylsulfoxide at low concentrations alter loco-
motor activity in larval zebrafish: implications for behavioral 
toxicity bioassays. Aquat Toxicol 102:162–166. https:// doi. org/ 
10. 1016/j. aquat ox. 2011. 01. 010

Chen J, Chen Y, Liu W et al (2012) Developmental lead acetate expo-
sure induces embryonic toxicity and memory deficit in adult 
zebrafish. Neurotoxicol Teratol 34:581–586. https:// doi. org/ 10. 
1016/j. ntt. 2012. 09. 001

Cheng J, Flahaut E, Cheng SH (2007) Effect of carbon nanotubes on 
developing zebrafish (Danio rerio) embryos. Environ Toxicol 
Chem 26:708–716. https:// doi. org/ 10. 1897/ 06- 272R.1

Christou M, Kavaliauskis A, Ropstad E, Fraser TWK (2020) DMSO effects 
larval zebrafish (Danio rerio) behavior, with additive and interac-
tion effects when combined with positive controls. Sci Total Environ 
709:134490. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 134490

Clark M, Steger-Hartmann T (2018) A big data approach to the con-
cordance of the toxicity of pharmaceuticals in animals and 
humans. Regul Toxicol Pharmacol 96:94–105. https:// doi. org/ 
10. 1016/j. yrtph. 2018. 04. 018

Claudio L, Kwa WC, Russell AL, Wallinga D (2000) Testing methods 
for developmental neurotoxicity of environmental chemicals. 
Toxicol Appl Pharmacol 164:1–14. https:// doi. org/ 10. 1006/ taap. 
2000. 8890

https://doi.org/10.1124/mol.65.4.934
https://doi.org/10.1186/1472-6750-10-24
https://doi.org/10.1186/1472-6750-10-24
https://doi.org/10.14573/altex.1604201
https://doi.org/10.14573/altex.1604201
https://doi.org/10.1016/j.chemosphere.2019.124587
https://doi.org/10.1016/j.chemosphere.2019.124587
https://doi.org/10.1371/journal.pone.0148425
https://doi.org/10.1371/journal.pone.0148425
https://doi.org/10.1177/026119291404200306
https://doi.org/10.1177/026119291404200306
https://doi.org/10.1016/j.taap.2004.05.008
https://doi.org/10.1093/toxsci/kfm210
https://doi.org/10.1093/toxsci/kfm210
https://doi.org/10.3390/biomedicines7010023
https://doi.org/10.1038/nn788
https://doi.org/10.1038/nrn920
https://doi.org/10.1038/nrn920
https://doi.org/10.1038/81834
https://doi.org/10.1016/B978-0-12-374367-1.00074-4
https://doi.org/10.1016/B978-0-12-374367-1.00074-4
https://doi.org/10.1093/hmg/9.6.945
https://doi.org/10.1093/hmg/9.6.945
https://doi.org/10.1177/0192623310385145
https://doi.org/10.1177/0192623310385145
https://doi.org/10.1017/S0967199400002975
https://doi.org/10.1016/j.ntt.2004.06.014
https://doi.org/10.1016/j.neuropharm.2011.10.006
https://doi.org/10.1073/pnas.92.23.10545
https://doi.org/10.1073/pnas.92.23.10545
https://doi.org/10.1016/j.reprotox.2019.07.071
https://doi.org/10.1016/j.reprotox.2019.07.071
https://doi.org/10.1007/s00204-020-02928-7
https://doi.org/10.1016/j.jphysparis.2003.10.009
https://doi.org/10.1002/dneu.22050
https://doi.org/10.1002/dneu.22050
https://doi.org/10.1016/S0166-445X(97)00097-0
https://doi.org/10.1016/j.aquatox.2011.01.010
https://doi.org/10.1016/j.aquatox.2011.01.010
https://doi.org/10.1016/j.ntt.2012.09.001
https://doi.org/10.1016/j.ntt.2012.09.001
https://doi.org/10.1897/06-272R.1
https://doi.org/10.1016/j.scitotenv.2019.134490
https://doi.org/10.1016/j.yrtph.2018.04.018
https://doi.org/10.1016/j.yrtph.2018.04.018
https://doi.org/10.1006/taap.2000.8890
https://doi.org/10.1006/taap.2000.8890


75296 Environmental Science and Pollution Research (2023) 30:75281–75299

1 3

Cui WW (2005) The zebrafish shocked gene encodes a glycine trans-
porter and is essential for the function of early neural circuits 
in the CNS. J Neurosci 25:6610–6620. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 5009- 04. 2005

de Oliveira A, Brigante T, Oliveira D (2021) Tail coiling assay in 
Zebrafish (Danio rerio) embryos: stage of development, prom-
ising positive control candidates, and selection of an appropri-
ate organic solvent for screening of developmental neurotoxic-
ity (DNT). Water (basel) 13:119. https:// doi. org/ 10. 3390/ w1302 
0119

Delp J, Gutbier S, Klima S et al (2018) A high-throughput approach 
to identify specific neurotoxicants/developmental toxicants 
in human neuronal cell function assays. ALTEX 35:235–253. 
https:// doi. org/ 10. 14573/ altex. 17121 82

Delp J, Cediel-Ulloa A, Suciu I et al (2021) Neurotoxicity and under-
lying cellular changes of 21 mitochondrial respiratory chain 
inhibitors. Arch Toxicol 95:591–615. https:// doi. org/ 10. 1007/ 
s00204- 020- 02970-5

Dixit R, Husain R, Mukhtar H, Seth PK (1981) Effect of acrylamide 
on biogenic amine levels, monoamine oxidase, and cathepsin D 
activity of rat brain. Environ Res 26:168–173. https:// doi. org/ 10. 
1016/ 0013- 9351(81) 90195-X

Drapeau P, Saint-Amant L, Buss RR et al (2002) Development of the 
locomotor network in zebrafish. Prog Neurobiol 68:85–111. 
https:// doi. org/ 10. 1016/ S0301- 0082(02) 00075-8

Easter SS Jr, Nicola GN (1996) The development of vision in the 
zebrafish. Dev Biol 180:646–663

