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ABSTRACT

Although neonicotinoids are among the major classes of pesticides that affect mammalian nervous systems, little
is known about sex differences in their effects. This study aimed to examine whether the neurobehavioral effects
of a neonicotinoid, clothianidin (CLO), differed between sexes. Male and female C57BL/6N mice were orally
administered CLO (5 or 50 mg/kg) at or below the chronic no-observed-adverse-effect-level (NOAEL) and sub-
jected to behavioral tests of emotional and learning functions. Changes in neuroactivity in several brain regions
and the concentrations of CLO and its metabolites in blood and urine were measured. Acute CLO exposure caused
sex-related behavioral effects; decreases in locomotor activities and elevation of anxiety-like behaviors were
more apparent in males than in females. In addition, male-specific impairment of short- and long-term learning
memory by CLO exposure was observed in both the novel recognition test and the Barnes maze test. Male-
dominant increases in the number of c-fos positive cells were observed in the paraventricular thalamic nu-
cleus in the thalamus and in the dentate gyrus in the hippocampus, which are related to the stress response and
learning function, respectively. The concentrations of CLO and most metabolites in blood and urine were higher
in males. These results support the notion that male mice are more vulnerable than females to the neuro-
behavioral effects of CLO and provide novel insights into the risk assessment of neonicotinoids in mammalian
neuronal function.

1. Introduction

of neonicotinoids in human-derived samples are reportedly on the order
of ng/mL worldwide (Zhang and Lu, 2022). Neonicotinoids are struc-

Developed in the 1980s, neonicotinoid pesticides are among the most turally similar to nicotine and act selectively as agonists on nicotinic
widely used insecticides in the world to control insects in agriculture, acetylcholine receptors (nAChRs) of insects (Nagata et al., 1998). The
forestry, and households. The main source of exposure to neonicotinoids affinity of neonicotinoids for mammalian nAChRs is much lower than
in human is assumed to be food and drink, and the total concentrations that for the nAChRs of insects (Tomizawa and Casida, 2005); however,
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as with nicotine, neonicotinoids proved to induce intracellular calcium
influx via nAChRs in various mammalian neuronal cell models (Kimura-
Kuroda et al., 2012; Hirano et al., 2019; Loser et al., 2021). In rodent
studies, orally administered neonicotinoids reached the brain in a few
hours (Ford and Casida, 2006) and caused behavioral alterations
accompanied by changes in neuronal function in several brain regions
(Costas-Ferreira and Faro, 2021; Maeda et al., 2021; Hirai et al., 2022).
In particular, a recently developed neonicotinoid, clothianidin (CLO),
has attracted much attention for its excitatory effects on neurotrans-
mission in the mammalian brain; CLO evoked dopamine release by
nAChRs in rat brain (Faro et al., 2019). In our previous study using in
vivo Ca?" imaging techniques, CLO activated the firing pattern of neu-
rons in the primary somatosensory cortex (Nishi et al., 2022). Acute
exposure to CLO at below the no-observed-adverse-effect level (NOAEL)
caused behavioral abnormalities including anxiety-like behavior and
excessive stress response in mature male mice in an age-dependent
manner (Hirano et al., 2018, 2021).

In neurotoxicity assessments of environmental chemicals, differences
in chemical sensitivity should be one of the primary concerns which
depend on various factors such as sex. The rates of neurological diseases
such as Alzheimer’s disease and depression are known to be higher in
females than males, and these differences have been attributed partly to
sex differences in brain structure and function (Weiss, 2011). For
example, tobacco dependence is known to be prevalent in women, and
the effects of nicotine on the developing brain are known to differ by sex
(Cross et al., 2017). Human PET imaging revealed that the binding level
of a4p2 nAChRs was higher in all brain regions in women than in men
(Mukherjee et al., 2018). A study of rodents also demonstrated that
chronic nicotine exposure induced stronger locomotor activation in
males than in females, while anxiogenic effects were observed only in
females (Caldarone et al., 2008). In fact, recent epidemiological studies
in China found that urinary and blood concentrations of most neon-
icotinoids were higher in women than in men (Xu et al., 2021), indi-
cating that women have greater exposure to neonicotinoids than men in
daily life. In light of these findings, there could be sex-related differences
in sensitivities to effects of neonicotinoids by nAChRs in neuronal
function. However, only one report showed data comparing the
behavioral effects of neonicotinoids between males and females; Burke
et al. (2018) showed that fetal and postnatal exposure in mice to a
neonicotinoid, imidacloprid, caused sex-related changes in performance
in a forced swim test.

