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A B S T R A C T   

Neonicotinoids (NEOs) are widely used insecticides that are ubiquitous in agricultural use. Since NEOs are found 
in natural waters as well as in tap water and human urine in regions where NEOs are widely used, NEOs pose a 
potential hazard to non-target organisms such as animals and humans. Some of the commonly detected NEOs are 
imidacloprid (IMD), thiamethoxam (TMX), and its metabolite clothianidin (CLO). Although previously published 
scientific information, including an assessment of the environmental risks, particularly for bees, had resulted in a 
ban on the outdoor use of these three NEOs in the EU – their use is now only permitted in closed greenhouses – 
these NEOs continue to be used in agriculture in many other parts of the world. Therefore, a detailed study and 
comparison of the effects of NEOs on the embryonic development of non-target organisms is needed to further 
define the risk profiles. 

Embryos of the South African clawed frog Xenopus laevis, a well-established aquatic model, were exposed to 
different concentrations of IMD, TMX, or CLO (0.1–100 mg/L) to study and compare the possible effects of a 
single contaminant in natural water bodies on early embryogenesis. The results included a reduced body length, 
a smaller orbital space, impaired cranial cartilage and nerves, and an altered heart structure and function. At the 
molecular level, NEO exposure partially resulted in an altered expression of tissue-specific factors, which are 
involved in eye, cranial placode, and heart development. 

Our results suggest that the NEOs studied negatively affect the embryonic development of the non-target 
organism X. laevis. Since pesticides, especially NEOs, pollute the environment worldwide, it is suggested that 
they are strictly controlled and monitored in the areas where they are used. In addition, the question arises as to 
whether pesticide metabolites also pose a risk to the environment and need to be investigated further so that they 
can be taken into account when registering ingredients.   

Introduction 

The use of pesticides continues to increase worldwide (FAO, 2023). 
Their use is often prophylactic, with many farmers trying to protect their 
crops from potentially harmful weeds, fungi, and insects (Lechenet et al., 
2017). One well-known group of insecticides is the neonicotinoids 
(NEOs). These synthetic, nicotine-like chemicals reliably control insects 
by binding and activating the nicotinic acetylcholine receptor (nAChR) 
(Ihara and Matsuda, 2018; Matsuda et al., 2001). The first NEO, imi-
dacloprid (IMD), was introduced in 1991 (Kagabu, 2011). Many others 
followed, including thiamethoxam (TMX) in 1998 and its metabolite 
clothianidin (CLO) in 2002 (Schäfer, 2008). The selectivity of NEOs was 

anticipated to be only for insects, with this efficacy offering decisive pest 
control advantages (Ihara and Matsuda, 2018; Tomizawa and Casida, 
2003). As a result, NEOs became one of the leading insecticide classes in 
the global market (Douglas and Tooker, 2015; Jeschke et al., 2011). 

In recent years, however, there have been increasing concerns about 
their safety and impact on non-target organisms. Due to the threat NEOs 
pose to honeybees, the use of the NEOs IMD, TMX and CLO in the EU was 
limited in 2018 to permanently existing greenhouses (European Com-
mission, 2018). It is, however, possible to obtain time-limited permits 
for specific NEO uses within the EU. For example, TMX was granted 
special approval for use in sugar beet pickling in Germany from 2020 to 
2021 and more recently in England in 2022 (Bundesamt für 
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Verbraucherschutz und Lebensmittelsicherheit, 2022). In other parts of 
the world (e.g. the United States, Brazil and Asia), NEOs are still regis-
tered and widely used without special restrictions (Environmental Fate 
and Effects Division Office of Pesticide Programs, 2023; Miles et al., 
2017; YongFan, 2015). In addition to aerial and ground foliar applica-
tions and soil applications, the NEOs IMD, TMX and CLO are currently 
approved for seed treatment, chemical irrigation and for use in bait. The 
NEO IMD is also approved for pet collars and crab control (Environ-
mental Fate and Effects Division Office of Pesticide Programs, 2023). 

Neonicotinoids are ubiquitous in the global environment. In areas 
where the use of NEOs is widespread, they may pose a direct threat to 
humans, since they can be found not only in drinking and tap water 
(Wan et al., 2020), but also in the urine of the human population in these 
areas, including children and pregnant women (Mahai et al., 2022; 

Ikenaka et al., 2019). Neonicotinoids even occur in high concentrations 
in some areas of the world in natural waters (IMD up to 0.32 mg/L 
(Netherlands), TMX up to 0.55 mg/L (Mexico), CLO up to 0.17 mg/L 
(United States)) (Megchún-García et al., 2018; Miles et al., 2017; Van 
Dijk et al., 2013), bringing a variety of non-target organisms into contact 
with the NEOs. Therefore, it is of particular interest to understand the 
risk that the use of certain NEOs poses to aquatic non-target organisms 
and how NEOs potentially affect their embryonic development and thus 
their condition and survival. Amphibians are especially threatened by 
biodiversity loss, with various causes such as habitat loss, climate 
change, infectious diseases, or contaminants being responsible for the 
amphibian extinction (Collins, 2010). Pesticide residues can enter nat-
ural waters through leaching, run-off, or “worst-case” scenarios (e.g., 
incorrect handling or improper disposal), which brings amphibians into 

Fig. 1. Timeline of X. laevis Development and Stability of the Different NEOs. A. X. laevis embryogenesis and analytical methods. After the fertilization, the 2-cell- 
stage embryos were incubated in the control and NEO (IMD/TMX/CLO) solutions until they reached the desired stage. Embryos at stage 23 (four incubations days), 
stage 28 (five incubation days) and stage 32 (seven incubation days) were used for WMISH staining. For the morphological phenotype as well as the detailed and 
functional analyses we used stage 44/45 embryos that had been incubated in a NEO solution for 14 days. B. Experimental setup. Two times 15 X. laevis embryos at 
stage 2 were incubated in 5 mL of different NEO solutions (0.1 – 100 mg/L) or 0.1x MBSH (control) at 14 ◦C. C. Experimental conditions. To determine the exact NEO 
concentrations on day 1, two sets of 1 and 100 mg/L NEO solutions were sent to an analytical lab. The same solutions were analyzed after 14 days to determine 
possible changes in concentrations over the incubation time. Abbreviations: NEO, neonicotinoid; IMD, imidacloprid; TMX, thiamethoxam; CLO, clothianidin; M1, 
measurement 1; M2, measurement 2; d, days; WMISH, whole mount in situ hybridization; mL, milliliter; mg/L, milligram per liter. 
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contact with the pesticides (Foley et al., 2005). For this reason, it is 
important to study the possible effects of NEOs on amphibians. 

There are few studies about the effects of different NEOs on aquatic 
vertebrates (Malhotra et al., 2021) showing that the NEOs IMD, TMX 
and CLO can affect morphological development of various tissues and 
organs, organ function, and behavior. For example, IMD has been linked 
to a stress syndrome and associated susceptibilities to ectoparasites in 
adult Japanese medaka fish (Oryzias latipes) (Sánchez-Bayo and Goka, 
2005). Imidacloprid induced toxicity and gene expression in zebrafish 
(Danio rerio) embryos (Wu et al., 2018). Exposure of rainbow trout 
(Oncorhynchus mykiss) embryos to TMX resulted in a loss of balance and 
altered swimming behavior (Finnegan et al., 2017). Clothianidin was 
shown to reduce responsiveness of adult crayfish (Orconectes propinquus) 
to stimuli, and a negative effect on the feeding behavior of aquatic in-
sects (Belostoma flumineum) (Miles et al., 2017). Due to the paucity of 
data, more studies are needed on the effects of NEOs on various non- 
target aquatic species to perform more comprehensive risk assessments. 