Easter SS, Nicola GN (1997) The development of eye movements in 
the zebrafish (Danio rerio</i>). Dev Psychobiol 31:267–276. 
https:// doi. org/ 10. 1002/ (SICI) 1098- 2302(199712) 31:4% 3c267:: 
AID- DEV4% 3e3.0. CO;2-P

Embry MR, Belanger SE, Braunbeck TA et al (2010) The fish embryo 
toxicity test as an animal alternative method in hazard and risk 
assessment and scientific research. Aquat Toxicol 97:79–87. 
https:// doi. org/ 10. 1016/j. aquat ox. 2009. 12. 008

Escher SE, Aguayo-Orozco A, Benfenati E et al (2022) Integrate mech-
anistic evidence from new approach methodologies (NAMs) into 
a read-across assessment to characterise trends in shared mode 
of action. Toxicol Vitro 79:105269. https:// doi. org/ 10. 1016/j. tiv. 
2021. 105269

Faria M, Ziv T, Gómez-Canela C et al (2018) Acrylamide acute neu-
rotoxicity in adult zebrafish. Sci Rep 8:1–14. https:// doi. org/ 10. 
1038/ s41598- 018- 26343-2

Faria M, Valls A, Prats E et al (2019) Further characterization of the 
zebrafish model of acrylamide acute neurotoxicity: gait abnor-
malities and oxidative stress. Sci Rep 9:7075. https:// doi. org/ 10. 
1038/ s41598- 019- 43647-z

Fisher JE, Ravindran A, Elayan I (2019) CDER experience with 
juvenile animal studies for CNS drugs. Int J Toxicol 38:88–95. 
https:// doi. org/ 10. 1177/ 10915 81818 824313

Foster PMD (2014) egulatory Forum opinion piece: new testing para-
digms for reproductive and developmental toxicity–the NTP 
modified one generation study and OECD 443. Toxicol Pathol 
42:1165–1167. https:// doi. org/ 10. 1177/ 01926 23314 534920

Fritsche E (2017) OECD/EFSA workshop on developmental neurotox-
icity (DNT): the use of non-animal test methods for regulatory 
purposes. ALTEX 34:311–315. https:// doi. org/ 10. 14573/ altex. 
17011 71

Glass AS, Dahm R (2004) The zebrafish as a model organism for eye 
development. Ophthalmic Res 36:4–24. https:// doi. org/ 10. 1159/ 
00007 6105

Goldstone JV, McArthur AG, Kubota A et al (2010) Identification and 
developmental expression of the full complement of Cytochrome 
P450 genes in zebrafish. BMC Genomics 11:643. https:// doi. org/ 
10. 1186/ 1471- 2164- 11- 643

González-Fraga J, Dipp-Alvarez V, Bardullas U (2019) Quantifica-
tion of spontaneous tail movement in zebrafish embryos using a 
novel open-source MATLAB application. Zebrafish 16:214–216. 
https:// doi. org/ 10. 1089/ zeb. 2018. 1688

Grandjean P, Landrigan P (2006) Developmental neurotoxicity of 
industrial chemicals. Lancet 368:2167–2178. https:// doi. org/ 10. 
1016/ S0140- 6736(06) 69665-7

Grosser T, Yusuff S, Cheskis E et al (2002) Developmental expression 
of functional cyclooxygenases in zebrafish. Proc Natl Acad Sci 
U S A 99:8418–8423. https:// doi. org/ 10. 1073/ pnas. 11221 7799

Guo S, Zhang Y, Zhu X et al (2021) Developmental neurotoxicity and 
toxic mechanisms induced by olaquindox in zebrafish. J Appl 
Toxicol 41:549–560. https:// doi. org/ 10. 1002/ jat. 4062

Halder M, Léonard M, Iguchi T et al (2010) Regulatory aspects on the 
use of fish embryos in environmental toxicology. Integr Environ 
Assess Manag 6:484–491. https:// doi. org/ 10. 1002/ ieam. 48

Hallare A, Nagel K, Köhler HR, Triebskorn R (2006) Comparative 
embryotoxicity and proteotoxicity of three carrier solvents 
to zebrafish (Danio rerio) embryos. Ecotoxicol Environ Saf 
63:378–388. https:// doi. org/ 10. 1016/j. ecoenv. 2005. 07. 006

Hart NH, Donovan M (1983) Fine structure of the chorion and site of 
sperm entry in the egg of Brachydanio. J Exp Zool 227:277–296. 
https:// doi. org/ 10. 1002/ jez. 14022 70212

Health, Chemicals (2002) Minamata disease the history and measures
Heyer DB, Meredith RM (2017) Environmental toxicology: sensitive 

periods of development and neurodevelopmental disorders. Neuro-
toxicology 58:23–41. https:// doi. org/ 10. 1016/j. neuro. 2016. 10. 017

Hisaoka KK (1958) Microscopic studies of the teleost chorion. Trans 
Am Microsc Soc 77:240. https:// doi. org/ 10. 2307/ 32236 85

Hoelting L, Klima S, Karreman C et al (2016) Stem cell-cerived imma-
ture human dorsal root ganglia neurons to identify peripheral 
neurotoxicants. Stem Cells Transl Med 5:476–487. https:// doi. 
org/ 10. 5966/ sctm. 2015- 0108

Islinger M, Yuan H, Voelkl A, Braunbeck T (2002) Measurement of 
vitellogenin gene expression by RT-PCR as a tool to identify 
endocrine disruption in Japanese medaka (Oryzias latipes). Bio-
markers 7:80–93. https:// doi. org/ 10. 1080/ 13547 50011 00869 19

Jeram S, Sintes JMR, Halder M et al (2005) A strategy to reduce the 
use of fish in acute ecotoxicity testing of new chemical sub-
stances notified in the European Union. Regul Toxicol Pharmacol 
42:218–224. https:// doi. org/ 10. 1016/j. yrtph. 2005. 04. 005

Jokanovic M (2009) Neuropathy: chemically-induced. Encyclopedia 
of Neuroscience 759–765. https:// doi. org/ 10. 1016/ B978- 00804 
5046-9. 00515-5

Kais B, Schneider KE, Keiter S et al (2013) DMSO modifies the per-
meability of the zebrafish (Danio rerio) chorion-implications for 
the fish embryo test (FET). Aquat Toxicol 140–141:229–238. 
https:// doi. org/ 10. 1016/j. aquat ox. 2013. 05. 022

