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ABSTRACT 

Michel, S.R. Evaluating the neurobehavioral toxicity of the neonicotinoid pesticide, 
thiamethoxam, in two fish species. MS in Biology, May 2021, 40pp. (T. King-Heiden) 

 

Thiamethoxam (TM) is a commonly used neonicotinoid pesticide that acts as a nicotinic 
acetylcholine receptor (nAChR) agonist. TM has been detected in surface waters at levels 
above aquatic life benchmarks and has raised concerns about its potential toxicity to fish. 
To address these concerns, the effects of chronic exposure to environmentally relevant 
concentrations of TM were determined in two fish species. Acute and chronic exposures 
to 0.02-163 µg TM/L were conducted in embryonic- and larval-stage fathead minnows 
and in embryonic-stage zebrafish. Endpoints to assess health and neurotoxicity were 
monitored throughout the duration of the exposure, including survival, hatching, foraging 
efficiency, embryonic motor activity, and predator escape behavior. TM-exposed fathead 
minnows experienced reductions in survival, changes to embryonic motor activity, and 
altered predator escape behavior while TM-exposed zebrafish embryos experienced 
reduced hatching rates and changes to the predator escape behavior. Lastly, molecular 
modeling was used to gain preliminary insight on the interactions of TM with the nAChR 
between organisms. While TM does not target fish, they still experience effects as a result 
of TM exposure. Taken together, this research indicates that further investigation of the 
effects of TM on fish is necessary to determine the impacts of this prevalent pesticide on 
the health of aquatic ecosystems. 
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CHAPTER I: EMBRYONIC AND LARVAL EXPOSURE TO THIAMETHOXAM 

IN FATHEAD MINNOWS DECREASES SURVIVAL AND ALTERS 

EMBRYONIC MOTOR ACTIVITY AND PREDATOR ESCAPE BEHAVIORS 

 
 

Introduction 

Neonicotinoid pesticides are a modern class of insecticide that in the past two 

decades have become the most commonly used class of pesticide worldwide (Goulson 

2014; Simon-Delso et al. 2015). Neonicotinoids were designed to act as insect nicotinic 

acetylcholine receptors (nAChRs) agonists, specifically targeting the α4β2 subtype 

located in the brain (Goulson 2014; Simon-Delso et al. 2015; Tomizawa and Casida 

2005). The over-activation of the nAChR eventually leads to paralysis and death 

(Goulson 2014). Since neonicotinoids have a low affinity for vertebrate nAChRs, they are 

less toxic to vertebrates (Simon-Delso et al. 2015), having an LD50 of 912 mg/kg in rats 

(Tomizawa and Casida 2003) compared to an LD50 of 2.0 mg/kg in insects (Tomizawa 

and Casida 2005). The unintended consequences of these pesticides to non-target species, 

such as impaired foraging behaviors, homing failure, and death of honeybees, revealed 

their potential large-scale impacts to ecosystem structure and function by directly or 

indirectly impacting non-target species (Chagnon et al. 2015; Gibbons et al. 2015; 

Goulson 2014; Henry et al. 2012; Lundin et al. 2015). 

Newly implemented monitoring programs suggest that aquatic species may also 

be at risk from exposure to neonicotinoid pesticides (Anderson et al. 2015; Sánchez-Bayo 

et al. 2016). Neonicotinoids are relatively water-soluble (4.1 g/L) and have the ability to 

leech into nearby bodies of water (Armbrust and Peeler 2002; Canadian Council of 



  2 

Ministers of the Environment (CCME) 2007; European Food Safety Authority (EFSA) 

2008; Tišler et al. 2009; Tomizawa and Casida 2005). One study reported that 

neonicotinoid pesticides were found in 53% of 38 stream sites across the U.S. (Hladik 

and Kolpin 2016), with three neonicotinoids imidacloprid, clothianidin, and 

thiamethoxam being most frequently detected in the U.S. and world-wide (Borsuah et al. 

2020; Main et al. 2014; Morrissey et al. 2015; Schaafsma et al. 2015). Despite the fact 

that vertebrates are considerably less sensitive to neonicotinoids, there is some evidence 

that prolonged exposure to sublethal concentrations can have both direct and indirect 

impacts on fish (Cox 2001; DeCant and Barrett 2010; Gibbons et al. 2015; Yamamuro et 

al. 2019). Information regarding the sublethal toxicity of second-generation 

neonicotinoids like thiamethoxam to fish is particularly lacking (Anderson et al. 2015). 

Thiamethoxam (TM) is a second-generation neonicotinoid pesticide that is 

increasingly detected in surface waters worldwide. Sampling across the U.S. found TM 

present in 21% of samples at concentrations up to 190 µg/L (Hladik and Kolpin 2016). 

Studies that examine the toxicity of TM in fish are limited, as fish are not likely to show 

overt toxic responses due to exposure to TM at environmentally relevant concentrations.  

The 96h LC50 (lethal concentration for 50% of the animals) values for bluegill sunfish 

(Lepomis macrochirus) and rainbow trout (Oncorhynchus mykiss) are greater than 100 

mg/L (Barbee and Stout 2009; Finnegan et al. 2017) and the LOEC (lowest observable 

effect concentration) values for rainbow trout (Oncorhynchus mykiss) and Chinese rare 

minnow (Gobiocypris rarus) were estimated to be greater than 100 mg/L (Finnegan et al. 

2017; Zhu et al. 2019). Minimal chronic toxicity data are available for TM to establish 

risk for adverse health effects.   
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While very little is known about the potential risks that TM poses to fish, exposure to 

other neonicotinoids and pesticides with similar mode of actions has been linked to 

decreased length and weight (DeCant and Barrett 2010), oxidative stress (Tian et al. 

2020; Vieira et al. 2018), changes to male reproductive structures (Lauan 2007; Ocampo 

and Sagun 2007), and decreased ability to fight parasitic infections (Sánchez-Bayo and 

Goka 2005). Exposure to TM has shown to cause altered activity levels (Liu et al. 2018), 

oxidative stress (Yan et al. 2016), damage to liver function and tissue (Stoyanova et al. 

2016; Zhu et al. 2019), and changes to gene expression in the HPG and HPT axes in fish 

(Zhu et al. 2019). One chronic study suggests that in rainbow trout, the NOEC for 

mortality following early life exposure would be 20 mg TM/L (Finnegan et al. 2017); 

however, it should be note that this exposure was not a continuous renewal. In adult 

Chinese rare minnow, exposure to 50 µg TM/L for 90 days caused liver damage, delayed 

gonad development and impaired growth, with disruption of endocrine signaling 

following exposure to as low as 5 µg TM/L (Zhu et al. 2019). Other insecticides with 

neurotoxic modes of action have been linked to altered behaviors associated with 

recruitment success at concentrations well below the projected LC10 value (Beauvais et 

al. 2000; Beggel et al. 2010; Gibbons et al. 2015). At least one study also suggests that 

TM can alter swimming activity in larval fish (Liu et al. 2018).  

Behavioral responses such as hatching, foraging for food, and avoidance behaviors 

encompass integrated physiological responses that can serve as indicators of the 

ecological consequences of chronic exposure to sublethal concentrations of an 

environmental contaminant.  Given the mode of action for TM and the role of the nAChR 

in coordinating such behavioral responses, assessing the effects of TM on fish behavior 



  4 

and health is important in determining the potential risks that TM poses to wild fish 

populations. The over-arching goal of this work was to address the current gap in 

knowledge of potential neurobehavioral alterations in fish caused by exposure to 

sublethal concentrations of TM. We used fathead minnows (Pimephales promelas) to test 

the hypothesis that acute exposure to TM can activate the nAChR and activate embryonic 

motor activity, and that chronic exposure to environmentally relevant concentrations of 

TM has the ability to alter various behaviors in larvae by over-activating the nAChR. 

Additionally, we sought to determine whether age at exposure influenced the type and 

extent of effects caused by chronic TM exposure. 

Materials and Methods 

Chemicals 

Thiamethoxam (TM) (>99% purity) and nicotine (>99% purity) were obtained 

from Sigma-Aldrich, Inc. TM and nicotine dosing solutions were prepared through serial 

dilution by diluting stock solutions with moderately hard fathead minnow culture water 

(hardness, pH, US EPA 2006). Thiamethoxam concentrations were chosen to include a 

concentration below documented concentrations in the environment (0.02 ug/L), 

environmentally relevant concentrations (0.2, 2 and 20 ug/L), and concentrations similar 

to highly contaminated areas (200 µg/L).  Nicotine concentrations (of 0, 0.49, 4.9, 49, 

490, and 4900 µg/L) were chosen to encompass concentrations used in zebrafish studies; 

acute exposure to as low as 162 µg/L has been shown to activate nAChR in zebrafish 

(Thomas et al. 2009). 

