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ABSTRACT. Neonicotinoid pesticides (NNs) have been associated with numerous neurobehavioral
effects in rodents, raising concerns about their impact on cognitive function. Clothianidin (CLO),
a type of NN, was orally administered to male mice (10 weeks old, C57BL/6N) at the no-observed-
adverse-effect level (NOAEL) of 50 mg/kg/day as indicated in the pesticide risk assessment report.
J Vet Med Sci Behavioral tests (novel location recognition and rotarod tests) evaluated hippocampal memory and
86(3): 340-348, 2024 cerebellar motor learning. After each test, plasma monoamines (3-methoxytyramine, histamine,
doi: 10.1292/jvms.23-0516 'sert')tor'nn, tryptamine) were measured by LC-ESI/MS/MS (Liquid chromatography—elecjcrospray

ionization/tandem mass spectrometry), and cerebellar mRNA expression was quantified by
microarray and qRT-PCR analyses. The NOAEL of CLO was found to impair hippocampal memory,
leading to decreased spontaneous locomotor activity and motor function. We reported, for the first
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time, multiple alterations of gene expression in the cerebellum associated with motor dysfunction.
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Neonicotinoid pesticides (NNs) are nicotine analogues with agonist activity on the insect-type nicotinic acetylcholine receptor
(nAChR). Their worldwide use has increased rapidly since their development as an alternative to organophosphorus pesticides.
Seven NNs, characterized by their penetrating, residual, and selective toxicities, are currently in broad use: imidacloprid (IMI),
nitenpyram, acetamiprid (ACE), thiamethoxam (TMX), thiacloprid, clothianidin (CLO), and dinotefuran (DIN) [3, 58]. These NNs
exhibit insecticidal activity by continuously exciting and disturbing neurons as competitive modulators of nAChR.

However, from the 1990s through the 2000s, when the widespread use of NNs began, mass disappearances of honeybees were
reported in some regions, including the EU and the United States. This phenomenon, called colony collapse disorder (CCD), is
characterized by the disappearance of only the worker bees, with no trace of their carcasses, leaving behind the queen and larvae. While
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the detailed mechanism remains unclear, overuse of NNs is considered a leading factor [38, 39]. During the 2000s, active research
was conducted in Europe and the United States to investigate the relationship between CCD and NNs. It was reported that IMI, the
first NN developed in Japan, inhibited the honeybee’s homing instinct, spatial cognition, learning, and inter-individual communication
[4, 11, 17]. This indicated that NNs impair the cognitive and learning functions of insects and that excessive NN use is dangerous.

Although NNs have been considered safe for mammals because their affinity for nAChRs is tens to hundreds of times higher in
insects than in mammals, recent studies in mammals, primarily rodents, have indicated that nAChRs induce cognitive—emotional
changes, such as anxiety-like behavior and decreased spontaneous locomotor activity [8, 9, 19-22, 24, 25, 37, 40, 44, 51-53, 55, 56,
62]. However, only a limited number of investigations on memory and learning in mammals have been reported, and the severity of
effects at trace concentrations, along with the underlying mechanisms, remain unclear.

In this study, we specifically targeted the hippocampus, a region intricately involved in the formation of new memories, particularly
spatial memories [41, 46], and the cerebellum, which plays a role in coordinated movement and motor learning [28]. We investigated
the neurobehavioral effects of a trace amount of CLO on male mice by assessing hippocampal memory using the novel location
recognition test (NLR) and evaluating cerebellar motor learning function through the rotarod test (RR).

C57BL/6N mice were purchased at 9 weeks of age and bred according to a previous report [21]. Forty male mice (10 mice per group)
were used for the experiments, and each behavioral test was conducted at 10 weeks of age. The study was approved by the Institutional
Animal Care and Use Committee (Permission #30-01-01) and managed in accordance with the Kobe University Laboratory Animal
Regulations. The control groups (0 mg/kg/day) were designated as NO (N for NLR) and RO (R for RR). Following a previous study [21],
the treatment groups were orally administered CLO (>95% purity) at 50 mg/kg/day based on the male no-observed-adverse-effect level
(NOAEL) [14, 59] and are denoted as N50 and R50. Each behavioral test was conducted in the light phase using different sets of mice.