The well-established aquatic model organism Xenopus laevis, the 
South African clawed frog, provides a suitable model for embryological 
toxicity studies (Flach et al., 2023b, 2023a, 2022; Tandon et al., 2017). 
Therefore, X. laevis was used here to research and compare the effects of 
the three NEOs IMD, TMX and CLO on early embryonic development. In 
particular, we analyzed the effect of these three NEOs on embryonic 
morphology and mobility as well as development of cranial cartilage, 
cranial nerves and cardiac structure and function including the heart 
rate. In addition, tissue-specific gene expression was investigated to 
compare possible effects of the three NEOs at the molecular level. In 
particular for the investigation of the eye development, we used the 
transcription factors pax6 (paired box 6) and rax (retina and anterior 
neural fold homeobox 1), because both are required during eye-cell 
differentiation (Andreazzoli et al., 2003; Lupo et al., 2000; Ziman 
et al., 2001). The transcription factors twist1 (twist family bHLH tran-
scription factor 1) and egr2 (early growth response 2), both involved in 
neural crest cell (NCC) induction and migration, were used to investi-
gate the NCC differentiation and migration (Bradley et al., 1993; Hop-
wood et al., 1989). The adhesion molecule alcam (activated leukocyte 
cell adhesion molecule), that is specifically expressed in the cranial 
placodes and ganglia, and the transcription factor sox3 (SRY-box 3), that 
is expressed and involved in placodal development, were used to 
investigate cranial placode development (Gessert et al., 2008; Schlosser, 
2006; Schlosser and Ahrens, 2004). To investigate myocardial differ-
entiation, the structural proteins actc1 (actin alpha cardiac muscle 1) 
and mhcα (alpha-myosin heavy chain), both expressed during cardiac 
development, were used (Garriock et al., 2005; Gessert and Kühl, 2009). 

Experimental procedures 

The aquatic model organism Xenopus laevis. 

The extraction, fertilization and cultivation of X. laevis eggs and 
embryos were performed according to standard protocols (Sive et al., 
2000). The female frogs were stimulated to lay eggs with 800 U human 
chorionic gonadotropin (hCG, HiSS Diagnostics GmbH, Germany) in-
jection and were induced to spawn by gently stroking the abdominal 
region. A colony of 310 female frogs was used to obtain the eggs during 
the experimental period of this study. The isolated testes from male frogs 
were chopped and mixed with 1x MBSH (Modified Barth’s saline con-
taining a HEPES buffer [10 mM HEPES ([2-hydroxyethyl]-1-piper-azi-
neethanosulforic-acid), 88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO3)2 x 
(H2O)4, 0.41 mM CaCl2 x (H2O)2, 0.82 mM MgSO4 x (H2O)7, 2.4 mM 
NaHCO3] with pH 7.4) to create a testicular suspension, which was used 
for fertilization purposes. The testicular suspension of one male frog was 
used for fertilization over a period of two weeks. A total of 49 male frogs 
were used during this study. The oocytes from one female were fertilized 
with a testicular suspension diluted 1:10 with double-distilled H2O. The 
fertilized eggs were incubated, and the jelly coats were removed with 2 

% L-cysteine (Sigma-Aldrich, Germany) until the embryos reached the 2- 
cell-stage as described in the NF-stages by Nieuwkoop and Faber 
(Nieuwkoop and Faber, 1954). All procedures were performed in 
accordance with the German Animal Protection Act and approved by the 
local state administration of Baden-Württemberg (Regierungspräsidium 
Tübingen; AZ: 35/9185.82–3). 

Exposure of X. laevis embryos to IMD, TMX and CLO 

In order to examine the effects of the NEOs IMD, TMX and CLO 
(Sigma-Aldrich, Germany), fertilized eggs were incubated in single- 
pesticide-solutions from the 2-cell-stage for a maximum of 14 days 
(Fig. 1A, B). The pesticide solutions were prepared by dissolving the 
respective NEO in 0.1x MBSH. Concentrations were 0.1, 1, 10, 50 to 100 
mg/L. The exposure of embryos to 0.1 and 1 mg/L of each NEO reflects 
environmentally relevant concentrations (Megchún-García et al., 2018; 
Miles et al., 2017; Van Dijk et al., 2013), with 10, 50 and 100 mg/L NEO 
representing “worst-case” scenarios (e.g., incorrect handling or 
improper disposal) (Huyen et al., 2020). 

For each solution, 15 embryos from one artificial fertilization event 
(from one female frog) at the 2-cell-stage were transferred into a single 
well of a 6-well-plate filled with 5 mL solution, in duplicate, thus a total 
of 30 embryos (n = 30) each from the same fertilization event were 
incubated (Fig. 1B). The embryos from one artificial fertilization event / 
from one female frog constituted one embryo batch. In most experi-
ments, several embryo batches were analyzed to account for normal 
biological variations. The embryos were incubated according to the 
natural day/night cycle. The same experimental design has been used 
previously (Flach et al., 2023b, 2023a, 2022; Kerner et al., 2023). 

Observations on potential morphological changes (i.e., body length, 
eye area, heart edema) were made on the embryos incubated in a control 
solution (0.1x MBSH) or NEO treatment solution. Depending on the 
biological endpoint, the NEO treatment concentration varied so to 
perform more detailed analyses (see below). 

Analyses of the NEO concentrations and stability 

To analyze the NEO concentrations (IMD, TMX and CLO) during the 
incubation period, we prepared 100 mL of two concentrations (1 and 
100 mg/L) of each NEO by diluting IMD, TMX and CLO in 0.1x MBSH. 
After the dilution, 50 mL of both NEO concentrations (IMD/TMX/CLO) 
were tested by an independent analytical lab (SGS Analytics GmbH, 
Germany) on day 1. The other 50 mL of each concentration were incu-
bated for 14 days. We kept the external influences on the solutions 
identical to the experimental setup described (incubation at 14 ◦C; 
natural day/night cycle; 5 mL in each well of a 6-well plate) but did not 
incubate any embryos to avoid a potential solution contamination 
caused by dying embryos. After the incubation period of 14 days, 50 mL 
of each solution was analyzed. Duplicates were performed (Fig. 1C). 

Embryonic mobility 

To determine possible effects on embryo mobility, the total distance 
moved by embryos was measured in the control solution (0.1x MBSH), 
10 mg/L, and 100 mg/L of each NEO until NF-stage 44/45. The embryos 
in triplicate (three embryos per embryo batch) were recorded in parallel 
in 5 mL solution in a petri dish (diameter: 3.2 cm) and with a camera 
(acA1300-30gc, Basler, Germany (CS-Mount Computer Objective 
2.8–12 mm 1:1.3 IR 1/3″, Bangladesh; sample rate: 25 fps; resolution: 
1024x768)) (Flach et al., 2023b) for two hours at room temperature (20 
± 1 ◦C) after equilibration to room temperature (20 ± 1 ◦C) to avoid 
temperature fluctuation effects. This approach was repeated three to 
four times for the same embryo batch. In total, two to three independent 
embryo batches were analyzed for each NEO concentration. The total 
distance moved was evaluated with the tracking software Ethovision XT 
13 (Noldus, Netherlands). Embryos that the software was unable to 
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detect for more than 10 % of the recording time were not included in the 
statistical evaluations ending in n = 19–27 single analyzed embryos per 
experimental approach. 