Kais B, Stengel D, Batel A, Braunbeck T (2015) Acetylcholinester-
ase in zebrafish embryos as a tool to identify neurotoxic effects 
in sediments. Environ Sci Pollut Res 22:16329–16339. https:// 
doi. org/ 10. 1007/ s11356- 014- 4014-1

Kais B, Schiwy S, Hollert H et  al (2017) In vivo EROD assays 
with the zebrafish (Danio rerio) as rapid screening tools for 
the detection of dioxin-like activity. Sci Total Environ 590–
591:269–280. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 02. 236

Kämmer N, Erdinger L, Braunbeck T (2022) The onset of active gill 
respiration in post-embryonic zebrafish (Danio rerio) larvae 
triggers an increased sensitivity to neurotoxic compounds. 
Aquat Toxicol 249:106240. https:// doi. org/ 10. 1016/j. aquat ox. 
2022. 106240

Kimbrough RD (1971) Review of the toxicity of hexachlorophene. 
Arch Environ Health: An Int J 23:119–122

Kitamura S, Miyata C, Tomita M et al (2020) A central nervous sys-
tem disease of unknown cause that occurred in the minamata 

https://doi.org/10.1523/JNEUROSCI.5009-04.2005
https://doi.org/10.1523/JNEUROSCI.5009-04.2005
https://doi.org/10.3390/w13020119
https://doi.org/10.3390/w13020119
https://doi.org/10.14573/altex.1712182
https://doi.org/10.1007/s00204-020-02970-5
https://doi.org/10.1007/s00204-020-02970-5
https://doi.org/10.1016/0013-9351(81)90195-X
https://doi.org/10.1016/0013-9351(81)90195-X
https://doi.org/10.1016/S0301-0082(02)00075-8
https://doi.org/10.1002/(SICI)1098-2302(199712)31:4%3c267::AID-DEV4%3e3.0.CO;2-P
https://doi.org/10.1002/(SICI)1098-2302(199712)31:4%3c267::AID-DEV4%3e3.0.CO;2-P
https://doi.org/10.1016/j.aquatox.2009.12.008
https://doi.org/10.1016/j.tiv.2021.105269
https://doi.org/10.1016/j.tiv.2021.105269
https://doi.org/10.1038/s41598-018-26343-2
https://doi.org/10.1038/s41598-018-26343-2
https://doi.org/10.1038/s41598-019-43647-z
https://doi.org/10.1038/s41598-019-43647-z
https://doi.org/10.1177/1091581818824313
https://doi.org/10.1177/0192623314534920
https://doi.org/10.14573/altex.1701171
https://doi.org/10.14573/altex.1701171
https://doi.org/10.1159/000076105
https://doi.org/10.1159/000076105
https://doi.org/10.1186/1471-2164-11-643
https://doi.org/10.1186/1471-2164-11-643
https://doi.org/10.1089/zeb.2018.1688
https://doi.org/10.1016/S0140-6736(06)69665-7
https://doi.org/10.1016/S0140-6736(06)69665-7
https://doi.org/10.1073/pnas.112217799
https://doi.org/10.1002/jat.4062
https://doi.org/10.1002/ieam.48
https://doi.org/10.1016/j.ecoenv.2005.07.006
https://doi.org/10.1002/jez.1402270212
https://doi.org/10.1016/j.neuro.2016.10.017
https://doi.org/10.2307/3223685
https://doi.org/10.5966/sctm.2015-0108
https://doi.org/10.5966/sctm.2015-0108
https://doi.org/10.1080/13547500110086919
https://doi.org/10.1016/j.yrtph.2005.04.005
https://doi.org/10.1016/B978-008045046-9.00515-5
https://doi.org/10.1016/B978-008045046-9.00515-5
https://doi.org/10.1016/j.aquatox.2013.05.022
https://doi.org/10.1007/s11356-014-4014-1
https://doi.org/10.1007/s11356-014-4014-1
https://doi.org/10.1016/j.scitotenv.2017.02.236
https://doi.org/10.1016/j.aquatox.2022.106240
https://doi.org/10.1016/j.aquatox.2022.106240


75297Environmental Science and Pollution Research (2023) 30:75281–75299 

1 3

region: results of an epidemiological study. J Epidemiol 30:3–
11. https:// doi. org/ 10. 2188/ jea. JE201 90173

Kokel D, Dunn TW, Ahrens MB et al (2013) Identification of non-
visual photomotor response cells in the vertebrate hindbrain. J 
Neurosci 33:3834–3843. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
3689- 12. 2013

Kurnia KA, Santoso F, Sampurna BP et al (2021) TCMacro: a simple 
and robust ImageJ-based method for automated measurement 
of tail coiling activity in zebrafish. Biomolecules 11:1133. 
https:// doi. org/ 10. 3390/ biom1 10811 33

Küster E, Altenburger R (2007) Suborganismic and organismic 
effects of aldicarb and its metabolite aldicarb-sulfoxide to the 
zebrafish embryo (Danio rerio). Chemosphere 68:751–760. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2006. 12. 093

Laale HW (1977) The biology and use of zebrafish, Brachydanio rerio 
in fisheries research. A literature review. J Fish Biol 10:121–173. 
https:// doi. org/ 10. 1111/j. 1095- 8649. 1977. tb040 49.x

Lammer E, Carr GJ, Wendler K et al (2009) Is the fish embryo toxicity test 
(FET) with the zebrafish (Danio rerio) a potential alternative for the 
fish acute toxicity test? Comp Biochem Physiol - C Toxicol Pharma-
col 149:196–209. https:// doi. org/ 10. 1016/j. cbpc. 2008. 11. 006

Langenberg T, Brand M, Cooper MS (2003) Imaging brain development and 
organogenesis in zebrafish using immobilized embryonic explants. 
Dev Dyn 228:464–474. https:// doi. org/ 10. 1002/ dvdy. 10395

Le Couteur DG, McLean AJ, Taylor MC et al (1999) Pesticides and 
Parkinson’s disease. Biomed Pharmacother 53:122–130. https:// 
doi. org/ 10. 1016/ S0753- 3322(99) 80077-8