Considering that most toxicological studies have used only male
animals, further research focusing on sex differences is needed to un-
derstand the precise risks of neonicotinoids on neuronal function. In this
study, we hypothesized that there were sex-related differences in
sensitivity to acute effects of CLO exposure and aimed to compare
behavioral consequences of acute CLO exposure between male and fe-
male mice using four behavioral tests of emotional status and learning
memory. We also analyzed changes in neuroactivity in brain regions
related to the stress response and learning memory by using immuno-
histochemistry, and we measured body concentrations of CLO and its
metabolites by using LC-ESI/MS/MS techniques to reveal the mecha-
nisms underlying sex-related differences in the behavioral effects of CLO
exposure.

2. Materials and methods
2.1. Experimental animals and procedures

Male and female C57BL/6NCrSlc mice (8 weeks old) were purchased
from Japan SLC (Hamamatsu, Japan). All mice were group-housed (3
mice per ventilated cage of 40.5 x 20.5 x 18.5 cm, Green Line IVC
Sealsafe Plus Mouse; Tecniplast, Buguggiate, Italy) under controlled
temperature (23 + 2 °C) and humidity (50 + 10%), and artificial
lighting (14-h light, 10-h dark conditions) at the Kobe University Life-
Science Laboratory, and were given ad libitum access to a pellet diet
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(DC-8; CLEA Japan, Tokyo Japan). This study was approved by the
Institutional Animal Care and Use Committee (Permission # 26-05-07)
of Kobe University and carried out according to the Kobe University
Animal Experimental Regulations. Based on the 47.2 mg/kg/day NOAEL
for males in an 18-month carcinogenicity test (Food and Agriculture
Organization of the United Nations, 2016), male and female mice (9
weeks old) were administered CLO (purity >95%) at a dose of 0, 5, or 50
mg/kg body weight suspended in 0.5% carboxymethylcellulose (10 mL/
kg) by oral gavage (Hirano et al., 2018). These groups were defined
based on dose, with the control, CLO-5, and CLO-50 groups respectively
receiving 0, 5, and 50 mg/kg body weight. Each behavioral test was
conducted in the light phase using different sets of mice.

2.2. Open field test

After a single oral administration, mice were acclimated to the
testing room conditions (500 lx, 23 + 2 °C) in their home cage for 1 h
prior to the start of the test. The mouse was placed in a corner of an open
field (60 x 60 x 40 cm, Tom Products Co., Ltd., Tokyo, Japan) with its
nose pointed at the wall and was then free to explore for 10 min. All of
the mouse’s activities were recorded by a video camera. The total dis-
tance and time spent in the center zone (30 x 30 cm) were analyzed
using ImageJ software with the ImageOF plugin.

2.3. Elevated plus maze test

After CLO administration, the mice were acclimated to the testing
room conditions (10-20 Ix, 23 + 2 °C) in their home cage for 1 h before
the start of the test. The test apparatus was a cruciform made of acrylic
plate; it consisted of two opposing open arms without walls (30 x 5) and
two closed arms with walls (same size, 15 cm wall) and a center zone (5
x 5 cm). The mouse was placed in the center zone with its nose pointed
at the open arm and was then free to explore for 10 min. All of the
mouse’s activities were recorded by a video camera. The total arm entry
and time spent in the open arms were analyzed using ImageJ software
with the ImageEP plugin.

2.4. Novel object recognition test

All mice were acclimated to the testing room conditions (10-20 Ix,
23 £ 2 °C) in their home cage for 1 h prior to start of the test. The
experimental design of the test according to the previous protocol with
some modification is illustrated in Fig. 2A (Bevins and Besheer, 2006).
The task procedure consisted of three phases: habituation, familiariza-
tion, and test. In the habituation phase, the mouse was allowed to freely
explore an open field (60 x 60 x 40 cm) in the absence of objects for 5
min and then was moved to its home cage. The mouse was administered
CLO 24 h after the end of the habituation phase. At 1 h after CLO
administration, in the familiarization phase, the mouse was allowed to
explore freely in the open field with four black bottles (6.5 x 6.5 x 11.2
cm) for 5 min and then was moved to its home cage. In the test phase,
which began 30 min after the end of the familiarization phase, the
mouse was allowed to explore freely for 5 min in the same field, in which
one of the familiar bottles used in the familiarization phase was replaced
by a tower of Lego blocks (4.8 x 4.8 x 11.3 cm) as a novel object. All of
the mouse’s activities were recorded by a video camera, and the mouse’s
trajectory was analyzed with ImageJ software. Touching behavior, in
which the mouse touches objects with its nose, was defined as explo-
ration. The percentage of explorations of the new object (the Lego
tower) among explorations of all objects was calculated.