Heart rate measurements 

Embryos in the control and the NEO solutions (1, 10, 50, 100 mg/L 
each) were incubated up to stage 44/45 (see Section “Exposure of 
X. laevis embryos to IMD, TMX and CLO”; Fig. 1A, B). The heartbeats of 
ten individual embryos (n = 10) of three independent embryo batches 
were documented for one minute at room temperature (20 ± 1 ◦C). In 
particular, one embryo was put into one well of a 6-well plate containing 
5 mL 0.1x MBSH. Under a light microscope (Olympus SZH10 and SZX12, 
Olympus, Germany) the heartbeat was observed and measured by using 
a hand tally counter. This was repeated for all embryos and all NEO 
concentrations expect 0.1 mg/L (Flach et al., 2022). To avoid temper-
ature fluctuations, the embryos were adjusted to the room temperature 
(20 ± 1 ◦C) for two hours before starting heartbeat measurement. 

Analyses of embryo body length, eye area, and heart edema 

The embryos were fixed with MEMFAT [0.1 M MOPS (pH 7.4), 2 mM 
EGTA, 1 mM MgSO4, 4 % formaldehyde, 0.1 % Tween20] at stage 44/45 
(Fig. 1A). If more than 20 % of the control embryos died, the entire 
embryo batch (control and IMD/TMX/CLO-treated embryos) was 
excluded from the statistical analysis due to likely poor quality of eggs or 
embryos (Flach et al., 2023b; Seigfried et al., 2017). Four to eight em-
bryo batches were examined under a light microscope (Olympus SZH10 
and SZX12, Olympus, Germany) at stage 44/45 for the morphological 
analyses of the outward appearance (body length, eye area, heart 
edema). All control embryos within each embryo batch were examined 
and one representative control embryo was selected for comparison to 
the other controls and to NEO-exposed embryos (Suppl. Fig. 1A). This 
was done for each embryo batch. By the respective comparison of the 
representative control embryo with all embryos of the same embryo 
batch, the variability that normally exists even in between the control 
embryos of one embryo batch was included in the evaluation. To 
perform detailed analyses, two of the most representative morphological 
analysis experiments that were performed on the respective independent 
embryo batches were used to measure the body length and eye area 
(Suppl. Fig. 1B). Each embryo used for the respective experiments was 
photographed and measured using the Fiji software (Schindelin et al., 
2012). 

Whole mount in situ hybridization 

The embryos were incubated in control and 100 mg/L pesticide so-
lution with each of the NEOs and fixed using MEMFAT at the referring 

Table 1 
Overview over gene probes used in WMISH approaches. These probes have 
already been used in previous studies to analyze the specified developmental 
process (examples are given in the right column).  

Gene name Gene 
function 

Genes 
involved 
during early 
development 

Examined 
NF-stage 

Gene probes 
specific for 

pax6 
(paired box 
6) 

transcription 
factor 

expressed in 
and required 
for eye 
development 
(Ziman et al., 
2001)  

23 eye 
differentiation 
(used in e.g.  
Bugner et al., 
2011; Cizelsky 
et al., 2013; 
Flach et al., 
2021; Gessert 
et al., 2010; 
Rothe et al., 
2017; 
Tamanoue 
et al., 2006) 

rax 
(retina and 
anterior 
neural fold 
homeobox 1) 

transcription 
factor 

expressed in 
and required 
for eye 
development 
(Andreazzoli 
et al., 2003; 
Lupo et al., 
2000) 

23 eye 
differentiation 
(used in e.g.  
Cizelsky et al., 
2013; Gessert 
et al., 2010; 
Kiem et al., 
2017; Rothe 
et al., 2017; 
Seigfried et al., 
2017; Strate 
et al., 2009) 

twist1 
(twist family 
bHLH 
transcription 
factor 1) 

transcription 
factor 

expressed in 
neural crest 
cell 
development 
(Hopwood 
et al., 1989) 

23 neural crest 
cell migration 
(used in e.g.  
Flach et al., 
2018; Gessert 
et al., 2010; 
Kiem et al., 
2017; Wang 
et al., 2021) 

egr2 
(early growth 
response 2) 

transcription 
factor 

expressed in 
and required 
for neural 
crest cell 
development 
(Bradley 
et al., 1993) 

23 neural crest 
cell 
differentiation 
(used in e.g.  
Gessert et al., 
2010; Kiem 
et al., 2017; 
Park and 
Saint-Jeannet, 
2008) 

alcam 
(activated 
leukocyte cell 
adhesion 
molecule) 

adhesion 
molecule 

expressed in 
cranial 
placode and 
ganglia 
development 
(Gessert et al., 
2008) 

32 cranial 
placode 
development 
(used in e.g.  
Saumweber 
et al., 2024) 

sox3 
(SRY-box 3) 

transcription 
factor 

expressed in 
and required 
for cranial 
placodal 
development 
(Schlosser, 
2006; 
Schlosser and 
Ahrens, 
2004) 

32 cranial 
placode 
development 
(used in e.g.  
Saumweber 
et al., 2024; 
Schuff et al., 
2007) 

actc1 
(actin alpha 
cardiac 
muscle 1) 

structural 
protein 

expressed in 
cardiac 
development 
(Gessert and 
Kühl, 2009) 

28 cardiac cell 
differentiation 
(used in e.g.  
Brade et al., 
2007; Gessert 
et al., 2008; 
Hempel et al.,  

Table 1 (continued ) 

Gene name Gene 
function 

Genes 
involved 
during early 
development 

Examined 
NF-stage 

Gene probes 
specific for 

2017; Peterkin 
et al., 2007) 

mhcα 
(alpha- 
myosin heavy 
chain) 

structural 
protein 

expressed in 
and required 
for cardiac 
development 
(Garriock 
et al., 2005) 

28 cardiac cell 
differentiation 
(used in e.g.  
Gentsch et al., 
2018; Gessert 
et al., 2008; 
Gessert and 
Kühl, 2009; 
Guo et al., 
2019; Hempel 
et al., 2017)  
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stage as described in section “Exposure of X. laevis embryos to IMD, TMX 
and CLO” (Fig. 1A). Stage 23 was used to study the NCC differentiation 
and migration as well as the eye-cell differentiation. The cardiomyocyte 
differentiation was studied at stage 28 and further separation and defi-
nition of the cranial placode development (Schlosser, 2006) at stage 32. 
Cell differentiation and migration were investigated by analyzing the 
expression of factors required for these developmental processes 
(Table 1). The gene expression was detected by WMISH approaches 
according to a standard protocol (Hemmati-Brivanlou et al., 1990). As 
part of the WMISH, antisense RNA probes were used to detect mRNA 
activity. For generating the antisense RNA probes, the following plas-
mids were used: pax6 (Hollemann et al., 1998) and rax (Furukawa et al., 
1997) for the eye-cell differentiation, twist1 (Hopwood et al., 1989) and 
egr2 for the NCC migration, alcam (Gessert et al., 2008) and sox3 
(Schlosser and Ahrens, 2004) for the cranial placode development, and 
actc1 (Gerber et al., 2002) and mhcα (Gessert et al., 2008) for the 
myocardial differentiation. Staining was done using a BM Purple (Roche 
Diagnostics GmbH, Germany) solution. 

