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ARTICLE INFO ABSTRACT

Handling Editor: James Lazorchak Due to their extensive use and high biological activity, insecticides largely contribute to loss of biodiversity and
environmental pollution. The regulation of insecticides by authorities is mainly focused on lethal concentrations.

Keywords: However, sub-lethal effects such as alterations in behavior and neurodevelopment can significantly affect the

Spontaneous tail coiling fitness of individual fish and their population dynamics and therefore deserve consideration. Moreover, it is

Touch-evoked response important to understand the impact of exposure timing during development, about which there is currently a

;ZEZI‘Z;;OH lack of relevant knowledge. Here, we investigated whether there are periods during neurodevelopment of fish,
Critical window which are particularly vulnerable to insecticide exposure. Therefore, we exposed zebrafish embryos to six
Insecticides different insecticides with cholinergic mode of action for 24 h during different periods of neurodevelopment and
Developmental neurotoxicity measured locomotor output using an age-matched behavior assay. We used the organophosphates diazinon and

dimethoate, the carbamates pirimicarb and methomyl as well as the neonicotinoids thiacloprid and imidacloprid
because they are abundant in the environment and cholinergic signaling plays a major role during key processes
of neurodevelopment. We found that early embryonic motor behaviors, as measured by spontaneous tail coiling,
increased upon exposure to most insecticides, while later movements, measured through touch-evoked response
and a light-dark transition assay, rather decreased for the same insecticides and exposure duration. Moreover, the
observed effects were more pronounced when exposure windows were temporally closer to the performing of the
respective behavioral assay. However, the measured behavioral effects recovered after a short period, indicating
that none of the exposure windows chosen here are particularly critical, but rather that insecticides acutely
interfere with neuronal function at all stages as long as they are present. Overall, our results contribute to a better
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understanding of risks posed by cholinergic insecticides to fish and provide an important basis for the devel-
opment of safe regulations to improve environmental health.

1. Introduction

Chemical pollution and waste is a major threat to human and envi-
ronmental health and has recently received more attention on the
agendas of policy bodies (Bernhardt et al., 2017; Brack et al., 2022; Groh
et al., 2022). For most chemicals in use, substantial knowledge gaps exist
with regard to their human and environmental health hazard, which
prevents their sound management and the development of safe envi-
ronmental quality standards. One group of regulatable chemicals, for
which a more refined assessment of hazard can potentially lead to
significantly increased environmental safety, are insecticides. They are
extensively used all over the world to control pests and pathogens in
medicine, households and agriculture. Via spray drift, leaching, run-off
and wastewater discharge they reach the aquatic environment (Schulz,
2004), where they pose a risk to non-target organisms such as fish. To
protect the environment and develop safe environmental quality stan-
dards, the hazards posed by insecticides to fish need to be assessed.
However, most insecticides have so far only been thoroughly assessed
for lethality, while more subtle effects such as behavioral alterations and
neurodevelopmental toxicity, which can severely reduce an organism’s
chances of survival, are more difficult to grasp and interpret despite the
considerable number of studies available. Therefore, behavior- and
neurotoxicity-related endpoints have thus far not been considered in
environmental protection (Ford et al., 2021). Moreover, some in-
secticides, such as imidacloprid and thiacloprid, have been identified as
contaminants of emerging concern for which more monitoring data is
needed to comprehensively assess the risk for the aquatic environment.
Therefore, these chemicals, among others, have been included in the EU
Watch list, indicating persistent concern associated with them in Europe
and worldwide.

In continental Europe and other regions of the world, the insecticide
spraying season often coincides with the spawning season of many fish
species. For example, a monitoring study found pesticides in the range of
1 ng/L to 10 pg/L in small streams from mid-March to August, with the
number of detected substances ranging from 69 to 98 in five catchments
(Spycher et al., 2018). Likewise, the rise in temperature and photoperiod
are key environmental factors that drive reproduction in
spring-spawning fish species (Arevalo et al., 2020). Thus, these fish
species are exposed to a high number of pesticides during the early life
stages of their development.

Zebrafish (Danio rerio) are tropical freshwater fish abundant in rice
paddies and slow-moving streams in India and Burma. They are
frequently used as model species in toxicology and other fields of
research because they are easy to maintain and regularly produce large
numbers of small, transparent and rapidly developing embryos, which
are considered non-protected animal stages up to 5 days of age. These
features enable high-throughput testing and the assessment of effects
from fertilization onwards without compromising maternal influence.
Zebrafish locomotor assays are widely applied to assess the impact of
neuroactive chemicals on the nervous system (Fitzgerald et al., 2021)
because locomotor behavior reflects the combined action of neuronal,
neuroendocrine and neuromuscular signals and is readily measurable in
zebrafish early life stages. Importantly, the ontogeny of zebrafish loco-
motor behavior and the underlying maturation of the locomotor
network has been subject to extensive studies and is well characterized
(Drapeau et al., 2002; Brustein et al., 2003). The first embryonic
movements start around 17 h after fertilization and are characterized by
spontaneous coiling contractions of the trunk (Kimmel et al., 1995). A
few hours later, the embryo becomes sensitive to touch and initially
responds to it with vigorous coiling, and later on with an escaping swim
burst. After hatching, within 2-3 days, the larvae swim spontaneously,

although infrequently and in bursts, which slowly transitions into a
beat-and-glide swimming mode after swim bladder inflation and right
before the feeding stage at 5 days (Saint-Amant and Drapeau, 1998,
Drapeau et al., 2002). The appearance of these motor behaviors is
governed by cellular changes in the underlying developing locomotor
network (Buss and Drapeau, 2001; Saint-Amant and Drapeau, 2001,
Brustein et al., 2003). Due to these well described processes and the
wide range of tools available, the zebrafish model offers the opportunity
to gain mechanistic insights in chemical-induced behavioral changes.
For these reasons, it has been used in the present study, although of
limited ecological relevance due the small region in Asia where it is
found in the wild.