Lee KJ, Nallathamby PD, Browning LM et al (2007) In vivo imaging 
of transport and biocompatibility of single silver nanoparticles in 
early development of zebrafish embryos. ACS Nano 1:133–143. 
https:// doi. org/ 10. 1021/ nn700 048y

Li N, Ragheb K, Lawler G et al (2003) Mitochondrial complex I inhibi-
tor rotenone induces apoptosis through enhancing mitochondrial 
reactive oxygen species production. J Biol Chem 278:8516–8525. 
https:// doi. org/ 10. 1074/ jbc. M2104 32200

Lin CC, Hui MNY, Cheng SH (2007) Toxicity and cardiac effects of 
carbaryl in early developing zebrafish (Danio rerio) embryos. 
Toxicol Appl Pharmacol 222:159–168. https:// doi. org/ 10. 1016/j. 
taap. 2007. 04. 013

Loerracher A-K, Braunbeck T (2021) Cytochrome P450-dependent bio-
transformation capacities in embryonic, juvenile and adult stages 
of zebrafish (Danio rerio)—a state-of-the-art review. Arch Toxi-
col 95:2299–2334. https:// doi. org/ 10. 1007/ s00204- 021- 03071-7

Loerracher A-K, Braunbeck T, Lörracher A-K, Braunbeck T (2020a) 
Inducibility of cytochrome P450-mediated 7-methoxycoumarin-
O-demethylase activity in zebrafish (Danio rerio) embryos. 
Aquat Toxicol 225:105540. https:// doi. org/ 10. 1016/j. aquat ox. 
2020. 105540

Loerracher A-K, Grethlein M, Braunbeck T (2020b) In vivo fluo-
rescence-based characterization of cytochrome P450 activity 
during embryonic development of zebrafish (Danio rerio). 
Ecotoxicol Environ Saf 192:110330. https:// doi. org/ 10. 1016/j. 
ecoenv. 2020. 110330

LoPachin RM (2004) The changing view of acrylamide neurotox-
icity. Neurotoxicology 25:617–630. https:// doi. org/ 10. 1016/j. 
neuro. 2004. 01. 004

LoPachin RM, Gavin T (2008) Acrylamide-induced nerve termi-
nal damage: relevance to neurotoxic and neurodegenerative 
mechanisms. J Agric Food Chem 56:5994–6003. https:// doi. 
org/ 10. 1021/ jf703 745t

LoPachin RM, Gavin T (2012) Molecular mechanism of acrylamide neu-
rotoxicity: lessons learned from organic chemistry. Environ Health 
Perspect 120:1650–1657. https:// doi. org/ 10. 1289/ ehp. 12054 32

LoPachin RM, Lehning EJ (1994) Acrylamide-induced distal axon 
degeneration: a proposed mechanism of action. Neurotoxicol-
ogy 15:247–259

LoPachin RM, Barber DS, He D, Das S (2006) Acrylamide inhibits 
dopamine uptake in rat striatal synaptic vesicles. Toxicol Sci 
89:224–234. https:// doi. org/ 10. 1093/ toxsci/ kfj005

LoPachin RM, Barber DS, Geohagen BC et al (2007a) Structure-tox-
icity analysis of type-2 alkenes: in vitro neurotoxicity. Toxicol 
Sci 95:136–146. https:// doi. org/ 10. 1093/ toxsci/ kfl127

LoPachin RM, Gavin T, Geohagen BC, Das S (2007b) Neurotoxic 
mechanisms of electrophilic type-2 alkenes: soft-soft interac-
tions described by quantum mechanical parameters. Toxicol 
Sci 98:561–570. https:// doi. org/ 10. 1093/ toxsci/ kfm127

Lotti M, Moretto A (2005) Organophosphate-induced delayed poly-
neuropathy. Toxicol Rev 24:37–49. https:// doi. org/ 10. 2165/ 
00139 709- 20052 4010- 00003

Luna VM, Wang M, Ono F et al (2004) Persistent electrical coupling and 
locomotory dysfunction in the zebrafish mutant shocked. J Neu-
rophysiol 92:2003–2009. https:// doi. org/ 10. 1152/ jn. 00454. 2004

Maes J, Verlooy L, Buenafe OE et al (2012) Evaluation of 14 organic 
solvents and carriers for screening applications in zebrafish 
embryos and larvae. PLoS One 7:1–9. https:// doi. org/ 10. 1371/ 
journ al. pone. 00438 50

Makris SL, Raffaele K, Allen S et al (2009) A retrospective perfor-
mance assessment of the developmental neurotoxicity study in 
support of OECD test guideline 426. Environ Health Perspect 
117:17–25. https:// doi. org/ 10. 1289/ ehp. 11447

Martin-Bouyer G, Toga M, Lebreton R et al (1982) Outbreak of 
accidental hexachlorophene poisoning in France. The Lancet 
319:91–95. https:// doi. org/ 10. 1016/ S0140- 6736(82) 90225-2

Meyers JR (2018) Zebrafish: development of a vertebrate model 
organism. Curr Prot Essent Lab Tech 16:1–26. https:// doi. org/ 
10. 1002/ cpet. 19

Monticello TM, Jones TW, Dambach DM et al (2017) Current non-
clinical testing paradigm enables safe entry to First-In-Human 
clinical trials: the IQ consortium nonclinical to clinical transla-
tional database. Toxicol Appl Pharmacol 334:100–109. https:// 
doi. org/ 10. 1016/j. taap. 2017. 09. 006

Morris AC, Fadool JM (2005) Studying rod photoreceptor develop-
ment in zebrafish. Physiol Behav 86:306–313. https:// doi. org/ 
10. 1016/j. physb eh. 2005. 08. 020

OECD (2000) Guidance document on aquatic toxicity testing of difficult 
substances and mixtures. https:// doi. org/ 10. 1787/ 0ed2f 88e- en

OECD (2007) OECD guidelines for the testing of chemicals, Sec-
tion  4 - Test no. 426: developmental neurotoxicity study. 
https:// doi. org/ 10. 1787/ 20745 788

OECD (2013) OECD guidelines for the testing of chemicals, sec-
tion 2 - Test no. 236: fish embryo acute toxicity (FET) test. 
https:// doi. org/ 10. 1787/ 20745 761