The evaluation was performed under a light microscope (Olympus 
SZH10 and SZX12, Olympus, Germany) by selecting a representative 
control embryo of each of the four independent embryo batches and 
comparing it to each embryo in the embryo batch (control and NEO 
treatment) for gene expression intensity and area (Suppl. Fig. 1A). In 
addition, the expression intensity and area of rax and mhcα as well as the 
length of the sox3-expressing cranial placodes were measured for one 
embryo batch per NEO exposure (Suppl. Fig. 1B) using Fiji software 
(Schindelin et al., 2012) after each embryo of the respective experiments 
were photographed. The determined mean expression intensities of the 
control embryos of one embryo batch were averaged and this mean 
value was used to normalize all mean expression intensities of the 
control and treatment groups of the same embryo batch. 

Cranial cartilage isolation and measurement 

Embryos of X. laevis were incubated in the control solution and in 

100 mg/L of each NEO solution until they reached stage 45 (see Sections 
“Exposure of X. laevis embryos to IMD, TMX and CLO” and “Analyses of 
embryo body length, eye area, and heart edema”; Fig. 1A). We per-
formed an Alcian blue staining following an established protocol (Ges-
sert et al., 2007). After the staining, the cartilage (from one embryo 
batch for each NEO) was manually isolated with two tweezers and 
analyzed in terms of quantity. To this purpose, the area of the branchial 
arches was measured bilaterally and averaged and the angle of the 
Meckel cartilage in the front was detected. Both measurements were 
carried out using Fiji software (Schindelin et al., 2012) after each iso-
lated cranial cartilage was photographed. 

Immunostaining and documentation using confocal microscopy 

The cranial nerve (one to three independent embryo batches) and the 
cardiac structure (two independent embryo batches) of 44/45-stage 
embryos after the control and pesticide incubations were subjected to 
immunohistochemical staining with the neuron-specific monoclonal 
3A10 antibody (DSHB, USA) and the cardiac troponin T (Tnnt2) anti-
body (DSHB, USA). Fixation and staining were performed as described 
before (Schuff et al., 2007). 

After each stained embryo was photographed, the optic, trigeminal 
and mandibular nerves were measured in the 2D images and averaged 
bilaterally using Fiji software (Schindelin et al., 2012). To examine 
whether a possible effect of a NEO exposure was nerve-specific, the 
averaged nerve length data was compared to the root of the embryo 
head area. 

The stained hearts were analyzed and imaged using fluorescence 
under a stereomicroscope (Olympus MVX10/U-RFL_T with camera 
UC50, Olympus, Germany) to detect anomalies in the heart structure. 

To obtain even more information about the structure of the stained 
tissue samples, exemplary embryos were imaged as 3D models using a 
Zeiss LSM710 confocal microscope (Zeiss, Germany) after a 3A10 or 
Tnnt2 staining process (Flach et al., 2022). Accordingly, the stained 
embryos were dehydrated with a methanol series trough 100 % 

Fig. 2. Influence of IMD, TMX and CLO on the Mobility and Heart Rate of X. laevis. A. Mobility of stage 44/45 embryos during two hours. Effect of IMD (left column), 
TMX (middle column) or CLO (right column) on the embryo’s mobility. B. Total distance moved at stage 44/45. The total distance moved by stage 44/45 embryos 
from two to three embryo batches during two hours was studied. C. Measurement of the heart rate at stage 44/45. The heartbeats of stage 44/45 embryos after 
exposure to IMD (left panel), TMX (middle panel) or CLO (right panel) were counted for one minute. Abbreviations: IMD, imidacloprid; TMX, thiamethoxam, CLO, 
clothianidin; mg/L, milligram per liter; cm, centimeter; n, number of embryos analyzed. Statistics: The statistical evaluation always refers to the comparison of the 
respective exposure group (IMD, TMX, CLO) with the control group (without NEO). 
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methanol and then placed in MURRAÝs Clear containing 33 % benzyl 
alcohol (Merk, Germany) and 67 % benzyl benzoate (Merk, Germany) to 
take images. 

Heart isolation and measurements 

In order to isolate the heart, 44/45-stage embryos were fixed after 
incubation (see Sections “Exposure of X. laevis embryos to IMD, TMX and 
CLO” and “Analyses of embryo body length, eye area, and heart edema”; 
Fig. 1A) and embryos from two to three independent embryo batches 
from the control and NEO solutions (1, 50, 100 mg/L) were selected. The 
embryonic hearts were isolated with two tweezers under a light mi-
croscope (Olympus SZH10 and SZX12, Olympus, Germany). The pho-
tographs were used to measure the width of the atrium and ventricle 
using Fiji software (Schindelin et al., 2012). 

Statistics 

The P-values were calculated with a non-parametric, two-tailed 
Mann-Whitney rank sum test using GraphPad Prism 9 software (San 
Diego, CA, USA). The error bars represent the standard error of the 
means (SEM). The statistical significance is indicated as follows: p >
0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

Results 

IMD, TMX and CLO stability during the experimental exposure time of 14 
days 

We studied the IMD, TMX and CLO stability during the maximum 
exposure time of 14 days at 14 ◦C. No relevant change in the IMD, TMX 
or CLO concentrations were observed (Fig. 1C). This confirms that the 
NEOs did not degrade during the specified incubation period and 
method. 

Effect of the NEOs IMD, TMX and CLO on embryonic mobility and heart 
rate of X. laevis 

Exposure to NEOs had a significant effect on the embryonic mobility 

and heart rate. Incubation in 10 and 100 mg/L IMD resulted in signifi-
cant decreases in the total distance moved by the embryos (Fig. 2A and 
B). However, TMX and CLO had no significant effect on the distance 
moved in the two hours (Fig. 2A and B). 

Additionally, all three NEOs altered the heart rate. Imidacloprid (as 

Fig. 3. Effect of IMD, TMX and CLO on the Embryonic Body Length of X. laevis. A. Body length at stage 44/45. Dorsal views of embryos at stage 44/45 showed the 
development of control and NEO-exposed embryos. B. Measurement of body length at stage 44/45. Head-tail length measurements (red dotted line in A) of embryos 
of one to two representative embryo batches after exposure to IMD (left panel), TMX (middle panel) or CLO (right panel) were compared to control embryos. 
Abbreviations: IMD, imidacloprid; TMX, thiamethoxam, CLO, clothianidin; mg/L, milligram per liter; mm, millimeter; n, number of embryos analyzed. Statistics: The 
statistical evaluation always refers to the comparison of the respective exposure group (IMD, TMX, CLO) with the control group (without NEO). 

Fig. 4. Effect of IMD, TMX and CLO on the Embryonic Eye Area of X. laevis. A. 
Eye area at stage 44/45. Lateral views of the eyes (black arrowheads show 
smaller eyes) of control embryos and stage 44/45 embryos after exposure to 
IMD (left column), TMX (middle column) or CLO (right column). B. Measure-
ment of eye area at stage 44/45. Eye area measurement of one to two repre-
sentative embryo batches (the area measured is highlighted in red in the control 
embryo shown in the left corner in A). Comparison of eyes from the control 
group to eyes after exposure to IMD (left panel), TMX (middle panel) or CLO 
(right panel). Abbreviations: IMD, imidacloprid; TMX, thiamethoxam, CLO, 
clothianidin; mg/L, milligram per liter; mm2, square millimeter; n, number of 
embryos analyzed. Statistics: The statistical evaluation always refers to the 
comparison of the respective exposure group (IMD, TMX, CLO) with the control 
group (without NEO). 
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of 50 mg/L) and TMX (as of 10 mg/L) significantly increased the heart 
rate (Fig. 2C, left and middle panel), while CLO (100 mg/L) reduced the 
heart rate (Fig. 2C, right panel). 

Effect of the NEOs IMD, TMX and CLO on mortality and body length of 
X. laevis 

Based on four to eight independent embryo batches per NEO con-
centration through 100 mg/L, none of the three NEOs (IMD, TMX, CLO) 
affected the mortality rate of X. laevis embryos (Suppl. Fig. 2). 