TM dosing solution concentrations were confirmed to be 0.02, 0.16, 1.57, 14.61, 

and 155 µg/L for embryonic exposures and 0.05, 0.13, 1.32, 12.55, and 137 µg/L) for 
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larval exposures, with 26% relative standard deviation (RSD) by the Lumigen Instrument 

center at Wayne State University through the use of high-performance liquid 

chromatography with tandem mass spectrometry (HPLC/MS/MS). Samples of dosing 

solutions were collected for each replicate experiment. Calibrated micropipettes were 

used to add 1485 µL of each dosing solution sample to 2 mL amber glass autosampler 

vials along with 15 uL of 1 μg/mL internal standard. Vials containing samples were 

frozen at -20ºC until analysis was conducted. 

Test Species and Animal Protocols 

 All animal husbandry and experimental procedures were approved by the UWL 

Animal Care and Use Committee (Protocol Number: 3-19).  Fathead minnow 

(Pimephales promelas) embryos on substrate were obtained from the Wisconsin State 

Laboratory of Hygiene (Madison, Wisconsin). Preparation of moderately hard culture 

water and general fish husbandry followed established protocols by the US EPA (2006) 

and OECD (Organisation for Economic Co-operation and Development 2012). Fish were 

maintained at 25ºC with a 16-hour light cycle. Embryos were carefully rolled off of tiles 

with a gloved finger and rinsed with 0.9% HOOH for 10 minutes. Embryos were then 

sorted under a dissecting microscope to collect only embryos between the flat blastula 

and early gastrula stages for embryonic exposures. Remaining fish were raised until 

hatched for larval exposures. All behavioral observations described below were 

conducted blind with respect to treatment group.  

Effects on Motor Activity Following Acute Activation of the nAChR  

In zebrafish, acute exposure nicotine concentrations as low as 0.09 µg/L 

stimulates motor activity, indicating activation of the nAChR, while exposure to  ≥0.20 
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µg/L nicotine causes paralysis (Svoboda et al. 2001; Thomas et al. 2009). To establish 

that this reaction also occurs in fathead minnows, embryos (8-10 per well) were placed in 

2 mL of standard culture water.  At 3 days, fish were acclimated for 1 minute under the 

dissecting microscope, after which a 3-minute video was recorded by a Nikon 80i camera 

(Nikon Instruments, Inc., Mellville, NY, USA) set at maximum speed, accompanied by 

the NIS elements software. The first minute established baseline activity after which the 

appropriate concentration of nicotine solution was delivered to each well to produce the 

target concentrations (0, 0.49, 4.9, 49, 490, and 4900 µg/L). Videos were recorded in 

cycles for all experiments (1 well/concentration/cycle) to eliminate possible variability as 

a result of time differences. Video analysis was performed blind by counting movements 

per minute separately in the first 1.5 minutes, the second minute, and up to 1 minute after 

the addition of the nicotine solutions. If no movements were observed within the first 

minute (baseline activity), data were excluded (n=8-10/well; 4 wells/dose across 2 

replicate experiments, total n=64-80/concentration).  

The same experimental design was used to determine whether acute exposure to 

TM alters embryonic motor activity of fathead minnows, indicating activation of the 

nAChR. Experimental design and preparations were performed as described above and 

target TM concentrations were 0, 0.02, 0.2, 2, 20, and 200 µg/L (n=8-10/well; 4 

wells/dose across 2 replicate experiments; total of n=64-80/concentration).  
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Effects of Chronic TM Exposure to Fathead Minnow Embryos and Larvae 

 A summary of the experimental design is presented in Figure 1. For embryonic 

exposures, eggs were placed into wells of a 24-well cell culture plate containing 1 mL of 

dosing solution (8-10 embryos per well) which was replaced daily (100% renewal). After 

≥ 80% embryos had hatched (~4-5 days), larvae and unhatched embryos from each well 

were transferred to 50 mL glass beakers containing 27 mL of the appropriate treatment 

solution.  Embryonic exposures consisted of 4 exposure groups per dose (10 fish per 

group), with 3 replicate experiments for a total of n=12 per concentration. Larval 

exposures were similarly conducted by placing freshly hatched larvae (~4-5 days old) 

into 50 mL glass beakers containing 27 mL of appropriate treatment solution. Larval 

exposures consisted of 4 exposure groups per dose (10 fish per group), with 4 replicate 

experiments for a total of n=16 per concentration. After the 8-day exposure periods in 

both embryonic and larval exposure tests, larvae were raised an additional 13 days in 1 L 

glass beakers containing 500 mL pesticide-free culture water with 50% daily water 

renewal to allow for depuration.  

 
 Figure 1. Summary of fathead minnow experimental design. Chronic exposure periods 
(8 days) are indicated by solid bars and depuration periods are denoted by dotted lines. 
Endpoints assessed throughout the experiment are marked.  
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Impacts on Survival, Development, and Growth  

Survival, hatching, and general health were observed daily throughout the TM 

treatment period and through depuration. Length of a subset of fish (day 8: n=4-

10/concentration with 2-3 experiments, total n=8-12) was determined at 8 and 21 days 

using the software, ImageJ (National Institute of Health and Laboratory for Optical and 

Computational Instrumentation, Madison, Wisconsin, USA) from videos recorded for 

behavioral analyses (described below) by calculating the distance between the tip of the 

nose and end of the tail (mm).  

Impacts on Motor Activity 

Embryonic motor activity following chronic exposure to TM was assessed as 

described above. Videos of each well containing embryos were taken under a dissecting 

microscope with a Nikon 80i camera (Nikon Instruments, Inc., Mellville, NY, USA) set 

at maximum speed, accompanied by the NIS elements software. Each well was placed in 

the camera frame and was allowed 1 minute for acclimation under the microscope. 

Fathead minnows were recorded for 1 minute. Videos were recorded in cycles for all 

experiments (1 well/concentration/cycle) to eliminate possible variability as a result of 

time differences. Video analysis was performed blind by counting the number of motor 

movements for each fish, characterized by tail and/or body movement, occurring within 1 

minute (n=8-10/well; 4 wells/dose across 3 replicate experiments for a total n=96-

120/concentration). 

Impacts on Predator Escape Response 

On the 8th day of TM exposure and on day 21 following 13-16 days of depuration, 

depending on age at exposure, predator escape activity was assessed following methods 
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described by McGee et al. (2009).  A Nikon SMZ800 dissecting microscope (Nikon 

Instruments, Inc., Mellville, NY, USA) with an attached Photron camera (Photron, San 

Diego, CA, USA) set at 1000 frames/s (fps) was used to capture the predator escape 

response following vibrational stimulation. An attachable ring-light and a two-headed 

external light source were placed as to increase viewing ability and minimize glare. The 

software program, Photron FASTCAM Viewer, was used for video recording and 

processing. In place of the glass base piece of the microscope was a plate connected 

containing a 1 mm x 1 mm visual grid, all connected to a vibrational stimulus plate. A 

trigger simultaneously activated video recording to begin and a motile region of the base 

to deliver vibrational stimulus. Individual subsampled larvae (n=4-10/concentration with 

2-3 experiments, total n=8-12) were placed in a small glass dish (~3 cm diameter) with 1-

2 mL of pesticide-free culture water. Dishes with one larva each were individually placed 

under the microscope and allowed to acclimate for 1 minute. The trigger was then 

pressed to deliver the stimulus and record the predator escape response. If no response 

was observed after two deliveries of the stimuli, a new larva from the same concentration 

was subsampled and tested instead. Videos were recorded in cycles for all experiments (1 

larva/TM concentration/cycle) and recording was performed mid-morning, not extending 

into the late afternoon. Analysis of each video was performed blind using the ImageJ 

software (National Institute of Health and Laboratory for Optical and Computational 

Instrumentation, Madison, Wisconsin, USA) and methods described by Diamond et al. 

(2016). The distance between the tip of the nose and end of the tail was measured to 

obtain the length, which was used for speed calculation and a general health indicator. 

Additionally, latency (time between stimulus and response), burst speed (speed of initial 
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40 ms of response, corrected for individual length), and total escape response 

(combination of latency and burst speed) were among the parameters analyzed. 