Ogungbemi A, Leuthold D, Scholz S, Küster E (2019) Hypo- or 
hyperactivity of zebrafish embryos provoked by neuroactive 
substances: a review on how experimental parameters impact 
the predictability of behavior changes. Environ Sci Eur 31:88. 
https:// doi. org/ 10. 1186/ s12302- 019- 0270-5

Ogungbemi AO, Teixido E, Massei R et al (2020) Optimization of the 
spontaneous tail coiling test for fast assessment of neurotoxic 
effects in the zebrafish embryo using an automated workflow in 
KNIME®. Neurotoxicol Teratol 81:106918. https:// doi. org/ 10. 
1016/j. ntt. 2020. 106918

Ogungbemi AO, Teixido E, Massei R et al (2021) Automated meas-
urement of the spontaneous tail coiling of zebrafish embryos 
as a sensitive behavior endpoint using a workflow in KNIME. 
MethodsX 8:101330. https:// doi. org/ 10. 1016/j. mex. 2021. 101330

Pelka KE, Henn K, Keck A et al (2017) Size does matter – Determina-
tion of the critical molecular size for the uptake of chemicals 
across the chorion of zebrafish (Danio rerio) embryos. Aquat 
Toxicol 185:1–10. https:// doi. org/ 10. 1016/j. aquat ox. 2016. 12. 015

Picó Y, Moltó JC, Redondo MJ, et al (1994) Monitoring of the pesti-
cide levels in natural waters of the Valencia Community (Spain). 

https://doi.org/10.2188/jea.JE20190173
https://doi.org/10.1523/JNEUROSCI.3689-12.2013
https://doi.org/10.1523/JNEUROSCI.3689-12.2013
https://doi.org/10.3390/biom11081133
https://doi.org/10.1016/j.chemosphere.2006.12.093
https://doi.org/10.1111/j.1095-8649.1977.tb04049.x
https://doi.org/10.1016/j.cbpc.2008.11.006
https://doi.org/10.1002/dvdy.10395
https://doi.org/10.1016/S0753-3322(99)80077-8
https://doi.org/10.1016/S0753-3322(99)80077-8
https://doi.org/10.1021/nn700048y
https://doi.org/10.1074/jbc.M210432200
https://doi.org/10.1016/j.taap.2007.04.013
https://doi.org/10.1016/j.taap.2007.04.013
https://doi.org/10.1007/s00204-021-03071-7
https://doi.org/10.1016/j.aquatox.2020.105540
https://doi.org/10.1016/j.aquatox.2020.105540
https://doi.org/10.1016/j.ecoenv.2020.110330
https://doi.org/10.1016/j.ecoenv.2020.110330
https://doi.org/10.1016/j.neuro.2004.01.004
https://doi.org/10.1016/j.neuro.2004.01.004
https://doi.org/10.1021/jf703745t
https://doi.org/10.1021/jf703745t
https://doi.org/10.1289/ehp.1205432
https://doi.org/10.1093/toxsci/kfj005
https://doi.org/10.1093/toxsci/kfl127
https://doi.org/10.1093/toxsci/kfm127
https://doi.org/10.2165/00139709-200524010-00003
https://doi.org/10.2165/00139709-200524010-00003
https://doi.org/10.1152/jn.00454.2004
https://doi.org/10.1371/journal.pone.0043850
https://doi.org/10.1371/journal.pone.0043850
https://doi.org/10.1289/ehp.11447
https://doi.org/10.1016/S0140-6736(82)90225-2
https://doi.org/10.1002/cpet.19
https://doi.org/10.1002/cpet.19
https://doi.org/10.1016/j.taap.2017.09.006
https://doi.org/10.1016/j.taap.2017.09.006
https://doi.org/10.1016/j.physbeh.2005.08.020
https://doi.org/10.1016/j.physbeh.2005.08.020
https://doi.org/10.1787/0ed2f88e-en
https://doi.org/10.1787/20745788
https://doi.org/10.1787/20745761
https://doi.org/10.1186/s12302-019-0270-5
https://doi.org/10.1016/j.ntt.2020.106918
https://doi.org/10.1016/j.ntt.2020.106918
https://doi.org/10.1016/j.mex.2021.101330
https://doi.org/10.1016/j.aquatox.2016.12.015


75298 Environmental Science and Pollution Research (2023) 30:75281–75299

1 3

Bull Environ Contam Toxicol 53. https:// doi. org/ 10. 1007/ BF001 
92038

Piersma AH, Tonk ECM, Makris SL et al (2012) Juvenile toxicity test-
ing protocols for chemicals. Reprod Toxicol 34:482–486. https:// 
doi. org/ 10. 1016/j. repro tox. 2012. 04. 010

Powell H, Swarner O, Gluck L, Lampert P (1973) Hexachlorophene 
myelinopathy in premature infants. J Pediatr 82:976–981. https:// 
doi. org/ 10. 1016/ S0022- 3476(73) 80428-7

Prats E, Gómez-Canela C, Ben-Lulu S et al (2017) Modelling acryla-
mide acute neurotoxicity in zebrafish larvae. Sci Rep 7:1–12. 
https:// doi. org/ 10. 1038/ s41598- 017- 14460-3

Raftery TD, Volz DC (2015) Abamectin induces rapid and reversible 
hypoactivity within early zebrafish embryos. Neurotoxicol Tera-
tol 49:10–18. https:// doi. org/ 10. 1016/j. ntt. 2015. 02. 006

Ramlan NF, Sata NSAM, Hassan SN et al (2017) Time dependent 
effect of chronic embryonic exposure to ethanol on zebrafish: 
Morphology, biochemical and anxiety alterations. Behav Brain 
Res 332:40–49. https:// doi. org/ 10. 1016/j. bbr. 2017. 05. 048

Raushan H, Dixit R, Das M, Seth PK (1987) Neurotoxicity of acryla-
mide in developing rat brain: changes in the levels of brain bio-
genic amines and activities of monoamine oxidase and acetyl-
choline esterase. Ind Health 25:19–28. https:// doi. org/ 10. 2486/ 
indhe alth. 25. 19