The developing nervous system of any species is particularly prone to
perturbations because it involves complex processes, which are tempo-
rally and regionally highly coordinated. These processes involve pro-
liferation, migration, differentiation, synaptogenesis, myelination and
apoptosis, and are largely conserved between mammals and other ver-
tebrates such as fish (Rice and Barone, 2000; Schmidt et al., 2013).
Neuroactive insecticides have the potential to interfere with these pro-
cesses, thereby preventing the development of a properly functioning
nervous system (Barone et al., 2000). Disturbance of these different
cellular processes can lead to changes in locomotor behavior, with some
processes being more susceptible than others and thus constituting
particularly vulnerable periods. In toxicology, chemical exposure during
such sensitive periods in development, also referred to as critical win-
dows, leads to maladaptive phenotypes while exposure during other
periods may not be as severe (Burggren and Mueller, 2015). One group
of chemicals for which critical windows are well described are endocrine
disrupting chemicals. They have been shown to affect sexual differen-
tiation and gonadal development among several fish species during a
specific window of time in early larval development when the repro-
ductive system is particularly plastic (Koger et al., 2000; van Aerle et al.,
2002; Ankley and Johnson, 2004; Maack and Segner, 2004). Studies on
the neurotoxic effects of insecticides in fish have mostly focused on
continuous exposure during development and analyzed either early
embryonic behavior, such as spontaneous tail coiling, or effects on
beat-and-glide swimming performance e.g. during light-dark transition
tests. Exposure of zebrafish embryos to organophosphates triggered
hypoactivity in early embryonic movements and larval locomotion in
most studies (Kienle et al., 2009; Selderslaghs et al., 2010; Yen et al.,
2011; Watson et al., 2014, Jarema et al., 2015; Cao et al., 2018; Schmitt
et al., 2019), with a few exceptions where hyperactivity was measured
(Selderslaghs et al., 2010; Leuthold et al., 2019). Similarly, continuous
exposure of zebrafish embryos to neonicotinoids and GABA receptor
blockers affected spontaneous coiling and locomotor activity at later
stages (Stehr et al., 2006; Von Hellfeld et al., 2022). However, sensitive
windows for insecticide exposures in fish have thus far only scarcely
been assessed, despite their potential to interfere with temporally
restricted cellular processes during neurodevelopment. Furthermore,
how well early insecticide-induced locomotor phenotypes correspond to
later locomotor effects for the same chemicals and for the same exposure
duration has not been thoroughly investigated.

Therefore, the aim of the present study was to close this knowledge
gap by investigating whether there are periods during the neuro-
development of fish that are particularly vulnerable to insecticide
exposure. To address this question, we exposed zebrafish embryos to
insecticides for 24 h during different periods of neurodevelopment and
measured locomotor output using an age-matched assay (spontaneous
tail coiling, touch-evoked response, light/dark transition test). We used
the following cholinergic insecticides: the organophosphates diazinon
and dimethoate and the carbamates pirimicarb and methomyl, all of
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which inhibit acetylcholine esterase, as well as the neonicotinoids imi-
dacloprid and thiacloprid, which bind to nicotinic acetylcholine re-
ceptors because 1) they are widely used and measured frequently in the
aquatic environment of agricultural areas and 2) the cholinergic ma-
chinery plays a major role during the nervous system development of
fish (Rima et al., 2020). This study is based on previous observations
showing that the selected insecticides reduced locomotor behavior and
induced developmental neuromuscular alterations (Konemann et al.,
2022). As a follow-up, we further explored critical windows of exposure
to the previously tested concentrations of these insecticides.

2. Materials and methods
2.1. Fish maintenance

Zebrafish (Danio rerio) of the AB line were maintained as described
by Fitzgerald et al. (2019). The Cantonal Veterinary Office Zurich (CH)
approved all experiments involving larvae under the license ZH168/17
and ZH134/2021.