A significant increase in body length was observed in embryos (n =
23–69) incubated in 100 mg/L TMX (Fig. 3A and B, middle panel). 
Neither of the lower TMX concentrations nor an incubation in the other 
two NEOs (IMD and CLO) resulted in a significant change in body length 
(Fig. 3A and B, left and right panel). 

Incubation in IMD, TMX and CLO impairs eye development 

A significant reduction of the eye area of stage 44/45 embryos was 
found for each NEO studied and at each concentration (Fig. 4A and B). 

To analyze a possible molecular basis for the eye phenotype, four 
embryo batches (n = 81–96) at stage 23, when eye cells differentiate, 
were used for an WMISH of the eye-cell specific genes pax6 and rax, but 
no significant change was observed (data not shown). To perform a more 
detailed analysis, the area and intensity of the rax expression of all 
embryos (n = 20–23) from one representative embryo batch at each 
concentration were measured. No changes in the rax expression area 
were observed after an exposure to TMX, whereas the area was reduced 
after an exposure to IMD and CLO (Fig. 5A and B). In contrast, IMD and 
TMX resulted in a reduced intensity of the rax expression, whereas CLO 
had no effect on the rax intensity (Fig. 5C and D). 

All three NEOs cause structural changes to the cranial cartilage 

The overall appearance of the cranial cartilage changed after an in-
cubation in all three NEOs (Fig. 6A). The cartilage showed visible de-
formations starting at 1 mg/L (IMD and CLO) or 50 mg/L (TMX) 
(Fig. 6A). The branchial arch areas decreased (Fig. 6B), and the angle of 
the Meckel cartilage became more acute (n = 19–28). (Fig. 6C). 

All three NEOs impact cranial nerve and placode development 

The cranial nerves of stage 45 embryos were examined in 2D after 
their incubation in 100 mg/L of a NEO solution (n = 20–74) (Fig. 7A and 
B). To check the specificity of the nerve length, it was compared to the 
root of the head area, which made it possible to determine whether the 
nerves are shorter simply due to the smaller head or whether the nerves 
are shorter regardless of the size of the head. The measurements showed 

(caption on next column) 

Fig. 5. Influence of IMD, TMX and CLO on the Molecular Basis of X. laevis Eye 
Development. A. rax expression area at stage 23. Anterior views of the eye- 
specific gene rax at stage 23. Representative images of the expression area 
(highlighted in red) after exposure to IMD (left column), TMX (middle column) 
or CLO (right column) compared to control embryos. The area of IMD- and CLO- 
treated embryos is reduced (black arrowheads). B. Measurement of rax area at 
stage 23. Quantification of the total expression area of the eye-specific gene rax 
of one embryo batch. C. rax expression intensity at stage 23. Anterior views of 
the eye-specific gene rax at stage 23. Representative images showing the in-
tensity of the rax expression. Less intense expression is measured after an 
exposure to IMD and TMX (black arrowheads). D. Measurement of rax intensity 
at stage 23. Statistical evaluation of the normalized mean intensity of rax 
expression of one embryo batch. Abbreviations: IMD, imidacloprid; TMX, 
thiamethoxam, CLO, clothianidin; mg/L, milligram per liter; mm2, square 
millimeter; n, number of embryos analyzed. Statistics: The statistical evaluation 
always refers to the comparison of the respective exposure group (IMD, TMX, 
CLO) with the control group (without NEO). 
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that IMD and CLO had caused a highly significant shortening of the 
Nervus opticus (pink), the Nervus trigeminus (blue) and the Nervus man-
dibularis (turquoise) (Fig. 7A and B). An exposure to TMX did not 
significantly change the length of any of the nerves (Fig. 7B). 

A more detailed inspection with a confocal microscope revealed 
structural differences in the appearance of the optic nerve with regard to 
all three NEOs (Fig. 7C). In addition, the entire structure of the nerves 
seemed to be fibrous and impaired, especially after an exposure to CLO 
(Fig. 7C). 

Both the cranial cartilage and the cranial nerves are derivatives of 
NCCs. To study earlier developmental stages in more detail, we used 
NCC-specific genes and performed WMISH experiments at stage 23 (NCC 
differentiation and migration). The microscopic examination showed 
that the NCC-specific genes twist1 and egr2 were not significantly altered 
in the expression patterns in stage 23 embryos after their exposure to 
any of the NEOs (n = 81–102) (data not shown). 

Cranial nerves also partially develop from the cranial placodes, 
which is why the cranial placode development was analyzed through 
WMISH experiments using the tissue-specific genes alcam and sox3. It 
was found that IMD, TMX and CLO have an effect on the development of 
cranial placodes. While the analysis of the specific gene alcam (n =
86–110) showed a significant change in expression after an exposure to 
TMX or IMD, an exposure to CLO only resulted in statistically insignif-
icant changes (Suppl. Fig. 3A and B). The opposite is true for the second 
gene studied, sox3 (n = 85–105). The NEOs IMD and CLO significantly 
altered the expression pattern, whereas TMX only resulted in statisti-
cally insignificant changes (Suppl. Fig. 3C and D). Length measurements 
of the epibranchial placodes from one embryo batch (n = 22–29) 
confirmed the changes in the sox3 expression caused by the NEOs 
(Fig. 8A and B). The TMX exposure led to a shorter epibranchial placode 
IX (Fig. 8B, middle panel), and IMD and CLO resulted in a shortening of 
the epibranchial placode X (Fig. 8B, lower panel). None of the three 
NEOs altered the sox3 expression in the epibranchial placode VII 
(Fig. 8B, upper panel). 

All three NEOs impacted cardiac parameters 

Since it had already been determined that all three NEOs have an 
effect on the heart rate (Fig. 2C), we examined the cardiac region and the 
heart in detail. During this microscopic examination, we were able to 
detect heart edema in four to eight embryo batches at higher (10–50 
mg/L) NEO concentrations following an incubation in all three NEOs (n 
= 110–231) (Fig. 9A and B). 

Likewise, contact with the NEOs affected the structure of the heart. 
Some isolated hearts had wider atria and ventricles (Fig. 10A). Exposure 
to IMD (at 50 mg/L) and TMX (at 1 and 50 mg/L) resulted in larger atria, 
while the size of the atria normalized at 100 mg/L. An exposure to CLO 
had no significant effect on the width of the atria (Fig. 10B). The 
ventricle became enlarged after incubation in all three NEOs (IMD and 
CLO from 50 mg/L, TMX at 50 mg/L) (Fig. 10C). 

The structural difference is also evident in immunostaining using the 
Tnnt2 antibody in whole embryos (Fig. 11A). An exposure to IMD 
resulted in abnormal hearts in 78.00 % (50 mg/L) and 86.36 % (100 mg/ 
L) of the embryos examined (n = 44–52) (Fig. 11A, left column). In 
contrast, the other two NEOs had a less significant effect on the heart 
structure (TMX, Fig. 11A, middle column: 24.07 % (50 mg/L), 21.67 % 
(100 mg/L), (n = 108–120); CLO, Fig. 11A, right column: 26.92 % (50 
mg/L), 54.35 % (100 mg/L), (n = 46–53)). 

In addition, we observed structural changes using 3D models and 
their virtual cross sections (Fig. 11B). Randomly selected embryos were 
found to have less structured ventricle (v), atria (a) and outflow tract 
(oft) walls after having been exposed to IMD, TMX or CLO. 