The NLR was conducted by modifying the previous protocol [36, 37, 43]. The experiment comprised habituation (DAY1),
familiarization (DAY?2), and test trials (DAY3), each separated by a 24-hr interval, spanning a 3-day period. After a single oral
administration, mice were acclimated to the testing room conditions in their home cage for 1 hr prior to the trial’s commencement
(20-30 lux). Oral administration was omitted on DAY1. On DAY 1, mice were placed in an open field (60 x 60 x 40 cm) with no
objects, allowed to explore freely for 5 min, and then returned to the home cage. On DAY?2, two Lego brick towers (5 x 5 x 8 cm)
were positioned in a corner of the open field, and the mice were allowed to explore them for 5 min. On DAY3, one of the towers
was relocated to another corner, and the mice were given 5 min for exploration. All behaviors of the mice were recorded by a video
camera, and their trajectories were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Exploration
was defined as the mouse touching an object with its nose. We calculated the percentage of explorations where objects were relocated
to a new position out of the total number of explorations of all objects (frequency novel location exploration).

The RR was conducted using a modified protocol [50]. A single-lane rotarod (MK-630B, Muromachi-Kikai, Tokyo, Japan) fitted
with a rat rotor (90 mm diameter) was utilized. The day before the RR started, all mice were placed on the rotarod for 5 min every
3 hr (3 times/day) to acclimate them to the machine. After a single oral administration, mice were acclimated to the testing room
conditions in their home cage for 1 hr prior to the trial’s commencement. On DAY 1, mice were trained by walking at 4 rpm for 1
min, followed by walking at 10 rpm for up to 5 min. On DAY2-DAY4, after acclimation on a nonrotating rotor for 1 min, mice were
walked at 10 rpm for up to 5 min. The time spent on the rod was measured 5 times a day.

After completion of the behavioral tests, all mice were euthanized under isoflurane deep anesthesia using an inhalation anesthesia
apparatus (BS-400T; Brain Science Idea, Osaka, Japan) by whole blood collection. Plasma obtained by centrifuging whole blood at 4°C
and 3,000 rpm was utilized for LC-ESI/MS/MS analysis [19, 45] to measure the levels of plasma corticosterone, 3-methoxytyramine
(3MT), histamine, serotonin, and tryptamine and to assess the impact of CLO after behavioral tests. In accordance with a previous
report [40], the brains were excised and sliced at a thickness of 3 pm (—1.58 mm to —2.06 mm), and immunohistochemical analysis
was performed in the hippocampal dentate gyrus (DG) using rabbit monoclonal anti-c-fos (1:10,000; #2353; Cell Signaling Technology,
Beverly, MA, USA). c-Fos expression in the DG was quantified by counting the immunopositive cells per area. This analysis was
performed using Imagel software.

After the RR study, the cerebellum of some mice was excised and frozen in liquid nitrogen. RNA extraction, quality analysis, and
microarray analysis were performed as previously reported [44], with n=2 in the RO group and n=2 in the R50 group. The microarray
data (.CEL files) were deposited in a public database (Gene Expression Omnibus, accession number: GSE251773).

The qRT-PCR analysis was conducted by modifying the previous protocol [51]. Thermal cycling was performed by initial denaturation
at 95°C for 30 sec, denaturation at 95°C for 5 sec, annealing at 60°C for 10 sec, and extension at 72°C for 20 sec for 50 cycles. The
gene copy number was calculated using a standard curve and normalized by the housekeeping genes glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and S-actin (Actb) according to The Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines [6, 60]. All samples were assayed in duplicate, and the specificity of PCR products was confirmed
by melting curves (n=6).

Statistical analyses were performed with BellCurve for Excel (Version 4.04; SSRI, Tokyo, Japan). The behavioral data were
analyzed by two-way ANOVA and Bonferroni’s post hoc tests. Welch’s t-test was used to detect differences in the quantitative
immunohistochemistry data and qRT-PCR data. The Smirnov—Grubbs two-tailed test was used to exclude outliers. The results were
considered significant when the P-value was less than 0.05.

The NLR results showed significant main effects of CLO administration on total travel distance, moving speed, and the total number
of explorations during DAY2 and DAY?3 (F(1, 17)=11.96, P<0.01; F(1, 17)=5.44, P<0.05; F(1, 17)=5.04, P<0.05). These main effects
were lower than those in the NO group (Fig. 1 A-C, Supplementary Fig. 1A). There was a significant interaction between the days and
CLO administration (F(1, 12)=5.78, P<0.05), and post hoc tests revealed a significantly lower frequency of exploration on DAY3
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Fig. 1. Effects of clothianidin (CLO) exposure on total travel distance (A), moving speed (B), explorations (C), and frequency of
novel location exploration (D) in 10-week-old male mice during the novel location recognition test (NLR). A, B, C: CLO showed
significant main effects on total travel distance, moving speed, and total number of explorations; D: significant interaction was found
between CLO and days for frequency novel location exploration, with a significant simple main effect of days for the NO group. The
N50 group exhibited significantly lower values for DAY3 compared to NO. Data represent mean + SE for each group (n=5-9), and
each result is plotted. *P<0.05, **P<0.01 vs. control group (two-way ANOVA followed by Bonferroni’s post hoc test).