2.2. Insecticide exposure

Analytical grade (PESTANAL, >98% purity) insecticides were pur-
chased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, DE). The
stock solution was freshly prepared for each experiment by dissolving
the test substance in embryo medium (294.0 mg/L CaCl, x 2H20, 123.3
mg/L MgS04 x 7H30, 64.7 mg/L NaHCOs, and 5.7 mg/L KCl in nano-
pure water) prepared according to ISO (International Organization for
Standardization) guidelines (Standardization, 1999). Prior to the
experiment, the stock was diluted with embryo medium to prepare the
final test concentration (nominal) of 4.68 mg/L (diazinon), 150 mg/L
(dimethoate), 2.89 mg/L (methomyl), 30.55 mg/L (pirimicarb), 150
mg/L (imidacloprid) and 125 mg/L (thiacloprid). These concentrations
were selected based on a previous study, which investigated the effects
of the same insecticides on locomotion and the structural development
of the neuromuscular synapse (Konemann et al., 2022). As a first step,
the fish embryo toxicity test (96 h) was used to determine the non-toxic
concentration (NtC) for each insecticide. The effects of NtC and 1.5xNtC
on locomotion were then tested in the light-dark transition test and the
development of neuromuscular structures was investigated using
immunofluorescence (results summarized in SI, Table S1). For almost all
tested insecticides used in the previous study, both concentrations led to
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a reduction in locomotion, while in some cases only the higher con-
centration (1.5xNtC) induced structural effects. Therefore, in the present
study, we focused on this worst-case scenario and followed up on the
previous findings by determining whether there is a critical window of
exposure. Therefore, 18 zebrafish per treatment were exposed during
separate 24-h windows from 2 to 144 hpf (Fig. 1). To allow for batch
assessment of spontaneous tail coiling, embryos were kept in petri dishes
from 2 to 24 hpf (see section 2.4). Afterwards, all embryos were trans-
ferred to three 48-well plates (from 24 until 144 hpf) for touch response
and locomotion assessment (see section 2.5 and 2.6). From that time
point on, larvae were transferred to the respective exposure substance
during the exposure windows and then back into clean embryo medium,
always in the 48 well plates. Control larvae and exposed larvae under-
went the same transfer at 48 hpf from the petri dishes to the 48-well
plates. Continuously exposed larvae remained in the exposure medium
also during the behavioral assessments. Due to the high adsorption po-
tential of diazinon to the plastic, the continuous exposure of diazinon
was tested semi-statically (medium exchange every 24 h) while the other
insecticides were tested statically. We have considered individual em-
bryos as independent replicates.

2.3. Chemical analysis

Final exposure concentrations were assessed using liquid chroma-
tography and mass spectrometry (LC - MS). Samples were taken at the
beginning and end of the exposure and processed, as previously
described (Konemann et al., 2021). Briefly, samples were separated
using liquid chromatography on a C18 Nucleodur column and subse-
quently measured on a quadrupole orbitrap mass spectrometer (Q
Exactive Plus, Thermo Fisher Scientific Inc., USA) with electrospray
ionization in positive ion mode. Detailed information can be found in the
supplementary information page 2.

2.4. Spontaneous tail coiling test

Spontaneous tail coiling of 24 hpf embryos was assessed as previ-
ously described by Jin et al. (2009). Per concentration, a batch of 18
embryos in a petri dish was video tracked for 60 s using a Basler acA
2000-165 pm camera mounted on a Leica S8APO stereo microscope and
the Media Recorder 4 software. Afterwards, the number of spontaneous
tail coils (shown as tail coils/minute) as well as the duration of tail coils
in seconds was analyzed using the DanioScope software (Noldus, NL). In

i

Control

2-24 hpf
24 - 48 hpf

Exposure windows

96 - 120 hpf
120 - 144 hpf

B Continuous

1 | L
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Fig. 1. Overview of the exposure scheme and the assays conducted at different points in the larvaes’ development. Embryos/Larvae were exposed during one
of the shown 24-h exposure windows and were then subjected to the spontaneous tail coiling test (at 24 h), the touch-evoked response test (at 72 h), and the light-

dark response test (at 96, 120, and 144 h).
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order to allow the embryos to acclimate and calm down after being
moved from the incubator to the microscope, 2 min of acclimation time
were added prior to recording. The light condition under which the
assay was conducted was 787 lux (or 11 PFD).

2.5. Touch-evoked response test

After hatching at approximately 72 hpf, the touch-evoked response
(TER) test was conducted based on a protocol previously described by
Guzman et al. (2020). Individual recordings of single larvae per well
were taken in a 48-well plate. Each larva was filmed and recorded using
the same equipment and software as for the spontaneous tail coiling
assay, as well as the same light conditions. After 10 s, the tail was
touched with a stainless steel wire (@ 0.10 mm). This was repeated after
20 s and 30 s. The total length of the video was 40 s. The recorded videos
were quantitatively analyzed, as described by Guzman et al. (2020).
Briefly, based on the rounds swum after the stimulus, larvae were
grouped into different categories, such as zero to quarter rounds, quarter
to half rounds, etc. (SI, Table S4). Using the circumference of the well of
32.67 mm, the rounds swum were converted to the distance moved.

2.6. Light-dark response test

In order to assess the locomotion of larvae at 4, 5, and 6 dpf, the light-
dark transition (LDT) assay was carried out based on a previously
described protocol (Fitzgerald et al., 2019). Videos were recorded with
the DanioVision Observation Chamber (Noldus, NL) running on Etho-
Vision XT (version 13). Larvae were first acclimated for 20 min in light
followed by a spontaneous swimming tracking period of 20 min and two
alternating dark and light periods of 10 min each (dark-light-dark-light).
For the statistics, the total distance summed across both dark or both
light periods was analyzed. The whole protocol has a duration of 80 min
and started at 8.30 a.m. for the first plate and subsequently at 10 a.m.
and 11.30 a.m. for the second and third well - plate. Each plate con-
tained the negative control, continuous exposure, and all exposure
windows (SI, Table S5). All locomotion experiments were conducted in a
temperature-controlled room at 26 + 1 °C and the light intensity
amounted to 2412 lux (or 34 PFD) in the light periods.
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2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism
(version 9.0). All data was tested for normality and log normality with
the Shapiro-Wilk test (alpha = 0.05). If data was normally distributed,
the unpaired t-test was applied to data with two groups (spontaneous tail
coiling); otherwise the Mann-Whitney test was applied. A Brown-
Forsythe and Welch ANOVA with Dunnett’s multiple comparisons test
was applied to normally distributed data with non-homogenous vari-
ances of data with multiple groups (TER assay, light-dark transition
assay). If data was not normally distributed, the Kruskal-Wallis test with
Dunn’s multiple comparisons test was applied. A statistical significance
threshold of p < 0.05 was used.