At the molecular level, we analyzed the expression pattern of the 
cardiac-specific genes actc1 and mhcα at stage 28. The analyses that were 
performed with a light microscope revealed no abnormal expression 
patterns of both genes for all three NEOs (n = 82–100) (data not shown). 

Fig. 6. Cranial Cartilage Development of X. laevis after Exposure to IMD, TMX 
or CLO. A. Cranial cartilage at stage 45. Exposure to IMD (left column), TMX 
(middle column) and CLO (right column) resulted in changes in branchial arch 
area (pink arrowheads) and to a deformation and tightening of the Meckel 
cartilage angles (blue arrowheads) at stage 45. B. Measurement of the branchial 
arch area at stage 45. Branchial arch area measurement (measurement as by 
pink area in the left control in A). Both sides of one embryo batch were 
measured and the average value was determined. C. Measurement of Meckel 
cartilage angle at stage 45. The angle (blue dotted line in A) of the Meckel 
cartilage of one embryo batch was measured. Abbreviations: IMD, imidacloprid; 
TMX, thiamethoxam, CLO, clothianidin; mg/L, milligram per liter; mm2, square 
millimeter; ◦, degrees; n, number of embryos analyzed. Statistics: The statistical 
evaluation always refers to the comparison of the respective exposure group 
(IMD, TMX, CLO) with the control group (without NEO). 
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We also quantified the mhcα expression area and intensity using one 
representative embryo batch per NEO (n = 17–29). The expression area 
showed no change for any pesticide (Fig. 12A and B), whereas the mhcα 
expression intensity decreased significantly after an exposure to TMX 
and CLO (Fig. 12C and D). 

Discussion 

Relevance of our study 

Pesticides including the insecticides of the NEO group are used 
worldwide and in large quantities (Environmental Fate and Effects Di-
vision Office of Pesticide Programs, 2023; Miles et al., 2017; YongFan, 
2015). Yet, their effects on non-target organisms have not been widely 
studied. The South African clawed frog X. laevis was used in this study to 
examine the possible effects of different NEOs (IMD, TMX, CLO) on the 
early embryogenesis of an aquatic organism. We observed several 
negative effects (external appearance, swimming mobility, neural and 
cardiac embryonic development). Some parameters were significantly 
altered upon exposure to as little as 0.1 mg/L of all three NEOs (IMD, 
TMX, CLO). 

The concentrations we used reflect NEO concentrations that already 
have been measured in nature (Chrétien et al., 2017; Miles et al., 2017; 
Van Dijk et al., 2013), as well as “worst-case” scenarios that are intended 
to provide detailed information about the effects of an incorrect use or 
disposal of NEOs on aquatic organisms. Even the liquid droplets (gut-
tation droplets) secreted by seed-treated plants have very high concen-
trations of NEO residue (up to 100 mg/L TMX and CLO and even 200 
mg/L IMD), which means that the possibility that non-target organisms 
will come in contact with such high NEO concentrations in nature 
cannot be ruled out (Girolami et al., 2009). 

Furthermore, the tests relating to this study were conducted under 

laboratory conditions that were free of external threats such as tem-
perature fluctuations, the presence of multiple pesticides, other con-
taminants, or predators. Such combinations may amplify the effects of 
individual NEOs that were observed. In addition, even small develop-
mental defects or delays could have serious consequences for the sur-
vival of animals in nature. To test this hypothesis, field studies should be 
carried out to include natural conditions. 

Stability of IMD, TMX and CLO in solutions 

The NEOs used here were stable in the solutions under our laboratory 
conditions during the 14 days of incubation and light conditions cor-
responding to a natural day/night cycle. Lu et al. (2015) investigated the 
half-lives of these NEOs in surface waters at 50◦N latitude for spring, 
summer, autumn, and winter by sunlight on clear days. Depending on 
the season, the values varied from 0.36 to 2.22 days for IMD, from 0.20 
to 1.49 days for TMX and from 0.35 to 3.31 days for CLO (Lu et al., 
2015). The results of other studies indicate longer half-lives of NEOs 
(IMD: up to 20 days (Zheng and Liu, 1999); TMX: up to 29.2 days 
(Karmakar et al., 2009)) in aqueous solutions. This difference shows the 
dependency of the half-lives are on various factors such as solar radia-
tion, water temperature and pH value (Karmakar et al., 2009; Todey 
et al., 2018; Zheng and Liu, 1999). 

Different effects of IMD, TMX and CLO on embryo mobility and heart rate 

The fact that IMD leads to a reduction in mobility has already been 
substantiated in studies on other organisms across the phylogenetic tree, 
such as white-tailed deer (Odocoileus virginianus), freshwater shrimp 
(Neocaridina denticulata) or mayfly nymphs (Gammarus pulex) (Berheim 
et al., 2019; Roessink et al., 2013; Siregar et al., 2021). In our earlier 
studies, we demonstrated a reduction in the mobility of X. laevis embryos 

Fig. 7. Effect of IMD, TMX and CLO on the Cranial Nerve Development. A. Cranial nerves at stage 45. Dorsal views of IMD, TMX or CLO-treated embryos compared to 
control embryos at stage 45 made visible through 3A10 antibody staining. B. Measurement of cranial nerves at stage 45. Quantification of the ratios between the 
cranial nerve length to the root of the head area (yellow dotted circle in A) at stage 45 after an exposure of one to three embryo batches to IMD, TMX or CLO. 
Statistical evaluations of the lengths of N. opticus (pink dotted lines in A), N. trigeminus (blue dotted lines in A) and N. mandibularis (green dotted lines in A) are 
performed. C. Detailed structure of cranial nerves at stage 45. Dorsal overview and detailed imaging of 3D models of the stained cranial nerves are shown. Cranial 
nerves appear thinner and less structured after exposure to IMD, CLO and TMX. Abbreviations: IMD, imidacloprid; TMX, thiamethoxam, CLO, clothianidin; No, 
Nervus opticus; Nt, Nervus trigeminus; Nm, Nervus mandibularis; mg/L, milligram per liter; mm, millimeter; n, number of embryos analyzed. Statistics: The statistical 
evaluation always refers to the comparison of the respective exposure group (IMD, TMX, CLO) with the control group (without NEO). 
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after exposure to the NEOs thiacloprid (Flach et al., 2023b) and acet-
amiprid (Kerner et al., 2023) similar to IMD shown in our study here. In 
contrast to our results here, individual studies have shown that TMX and 
CLO effect mobility of rainbow trout embryos (Finnegan et al., 2017; 
Hayasaka et al., 2012). One possible explanation for the mobility effect 
of NEOs could be a neuronal transmitter imbalance caused by NEOs 
since an administration of CLO to the striatal regions of rats resulted in a 
release of dopamine (Faro et al., 2019). Various studies have further-
more shown that NEOs can lead to decreased acetylcholinesterase 
(AChE) activity, which results in a relative acetylcholine overdose 
(Jenkins et al., 2021). This condition could be associated with lower 
agility levels, which, as has been documented, is an aspect of the path-
ogenesis of akinetic Parkinsońs disease in humans (Győri et al., 2017; 
Jemec et al., 2007; Radwan and Mohamed, 2013). In addition, NEOs 
seem to have different effects on the neuronal transmitter release and 
enzyme activity depending on the dose. For example, lower doses of CLO 
(0.2 mg/L) increased the AChE levels in the liver of juvenile X. laevis. In 
contrast, 1 mg/L CLO decreased the AChE levels (Jenkins et al., 2021). 