Rawson DM, Zhang T, Kalicharan D, Jongebloed WL (2000) Field 
emission scanning electron microscopy and transmission electron 
microscopy studies of the chorion, plasma membrane and syncy-
tial layers of the gastrula-stage embryo of the zebrafish Brachy-
danio rerio: a consideration of the structural and fun. Aquac Res 
31:325–336. https:// doi. org/ 10. 1046/j. 1365- 2109. 2000. 00401.x

Ruhé HG, Mason NS, Schene AH (2007) Mood is indirectly related 
to serotonin, norepinephrine and dopamine levels in humans: a 
meta-analysis of monoamine depletion studies. Mol Psychiatry 
12:331–359. https:// doi. org/ 10. 1038/ sj. mp. 40019 49

Russell WMS, Burch RL (1959) The principles of humane experimen-
tal techniques. Methuen, London

Saint-Amant L, Drapeau P (1998) Time course of the development of 
motor behaviors in the zebrafish embryo. J Neurobiol 37:622–
632. https:// doi. org/ 10. 1002/ (SICI) 1097- 4695(199812) 37:4% 
3c622:: AID- NEU10% 3e3.0. CO;2-S

Schmidt BZ, Lehmann M, Gutbier S et al (2017) In vitro acute and 
developmental neurotoxicity screening: an overview of cellular 
platforms and high-throughput technical possibilities. Arch Toxi-
col 91:1–33. https:// doi. org/ 10. 1007/ s00204- 016- 1805-9

Schock EN, Ford WC, Midgley KJ et al (2012) The effects of car-
baryl on the development of zebrafish (Danio rerio) embryos. 
Zebrafish 9:169–178. https:// doi. org/ 10. 1089/ zeb. 2012. 0747

Selderslaghs IWT, Hooyberghs J, De Coen W, Witters HE (2010) 
Locomotor activity in zebrafish embryos: a new method to 
assess developmental neurotoxicity. Neurotoxicol Teratol 
32:460–471. https:// doi. org/ 10. 1016/j. ntt. 2010. 03. 002

Selderslaghs IWT, Hooyberghs J, Blust R, Witters HE (2013) Assess-
ment of the developmental neurotoxicity of compounds by meas-
uring locomotor activity in zebrafish embryos and larvae. Neuro-
toxicol Teratol 37:44–56. https:// doi. org/ 10. 1016/j. ntt. 2013. 01. 003

Sims JL, Pfaender FK (1975) Distribution and biomagnification of 
hexachlorophene in urban drainage areas. Bull Environ Con-
tam Toxicol 14:214–220. https:// doi. org/ 10. 1007/ BF017 01317

Smirnova L, Hogberg HT, Leist M, Hartung T (2014) Developmental 
neurotoxicity – challenges in the 21st Century and In Vitro 
Opportunities. ALTEX 31:129–156. https:// doi. org/ 10. 14573/ 
altex. 14032 71

Spencer PS, Schaumburg HH (1975) Nervous system degeneration 
produced by acrylamide monomer. Environ Health Perspect 
11:129–133. https:// doi. org/ 10. 1289/ ehp. 75111 29

Spurgeon D, Wilkinson H, Civil W et al (2022) Worst-case rank-
ing of organic chemicals detected in groundwaters and surface 

waters in England. Sci Total Environ 835:155101. https:// doi. 
org/ 10. 1016/j. scito tenv. 2022. 155101

Stehr CM, Linbo TL, Incardona JP, Scholz NL (2006) The develop-
mental neurotoxicity of fipronil: notochord degeneration and 
locomotor defects in zebrafish embryos and larvae. Toxicol Sci 
92:270–278. https:// doi. org/ 10. 1093/ toxsci/ kfj185

Stengel D, Wahby S, Braunbeck T (2018) In search of a comprehen-
sible set of endpoints for the routine monitoring of neurotoxic-
ity in vertebrates: sensory perception and nerve transmission 
in zebrafish (Danio rerio) embryos. Environ Sci Pollut Res 
25:4066–4084. https:// doi. org/ 10. 1007/ s11356- 017- 0399-y

Strähle U, Scholz S, Geisler R et al (2012) Zebrafish embryos as an 
alternative to animal experiments-a commentary on the defi-
nition of the onset of protected life stages in animal welfare 
regulations. Reprod Toxicol 33:128–132. https:// doi. org/ 10. 
1016/j. repro tox. 2011. 06. 121

Tanner CM, Kamel F, Ross GW et al (2011) Rotenone, paraquat, and 
parkinson’s disease. Environ Health Perspect 119:866–872. 
https:// doi. org/ 10. 1289/ ehp. 10028 39

Tierney KB (2011) Behavioural assessments of neurotoxic effects and 
neurodegeneration in zebrafish. Biochim Biophys Acta Mol Basis 
Dis 1812:381–389. https:// doi. org/ 10. 1016/j. bbadis. 2010. 10. 011

Tripier MF, Bérard M, Toga M et al (1981) Hexachlorophene and the 
central nervous system - toxic effects in mice and baboons. Acta 
Neuropathol 53:65–74. https:// doi. org/ 10. 1007/ BF006 97186

Turner C, Sawle A, Fenske M, Cossins A (2012) Implications of the solvent 
vehicles dimethylformamide and dimethylsulfoxide for establishing 
transcriptomic endpoints in the zebrafish embryo toxicity test. Envi-
ron Toxicol Chem 31:593–604. https:// doi. org/ 10. 1002/ etc. 1718

Ünal İ, Çalışkan-Ak E, Üstündağ ÜV et al (2020) Neuroprotective 
effects of mitoquinone and oleandrin on Parkinson’s disease 
model in zebrafish. Int J Neurosci 130:574–582. https:// doi. org/ 
10. 1080/ 00207 454. 2019. 16985 67

US EPA (1998) Chemical hazard data availability study: what do we 
really know about the safety of high production volume chemi-
cals? Washington, D.C. Available at: https:// noharm- uscan ada. 
org/ sites/ defau lt/ files/ docum ents- files/ 915/ Chemi cal_ Hazard_ 
Data_ Avail abili ty_ Study_ 1998. pdf

van Thriel C, Westerink RHS, Beste C et al (2012) Translating neu-
robehavioural endpoints of developmental neurotoxicity tests 
into in vitro assays and readouts. Neurotoxicology 33:911–924. 
https:// doi. org/ 10. 1016/j. neuro. 2011. 10. 002