3. Results

No exposure-induced lethality, developmental delay or effects on
hatching were observed for the following measured concentrations
tested in this study: 4.27 mg/L diazinon, 146.74 mg/L dimethoate, 1.94
mg/L methomyl, 34.16 mg/L pirimicarb, 153.87 mg/L imidacloprid,
and 138.51 mg/L thiacloprid (SI, Table S2 and S3). Further, larvae with
dysmorphologies were removed and not used for the experiments.

3.1. Insecticides affect number and duration of tail coils

As shown in Fig. 2, we measured an increased mean number of tail
coils/min after 24 h of exposure to dimethoate, methomyl, and pir-
imicarb. The strongest increase in tail coils/min was induced by treat-
ment with pirimicarb, where the mean tail coils per minute increased by
261% (mean =+ SD, 26.0 + 14.2 tail coils/min, p < 0.001) compared to
mean of the control group (7.2 + 2.3 tail coils/min). Dimethoate-treated
larvae showed an increase in the mean tail coils per minute of 38% (12.9
+ 7.2 tail coils/min, p < 0.033) and methomyl of 19% (9.3 + 3.2 tail
coils/min, p < 0.033) compared to the control groups (controlgimethoate
= 9.3 %+ 4.5 tail coils/min, controlpethomyt = 7.8 £ 1.9 tail coils/min).
Thiacloprid was the only insecticide that reduced the number of mean
tail coils per minute (by 27% - 6.4 + 2.2 tail coils/min, p < 0.002)
compared to the control group (8.8 + 2.6 tail coils/min). We observed
that control larvae exhibited side-to-side flexes of the tail as previously

Fig. 2. Number of spontaneous tail coils expressed
as tail coils per min after insecticide exposure
from 2 to 24 h post fertilization. The boxplots show
the mean (cross), median (line) and minimum and
maximum values as whiskers. Each dot represents one
fish. The Mann-Whitney or unpaired t-test was used to
evaluate the statistical difference between the control
treatment and the exposed larvae. The p values of the
post-hoc test are * = p < 0.033, ** = p < 0.002, and
**% — p < 0.001. The exact p values calculated by
GraphPad Prism are shown in SI, Table S6.

Imidacloprid

L

Thiacloprid
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described (Saint-Amant and Drapeau, 1998, Richendrfer et al., 2014),
whereas exposed larvae sometimes lacked this side-to-side alternation so
that the tail predominantly coiled in one direction. Otherwise, the tail
coils of exposed larvae did not differ in strength or shape compared to
those performed by control larvae. Larvae exposed to diazinon and
imidacloprid did not alter in tail coiling activity compared to the control
group. In addition to the number of the spontaneous tail coils, we
analyzed the duration of tail coils. Thereby, diazinon-treated larvae
showed a reduced duration of tail coils of 41% (mean + SD, 0.30 + 0.09
s, p < 0.001) and methomyl-treated larvae a reduction of 8% (0.31 +
0.09 s, p < 0.033) compared to the control groups (controlgiazinon = 0.52
+ 0.14 s; controlmehomyl = 0.33 & 0.07 s). All other Insecticides had no
impact on the duration of tail coiling (see Fig. S1 in SI).

3.2. Insecticides can reduce TER response during exposure

To assess the locomotor performance during short burst movements
of 72 hpf-old larvae, we conducted the TER assay. We observed a
reduction in distance moved induced by the touch to the tail of zebrafish
larvae exposed during 48-72 hpf for all insecticide-treatments except
imidacloprid, as can be seen in Fig. 3. The reduction was most drastic for
treatments with methomyl, which showed a reduction of 100% (p <
0.001), followed by thiacloprid with a reduction in mean distance
moved of 76% (mean + SD, 8.5 + 7.9 mm, p < 0.001), dimethoate of
46% (18.4 + 8.9 mm, p < 0.033) and diazinon of 44% (18.5 + 8.3 mm,
p < 0.002). Continuously exposed larvae to all insecticides except
diazinon and imidacloprid showed a reduction in touch-evoked
response, whereby methomyl exposed larvae were most affected, with
a reduction of 98% (0.91 + 2.29 mm, p < 0.001), and pirimicarb the
least, with a reduction of 30% (27.53 + 17.06 mm, p = 0.05) compared
to the respective control group. The other insecticides led to the
following reductions compared to the control group: pirimicarb: 30%
(27.53 + 17.06 mm, p = 0.05), dimethoate: 49% (17.62 + 12.22 mm, p
< 0.001), thiacloprid: 80% (6.89 + 7.40 mm, p < 0.001), methomy!l:
98% (0.91 + 2.29 mm, p < 0.001). In addition, larvae exposed to pir-
imicarb from 24 to 48 hpf showed a reduction in the mean distance
moved of 33% (26.4 + 15.5 mm, p = 0.05). The control groups ranged
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between a mean distance moved of 32.9-39.7 mm.