Impacts on Foraging Efficiency 

Foraging efficiency was assessed, using methods described by Wirt et al. (2018) 

and Ward et al. (2017) at 21 days. Randomly selected and starved (~24 hours) individual 

subsampled larvae (n=4 per concentration from one experiment) were placed in shallow 

glass dishes (8-10 ml volume) with 6-8 mL of culture water and allowed to acclimate for 

at least 1 minute. 15 ± 1 live 2-day-old shrimp (Artemia) were administered into the 

dishes and larvae were allowed to eat for 1 minute. Larvae were then anesthetized using 

buffered MS-222 (tricaine methanesulfonate), according to OECD (Organisation for 

Economic Co-operation and Development 2012), EPA (2006), and IACUC guidelines. 

Larvae were removed and remaining brine shrimp were counted and subtracted from the 

initial number of brine shrimp to yield the number eaten.  

Data Analysis 

All data analyses were conducted using IBM’s SPSS software (IBM Corp, Armonk, 

NY, USA). Survival data were analyzed using a Kaplain-Meier survival analysis with 

Gehan-Breslow significance test. All other experimental data, including hatching, length, 

embryonic motor activity, feeding efficiency, and predator escape activity parameters, 

were analyzed using one-way analysis of variance (ANOVA) with Tukey’s post-hoc tests 

at 95% confidence. The proportions of affected samples, characterized by values outside 

of the control mean ± 1 SD, were also calculated and the Fisher’s Exact Significance Test 

was conducted to determine whether values fell outside of the control mean ± 1 SD in 
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some groups more frequently than others. The control mean ± 1 SD was termed the 

control threshold going forward.  

Results 

Effects on Motor Activity Following Acute Activation of the nAChR 

Fathead minnow embryos spiked with 49 µg/L nicotine (positive control) 

experienced increased movements compared to the control by 15.0 movements/min, on 

average (Figure 2A). Embryos spiked with 490 and 4900 µg/L nicotine displayed average 

decreases of 13 and 15 movements/minute compared to the control, respectively (Figure 

2A, P<0.001). Additionally, nicotine spiking induced paralysis in two treatment groups, 

including embryos spiked with 490 and 4900 µg/L, which displayed 65% and 100% 

paralysis, respectively (Figure 2B, P<0.001). 

 Fathead minnow embryos spiked with TM did not experience changes to 

embryonic motor activity. Embryos spiked with 200 µg/L experienced the highest 

average increase in differential compared to the control, having a differential increase by 

3.3 movements per minute (Figure 2C, P=0.527). No paralysis was observed in any of the 

treatment groups. 
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Figure 2.  (A) Differential embryonic movements and (B) percent paralysis of fathead 
minnow embryos spiked with varying concentrations of nicotine (positive control) (n=3-
7/concentration). (C) Differential movements of fathead minnow embryos spiked with 
varying concentrations of TM (n=64-80/concentration). Letters denote significance 
based upon one-way ANOVA and Tukey’s post-hoc tests. Concentrations of nicotine 
and TM were not confirmed for this study; therefore, concentrations are nominal.  

A) 

B) 

C) 
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Impact on Survival in Fathead Minnows 

While chronic exposure to ≥1.57 µg TM/L beginning at embryonic stages 

impaired survival in fathead minnows by approximately 12% on average (Figure 3A, 

P<0.001), exposure to TM beginning at later stages of development did not result in 

significant mortality (Figure 3B, P=0.743). 

 

 
Figure 3. Gehan-Breslow survival analysis of fathead minnows exposed to varying 
concentrations of TM beginning at the (A) embryonic life stage and (B) larval life stage. 
Dotted boxes indicate TM exposure periods. Asterisks indicate that groups differed 
significantly from the control in pairwise comparisons, according to one-way ANOVA 
and Tukey’s post-hoc tests.  
 

A) 

B) 
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Hatching Rate Unaffected  

Hatching success was not significantly affected by TM exposure (Figure 4, 

P=0.056); however, there was dose-response trend suggesting a potential delay in 

hatching. At day 6, 13-22% fewer embryos exposed to ≥ 0.16 µg TM/L hatched 

compared to control fish. By day 7, hatching success improved with treated fish showing 

only 5-19% fewer hatched fish compared to control fish (Figure 4). 

No Impacts on Health or Growth  

No signs of impaired health were observed (e.g., signs of edema, gross 

morphological malformations or alterations in behavior).  Length was not impacted by 

chronic TM exposure immediately after exposure or at 21 days compared to the control 

Figure 4. Percent hatched of fathead minnow embryos after 6 days (light grey) and 7 
days (dark grey) of chronic TM exposure. No groups differed from one another at 
either day, according to the one-way ANOVA test. 
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(Embryonic 8 day P=0.950; Embryonic 21 day P=0.063, n=11/concentration; Larval 8 

day P=1.00 ; Larval 21 day P=0.305 , n= 4-18/concentration). 

Increased Embryonic Motor Activity  

 Embryonic motor activity was increased following chronic TM exposure to 155 

µg TM/L by an average of 3.3 movements/minute (32%) compared to the control in 

fathead minnows (Figure 5, P=0.002). Embryonic motor movements in all other TM 

treatment groups did not differ from the control. While 18-33% of fish exposed to TM 

showed altered motor activity, compared to only 8% of control fish, overall motor 

activity was highly variable and therefore, no impact could be discerned. No evidence of 

paralysis was observed.  

 

 
Figure 5. Movements/minute of fathead minnow embryos chronically exposed to 
varying concentrations of TM (n=99-111/concentration). Letters denote significance 
based upon one-way ANOVA and Tukey’s post-hoc tests. The proportion of the fish 
that fell outside of the control threshold is indicated for each treatment group.  
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Effects on Predator Escape Response 

Embryonic exposure to TM did not alter the predator escape response in fathead 

minnows at 8 dpf nor at 21 dpf. Latency (P=0.313) and burst speed (P=0.292) were not 

altered; however, 58% of fish exposed to 14.51 µg TM/L had total escape responses that 

were outside of the control threshold compared to those in the control group (Figure 6, 

P=0.027). Following depuration, there was a difference in latency between treatment 

groups, but Tukey’s post-hoc tests revealed that no groups differed significantly from the 

control (P=0.044).  

 

 
Figure 6. Mean total escape response of fathead minnows at 8 days across embryonic-
stage TM treatment groups (n=15 concentration). Letters denote significance based 
upon one-way ANOVA and Tukey’s post-hoc tests. Percent values indicate the 
proportion of the samples that fell outside of the control threshold, with bold 
percentages indicating significant difference compared to the control, according to 
Fisher’s Exact Significance Test. 
 

a 
a 

a a 

a 
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Larval exposure to TM was linked to an increased latency period of the predator 

escape response at 8 days in larvae exposed to 0.13 µg TM/L. The mean latency of larvae 

exposed to 0.13 µg TM/L was 122.6 ms longer than the control (Figure 7, P=0.010). No 

other predator escape parameters in the TM treatment groups differed from the control at 

8 days (burst speed P=0.980; total escape response P=0.067). No parameters of the 

predator escape response of fathead minnows at 21 days were impacted by TM exposure 

(latency P=0.631; burst speed P=0.189; total escape response P=0.755).  

Figure 7. Mean latency of the predator escape response of fathead minnows after 8 
days of larval exposure to varying concentrations of TM (n=8-18/concentration). 
Letters denote significance based upon one-way ANOVA and Tukey’s post-hoc tests. 
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No Impacts on Foraging Efficiency 

Foraging efficiency of fathead minnows, measured by the proportion of brine 

shrimp eaten, was not impacted by chronic exposure to TM following exposure at either 

life stage. Mean feeding behavior did not differ between embryonic treatment groups 

(P=0.689), even though 100% of embryos exposed to 14.61 and 155 µg TM/L had values 

outside the control threshold. However, Fisher’s Exact Significance Tests also did not 

report significant differences from the control (P=0.333). Additionally, foraging 

efficiency after larval stage TM exposure was decreased by 6.7-42%, on average in 

experimental groups compared to the control, but did not differ between groups (Figure 

8, P=0.088). Fisher’s Exact Significance Tests did not report any differences between 

groups.  

 

 
Figure 8. Mean percentage of brine shrimp eaten at 21 days by fathead minnows after 
larval stage exposure to TM (n=4/concentration). Letters denote significance based 
upon one-way ANOVA and Tukey’s post-hoc tests and percentages indicate the percent 
of each group that fell outside of the control threshold.  
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Discussion 

While thiamethoxam should pose minimal threat to fish, previous work has 

focused on adverse effects associated with overt toxicity.  Neurobehavioral alterations 

caused by chronic exposure to sublethal concentrations of TM or other neonicotinoids has 

received minimal empirical study, and the potential persistent impacts on behavior are 

largely unknown.  Here we show that acute exposure to TM does not alter embryonic 

motor activity, but chronic exposure to environmentally relevant concentrations results in 

mortality and alterations in embryonic motor activity and the predator escape response.   