The increased heart rate after an exposure to IMD and TMX is 
consistent with the results of previous studies analyzing the NEO thia-
cloprid in X. laevis (from 50 mg/L) (Flach et al., 2023b) or zebrafish 
embryos (1 mg/L) (Osterauer and Köhler, 2008). The change in the heart 
rate could be due to the fact that the metabolism is trying to eliminate 
the toxic substance (Osterauer and Köhler, 2008). The chemical rela-
tionship between IMD, TMX, and nicotine could be another reason for 
the increased heart rate since nicotine leads to the release of catechol-
amines. This, in turn, leads to vasoconstriction and an increased heart 
rate (Benowitz, 2009). In contrast, an exposure to CLO resulted in a 
decrease heart rate that was similar to the decrease previously shown in 
zebrafish in connection with an exposure to acetamiprid, which is a NEO 
as well (Ma et al., 2019). 

Effect of TMX on the body length of X. laevis 

The unchanged body length of X. laevis following exposure to IMD 
and CLO is consistent with studies on embryos of other frog species 
(Lithobates sylvaticus; Lithobates pipiens), sockeye salmon (Oncorhynchus 
nerka), and the larvae of northwestern salamanders (Ambystoma gracile) 
(Danis and Marlatt, 2021; Marlatt et al., 2019; Robinson et al., 2019). In 
contrast to the increased body length observed following exposure to 
100 mg/L TMX in our study, a previous study using TMX (0.01 to 100 
mg/L) on zebrafish showed no effects (Liu et al., 2018). A study on 
X. laevis at the pre-metamorphic stage described smaller embryos 
following an exposure to 20 mg/L CLO (Jenkins et al., 2021), which also 
differs from the results of this study. This suggests the importance of the 
timing and developmental stage at which NEO exposure occurs and 
offers a possible explanation for the difference between our findings and 
previous results. 

IMD, TMX and CLO effect eye development of X. laevis 

The compounds studied resulted in significantly smaller eyes. It has 

(caption on next column) 

Fig. 8. Effect of IMD, TMX and CLO on the Expression of the Cranial Placode- 
Specific Gene sox3. A. sox3 expression at stage 32. Lateral view of embryos after 
WMISH staining with the cranial placode-specific gene sox3 showing the epi-
branchial placodes VII (pink dotted line), IX (orange dotted line) and X (blue 
dotted line). B. Measurement of sox3 expression lengths at stage 32. Length 
measurement of the different epibranchial placodes of one embryo batch. IMD 
and CLO lead to changes in the length of eP X (blue arrowhead in A), and TMX 
to a shortening of eP IX (orange arrowhead in A). Abbreviations: IMD, imida-
cloprid; TMX, thiamethoxam, CLO, clothianidin; eP, epibranchial placode; mg/ 
L, milligram per liter; mm, millimeter; n, number of embryos analyzed. Sta-
tistics: The statistical evaluation always refers to the comparison of the 
respective exposure group (IMD, TMX, CLO) with the control group 
(without NEO). 
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previously been found that IMD has a negative effect on the eye devel-
opment of zebrafish embryos (Tǐsler et al., 2009) and that the NEOs 
thiacloprid and acetamiprid lead to smaller eyes in X. laevis embryos 
(Flach et al., 2023b; Kerner et al., 2023). At the molecular level, a 
reduced expression of pax6 due to IMD was found in chick embryos (Liu 
et al., 2016) and a reduced expression of rax due to the NEO thiacloprid 
in X. laevis embryos (Flach et al., 2023b). In this study, we did not detect 
any changes in the pax6 expression, but in the rax expression for all three 
NEOs. The reduced rax expression might correlate with the reduced area 
of the fully developed eyes at later stages. It is already known that the 
gene rax serves as an important transcription factor for the retinal and 
optic nerve development (Muranishi et al., 2012) and that a homozy-
gous mutation of rax results in anophthalmia in humans (Abouzeid 
et al., 2012). 

IMD, TMX and CLO lead to changes in neural tissue development 

Analyses performed on the brains of mice in previous studies have 
made it clear that orally administered TMX and CLO can reach the 
central nervous system (CNS) (Ford and Casida, 2006). Therefore, it is 
conceivable that these NEOs can damage brain functions and the 
development of the brain. Metabolic enzymes in the brain tissue of pre- 
metamorphotic X. laevis frog showed changes in activity after contact 
with CLO (Jenkins et al., 2021). The CNS tissues examined in this study 
were the cranial cartilage and cranial nerves, which showed severe ab-
normalities and structural changes after contact with each of the three 
NEOs. Both tissues develop from NCCs (Crane and Trainor, 2006). The 
NEO IMD (500 µM = approximately 0.0023 mg) affects the NCC 
development in chick embryos, a fact that aligns well with our findings. 
Exposure to IMD also resulted in craniofacial deformations of chick 
embryos (Wang et al., 2016), which is consistent with the deformation of 
the cranial cartilage of X. laevis in our study. Although WMISH did not 
reveal any relevant changes in the expression of the NCC-specific genes 
twist1 and egr2 in stage 23 embryos in our study, developmental 

abnormalities in the NCC formation may still be possible. 
Cranial nerves develop partly from NCCs and partly from cranial 

placodes (Schlosser and Northcutt, 2000). Approaches of WMISH per-
formed with the cranial placode-specific genes alcam and sox3 revealed 
molecular differences in placodes IX (TMX) and X (IMD and CLO). In 
particular, the two NEOs IMD and CLO caused a shortening of the optic 
and trigeminal nerves. Despite the effects on the placode development, 
the nerves that were measured following an exposure to TMX had not 
become shorter. This could be due to the difference between the plac-
odes that we analyzed molecularly and those from which the measured 
nerves developed. Another explanation is that the NEOs may not only 
have caused the shortening but also structural changes, which we cannot 
detect by measuring the length. The fact that NEOs can cause structural 
changes in the nervous tissue of marsh frogs (Rana ridibunda) has been 
substantiated (Çamlıca et al., 2019). 

Contact with IMD, TMX and CLO results in an abnormal cardiac 
development 

Various studies have shown that NEOs may influence the production 
of important enzymes necessary for the oxidative stress regulation such 
as superoxide dismutase, catalase or glutathione-s-transferase (Jemec 
et al., 2007; Malev et al., 2012; Qi et al., 2018). This can lead to mem-
brane defects, changes in gene expression, and cellular damage and 
thereby also cause edema, which were observed after an exposure to any 
of the three NEOs. Moreover, different studies have shown that NEOs 
can lead to structural changes in the heart in frog, zebrafish and chicken 
(Flach et al., 2023b; Gao et al., 2016; Kerner et al., 2023; Zhong et al., 
2021). 