3.3. Reduced locomotion in the light-dark transition test

As shown in Fig. 4, all insecticides induced a reduction in the dis-
tance moved in the light-dark transition assay at a certain point during
exposure. Continuously exposed larvae all showed a significant reduc-
tion in distance moved in the dark of 19-64%, except continuously
treated larvae with diazinon at day 5 compared to the control group (day
4: 8.6-10.9 cm; day 5: 11.6-13.2 cm, day 6: 10.4-12.1 cm). The larvae
exposed during the test (72-96 hpf for day 4, 96 to 120 hpf for day 5, 120
to 144 hpf for day 6) reduced their locomotion by 20-58% for all
insecticide treatments, except imidacloprid at day 6, compared to the
control group.

We could further observe a decrease in distance moved in dark pe-
riods, for larvae treated with diazinon. We observed a reduction of 22%
at day 4, when exposed from 2 to 24 hpf as well as a reduction of 26%
when exposed from 48 to 72 hpf compared to the control group. At day 5
as well as day 6, diazinon-treated larvae from 72 to 96 hpf reduced their
movement by 25% and 18% respectively compared to the control group.
Moreover, when investigating the behavior at day 6, larvae exposed to
diazinon from 96 to 120 hpf showed a reduction in movement of 17%
(mean + SD, 19.55 + 1.68 cm, 9.93 + 2.26 cm) compared to the control
group in the dark (11.49 + 2.33 cm and 11.90 + 1.64 cm). The same
reduction in movement at day 6 could be observed, when larvae were
exposed to dimethoate from 96 to 120 hpf, in the dark periods. Larvae
treated with dimethoate or thiacloprid from 48 to 72 hpf displayed a
reduction in locomotion at day 4 of 21% (dimethoate) and 30% (thia-
cloprid) compared to the control group. In contrast to these findings,
larvae treated with methomyl from 48 to 72 hpf increased their move-
ment by 30% (13.75 + 3.78 cm) in the dark periods at day 6 compared
to the control group (10.58 + 2.15 cm).

During the light periods (see SI, Fig. S2), larvae generally moved less,
a pattern well described for zebrafish larvae (Emran et al., 2008; Mac-
Phail et al., 2009; Fitzgerald et al., 2019). Consequently, fewer effects
were detected during light periods compared to dark periods.
Diazinon-treated larvae from 2 to 24 hpf at day 4 showed an increase in

Fig. 3. Touch-evoked response expressed as dis-
tance moved in mm after insecticide exposure
during different developmental periods. The box-
plots show mean (cross), median (line) and minimum
and maximum values as whiskers. Each dot represents
one fish. Welch ANOVA with Dunnett’s multiple
comparisons test or Kruskal-Wallis with Dunn’s mul-
tiple comparisons test was used to evaluate the sta-
tistical difference between the control and the
insecticide treatments. The p values of the post-hoc
test are * = p < 0.033, ** = p < 0.002, and *** =
p < 0.001. The exact p values calculated by GraphPad
Prism are shown in Table S7.
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Fig. 4. Locomotion during dark phases measured on day 4 (A), day 5 (B) and day 6 (C) shown as distance moved in cm. Larvae were exposed continuously or
during different developmental periods. Welch ANOVA (alpha = 0.05) with Dunnett’s multiple comparisons test or Kruskal-Wallis with Dunn’s multiple comparisons
test was used to evaluate the statistical difference between the control and the insecticide treatments. The p values are * = p < 0.033, ** = p < 0.002, and *** =p <
0.001. Error bars show the standard deviation. The exact p values calculated by GraphPad Prism are shown in Tables S8, S9 and S10.

distance moved of 14% compared to the control group in the light
period. At day 6, larvae exposed to diazinon from 48 to 72 hpf showed a
reduction in locomotion of 16% during light periods.
Dimethoate-exposed larvae showed a reduction in locomotion at day 5
when exposed from 96 to 120 hpf as well as when exposed from 72 to 96
or 120 to 144 hpf at day 6 during light periods compared to the control
group. For larvae exposed to thiacloprid during 48-72 hpf, we could
observe a reduction in distance moved at day 4 and day 5 as well as a
reduction for continuously exposed larvae at day 6. Larvae continuously
exposed to imidacloprid also showed a reduction in locomotion at day 5
and 6. As well, imidacloprid exposure from 96 to 120 hpf led to reduced
locomotion at day 5 compared to the respective control group.

Generally, we observed a stronger reduction for exposed larvae in the
dark periods as compared to light periods, with the most drastic effects
for continuous exposures as well as exposures during the 24 h preceding
the light-dark transition assay.

4. Discussion

In this study, acute exposure to different cholinergic insecticides
during separate 24-h windows of zebrafish neurodevelopment induced
changes in larval spontaneous tail coiling, touch-evoked response, and
locomotion (Fig. 5). The observed effects were more pronounced when
the exposure windows were temporally closer to the performing of the
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Fig. 5. Heat map summarizing the results for the different endpoints tested. Values were normalized to the respective control and are therefore shown as a
percentage of the control. White boxes indicate effects that are similar to the control (100% of control), while violet and orange boxes show effects below and above
control level, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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respective behavioral assay. For the cholinergic insecticides at the tested
concentrations, none of the exposure windows were identified as
particularly critical for locomotor performance at later larval stages, as
early occurring effects did not persist in later stages. Further, by linking
the outcomes of the different behavioral assays, we could see that there
is no direct concordance between locomotor activity observed during
early development (spontaneous tail coiling) and at later stages (TER
and LDT), i.e. in some cases the same chemical at the same concentration
induced hyper-or hypoactivity depending on the stage of development.