Acute Nicotine Exposure Stimulates Embryonic Motor Activity, Unlike Acute TM 

Exposure  

Embryonic motor activity is an easily measured parameter that can indicate 

activation of the nAChR, and altered neuromuscular functioning in early-stage fish 

embryos (Fraysse et al. 2006; Papke et al. 2012; Thomas et al. 2009). As has been shown 

in zebrafish (Thomas et al. 2009), our results indicate that acute exposure to low 

concentrations of nicotine lead to increased motor activity in fathead minnows, while 

exposure to higher concentrations resulted in reduced motor activity and paralysis. This 

dose-dependent hyper- and hypoactivity has previously been identified in fish exposed to 

other neurotoxicants (Tierney 2011). Additionally, the finding that acute TM exposure 

did not significantly alter embryonic motor activity aligns with the expected low affinity 

of TM for the nAChR in vertebrates (Tomizowa and Casida 2003). 
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Chronic Exposure to Sublethal Concentrations of TM Results in Mortality, but Not 

Teratogenic Effects 

Although the LD50 for TM in fish has been previously defined as >100 mg/L , the 

present study has revealed a non-monotonic dose response in survival of fathead 

minnows after chronic exposure at the embryonic stage, but not at the larval stage 

exposure. The decrease in embryonic survival at the three highest doses (1.57, 14.61 and 

155 µg TM/L) reveals that fathead minnows may be at risk of individual mortality. The 

risk quotient (RQ) range, based on detected TM concentrations in Wisconsin (2018) and 

in the U.S. (Hladik and Kolpin 2016) sampling studies, was calculated to be 0.036 (low 

risk) to 121 (high risk), based on parameters described by Hernando et al. (2006) and 

Verlicchi et al. (2012). In natural habitats, increased mortality of early-stage fish may 

affect recruitment and population sizes, as seen in marine fish populations (Garrido et al. 

2015).  

The decrease in survival seen after embryonic exposure but not larval exposure 

presents implications for toxicity testing. Standard chronic toxicity tests using fathead 

minnows vary in which life stages tests begin. Early-stage tests recognized by the U.S. 

EPA, such as the short-term lethality test, begin post-hatch, while others, like the 7-day 

and 30-day partial life cycle tests, begin at the embryonic stage (Ankley and Villeneuve 

2006). The present results indicate that different life stages may be more sensitive than 

others to TM exposure and that time of exposure may impact the types of effects seen. 

Therefore, when assessing toxicity of TM in laboratory and natural habitat settings, it is 

beneficial to consider the life stage at which exposure begins.  
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Surviving fish showed no signs of overt toxicity or significant differences in 

length. No impacts on length were expected, since TM isn’t thought to cause 

developmental effects (Gibbons et al. 2015). Notedly, embryos in the two highest TM 

treatment groups experienced at least a 10% decrease in survival by 5 dpf, while all other 

groups remained above 90% survival at least until 12 dpf. It is possible that the most 

severely affected larvae in those groups experienced mortality before any physical or 

behavioral endpoints were assessed, thus, resulting in insignificant statistical tests.  

Chronic Exposure to Sublethal Concentrations of TM Alters Motor Activity but 

Does Not Impact Hatching Success  

Embryonic motor activity has been previously used as an indicator for nAChR 

stimulation, and thus, neurotoxicity in fish (Thomas et al. 2009). Chronic exposure to 155 

µg TM/L was found to increase embryonic motor activity in fathead minnows, which 

indicates possible activation of the nAChR by TM. Previous studies have identified 

altered notochord development after nicotine-induced nAChR activation (Parker and 

Connaughton 2007) and multi-season changes to growth and protein content in fish 

experiencing increased embryonic motor activity (Ninness 2006). Taken together with 

previous literature, these findings suggest that changes to embryonic motor activity due 

to exposure to high concentrations of TM could also lead to teratogenic effects in fathead 

minnows at early embryonic stages.  

Hatching is a fairly complex process, which requires the coordination of 

enzymatic secretion and motor activity to occur (Fraysse et al. 2006; Miller et al. 2009). 

Embryonic motor activity is known to increase in intensity before hatching occurs to help 

with the process of escaping the thinning chorion (Woynarovich and Horváth 1980). 
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Since fathead minnows experienced increased motor activity after chronic TM exposure, 

it was expected that hatching would also be affected in embryos with increased motor 

activity, but this was not supported by collected data. In fathead minnows, a negative 

trend in hatching was noted after 6 days of exposure and was near statistical significance, 

but the trend disappeared by day 7, revealing a possible hatching delay. Although the 

change to motor activity after TM exposure was not associated with an overtly toxic 

response, it is possible that it had a slight impact on hatching at one time point. In natural 

fish habitats, the timing at which hatching occurs is crucial for growth, development, and 

survival in the first year of life (Divino and Tonn 2007; Moravek and Martin 2011; 

Simonin et al. 2016). Therefore, even slight changes to hatching timelines as a result of 

toxicant exposure could pose threats to early-stage fish. 

Predator Escape Behaviors 

The predator escape response is a reflexive and innate behavior that occurs 

through the detection of water flow at the lateral line, which allows larvae to escape 

predators (McGee et al. 2009; McHenry et al. 2009). Changes to predator escape 

behaviors in response to toxicant exposure can indicate neurotoxicity, as demonstrated in 

larval frogs and zebrafish exposed to another neonicotinoid, imidacloprid (Crosby et al. 

2015; Lee-Jenkins and Robinson 2018). The changes seen in the total escape response 

and latency parameters after embryonic and larval stage exposure to TM, respectively, 

indicates that complex behaviors such as predator escape may also be affected by chronic 

exposure to sublethal concentrations of TM. The lack of effects to predator escape 

behaviors seen at 21 days (after depuration) revealed that the effects of TM are not 

permanent. 
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Chronic Exposure to Sublethal Concentrations of TM Does Not Alter Foraging 

Efficiency in Fathead Minnow Larvae 

 Feeding is an important behavior in fish larvae, especially during and immediately 

following the crucial transition from receiving nutrients from the yolk to foraging and 

capturing food in the environment (Jaroszewska and Dabrowski 2011). Foraging requires 

the integration of sensory signals (visual and olfactory) to elicit a motor response, 

mediated by spinal motor circuits (Gahtan et al. 2005). Impacts of a potential toxicant on 

any aspect of feeding behavior in fish larvae may impact their ability to survive in their 

natural habitat. Foraging efficiency may also act as an indicator for development, since 

underdeveloped fish have been known to delay full reliance on foraging to continue yolk 

nutrient absorption (Jaroszewska and Dabrowski 2011). However, the current study 

found that chronic TM exposure does not impact foraging behavior in fathead minnows 

after depuration. Similar to the pattern of impacts seen on predator escape behavior, it is 

possible that foraging efficiency could be affected at earlier timepoints than were 

assessed in the present study and as seen in the predator escape behavior, larvae may be 

able to recover foraging efficiency after depuration from TM occurs.  

How Age at Exposure Impacts Sublethal Toxicity of TM 

 It should be noted that effects resulting from TM exposure differed between the 

two exposure periods. General variation between the age at exposure was not surprising, 

since it is known that fish are often more vulnerable to toxicants at certain early life 

stages. However, the diversity in response among the endpoints between the two age 

groups was not expected.  While exposure beginning at the earliest stages of development 

reduced survival, other behavioral impacts were not observed. Exposure at the later, 
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larval stage, was linked to some behavioral impacts, but not survival. In addition, the 

sometimes large standard error values indicate that some individuals were largely 

impacted while others were impacted more subtly. The varied results, like those reported 

in the current study, are commonly seen when studying the impacts of exposure to 

sublethal concentrations of toxicants on complicated physiological responses. 