compared to the NO group (P<0.01). The simple main effect was significant (P<0.05) only in the control group (Fig. 1D). Plasma
3MT and tryptamine levels tended to be lower or significantly lower in the N50 group (P=0.067, P<0.05) (Fig. 2). Human-audible
vocalizations, which characterize anxiety-like behavior [21], were noted in all individual mice in the N50 group during the behavioral
test (Supplementary Fig. 1B).

The RR results showed significant main effects of days and CLO administration on the time spent on the rod per day (F(3, 13)=27.31,
P<0.001; F(3, 13)=11.99, P<0.001; F(1, 13)=11.21, P<0.01). A significant interaction between the days and CLO administration was
observed, with post hoc tests showing significantly lower values for DAY2, DAY3, and DAY4 compared to the RO group (P<0.05,
P<0.001, P<0.001). The simple main effect of the days was significant (F(3, 39)=39.95, P<0.001) only in the RO group (Fig. 3). As in
the NLR, human-audible vocalizations were observed in all mice in the R50 group during the RR. Plasma 3MT and histamine levels
were significantly higher (P<0.01, P<0.001), and tryptamine levels were significantly lower (P<0.001), in the R50 group (Fig. 4).

The results of these behavioral tests revealed that exposure to NOAEL doses of CLO induced behavioral abnormalities and hindered
memory formation in 10-week-old mice. The NLR results suggested that exposure to CLO in 10-week-old mice may decrease
spontaneous locomotion and exploratory behavior, making it challenging to remember the relative positions of objects. Additionally,
the RR results indicated that CLO exposure in 10-week-old mice may significantly impair coordination and hinder the mice’s ability
to learn walking locomotion.

The LC-ESI/MS/MS results revealed that plasma 3MT and tryptamine varied between the N50 and R50 groups. The discrepancy in
the direction of changes may stem from the differing time intervals between the end of the behavioral test and sampling for the NLR
and RR groups. Monoamines may not readily cross the blood—brain barrier, making it difficult to directly interpret the relationship
between CLO and behavioral effects based on plasma monoamine alone. However, IMI altered several monoamine secretions in the
striatum, cerebellum, and plasma of mice, alongside behavioral abnormalities, suggesting an association between central nervous
system disorder and changes in brain and plasma monoamine levels [19]. Furthermore, CLO has been reported to induce dopamine
release from the rat striatum via nAChR [13], and the dopamine metabolite 3MT [42] in plasma is considered a biological marker of
brain dopamine activity.

J Vet Med Sci 86(3): 340-348, 2024 342
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Fig. 2. Effects of clothianidin (CLO) exposure on plasma concentrations of corticosterone (A), 3-methoxytyramine (3MT) (B), histamine
(C), serotonin (D), and tryptamine (E) in 10-week-old male mice, 2 hr after the novel location recognition test (NLR). A, C, D: The
NS50 group showed no significant difference compared to NO; B: N50 tended to decrease in 3MT compared to NO; E: N50 significantly
decreased in tryptamine compared to NO. Data represent mean + SE for each group (n=5-6), and each result is plotted. *P<0.05,
**P<0.01 vs. control group (Welch’s ¢-test).
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Fig. 3. Time spent on the rod in the rotarod test (RR). Significant main effects were found for days and clothianidin (CLO), with a
significant interaction between days and CLO. A simple main effect of days was found for only the RO group. Data represent mean + SE
for each group (n=7-8), and each result is plotted. **P<0.01 vs. control group (two-way ANOVA followed by Bonferroni’s post hoc test).