4.1. Spontaneous tail coiling was differently affected

As the earliest endpoints, the number and duration of spontaneous
tail coils were assessed at 24 hpf. These spontaneous movements occur
during neuro- and synaptogenesis (from 17 to 26 hpf) and are induced
by spinal interneurons forming a spinal central pattern generator (CPG),
which produces rhythmic depolarizations followed by unilateral muscle
contractions (Brustein et al., 2003; Tong and McDearmid, 2012, Warp
et al., 2012). Therefore, these endpoints can be used to check the
integrity of the circuit underlying these movements, which includes a set
of interneurons, motor neurons, as well as muscles. In this study, we
found that the carbamate insecticides, pirimicarb and methomyl, and
the organophosphate, dimethoate, all of which cause inhibition of the
acetylcholinesterase, induced an increase in the number of tail coils.
These results are in line with a recent study by Ogungbemi and col-
leagues, who have shown that several AChE inhibitors, such as chlor-
pyrifos, diazinon, paraoxon-methyl, and aldicarb, caused hyperactivity
in the tail coiling assay (Ogungbemi et al., 2020). However, for diazinon,
despite it being an AChE inhibitor as well, we did not detect a significant
effect on tail coiling at the concentration tested. This is in contrast to the
findings of Ogungbemi et al. (2020), who tested lower concentrations
(<5 pM), but in accordance with two other studies which have shown
that very similar concentrations of diazinon (~3 mg/L) did not affect tail
coiling in zebrafish larvae (Velki et al., 2017a; Watson et al., 2014).
These differences in the phenotypes observed can mainly be attributed
to the range of exposure concentrations selected in the different studies,
based on which the chemical either induced hypoactivity or hyperac-
tivity. Such biphasic behavioral responses have previously been
described (Akhtar et al., 2013; Ogungbemi et al., 2020). In addition, the
uptake, metabolism, and elimination of the chemical has to be taken into
account: The chorion has been shown to function as a barrier for
chemical uptake, thereby influencing whether the chemical can reach
the embryo or not (Henn and Braunbeck, 2011). Based on the small sizes
of the chemicals tested here (all between 200 and 300 Da), it is unlikely
that the chorion blocks their uptake (Pelka et al., 2017). However, for
diazinon with a logK,y>3.4, we cannot exclude decreased chorion
passage due to interaction of the chemical with the chorion. Since in our
study as well as the other studies mentioned the chorion has not been
removed, this aspect does not explain the differences in the tail coiling
activity. Regarding biotransformation in zebrafish, it has been shown
that different developmental stages vary in their metabolic capacities
when it comes to either quantity of formed metabolites or the
biotransformation pathways used (Loerracher and Braunbeck, 2021).
This dynamic of different metabolites present at different times of the
development may also be responsible for differences in observed effects.
Furthermore, we have tested the effect of two neonicotinoids, imida-
cloprid and thiacloprid, on the spontaneous tail coiling activity. Despite
the common mode of action (nAChR agonism) and the structural simi-
larity, we observed that imidacloprid did not affect tail coiling, while
thiacloprid exposure led to a reduction in the number of tail coils
measured. Our result for imidacloprid is in accordance with previous
findings, which have shown that imidacloprid caused neither hyperac-
tivity nor hypoactivity (Ogungbemi et al., 2020). For thiacloprid and
acetamiprid, another neonicotinoid, it has been shown that comparable
concentrations reduced spontaneous tail coiling as well (Ma et al., 2019;
Von Hellfeld et al., 2022). A possible explanation for the different
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phenotypes caused by imidacloprid and thiacloprid could lie in the
binding affinity to the nAChR, which is lower for imidacloprid (Tomi-
zawa and Casida, 2005). As previously mentioned, the spontaneous tail
coiling assay can be applied to monitor the development and integrity of
the circuit that is responsible for the generation of spontaneous move-
ments. At the time we assessed this behavior in this study (24 hpf), the
coiling circuit comprised a set of glutamatergic and glycinergic in-
terneurons as well as the cholinergic primary motor neurons (Sain-
t-Amant et al., 2010). As the tested insecticides primarily interfere with
the cholinergic system, one would expect that alterations in tail coiling
are mediated by cholinergic motor neurons. For thiacloprid, which acts
as an agonist of the nAChR, it is possible that the effect on spontaneous
tail coiling is directly caused by activation of nAChRs. It has been shown
in previous studies that nAChRs are present early in development and
that e.g. the administration of nicotine modulates spontaneous motor
output (Thomas et al., 2009). However, with regard to AChE inhibitors it
has been demonstrated by Yozzo et al. (2013), who investigated the
effect of paraoxon on spontaneous coiling, that the observed increase in
coiling frequency may not be associated with AChE inhibition, which is
based on their findings showing that at this developmental stage AChE
activity is very low. They further show that ACh levels are very low at
this stage of embryonic development, suggesting that AChE inhibition
may not have the same severe or, in fact, may even have the opposite
effects to those in older larvae. Further, it is more likely that AChE in-
hibitors, such as carbamates and organophosphates, act via
non-cholinergic mechanisms. One such mechanism has been suggested
by Drapeau and colleagues (2000 and 2001), who showed that after
inhibition of chemical neurotransmission with botulinum toxin, spon-
taneous movements were unaffected, while blocking of the gap junction
(electrical synapse) induced inhibition of spontaneous movements
(Saint-Amant and Drapeau, 2001, Brustein et al., 2003). Therefore, al-
terations in spontaneous movements elicited by pirimicarb, methomyl
and dimethoate may be caused by structural or functional impairment of
gap junctions. This explanation is further supported by a study on the
mechanisms of toxicity of organophosphate pesticides, which has shown
that non-cholinergic neurochemical processes may be affected as well
(Pope, 1999, Jacobson et al., 2010), which also may be the case for
carbamate insecticides.