Vargesson N (2015) Thalidomide-induced teratogenesis: history and 
mechanisms. Birth Defects Res C Embryo Today 105:140–156. 
https:// doi. org/ 10. 1002/ bdrc. 21096

Velki M, Di Paolo C, Nelles J et al (2017) Diuron and diazinon alter 
the behavior of zebrafish embryos and larvae in the absence 
of acute toxicity. Chemosphere 180:65–76. https:// doi. org/ 10. 
1016/j. chemo sphere. 2017. 04. 017

Villamizar N, Vera LM, Foulkes NS, Sánchez-Vázquez FJ (2014) Effect 
of lighting conditions on zebrafish growth and development. 
Zebrafish 11:173–181. https:// doi. org/ 10. 1089/ zeb. 2013. 0926

Vliet SM, Ho TC, Volz DC (2017) Behavioral screening of the 
LOPAC1280 library in zebrafish embryos. Toxicol Appl Phar-
macol 329:241–248. https:// doi. org/ 10. 1016/j. taap. 2017. 06. 011

von Hellfeld R, Brotzmann K, Baumann L et al (2020) Adverse effects 
in the fish embryo acute toxicity (FET) test: a catalogue of 
unspecific morphological changes versus more specific effects in 
zebrafish (Danio rerio) embryos. Environ Sci Eur 32:122. https:// 
doi. org/ 10. 1186/ s12302- 020- 00398-3

Vorhees CV, Williams MT, Hawkey AB, Levin ED (2021) Translat-
ing neurobehavioral toxicity across species from zebrafish to 
rats to humans: implications for risk assessment. Front Toxicol 
3:629229. https:// doi. org/ 10. 3389/ ftox. 2021. 629229

Wang Y, Liu W, Yang J et al (2017) Parkinson’s disease-like motor 
and non-motor symptoms in rotenone-treated zebrafish. 

https://doi.org/10.1007/BF00192038
https://doi.org/10.1007/BF00192038
https://doi.org/10.1016/j.reprotox.2012.04.010
https://doi.org/10.1016/j.reprotox.2012.04.010
https://doi.org/10.1016/S0022-3476(73)80428-7
https://doi.org/10.1016/S0022-3476(73)80428-7
https://doi.org/10.1038/s41598-017-14460-3
https://doi.org/10.1016/j.ntt.2015.02.006
https://doi.org/10.1016/j.bbr.2017.05.048
https://doi.org/10.2486/indhealth.25.19
https://doi.org/10.2486/indhealth.25.19
https://doi.org/10.1046/j.1365-2109.2000.00401.x
https://doi.org/10.1038/sj.mp.4001949
https://doi.org/10.1002/(SICI)1097-4695(199812)37:4%3c622::AID-NEU10%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1097-4695(199812)37:4%3c622::AID-NEU10%3e3.0.CO;2-S
https://doi.org/10.1007/s00204-016-1805-9
https://doi.org/10.1089/zeb.2012.0747
https://doi.org/10.1016/j.ntt.2010.03.002
https://doi.org/10.1016/j.ntt.2013.01.003
https://doi.org/10.1007/BF01701317
https://doi.org/10.14573/altex.1403271
https://doi.org/10.14573/altex.1403271
https://doi.org/10.1289/ehp.7511129
https://doi.org/10.1016/j.scitotenv.2022.155101
https://doi.org/10.1016/j.scitotenv.2022.155101
https://doi.org/10.1093/toxsci/kfj185
https://doi.org/10.1007/s11356-017-0399-y
https://doi.org/10.1016/j.reprotox.2011.06.121
https://doi.org/10.1016/j.reprotox.2011.06.121
https://doi.org/10.1289/ehp.1002839
https://doi.org/10.1016/j.bbadis.2010.10.011
https://doi.org/10.1007/BF00697186
https://doi.org/10.1002/etc.1718
https://doi.org/10.1080/00207454.2019.1698567
https://doi.org/10.1080/00207454.2019.1698567
https://noharm-uscanada.org/sites/default/files/documents-files/915/Chemical_Hazard_Data_Availability_Study_1998.pdf
https://noharm-uscanada.org/sites/default/files/documents-files/915/Chemical_Hazard_Data_Availability_Study_1998.pdf
https://noharm-uscanada.org/sites/default/files/documents-files/915/Chemical_Hazard_Data_Availability_Study_1998.pdf
https://doi.org/10.1016/j.neuro.2011.10.002
https://doi.org/10.1002/bdrc.21096
https://doi.org/10.1016/j.chemosphere.2017.04.017
https://doi.org/10.1016/j.chemosphere.2017.04.017
https://doi.org/10.1089/zeb.2013.0926
https://doi.org/10.1016/j.taap.2017.06.011
https://doi.org/10.1186/s12302-020-00398-3
https://doi.org/10.1186/s12302-020-00398-3
https://doi.org/10.3389/ftox.2021.629229


75299Environmental Science and Pollution Research (2023) 30:75281–75299 

1 3

Neurotoxicology 58:103–109. https:// doi. org/ 10. 1016/j. neuro. 
2016. 11. 006

Wang F, Fang M, Hinton DE et al (2018) Increased coiling frequency 
linked to apoptosis in the brain and altered thyroid signaling in 
zebrafish embryos (Danio rerio) exposed to the PBDE metabolite 
6-OH-BDE-47. Chemosphere 198:342–350. https:// doi. org/ 10. 
1016/j. chemo sphere. 2018. 01. 081

Wang H, Meng Z, Zhou L et al (2019a) Effects of acetochlor on neuro-
genesis and behaviour in zebrafish at early developmental stages. 
Chemosphere 220:954–964. https:// doi. org/ 10. 1016/j. chemo 
sphere. 2018. 12. 199

Wang H, Zhou L, Meng Z et al (2019) Clethodim exposure induced 
development toxicity and behaviour alteration in early stages of 
zebrafish life. Environ Pollut 255:113218. https:// doi. org/ 10. 
1016/j. envpol. 2019. 113218

Wang X, Ling S, Guan K et al (2019c) Bioconcentration, biotransfor-
mation, and thyroid endocrine disruption of decabromodiphenyl 
ethane (Dbdpe), a novel brominated flame retardant, in zebrafish 
larvae. Environ Sci Technol 53:8437–8446. https:// doi. org/ 10. 
1021/ acs. est. 9b028 31