Conclusions 

 Chronic exposure to TM may cause sublethal neurotoxic effects and impacts on 

survival in fathead minnows. While further studies are needed to better clarify what 

NOEC and LOEC values are for TM, our work suggests that physiological and 

behavioral changes occur at concentrations well below a projected LC10 value. The risk 

quotient (RQ), calculated based on concentrations detected in Wisconsin (DATCP 2018) 

and our NOEAC of 14.61 µg TM/L for neurobehavioral alterations, offers insight to 

environmental risks. Surface waters with concentrations below 1.5 µg TM/L would pose 

low risk, concentrations between 1.5 to 14.61 µg TM/L would pose medium risk, and any 

concentrations >14.61 µg TM/L would cause high risk of altering behaviors that could 

impact fish living in surface waters. Overall, we observed adverse organism-level effects 

after chronic TM exposure at relatively low concentrations. Our work reveals the 

necessity for a more integrated approach to standard toxicity assays, which would include 

new physiological and behavioral indicators. New indicators would allow for organism-

level impacts to be taken into account when assessing risk at the population- and 

ecosystem-levels, as previously described by several authors (Cooke and O’Connor 2010; 

Cooke et al. 2013; Horodysky et al. 2015; Moyano et al. 2020).  
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Supplemental Data 

Supplemental Table 1. Mean values of predator escape response parameters measured at 
8 days.   
________________________________________________________________________ 
 Latency  Burst Speed  Total Escape Response 
 (ms ± SE) (BL/ms ± SE) (BL/ms ± SEM) 
________________________________________________________________________ 
Embryonic Exposure  
 0 129.73 ± 16.88  0.17 ± 0.02 0.62 ± 0.08  
 0.02  84.67 ± 8.88 0.16 ± 0.02 0.82 ± 0.15 

0.16 183.93 ± 60.79 0.14 ± 0.01 0.53 ± 0.09 
1.57 160.93 ± 34.92 0.13 ± 0.02 0.61 ± 0.15 
14.61 241.20 ± 80.16 0.16 ± 0.02 0.63 ± 0.16 
155 157.00 ± 18.38 0.15 ± 0.01 0.61 ± 0.06 

Larval Exposure  
 0 236.44 ± 31.93 0.12 ± 0.01 0.38 ± 0.11 
 0.05 221.94 ± 40.46 0.12 ± 0.01 0.44 ± 0.09 
 0.13 359.00 ± 00.00 0.11 ± 0.00  0.20 ± 0.00 
 1.32 359.00 ± 00.00 0.11 ± 0.00 0.20 ± 0.00 
 12.55 359.00 ± 00.00  0.11 ± 0.00 0.20 ± 0.00 
 137 359.00 ± 00.00 0.11 ± 0.00 0.20 ± 0.00 
________________________________________________________________________ 
 
 
Supplemental Table 2. Mean values of predator escape response parameters measured at 
21 days.   
________________________________________________________________________ 
 Latency  Burst Speed  Total Escape Response 
 (ms ± SE) (BL/ms ± SEM) (BL/ms ± SEM) 
________________________________________________________________________ 
Embryonic Exposure     
 0 62.909 ± 21.75 0.12 ± 0.01 1.04 ± 0.20 
 0.02  161.364 ± 46.85 0.10 ± 0.02 0.43 ± 0.08 

0.16 109.727 ± 27.67 0.11 ± 0.01 0.80 ± 0.16 
1.57 39.909 ± 11.81 0.11 ± 0.01 0.96 ± 0.09 
14.61 69.273 ± 24.23 0.10 ± 0.01 1.01 ± 0.20 
155 79.545 ± 19.22 0.08 ± 0.01 0.71 ± 0.20 

Larval Exposure  
 0 124.75 ± 80.35 0.06 ± 0.01 0.63 ± 0.35 
 0.05 243.75 ± 126.18 0.06 ± 0.01 0.29 ± 0.18 
 0.13 229.75 ± 127.07 0.06 ± 0.02 0.30 ± 0.09 
 1.32 57.25 ± 12.94 0.10 ± 0.02 0.51 ± 0.10 
 12.55 64.5 ± 23.01 0.05 ± 0.02 0.44 ± 0.14 
 137 63.5 ± 11.15 0.09 ± 0.01 0.56 ± 0.16 
________________________________________________________________________ 
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CHAPTER II: CHRONIC EXPOSURE TO THE NEONICOTINOID PESTICIDE, 

THIAMETHOXAM, IMPACTS HATCHING IN ZEBRAFISH EMBRYOS 

 
Introduction 

Various compounds that act as nicotinic cholinergic agonists are classified as 

neurotoxicants (Lee Chao and Casida 1997; Slotkin 2004; Crosby et al. 2015) and are of 

particular concern if exposure occurs during embryonic development when cholinergic 

systems play a role in morphogenesis (Lauder and Schambra 1999; Eddins et al. 2010; 

Crosby et al. 2015). Zebrafish have been established as a model system for neurotoxicity 

(Ton et al. 2006; Nishimura et al. 2015; d’Amora and Giordani 2018) and for evaluating 

nAChR agonists (Petzold et al. 2009; Papke et al. 2012; Crosby et al. 2015). 

Overactivation of the nAChR following sublethal exposure to nicotine causes 

neurobehavioral toxicity, altering embryonic motor activity (Thomas et al. 2009), startle 

responses (Crosby et al. 2015; Eddins et al. 2010; Parker and Connaughton 2007), and 

learning behaviors (Klee et al. 2011). 

Neonicotinoid pesticides are a relatively new class of insecticide modelled after 

nicotine as an alternative to other, less specific, pesticides.  Their popularity is based 

upon their low toxicity to vertebrates due to a selective affinity for the insect nicotinic 

acetylcholine receptor (nAChR) (Goulson 2014; Matsuda et al. 2005; Tomizawa and 

Casida 2003; Tomizawa and Casida 2005). However, some portions of the structure of 

the invertebrate and vertebrate nAChR subtypes are conserved, particularly in the binding 

pocket (Tomizawa 2013). The functional similarities between neonicotinoid pesticides 

and nicotine (Kimura-Kuroda et al. 2012) present the possibility that chronic exposure to 
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sublethal concentrations of neonicotinoid pesticides could also cause neurobehavioral 

toxicity.   

Thiamethoxam (TM) is one of the more commonly used neonicotinoid pesticides 

worldwide, especially in the agriculture industry. Neurobehavioral function of zebrafish 

is altered following embryonic and larval exposure to the neonicotinoid imidacloprid 

(Crosby et al. 2015), but less is known about the potential neurotoxicity of TM in fish.  

One study indicates that exposure to 100 µg TM/L alters locomotor activity in zebrafish 

(Danio rerio) (Liu et al. 2018) while another found that TM concentrations as low as 0.5 

µg/L induced changes to tissues and gene expression in the HPG (hypothalamic-pituitary-

gonad) and HPT (hypothalamic-pituitary-thyroid) axes in adult Chinese rare minnows 

(Gobiocypris rarus) (Zhu et al. 2019). Our recent work also indicates that fathead 

minnows (Pimephales promelas) chronically exposed to environmentally relevant 

concentrations of TM experience decreased survival, increased embryonic motor activity, 

and altered predator escape response at early life stages (Michel et al. 2021). 

The intent of this work was to use zebrafish (Danio rerio) as a model to test the 

hypothesis that chronic exposure to environmentally relevant concentrations of TM can 

over-activate the nAChR in fish and have temporary and permanent sublethal effects 

indicative of nAChR overactivation. Well-established morphological and behavioral 

endpoints for neurotoxicity testing in zebrafish were used to identify temporary and 

permanent effects. In-silico molecular docking was then conducted to compare ligand-

protein interactions in vertebrates and invertebrates to better understand how TM 

interacts with the nAChR of different organisms. 
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Materials and Methods 

Chemicals 

 Thiamethoxam (<99% purity) and nicotine (<99% purity) were obtained from 

Sigma Aldrich, Inc. TM dosing solutions were prepared by diluting TM stock solution 

with zebrafish embryo culture water (Westerfield 2000) to concentrations of 0.02, 0.2, 2, 

20, and 200 µg/L. We aimed to use TM concentrations that included a concentration 

below documented concentrations in the environment (0.02 ug/L), environmentally 

relevant concentrations (0.2, 2 and 20 ug/L), and concentrations similar to highly 

contaminated areas (200 µg/L). TM dosing solution concentrations were confirmed to be 

0.16, 0.21, 1.29, 12.69, and 163 µg/L by high-performance liquid chromatography with 

tandem mass spectrometry (HPLC/MS/MS) performed by the Lumigen Instrument center 

at Wayne State University. A 1485 µL sample of each dosing solution was combined 

with 15 µL of 1µg/mL internal standard in a 2 mL amber glass autosampler vial using 

calibrated micropipettes.  

 Zebrafish have been shown to exhibit signs of nAChR activation after acute 

exposure to nicotine at concentrations as low as 162 µg/L (Thomas et al. 2009). 

Therefore, nicotine solutions were prepared to act as a positive control, through serial 

dilution with zebrafish embryo culture water to nominal concentrations of 0, 0.49, 4.9, 

49, and 490 µg/L.  

Test Species and Animal Protocols 

Animal husbandry and experimental procedures were approved by the UWL 

Animal Care and Use Committee. Zebrafish (Danio rerio, strain AB) embryos were 

obtained from an established adult zebrafish culture. Procedures for fish culture, feeding, 
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monitoring, spawning, and collection, were followed as described by Westerfield (2000). 