4.2. Insecticides mostly reduced touch-evoked locomotion

Examining the development of the zebrafish locomotor network and
the progression of motor behaviors, we further assessed how insecticide
exposure influenced the touch-evoked response (TER) of zebrafish
larvae at 72 hpf. At this age, larvae are able to swim in response to a
tactile stimulus, which requires functional Rohon-Beard sensory neu-
rons, hindbrain reticulospinal neurons, spinal cord interneurons and
secondary motor neurons (Brustein et al., 2003). Consequently, an
impairment in the functionality of one of these structures can ultimately
lead to a change in the TER. For the insecticides tested in our study, we
observed that most of them led to a decrease in touch-evoked response,
which is in accordance with the results of previous studies. For example,
it has been shown for the organophosphates phosmet, methamidophos
and chlorpyrifos-oxon that exposed zebrafish larvae showed a decrease
in TER up to the point of complete loss of the response (Yang et al., 2011;
He et al., 2017; Vasamsetti et al., 2020). Further, it has also been re-
ported that the neonicotinoid acetamiprid elicited a reduction in the
TER in dechorionated fish at 48 hpf (Ma et al., 2019), which is in line
with our results for thiacloprid. Similarly, we would have expected
imidacloprid exposure to likewise lead to an altered TER. The absence of
an effect may also be due to the lower binding affinity of imidacloprid.
Comparing the TER with the activity in the spontaneous tail coiling
assay, it is striking that the AChE inhibiting insecticides pirimicarb,
methomyl and dimethoate induced an increase in spontaneous tail
coiling but then a decrease in TER. This difference in the phenotypes
observed may be related to the differences in cellular mechanisms
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underlying the two motor behaviors. While spontaneous tail coiling is
based on signal transmission via electrical coupling (gap junctions),
touch-evoked swimming is based on chemical synaptic inputs, which
means that signal transmission there largely relies on neurotransmitters.
This implies that acetylcholine as well as AChE play a more important
role in the generation of TER, which in turn also means that interference
with the cholinergic system has more severe effects. Due to the general
importance of cholinergic signaling for neuronal and muscular devel-
opment, the effects connected to AChE inhibition are manifold and can
include defects in Rohon-Beard neuron development or functioning,
alterations in axonal length and branching, neuromuscular junction
discontinuities, and affected muscle integrity (Behra et al., 2002;
Jacobson et al., 2010; Pullaguri et al., 2021). Based on the results of our
study, defective Rohon-Beard neurons can rather be excluded because
exposed larvae were able to perceive the stimulus, but then failed to
swim away. This rather suggests effects further downstream in the cir-
cuit, e.g. in interneurons, motor neurons or muscles. For methomyl and
thiacloprid, we have shown in a previous study that decreased loco-
motion may be related to impaired muscle development as well as
aberrant axon development in methomyl-exposed fish (Konemann et al.,
2022). In that previous study, we have also shown that zebrafish larvae
are able to recover from insecticide-induced neuromuscular and neu-
robehavioral changes. This is consistent with the results of the present
study, in which significant behavioral effects were only measured for
exposure windows temporally close to endpoint assessment. The longer
the interval between exposure and endpoint assessment, the more
similar control and insecticide-treated fish behaved. Such rapid recovery
has also been demonstrated for other neuroactive chemicals, such as
paraoxon and abermectin, and might be attributed to the plasticity of the
zebrafish nervous system at larval stages (Ohnmacht et al., 2016).
However, it might be possible that changes in molecular events, e.g.
gene expression or neurotransmitter level changes, occurred, which we
have not captured here (Schiittler et al., 2017; Tufi et al., 2016; Velki
et al., 2017b). Such changes might require longer recovery or prevent
recovery entirely, which might have long-term consequences for the
organism. Several studies have even shown effects of exposure in
following generations which in some cases even exceeded the toxicity in
FO (Schmitt et al., 2020, Blanc et al., 2021; Pompermaier et al., 2022).