Wlodkowic D, Bownik A, Leitner C et al (2022) Beyond the behav-
ioural phenotype: uncovering mechanistic foundations in aquatic 
eco-neurotoxicology. Sci Total Environ 829:154584. https:// doi. 
org/ 10. 1016/j. scito tenv. 2022. 154584

World Health Organisation (2009) WHO guidelines on hand hygiene 
in health care: first global patient safety challenge clean care is 
safer care. Available from https:// www. ncbi. nlm. nih. gov/ books/ 
NBK14 4013/

Xia L, Zheng L, Zhou JL (2017) Effects of ibuprofen, diclofenac and 
paracetamol on hatch and motor behavior in developing zebrafish 
(Danio rerio). Chemosphere 182:416–425. https:// doi. org/ 10. 
1016/j. chemo sphere. 2017. 05. 054

Yao F, Li Y, Ru H et al (2020) Thyroid disruption and developmen-
tal toxicity caused by triphenyltin (TPT) in zebrafish embryos/
larvae. Toxicol Appl Pharmacol 394:114957. https:// doi. org/ 10. 
1016/j. taap. 2020. 114957

Zhang K, Liang J, Brun NR et al (2021) Rapid zebrafish behavioral 
profiling assay accelerates the identification of environmental 
neurodevelopmental toxicants. Environ Sci Technol 55:1919–
1929. https:// doi. org/ 10. 1021/ acs. est. 0c069 49

Zheng S, Huang W, Liu C et al (2021) Behavioral change and transcrip-
tomics reveal the effects of 2, 2′, 4, 4′-tetrabromodiphenyl ether 
exposure on neurodevelopmental toxicity to zebrafish (Danio 
rerio) in early life stage. Sci Total Environ 752:141783. https:// 
doi. org/ 10. 1016/j. scito tenv. 2020. 141783

Zhou W, Wang J, Zhang J et al (2020) Environmentally relevant con-
centrations of geosmin affect the development, oxidative stress, 
apoptosis and endocrine disruption of embryo-larval zebrafish. 
Sci Total Environ 735:139373. https:// doi. org/ 10. 1016/j. scito 
tenv. 2020. 139373

Zindler F, Beedgen F, Brandt D et al (2019) Analysis of tail coiling 
activity of zebrafish (Danio rerio) embryos allows for the dif-
ferentiation of neurotoxicants with different modes of action. 
Ecotoxicol Environ Saf 186:109754. https:// doi. org/ 10. 1016/j. 
ecoenv. 2019. 109754

Zindler F, Beedgen F, Braunbeck T (2019b) Time-course of coiling 
activity in zebrafish (Danio rerio) embryos exposed to ethanol 
as an endpoint for developmental neurotoxicity (DNT) – Hidden 
potential and underestimated challenges. Chemosphere 235:12–
20. https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 06. 154

Zindler F, Stoll S, Baumann L et al (2020a) Do environmentally relevant 
concentrations of fluoxetine and citalopram impair stress-related 
behavior in zebrafish (Danio rerio) embryos? Chemosphere 
261:127753. https:// doi. org/ 10. 1016/j. chemo sphere. 2020. 127753

Zindler F, Tisler S, Loerracher A-K et al (2020b) Norfluoxetine Is the 
only metabolite of fluoxetine in zebrafish (Danio rerio) embryos 
that accumulates at environmentally relevant exposure scenarios. 
Environ Sci Technol 54:4200–4209. https:// doi. org/ 10. 1021/ acs. 
est. 9b076 18

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neuro.2016.11.006
https://doi.org/10.1016/j.neuro.2016.11.006
https://doi.org/10.1016/j.chemosphere.2018.01.081
https://doi.org/10.1016/j.chemosphere.2018.01.081
https://doi.org/10.1016/j.chemosphere.2018.12.199
https://doi.org/10.1016/j.chemosphere.2018.12.199
https://doi.org/10.1016/j.envpol.2019.113218
https://doi.org/10.1016/j.envpol.2019.113218
https://doi.org/10.1021/acs.est.9b02831
https://doi.org/10.1021/acs.est.9b02831
https://doi.org/10.1016/j.scitotenv.2022.154584
https://doi.org/10.1016/j.scitotenv.2022.154584
https://www.ncbi.nlm.nih.gov/books/NBK144013/
https://www.ncbi.nlm.nih.gov/books/NBK144013/
https://doi.org/10.1016/j.chemosphere.2017.05.054
https://doi.org/10.1016/j.chemosphere.2017.05.054
https://doi.org/10.1016/j.taap.2020.114957
https://doi.org/10.1016/j.taap.2020.114957
https://doi.org/10.1021/acs.est.0c06949
https://doi.org/10.1016/j.scitotenv.2020.141783
https://doi.org/10.1016/j.scitotenv.2020.141783
https://doi.org/10.1016/j.scitotenv.2020.139373
https://doi.org/10.1016/j.scitotenv.2020.139373
https://doi.org/10.1016/j.ecoenv.2019.109754
https://doi.org/10.1016/j.ecoenv.2019.109754
https://doi.org/10.1016/j.chemosphere.2019.06.154
https://doi.org/10.1016/j.chemosphere.2020.127753
https://doi.org/10.1021/acs.est.9b07618
https://doi.org/10.1021/acs.est.9b07618

	The sensitivity of the zebrafish embryo coiling assay for the detection of neurotoxicity by compounds with diverse modes of action
	Abstract
	Introduction
	Material and methods
	Selection of test compounds
	Chemicals and test concentrations
	Fish maintenance and exposure
	Coiling assay
	Recording and management of coiling data
	Data analysis and statistics

	Results and discussion
	Methodological considerations
	Environmental relevance of neurotoxicant concentrations tested in the coiling assay
	Effects of the solvent DMSO on the coiling behavior
	Effects of acrylamide on the coiling behavior
	Effects of ibuprofen on the coiling behavior
	Effects of carbaryl on the coiling behavior
	Effects of hexachlorophene on the coiling behavior
	Effects of rotenone on the coiling behavior
	The coiling assay in the context of testing for (developmental) neurotoxicity
	Further considerations

	Conclusions and perspectives
	Anchor 23
	References