For experimental use, adult zebrafish were spawned and resulting embryos were 

collected. Embryos were sorted under a dissecting microscope to collect only fertilized 

embryos at the blastula stage of development (2-4 hours post-fertilization). Experimental 

embryos and larvae were kept in an incubator at 28ºC with a 14:10 light-dark cycle and 

were fed regularly, according to recommendations by Westerfield (2000). 

Effects of Chronic TM Exposure to Zebrafish Embryos  

 A summary of the experimental design is summarized in Figure 9. Sorted and 

collected zebrafish embryos were placed in 24-well cell culture plates (8-10 embryos per 

well, n=6) containing 1 mL of the appropriate TM test solutions, 3 replicate experiments 

were performed (total n=18). Chronic nicotine exposures were also prepared in 24-well 

cell culture plates (8-10 embryos per well, n=4) with 1 mL of the appropriate nicotine test 

solutions, 3 replicate experiments were performed (total n=12). Both TM and nicotine 

exposures occurred for the duration of 5 days with 100% daily solution renewal. After 5 

days of exposure, TM-treated zebrafish were then raised in 250 mL of pesticide-free 
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culture water with 50% daily renewal to the age of 21 days post-fertilization (dpf), 

according to animal care protocols outlined by Westerfield (2000). 

Impacts on Survival, Development, and Growth  

Survival and hatching were assessed by maintaining daily mortality and hatching 

records throughout the exposure and depuration periods until 21 dpf. Length of 

subsample larvae was measured at 5 dpf (n=1-6/well; 6 wells/dose across 4 replicate 

experiments; total n=24-144/dose) and again at 21 dpf (n= 11-13/dose across one 

experiment) using the software program, ImageJ (National Institute of Health and 

Laboratory for Optical and Computational Instrumentation, Madison, Wisconsin, USA), 

to import videos recorded for behavioral analysis. Length was measured in the software 

program by marking the tip of the head and the end of the tail of each larva, the distance 

between the two marks was then adjusted to account for the number of pixels and the 

actual length of a 1 mm x 1 mm grid in the frame. 

 
Figure 9. Summary of zebrafish experimental design. The chronic exposure period is 
indicated by a solid bar and the depuration period is denoted by a dotted line. Endpoints 
assessed throughout the experiment are marked.  
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Impacts on Eye Area  

In zebrafish, the relative size of the eye  can be used as a morphological indicator 

of changes to growth and nervous system development (Cook et al. 2005; Parker and 

Connaughton 2007). At 5 dpf subsampled larvae were anesthetized and suspended in a 

glass dish containing methylcellulose (n=1/well; 6 wells/dose across 4 replicate 

experiments; total n=20/dose). The plate was placed on a 1 mm X 1 mm grid under a 

dissecting microscope and ImageJ (National Institute of Health and Laboratory for 

Optical and Computational Instrumentation, Madison, Wisconsin, USA) was used to 

measure the diameter of the eye, which was used to calculate the area, which was 

normalized to body length. 

Impacts on Embryonic Motor Activity  

Embryonic motor activity was measured at 1 dpf using a dissecting microscope with 

an attached Nikon 80i camera set at maximum speed and the NIS elements software. All 

embryos in each well were placed in frame and after 1 minute of acclimation, videos 

were recorded for a duration of 3 minutes. Videos were recorded in morning hours and in 

cycles for all experiments (1 well/concentration/cycle) to account for differences in time-

of-day, but recording did not extend into late afternoon hours. Videos were analyzed by 

counting the number of movements, including head, tail, and body movements, 

throughout the video and then calculating movements/minute (n=8-10/well; 6 wells/dose 

across 4 replicate experiments; total n=192-240/exposure group).  

Impacts on Predator Escape Response 

The predator escape response was measured at 5 dpf and again at 21 dpf, using 

methods described by McGee et al. (2009). A Nikon SMZ800 dissecting microscope 
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(Nikon Instruments, Inc., Mellville, NY, USA) with an attached Photron camera (Photron 

San Diego, CA, USA), capable of 1000 frames/sec (fps), and the Photron FASTCAM 

Viewer software program were used to capture the behavior exhibited after the delivery 

of a tactile stimulus. A microscope ring light and 2-headed external light source were 

used to increase visibility in videos. Subsampled larvae (5 dpf: n=1-6/well; 6 wells/dose 

across 4 replicate experiments; total n=24-144/dose; 21 dpf: n= 11-13/dose) were placed 

in small glass plates (~3 cm diameter) individually with 1-2 mL of culture water and then 

placed on the base of the microscope, which contained a printed 1 mm x 1 mm grid. After 

1 minute of acclimation, the tail of the larva was touched by a pipette tip and recording 

was started simultaneously, resulting in a recording of the first several seconds of the 

predator escape response. Videos were recorded in cycles (1 larvae/concentration/cycle) 

and recording did not extend into late afternoon hours. Videos were analyzed using the 

ImageJ software (National Institute of Health and Laboratory for Optical and 

Computational Instrumentation, Madison, Wisconsin, USA) and a previously developed 

procedure for measuring length, latency, burst speed, and total escape response (McGee 

et al. 2009). 

Impacts on Foraging Efficiency 

Foraging efficiency was measured at 21 dpf by placing subsampled zebrafish 

larvae (n=18-20 per concentration) individually in a 50 mL beaker containing 30 mL of 

culture water. After 20 minutes of acclimation at room temperature, 50 live brine shrimp 

(Artemia) were added to each beaker and larvae were given 20 minutes to forage. Larvae 

were the anesthetized using MS-222 (tricaine methanesulfonate) and the remaining brine 

shrimp were counted under a dissecting microscope to determine how many brine shrimp 
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were eaten during the given time. The feeding efficiency test was performed in cycles (1 

larvae/concentration/cycle) to account for temporal differences during the assay.  

Data Analysis  

Survival was analyzed using a Kaplain-Meier survival analysis with a log-rank 

(Mantel-Cox) significance test. Length, hatching, eye area, embryonic motor activity, all 

predator escape behavior parameters, and feeding efficiency data were analyzed using the 

one-way analysis of variance (ANOVA) and Tukey’s post-hoc tests with a 95% 

confidence interval. The proportion of affected samples, which are the values outside of 

the control mean ± 1 SD, were calculated and the Fisher’s Exact Significance Test was 

conducted to determine whether values fell outside of the control mean ± 1 SD in some 

groups more frequently than others. The control mean ± 1 SD was termed the control 

threshold.  

Molecular Docking 

In-silico molecular docking models were produced in the software program, 

Maestro (Schrödinger, LLC, New York, NY, 2020) to evaluate interactions of TM 

compared to nicotine in the nAChR of a vertebrate model (Homo sapiens) and an 

invertebrate model (Lymnaea stagnalis). Three-dimensional structures of the two nAChR 

proteins (PDB IDs: 1UW6 and 6PV7) were obtained from the Research Collaboratory for 

Structural Bioinformatics Protein Data Bank (RCSB PDB) (Berman et al. 2000). The 

chemical structures of nicotine and thiamethoxam were obtained from the ZINC database 

(Sterling and Irwin 2015). Protein and ligand preparation were conducted in Maestro 

using Schrödinger’s cheat sheets as guides. Grid generation was performed using the 

binding site of crystallized nicotine as reference. Glide ligand docking was conducted for 



  34 

both compounds in both receptors. After docking was completed, state and ionization 

penalties, which quantify how energetically favorable the docked states are, docking and 

Glide gscores, approximations of binding affinity and strength, and ligand interaction 

diagrams (LID), which show interactions between specific amino acids and the ligand, 

were generated through the program. 

Results 

Survival and Length Unaffected by Chronic TM Exposure 

Survival in zebrafish embryos was not impacted by chronic exposure to TM 

(Figure 10A, P=0.286). However, survival was decreased, on average, by 14% after 

exposure to ≥4.9 µg/L of nicotine (Figure 10B, P<0.001).  

Lastly, length differed between groups at 5 dpf, but it wasn’t ultimately affected 

by TM exposure compared to the control at either time point (5 dpf P=0.021; 21 dpf 

P=0.077) and length did not differ across nicotine treatment groups at 5 dpf (P=0.669). 
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Hatching Rate Impacted by Chronic TM and Nicotine Exposure  

Hatching success was decreased by 17% at 2 dpf and by 49% at 3 dpf by chronic 

exposure to 0.21 and 163 µg TM/L compared to the control (Figure 11A, P<0.001). In the 

 

 
Figure 10. Cumulative survival of zebrafish exposed to varying concentrations of (A) 
thiamethoxam across 21 days, where the dotted box denotes the exposure period and 
(B) nicotine across 5 days. denote significant difference from the control, according to 
Kaplain-Meyer survival analyses. 