In addition, TMX and CLO lead to significant changes in the mhcα 
expression. This observation suggests that the early negative effect of 
TMX and CLO on cardiac cell differentiation is one explanation for the 
altered cardiac development in X. laevis embryos. Mutations in MHCα 
have also been found in human patients with hypertrophic and dilated 

Fig. 9. Effect of an Exposure to IMD, TMX and CLO on the Development of Heart Edema in X. laevis. A. Heart edema at stage 44/45. Exposure to IMD (left column), 
TMX (middle column) and CLO (right column) led to the formation of heart edema (black arrowheads) at stage 44/45. B. Analysis of embryos with heart edema at 
stage 44/45. Statistical evaluation of embryos with heart edema from four independent embryo batches. Abbreviations: IMD, imidacloprid; TMX, thiamethoxam, 
CLO, clothianidin; mg/L, milligram per liter; n, number of embryos analyzed. Statistics: The statistical evaluation always refers to the comparison of the respective 
exposure group (IMD, TMX, CLO) with the control group (without NEO). 
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Fig. 10. Effect of IMD, TMX and CLO Exposure on the Heart Size of X. laevis. A. 
Isolated hearts at stage 44/45. Images of isolated hearts after an exposure to 
IMD (left column), TMX (middle column) and CLO (right column) compared to 
control hearts. Atria (pink arrowheads) and ventricles (turquoise arrowheads) 
appear wider. B. Measurement of atrium width at stage 44/45. Measurement of 
atrial width (pink dotted line in A) after IMD, TMX and CLO incubation. C. 
Measurement of ventricle width at stage 44/45. Measurement of the ventricle 
width (turquoise dotted line in A) was also performed. Abbreviations: IMD, 
imidacloprid; TMX, thiamethoxam, CLO, clothianidin; mg/L, milligram per 
liter; mm, millimeter; n, number of embryos analyzed. Statistics: The statistical 
evaluation always refers to the comparison of the respective exposure group 
(IMD, TMX, CLO) with the control group (without NEO). 

Fig. 11. Structural Analyses of X. laevis Cardiac Development after IMD, TMX 
and CLO Exposure. A. Heart morphology at stage 44/45. Ventral views of the 
hearts in the embryos from two embryo batches after Tnnt2 antibody staining at 
stage 44/45. The percentages stated indicate the proportion of embryos with an 
abnormal heart structure (IMD: control: 11.64 % of 52 embryos, 50 mg/L: 
78.00 % of 50 embryos, 100 mg/L: 86.36 % of 44 embryos; TMX: control: 
20.61 % of 58 embryos, 50 mg/L: 24.07 % of 54 embryos, 100 mg/L: 21.67 % 
of 60 embryos; CLO: control: 13.21 % of 53 embryos, 50 mg/L: 26.92 % of 52 
embryos, 100 mg/L: 54.35 % of 46 embryos). B. Detailed heart structure at 
stage 44/45. Detailed analysis of the heart structure of randomly selected em-
bryos using the confocal microscope. The sections and 3D models of the heart 
are shown for each NEO and each concentration. The heart muscle tissue ap-
pears deformed and less organized at higher NEO concentrations. Abbrevia-
tions: IMD, imidacloprid; TMX, thiamethoxam, CLO, clothianidin; a, atrium; v, 
ventricle; oft, outflow-tract; mg/L, milligram per liter; n, number of embryos 
analyzed. Statistics: The statistical evaluation always refers to the comparison 
of the respective exposure group (IMD, TMX, CLO) with the control group 
(without NEO). 
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cardiomyopathy, resulting in a decreased systolic pumping force and 
loss of ejection fraction (Granados-Riveron et al., 2010). This represents 
a possible explanation for the altered heart rate after an exposure to any 
of the three NEOs in this study. Further studies are needed to prove this 
hypothesis. Structural abnormalities in cardiac tissue associated with an 
altered heart rate could potentially be an indicator of heart failure 
accompanied by inadequate tissue perfusion and oxygenation. 

Possible relationship between the organ and tissue defects caused by an 
exposure to IMD, TMX and CLO 

The question arises as to whether there could be correlations be-
tween the different organ and tissue defects caused by an exposure to 
IMD, TMX or CLO. 

It is already known with regard to human diseases with complex 
symptoms that there can be links between craniofacial malformations 
and heart defects (e.g., Di George syndrome or CHARGE syndrome), eye 
development disorders (e.g., Waardenburg syndrome or Axenfeld- 
Rieger syndrome) or autonomic nervous system disorders (e.g. familial 
dysautonomia) (Vega-Lopez et al., 2018). All these syndromes belong to 
the large group of neurocristopathies caused by NCC development de-
fects (Vega-Lopez et al., 2018) including abnormalities of the eye 
(Williams and Bohnsack, 2015), the cranial cartilage/nerves (Le Douarin 
et al., 2007; Lee et al., 2003) and the heart (Cavanaugh et al., 2015). 
Since NEOs are already associated with NCC development defects 
(Cerrizuela et al., 2020) and we were able to detect defects in the cranial 
placode-specific gene expression as well, the effect of NEOs on the NCC/ 
cranial placode development may be a cause of the various defects in 
X. laevis. 

Another plausible correlation between the various changes would be 
the influence of oxidative stress, which can affect embryonic develop-
ment by impacting the gene expression and signaling as well as changes 
in the cell cycle (Dennery, 2007), as a result of which dysmorphia or 
edema could develop in various tissues. Several studies have already 
shown that NEOs influence enzymes that are important for the regula-
tion of oxidative stress (Jemec et al., 2007; Malev et al., 2012; Qi et al., 
2018). These results support the assumption that oxidative stress could 
be a cause for the different effects of NEOs in X. laevis. 

In addition, studies have already shown that embryos are more 
susceptible to harmful substances at early development stages (Ortiz- 
Santaliestra et al., 2006), which would further explain the wide-ranging 
effects of NEOs at this stage. This study showed that the structure and 
function of the heart were significantly altered after NEO exposure. 
These changes and functional limitations could have led to a general 
deficit of critical nutrients due to a lack of blood circulation in the or-
ganism and could thus also be an additional cause of the effects on the 
various organs and tissues. 

Conclusion 

A comparison of the three NEOs shows that IMD has the strongest 
effect on X. laevis embryogenesis, because an exposure to IMD leads to 

(caption on next column) 

Fig. 12. Molecular Basis of X. laevis Cardiac Development after Exposure to 
IMD, TMX and CLO. A. mhcα expression area at stage 28. Area of expression of 
the cardiac-specific gene mhcα at stage 28. The area of expression is shown in 
red. B. Measurement of mhcα area at stage 28. Statistical analysis of mhcα 
expression area after exposure to IMD, TMX and CLO. C. mhcα expression in-
tensity at stage 28. Ventral views of the intensity of mhcα expression at stage 28. 
The black arrowheads show a reduced intense expression after exposure to TMX 
and CLO. D. Measurement of mhcα intensity at stage 28. Normalized mean 
intensity of mhcα expression. Abbreviations: IMD, imidacloprid; TMX, thiame-
thoxam, CLO, clothianidin; mg/L, milligram per liter; mm2, square millimeter; 
n, number of embryos analyzed. Statistics: The statistical evaluation always 
refers to the comparison of the respective exposure group (IMD, TMX, CLO) 
with the control group (without NEO). 
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negative effects in all organs and tissues studied (eyes, cranial cartilage, 
cranial nerves, and heart). Most importantly, IMD leads to a drastic 
reduction in mobility up to complete immobility, which is a major 
problem in nature in terms of foraging and escape from predators. 

The NEO CLO particularly affects the development of the eyes, cra-
nial cartilage, and cranial nerves. The NEO TMX does not affect the 
cranial cartilage and nerves as much, but it has a greater effect on the 
heart development than CLO. Especially interesting is the fact that 
although CLO is a metabolite of TMX, the two substances are not very 
similar in their effects. This underscores the fact that metabolites of 
pesticides pose a risk to the environment in their own right and should 
therefore also be taken into account in the registration of compounds. 

Thus, the effects of TMX and CLO compared to IMD are not only 
different, but in some respects even opposite to each other, suggesting 
different modes of action that should be clarified in the future, with 
considerations in aquatic species of life stage, NEO concentration, and 
exposure duration. 

Since there are strong effects on the development of the X. laevis, a 
strict and frequent monitoring of pesticide levels, and those of their 
metabolites, in the environment would provide important environ-
mental benchmarks. 
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