The NO and N50 groups, sampled 2 hr after the NLR, exhibited lower 3MT levels. Flexible synaptic changes are crucial for
memory and learning, and a transient decrease in dopamine (DA dip) released in the striatum is thought to trigger synaptic plasticity
[26]. Additionally, dopamine release is said to enhance memory in spatial learning involving the hippocampus, and normal dopamine
regulation is crucial for memory formation [30]. In the N50 group, the temporary dopamine release induced by CLO may have
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Fig. 4. Effects of clothianidin (CLO) exposure on plasma concentrations of corticosterone (A), 3-methoxytyramine (3MT) (B), histamine
(C), serotonin (D), and tryptamine (E) in 10-week-old male mice immediately after the rotarod test (RR). A, D: The R50 group showed
no significant difference compared to RO; B: R50 significantly increased in 3MT compared to RO; C: R50 significantly increased in
histamine compared to RO; E: R50 significantly decreased in tryptamine compared to R0. Data represent mean + SE for each group
(n=5-6), and each result is plotted. *P<0.05, **P<0.01 vs. control group (Welch’s z-test).

prevented a dip in DA levels and the elicitation of synaptic plasticity, possibly hindering the dopamine release necessary for memory
formation. However, the RO and R50 groups, sampled immediately after the RR, displayed a direct effect of CLO, with elevated 3MT
in the R50 group. 3MT is implicated in motor function, and its association with neurological disorders characterized by impaired
dopaminergic signaling, such as Parkinson’s disease and schizophrenia, has been suggested [54]. The increase in plasma 3MT in the
R50 group is believed to result from the metabolization of dopamine released by CLO and flowing into the plasma. In other words,
excessive dopamine or 3MT release may contribute to behavioral abnormalities.

In addition, tryptamine, a metabolite of tryptophan that can cross the blood—brain barrier [2], is believed to regulate dopaminergic,
glutaminergic, and serotonergic neurotransmission by activating trace amine-related receptors expressed in the mammalian brain
[15, 16]. This suggests that the decrease in tryptamine observed in this study may have influenced behavior through disturbances in
neurotransmitter regulation.

To further investigate the influence of CLO on neurons in each behavioral test, we conducted immunohistochemical staining
to visualize c-fos expression in the DG, which is crucial for memory and learning [61]. c-Fos is commonly used as a marker for
neural activity, since it is expressed when neurons fire and generate action potentials [23]. Immunohistochemistry for c-fos showed a
positive reaction in all groups that underwent the NLR. The number of c-fos—positive cells per unit area in the DG was significantly
(P<0.05) reduced in the N50 group compared to the NO group (Fig. 5). However, there was no significant difference in the number
of c-fos—positive cells per unit area after the RR test (results not shown).

In the NLR, both behavioral assessments and immunohistochemical analysis of the hippocampus using c-fos revealed significant
neurobehavioral effects, confirming previous findings that NN adversely affects memory and learning functions associated with the
hippocampus [29, 37]. In addition, the LC-ESI/MS/MS results newly suggested that excessive dopamine release induced by CLO
may have hindered the DA dip associated with synaptic plasticity [26], and caused dopamine dysregulation, thereby inhibiting normal
memory formation. These results are at odds with a previous study [37], which reported an increase in the number of c-fos—positive
cells in the DG of male mice subjected to the Barnes maze after exposure to a NOAEL dose of CLO. However, this inconsistency
is likely attributable to differences in the learning process and stress load between the NLR and the Barnes maze. The DG, a brain
region specifically activated in the NLR, was not activated during memory formation and recall, aligning with the outcomes of the
current behavioral study. An experiment in which IMI was administered to adult rats revealed impaired cognitive function in a spatial
learning task, along with an increase in the mRNA expression of muscarinic receptors (M1) associated with memory and learning in
the hippocampal DG [29]. Similarly, alterations in gene expression related to learning are suggested to have contributed to the decline
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Fig. 5. Representative histology and immunohistochemistry of c-fos in the hippocampal dentate gyrus (DG) at 10 weeks (A) and the
number of c-fos—positive cells in the DG (B). B: The N50 group was significantly reduced compared to NO. Data represent mean + SE
for each group (n=6-8), and each result is plotted. Bar is 100 pm. *P<0.05, vs. control group (Welch’s z-test).

in hippocampal memory.

To support the notable findings of the RR, we conducted gene expression analysis of the cerebellum, a crucial region for motor
function. Microarray analysis of cerebellar mRNA revealed that 510 genes exhibited upregulated expression, while 430 genes showed
downregulated expression. Based on Ingenuity Pathway Analysis (IPA), we elucidated the biological functions and canonical pathways
associated with the altered genes. CLO exposure resulted in diminished functions related to “Motor dysfunction or movement disorder”,
“Behavioral deficit”, “Movement disorder”, and “Ataxia”, while functions associated with “Development neurons”, “Neuritogenesis”,
“Formation of dendrites”, “Dendritic growth/branching”, and “Branching of neurites” were enhanced (Supplementary Tables 2, 3). In
essence, exposure to a low dose of CLO indicated a potential to induce motor impairments, mirroring the results of the behavioral tests.
Furthermore, the findings suggested an acceleration in neuronal differentiation and promotion of the differentiation, elongation, and
branching of neurites and axons. The gene networks for “Neuritogenesis” and “Motor dysfunction or movement disorder” are depicted
in Fig. 6A. The two annotations are closely related, as several genes are connected to either function via another gene. Additionally,
pathways related to mitochondrial function and calcium signaling were either suppressed or stimulated in the R50 group (Fig. 6B).