A) 

B) 
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positive control tests, chronic exposure to nicotine at 4.9 µg/L resulted in a 75% decrease 

in hatching at 4 dpf in zebrafish embryos (Figure 11B, P<0.05). 

 

 

 
Figure 11. (A) Hatched zebrafish embryos at 2 and 3 dpf chronically exposed to varying 
concentrations of TM (n=16/concentration) (B) Hatched zebrafish embryos at 4 dpf 
chronically exposed to nicotine. All embryos in the 490 µM treatment group experienced 
mortality before measurements were taken, so no data is available for the group. Letters 
denote significance based upon one-way ANOVA and Tukey’s post-hoc tests.  
 

A) 

B) 
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No Morphological Indicator of Neurotoxicity 

Eye area of zebrafish embryos was not impacted by exposure to TM (P=0.061). In 

contrast, eye area differed between groups in the chronic nicotine study, but treatment 

groups did not differ from the control (P=0.005). 

No Impacts on Embryonic Motor Activity 

Embryonic motor activity was not affected by chronic TM exposure (Figure 12A, 

P=0.540). The control group had a mean of 4.7 movements/minute, while those in TM 

treatment groups had means ranging from 4.3 to 4.9 movements/minute. In contrast, 

zebrafish embryos chronically exposed to 49 µg/L of nicotine (positive control) 

experienced a 23% decrease in embryonic motor activity compared to the control at 

(Figure 12B, P<0.001). Lastly, Fisher’s Exact Significance Tests didn’t identify any 

groups with significant proportions outside of the control threshold, but 68% of samples 

from the 49 µg/L treatment group fell outside of the control threshold (Figure 12B, 

P=0.061).  
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Figure 12. Mean embryonic motor movements of zebrafish embryos chronically 
exposed to various concentrations of (A) thiamethoxam (n= 122-132/concentration) 
and (B) nicotine (n=43-51/concentration). All embryos in the 490 µM treatment group 
experienced mortality before measurements were taken, so no data is available for the 
group. Letters denote significance based upon one-way ANOVA and Tukey’s post-hoc 
tests. Percentages indicate the proportion of the sample that fell outside of the control 
threshold.  
 

A) 

B) 
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Chronic TM and Nicotine Exposure Altered Predator Escape Response 

At 5 dpf, latency of the predator escape response was decreased in zebrafish 

chronically exposed to 0.21 µg TM/L (Figure 13A, P=0.020). Additionally, the mean 

total escape response was increased by 1.35 ms in zebrafish chronically exposed to 0.16 

µg TM/L (Figure 14A, P<0.001). The burst speeds of zebrafish chronically exposed to 

TM differed between groups, but no TM treatment groups differed from the control 

(Figure 15A, P=0.014). Zebrafish embryos chronically exposed to 4.9 µg/L nicotine 

experienced increased latency (Figure 13B, P=0.011) and those exposed to both 0.49 and 

4.9 µg/L experienced decreased burst speed (Figure 15B, P=0.018). Total escape 

response was not affected by chronic nicotine exposure (Figure 14B, P=0.163).   

At 21 dpf, latency (P=0.079), burst speed (P=0.104), nor total escape (P=0.397) of 

the predator escape response were affected by TM exposure. Nicotine comparisons were 

not evaluated for 21 dpf predator escape.  
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Figure 13. Latency of the predator escape response at 5 dpf in zebrafish chronically 
exposed to (A) thiamethoxam (n=17-21/concentration) and (B) nicotine (n=16-
22/concentration). Letters indicate significance based upon one-way ANOVA and 
Tukey’s post-hoc tests. Labeled percentages indicate the proportion of the sample that 
fell outside of the mean threshold. 
 

A) 

B) 
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Figure 14. Total escape response (Body Length/ms) at 5 dpf in zebrafish exposed to 
(A) thiamethoxam (n=17-21/concentration) and (B) nicotine (n=16-22/concentration). 
Letters denote significance based upon one-way ANOVA and Tukey’s post-hoc tests. 
Labeled percentages indicate the proportion of the sample that fell outside of the mean 
threshold. 

A) 

B) 



  42 

 

 

 
 
Figure 15. Burst speed (Body Length/ms) of the predator escape response in zebrafish 
embryos chronically exposed to varying concentrations of (A) thiamethoxam (n=17-
21/concentration) and (B) nicotine (n=16-22/concentration). The 49 and 490 µg/L 
treatment groups had 100% mortality at the time of the test, so no data were obtained 
for those groups. Letters denote significance based upon one-way ANOVA and 
Tukey’s post-hoc tests. Percent values indicate the proportion of the sample that fell 
outside of the control threshold.  
 

A) 

B) 
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No Impacts on Foraging Efficiency 

Foraging efficiency, measured by the number of brine shrimp eaten, at 21 dpf in TM 

treatment groups did not differ from feeding behavior in the control group (P=0.055). The 

percentage of samples having feeding values outside of the control threshold was doubled 

in groups exposed to 0.21, 1.57, and 163 µg TM/L and 100% samples in the 12.49 µg 

TM/L treatment group had values outside of the control threshold. However, Fisher’s 

Exact Test did not report any significant difference in the percentage of samples falling 

outside of control threshold (P=0.400). 

Molecular Docking 

Using molecular modeling techniques, we investigated the interactions that occur 

between TM and the nAChR of a vertebrate and an invertebrate, compared to how 

nicotine (positive control) interacts with the nAChR in these same species. The docking 

scores and Glide gscores, which are approximations of binding affinity and strength, 

differed between compounds within each receptor. Scores below zero indicate higher 

binding affinity and/or strength. The docking score of nicotine bound in the nAChR of 

the invertebrate, L. stagnalis was 3.537 units less than for TM, while the docking score of 

nicotine bound in the nAChR of H. sapiens was 3.721 units less than for TM (Table 1). 

The Glide gscores of nicotine bound to the nAChR of L. stagnalis and H. sapiens were 

calculated to be 3.561 and 3.822 units less than that of TM in the two complexes, 

respectively (Table 1). 
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Ligand interactions were predicted by Glide and visualized by ligand interaction 

diagrams (LIDs). In the nicotine-L. stagnalis nAChR complex, the nitrogen of the 

pyrrolidine was bound by pi-cation interactions to Tyr185, Tyr192, and Trp53. Trp143 

had nicotine bound by pi-cation interactions to the pyrrolidine (nitrogen and attached 

methyl), by hydrogen-bonding (H-bond) to nitrogen of the pyrrolidine, and by pi-pi 

stacking to the pyridine (Figure 16A). In the nicotine-H. sapiens complex, the nitrogen of 

the pyrrolidine was bound by pi-cation interactions to Tyr197, Trp59, and Trp149. 

Tryp149 also had nicotine bound by and pi-pi stacking to the nitrogen of the pyrrolidine 

and by H-bond to the pyridine (Figure 16B).   

Table 1. Output values obtained through molecular docking calculations of nicotine and 
thiamethoxam to the nAChR of Lymnaea stagnalis and Homo sapiens.  
________________________________________________________________________ 

 Ionization  State 
 Penalty Penalty Docking  Glide 

Species/Compound (kcal/mol) (kcal/mol) Score Gscore 
________________________________________________________________________ 
L. stagnalis  

 Nicotine 0.0329 0.0245 -9.163 -9.187 

 Thiamethoxam 0.0000 0.0000 -5.626 -5.626 

H. sapiens 
 Nicotine 0.0329 0.0245 -8.841 -8.942 

 Thiamethoxam 0.0000 0.0000  -5.120  -5.120 

________________________________________________________________________ 
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 The TM-L. stagnalis complex had multiple possible interaction combinations, but 

some commonalities between the permutations included Trp143 having TM bound pi-pi 

stacking to the nitrogen heterocyclic ring and the thiazole and by pi-cation interactions to 

the nitrogen in the branched chain (Figure 17). Pi-cation interactions were also 

commonly predicted between the nitrogen of the branched chain and Trp102 (Figure 17).  

 

 

 

 
 
Figure 16. Ligand interaction diagrams generated by Schrödinger’s Glide (Release 
2021-1: Glide, Schrödinger, LLC, New York, NY, 2021). (A) Nicotine bound to nAChR 
of Lymnaea stagnalis (B) Nicotine bound to nAChR of Homo sapiens. 

A) 

B) 
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In contrast, only one combination of interactions was predicted in the TM-H. Sapiens 

complex, where the thiazole was bound by pi-pi stacking to Trp149, Tyr187, and Tyr190 

(Figure 18).  