4.3. The light-dark response only is reduced in presence of insecticides

Upon inflation of the swim bladder, at around days 3-4 (96 hpf),
zebrafish larvae transition from burst swimming to beat-and-glide
swimming, a motor behavior that is characterized by wave-like
caudally spreading contractions (beats) followed by glides (Buss and
Drapeau, 2001). Beat-and-glide swimming requires interaction of the
hindbrain with the spinal cord and is further based on glutamatergic and
glycinergic input to the motor neurons. This swimming pattern then
becomes sustained at day 4-5 with the appearance of aminergic neu-
romodulators, such as serotonin (Drapeau et al., 2002). In the light-dark
transition assay, which we used to assess the locomotor behavior of
larvae, sub-lethal exposure mostly induced a reduction in locomotion.
Compromised locomotion has been previously reported for different
AChE-inhibiting and nAChR-activating chemicals and is caused by
over-excitation of the postsynapse, which can eventually lead to paral-
ysis and death of the organism (Russom et al., 2014; Crosby et al., 2015;
Ma et al., 2019). Similar to the results of the TER assay, we were able to
observe a pattern emerging in which the continuous exposure as well as
the latest exposure window prior to behavior assessment induced sig-
nificant effects. For larvae affected by exposure at earlier stages, loco-
motion returned to control levels by day 6 and even tended to exceed
them in the case of methomyl (shown as orange colored boxes in the
methomyl line at day 6 in Fig. 5). As a second pattern, it can be observed
that in the course of locomotion assessment from day 4 to day 5 to day 6,
earlier exposure first elicited hypoactivity (day 4), which then changed
to hyperactivity on day 6 (Figs. 4 and 5). Both of these patterns
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demonstrate the ability of larvae to recover from previous effects caused
by insecticides at the concentrations tested. Further, with regard to the
critical exposure windows, our data indicates that for the insecticides
and concentrations tested none of the early occurring effects had an
impact on locomotor performance at 6 dpf. Hence, in this case, the
selected exposure windows were not found to be critical for develop-
ment of the locomotor system. This outcome is in accordance with a
study by Yozzo et al. (2013), who have investigated the effect of para-
oxon (organophosphate) on different developmental stages and did not
identify any particularly sensitive periods. In another study, however, a
period between 0 and 4 hpf has been identified as being most sensitive
after zebrafish embryos were exposed to the AChE inhibitor
azinphos-methyl (Massei et al., 2015). Further, it has been shown that
zebrafish exposed to ethanol during prim-6 and prim-16 were most sus-
ceptible, with pharyngeal arch hypoplasia and behavioral impairment
being more common than at later stages (Ali et al., 2011). Moreover, a
sensitive window of 8-48 hpf has been identified when zebrafish em-
bryos were exposed to the flame retardant tetrabromobisphenol A (Chen
et al., 2016). Based on all of these studies showing critical windows of
exposure for most of the chemicals, it is rather unlikely that exposure to
the insecticides tested is equally critical throughout all developmental
stages. It is, however, much more likely that we have failed to properly
capture relevant but much more subtle phenotypic modifications. As
described by Burggren and Mueller (2015), only a small fraction of
possible phenotypical modifications have been revealed to date. As
possible reasons for this they have mentioned, for example, the choice of
high stressor concentrations, an overly rigid definition of critical win-
dow borders, and an inordinately late definition of the onset of the
critical window. As a consequence, the critical window observed is
much smaller than the actual critical window. This observation is also
supported by other studies that have described severe impairment of
more complex behaviors such as learning, memory or social behavior in
adult fish resulting from developmental exposure (Sledge et al., 2011).
For future research, it may therefore be of interest to further delve into
critical window assessment of the insecticides tested by extending the
concentration range, the borders of critical windows, and by including
adult behavior as well. Moreover, an assessment of changes at the mo-
lecular level might give further hints as to the biological processes
affected by different developmental exposure windows.

4.4. Relevance for the environment and risk assessment

Environmental insecticide concentrations measured in high-income
countries usually are in the ng/L to pg/L range. However, due to
higher application rates combined with inappropriate application, in
low-income countries in the global south, insecticides can occur at
concentrations in the low mg/L range (Weiss et al., 2016). The con-
centrations tested in this study represent a worst-case scenario and
therefore exceed environmental concentrations occurring in Europe and
North America. Therefore, the observed effects are unlikely to occur at
environmentally relevant concentrations. In an environmental context,
however, several additional factors, not covered in this study, have to be
considered. For example, in the environment, chemicals are present as
complex mixtures and therefore mixture toxicity, especially for those
chemicals with similar modes of action, plays an important role (Jakobs
et al., 2020). Furthermore, due to differences in species sensitivity, ef-
fects may occur at much lower concentrations in other fish species
(Vignet et al., 2019). This may be of particular concern when tropical
species, such as the zebrafish, are used as a proxy for other fish species,
including cold-water species.

With regard to risk assessment, laboratory-derived behavioral data
has been shown to be environmentally relevant as it can be linked to
effects on individual as well as population and ecosystem level (Ford
et al., 2021). However, our studies rather had a fundamental focus on
improving the understanding of the mechanisms underlying locomotion
defects and therefore focused on higher concentrations representing
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worst-case exposure scenarios. Consequently, the results obtained with
the present study can be primarily used as background information in
regulation to support the identification of hazard concerns. Particularly
interesting was the observation that the results of the spontaneous tail
coiling test did not correspond to the effects observed in the
touch-evoked response test and the light-dark response test. This actu-
ally shows that the spontaneous tail coiling test, which has been pro-
posed as an early warning tool to identify neurotoxic chemicals, should
not be used as the only indicator.

5. Conclusion

In conclusion, this study shows that the concentrations of in-
secticides tested induced effects on spontaneous tail coiling, touch-
evoked response and locomotion. More precisely, we show that
different phenotypes emerged during different developmental stages as
when, for example, AChE inhibitors which initially induced hyperac-
tivity, later transitioned to hypoactivity. This indicates that the outcome
of a later endpoint cannot be easily inferred from an earlier phenotype.
Under the conditions (single substances, single exposures) tested, we did
not identify any critical windows. A more environmentally realistic
exposure scenario including mixtures and repeated exposures might be
interesting to look into in the future. As our results rather provide
fundamental insights into the effects of insecticides on fish, they cannot
be directly used in risk assessment to derive effect or threshold values.
However, the results can be used as valuable background information
and base for following studies as they indicate that all developmental
stages are affected as long as insecticides are present. Since, particularly
in agriculturally influenced water bodies, insecticides and other chem-
icals are almost always present, the locomotion of fish can be affected,
which potentially reduces the number of offspring (easier prey) and
negatively affects survival of the whole population.
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