To confirm the microarray results, the expression levels of upregulated genes were confirmed using qRT-PCR. We selected 9 crucial
genes known for their significance in biological functions, canonical pathways, and gene networks: Cacnalg (calcium voltage-gated
channel subunit alpha 1g), Cacnald (calcium voltage-gated channel subunit alpha 1d), Lrrk2 (leucine-rich repeat kinase 2), Lrplb
(low-density lipoprotein receptor-related protein 1b), Synel (spectrin repeat-containing nuclear envelope protein 1), Mtc/l (microtubule
crosslinking factor 1), Rora (retinoic acid receptor-related orphan receptor alpha), Mark4 (MAP/microtubule affinity-regulating kinase
4), and Fgfrl (fibroblast growth factor receptor 1). The quantitative results revealed significantly lower values in Cacnalg (P<0.001),
while higher values or a tendency toward higher values were observed in Lrp1b, Synel, and Rora (P=0.0654, P<0.05, P<0.05) (Fig. 6C).

In the RO group, the significantly reduced expression of Cacnalg, a gene encoding a T-type calcium channel involved in calcium
signaling, is noteworthy. Cacnalg is highly expressed in various brain regions, including the cerebellar Purkinje cell layer, brainstem,
and spinal cord [57]. Ca®", serving as a second messenger, plays a crucial role in diverse cellular functions and activities, regulating
physiological processes such as neurotransmitter transmission and synaptic plasticity [47]. One hypothesis suggests that dysregulation
of Ca?" may contribute to the onset of neurodegenerative diseases [1, 31]. In both humans and mice, Cacnalg expression decreases
with age at both the mRNA and protein levels, and further reduction in expression has been reported in Alzheimer’s disease [48]. In a
study using a rat cerebellar cell model, variations in the expression of two types of calcium channels have been observed, suggesting
that NNs may disrupt calcium regulation in cerebellar neurons in vitro [35]. The decrease in Cacnalg expression does not directly
correlate with the microarray results. This discrepancy may be attributed to the limited number of samples in the microarray study,
the potential occurrence of transcript mutations or mRNA degradation, and differences in target positions of primers and probes.

J Vet Med Sci 86(3): 340-348, 2024 345
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old mice exposed to clothianidin (CLO). A: Gene network map showing the interaction between the upregulated genes and other molecules at 10
weeks of age, focusing on neural functions and motor function. B: Signaling pathways activated in the cerebellum at 10 weeks of age. C: Gene
expressions in the cerebellum of 10-week-old mice. Data represent mean + SE for each group. *P<0.05, **P<0.01, vs. control group.

Synel, which exhibits high levels of expression in the Purkinje cell layer, encodes multiple variants and is implicated in processes
such as the binding of the cytoskeleton to the nuclear membrane [7]. Synel is associated with cerebellar ataxia [18, 27], aligning
with the results of the present behavioral study and microarray results, where motor deficits were observed. Rora is implicated in
dendritic differentiation in Purkinje cells, with overexpression shown to promote differentiation, highlighting its importance in dendritic
remodeling regulation [5].

In summary, our findings from the RR suggest that, in addition to cognitive impairment linked to calcium dysregulation, the altered
expression of genes involved in cerebellar function maintenance, including cytoskeletal and dendritic differentiation, contributes
significantly to motor disorder.

In the present study, we revealed that exposure of 10-week-old male mice to NOAEL doses of CLO impairs hippocampal memory
and cerebellar motor learning function. In recent years, NN and other pesticides have been considered factors in the initiation of
developmental disorders [12, 32-34, 49], and in 2013, the European Food Safety Authority (EFSA) officially announced that NNs
can affect the neurodevelopment not only of honeybees but also of other organisms, including humans [10]. In light of these findings,
it is necessary to clarify the neurodevelopmental effects of exposure to NOAEL doses of CLO during the developmental period on
subsequent memory and learning functions and to evaluate the future risks of pesticide exposure.
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