 

 

 

 
Figure 17. Ligand interaction diagrams of TM bound to nAChR of Lymnaea stagnalis, 
generated by Schrödinger’s Glide (Release 2021-1: Glide, Schrödinger, LLC, New 
York, NY, 2021). 
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Discussion 

Thiamethoxam was previously thought to pose minimal risks to fish, but recent 

evidence suggests that fish may experience adverse effects upon exposure to TM, mainly 

overt toxicity. However, information about the effects of chronic overactivation of the 

nAChR by TM and other neonicotinoids on neurobehavioral and physiological endpoints 

haven’t been studied thoroughly. Here, we demonstrated that chronic exposure to TM at 

environmentally relevant concentrations can impact hatching rates and predator escape 

behavior in the zebrafish model. Our laboratory findings indicated that TM may still bind 

 
 
Figure 18. Ligand interaction diagram of TM bound to nAChR of Homo sapiens, 
generated by Schrödinger’s Glide (Release 2021-1: Glide, Schrödinger, LLC, New 
York, NY, 2021). 
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and activate the nAChR in fish and preliminary molecular docking results for another 

vertebrate species appeared to support that prediction. 

Chronic Exposure to Sublethal Concentrations of TM Does not Alter Survival, but 

Does Impact Hatching Success  

Zebrafish survival was not affected by TM exposure at any of the tested 

concentrations, despite the finding that lower concentrations of the positive control (4.9 

µg/L), nicotine, induced decreased survival. This difference was, to an extent, expected 

since TM was designed to have a lower binding affinity to the vertebrate nAChR 

compared to nicotine. We did not expect to see impacts on length, since TM isn’t known 

to cause this type of developmental effects (Gibbons et al. 2015). Hatching is a fairly 

complex process, which requires nervous system and motor functioning to occur (Fraysse 

et al. 2006; Miller et al. 2009). Delayed hatching was observed in both TM-treated and 

nicotine-treated zebrafish embryos in our parallel studies, indicating a possible difference 

in binding affinity or metabolism of the two compounds. The observed decrease in 

hatching at 2 and 3 dpf after chronic TM exposure offered evidence that sublethal effects 

are a consequence of exposure in zebrafish embryos. Although hatching appeared to level 

off among treatment groups within several days, these changes in time to hatch have the 

ability to impact other factors of early life. In natural fish habitats, the time at which 

hatching occurs is crucial for growth, development, and survival in the first year of life, 

effects that can last into the second year of life (Divino and Tonn 2007; Simonin et al. 

2016). 
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Eye Area, Embryonic Motor Activity, and Foraging Efficiency Unaffected by 

Chronic TM Exposure 

Eye area is a commonly used indicator of general neurotoxicity and therefore, would 

be expected to change after TM exposure since its known mechanism of action is to 

target the nervous system (Cook et al. 2005; Parker and Connaughton 2007). The eye 

area of zebrafish larvae in the present study was not impacted by TM exposure, but the 

parallel nicotine study also did not result in a change in eye area, indicating that TM may 

not cause overt neurotoxicity in zebrafish. 

Embryonic motor activity in zebrafish was not affected by chronic TM exposure, 

despite the decreased motor activity in embryos observed with nicotine exposure. This 

provides supporting evidence that TM activates the nAChR of fish to a lesser degree than 

nicotine, as predicted.  

Foraging for food is an important behavior for survival in early-stage fish larvae, 

which requires integration of sensory inputs to elicit motor output (Gahtan et al. 2005; 

Jaroszewska and Dabrowski 2011). Impacts of a potential toxicant on any aspect of 

foraging efficiency in fish larvae may impact their ability to catch food and survive in 

natural habitats. However, the current study found that chronic TM exposure does not 

impact foraging efficiency in zebrafish. Notedly, this endpoint was only assessed after 

depuration, so the absence of differences between treatment groups only indicates a lack 

of longer-term effects with respect to foraging efficiency. 

Altered Predator Escape Behaviors 

The predator escape response is a reflexive and innate behavior that occurs 

through the detection of water flow at the lateral line and allows larvae to escape 
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predators (McGee et al. 2009; McHenry et al. 2009). Changes to predator escape 

behavior in response to exposure to a potential toxicant can indicate neurotoxicity. 

Zebrafish chronically exposed to 0.21 µg TM/L had increased latency compared to the 

control, indicating that treated zebrafish reacted more slowly to simulated predator 

stimuli at 5 dpf. Since predators are one of the largest threats to larval fish in the wild, 

longer latency periods could potentially impact the ability to escape natural predators, 

therefore, decreasing survival at early life stages (Painter et al. 2009; Nair et al. 2017). 

Additionally, after the depuration period (21 dpf), no significant differences were 

detected in predator escape behavior among treatment groups. This points to the 

possibility that fish experience the loss of behavioral effects after exposure in early life 

stages, even at the highest tested environmentally relevant concentration.  

Molecular Docking  

 Thiamethoxam and other neonicotinoid pesticides are known to more strongly 

interact with the nAChR of invertebrates compared to vertebrates (Tomizawa and Casida 

2003). Molecular docking models, as expected, predicted lower binding affinity of TM 

for the nAChR in the vertebrate model (H. sapiens) than in the invertebrate model (L. 

stagnalis). Higher binding affinity was also reported for nicotine compared to TM in both 

species, as expected. Additionally, docking scores and Glide gscores between nicotine 

and TM binding to the nAChR were closer together in the invertebrate model than in the 

vertebrate model. This finding suggests that TM-L. stagnalis nAChR interactions may be 

more similar in strength to nicotine-L. stagnalis nAChR interactions than in the H. sapien 

nAChR. Lastly, differences in the type and quantity of interactions that TM forms with 

the nAChR in both species may explain why TM exposure still elicits subtle changes to 
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physiological and behavioral factors in fish. In the future, molecular dynamics (MD) 

simulations are recommended to gain better understanding of the dynamic protein-ligand 

interactions that occur.  

Conclusions  

 This work explored the possible toxicological threats that TM poses to the model 

organism, zebrafish. Select sublethal effects, including decreased hatching rates, and 

increased latency and decreased total escape response (of the predator escape response), 

were linked to TM exposure. Preliminary molecular docking offered insight into how the 

predicted interactions of TM in the nAChR of invertebrate and vertebrate models could 

explain the sublethal effects seen in fish. These results raise questions about how these 

sublethal effects may impact fish survival and fitness in natural environments, where TM 

is found. In short, it is crucial that study of the effects of TM on non-target organisms, 

including other fish species, continues.  

Supplemental Data 

Supplemental Table 4. Mean values of predator escape response parameters measured at 
5 days.  
________________________________________________________________________ 
 Latency  Burst Speed  Total Escape Response 
 (ms ± SE) (BL/ms ± SE) (BL/ms ± SE) 
________________________________________________________________________
Thiamethoxam (µg/L)    
 0 16.88 ± 4.92 0.055 ± 0.003 0.74 ± 0.15 
 0.16    9.90 ± 3.28 0.052 ± 0.002 2.09 ± 0.28 

0.21  121.11± 49.97 0.049 ± 0.003 1.49 ± 0.27 
 1.29   9.61 ± 1.79 0.059 ± 0.003 1.52 ± 0.22 
  12.69 26.15 ± 9.63 0.061 ± 0.002 1.32 ± 0.20 

  163   27.05 ± 10.34 0.065 ± 0.005 1.42 ± 0.16 
Nicotine (µg/L) 
 0 46.45 ± 21.98 0.207 ± 0.020 1.96 ± 0.22 
  0.49 29.74 ± 11.60 0.148 ± 0.015 1.63 ± 0.22 
   4.9  196.88 ± 74.37 0.145 ± 0.014 1.31 ± 0.27 
________________________________________________________________________ 
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Supplemental Table 5. Mean values of predator escape response parameters measured at 
21 days. 
________________________________________________________________________ 
 Latency  Burst Speed  Total Escape Response 
 (ms ± SE) (BL/ms ± SE) (BL/ms ± SE) 
________________________________________________________________________
Thiamethoxam (µg/L)    
 0 96.08 ± 8.70 0.168 ± 0.024 1.00 ± 0.12 
 0.16    80.25 ± 12.89 0.173 ± 0.026 1.04 ± 0.20 

0.21   98.08 ± 10.07 0.165 ± 0.027 0.99 ± 0.14 
 1.29   70.55 ± 11.34 0.183 ± 0.026 1.41 ± 0.20 

  12.69 124.18 ± 22.47 0.281 ± 0.054 1.17 ± 0.21 
 163 109.17 ± 10.09 0.189 ± 0.023 0.95 ± 0.12 

________________________________________________________________________ 
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