2.5. Barnes maze test
After CLO administration, all mice were acclimated to the testing

room conditions (800 lx, 23 + 2 °C) in their home cage for 1 h prior to
start of the test. The Barnes maze (90 cm in diameter) was made of white
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acrylic plates with 20 holes (5 cm in diameter) and brightly illuminated
(1800 Ix). One hole, designated as the target, led to an escape box (20 x
9 x 9 cm) formed from sections of black acrylic plate (Fig. 3A). The
experimental schedule of the test is illustrated in Fig. 4B as described by
Rosenfeld and Ferguson (2014) with some modifications. The mouse
was placed in a cylinder made of black acrylic (diameter 8 cm, height
12.5 cm) which was then placed on the center of the maze. After 8 s, the
trial was started by removing only the cylinder, leaving the mouse on the
center of the plate. If the mouse did not enter the escape box within 3
min, the mouse was gently guided to it and allowed to stay in it for 2
min. The training was repeated four times a day at 5 min intervals for 5
days and recorded by a video camera. The distance traveled and the
latency to enter the escape box were analyzed with ImageJ software.

2.6. Immunohistochemical analysis

Immunohistochemical analyses using c-fos as a neuroactivity marker
were performed according to a previous report (Hirano et al., 2018).
After 2 h of behavioral tests, all mice were deeply anesthetized with
isoflurane and transcardially perfused with 0.9% normal saline, fol-
lowed by perfusion with ice-cold 4% paraformaldehyde in 0.1 M phos-
phate buffer. The brain was sliced into 3 mm coronal section using a
brain slicer (Muromachi Kikai, Tokyo, Japan), fixed by immersion in
PFA for 6 h at 4 °C, cryoprotected in ascending solutions of sucrose
(10%, 20%, 30%) in 0.1 M PB overnight, and frozen in an embedding
solution consisting of Tissue-Tek® OCT compound (Sakura Finetek,
Tokyo, Japan). The prepared frozen blocks were sliced into 10-pm-thick
sections on a cryostat (CM1950; Leica Microsystems, Wetzlar, Germany)
and the sections were mounted on slide glasses. The brain sections were
washed in 0.01 M phosphate-buffered saline with 0.05% Tween-20
(Wako Pure Chemical Industries, Osaka, Japan) (PBST; pH 7.4) and
incubated with Blocking OneHisto (Nacalai Tesque, Kyoto, Japan) for 1
h at room temperature (RT). The sections were then incubated with
rabbit polyclonal anti-c-fos antibody (sc-52; Santa Cruz Biotechnology,
Santa Cruz CA, USA) diluted 1:2000 in PBST for 18 h at 4 °C. After
washing in PBST, the sections were reacted with goat anti-rabbit im-
munoglobulins conjugated to peroxidase-labeled dextran polymer
(EnVision+; Dako, Glostrup, Denmark) for 1 h at RT. Inmunoreactivity
was detected by incubation with DAB (3,3'-diaminobenzidine-tetra-
chloride) solution (EnVision+ kit/HRP[DAB]; Dako). The sections were
coverslipped with Eukitt mounting medium (O. Kindler, Freiburg, Ger-
many) and photographed with a BX61 microscope equipped with a DP-
70 digital camera (Olympus Japan, Tokyo, Japan). The number of c-
fos-immunopositive cells per area was calculated using ImageJ software
for at least three sections per mouse.

2.7. Measurement of CLO and metabolites from blood and urine samples

At 2 h after the last behavioral test, mice in the CLO-50 group were
weighed and sacrificed under deep anesthesia with isoflurane. Blood
and urine samples were collected in 1.5 mL tubes and stored at —80 °C
until use. The concentrations of CLO and metabolites (1-methyl-3-
nitroguanidine (MNG), desmethyl-CLO (dm-CLO), desmethyl-desnitro-
CLO (dm-dn-CLO), desnitro-CLO (dn-CLO), and CLO-urea) from blood
and urine samples were measured using an LC-ESI/MS/MS (Agilent
6495B, Agilent Co., CA, USA) as described previously (Ohno et al.,
2020).

2.8. Statistical analysis

All experimental results are expressed as the mean =+ standard error
(SE), and statistical analyses were performed with Excel Statistics 2012
for Windows (SSRI version 1.00; SSRI, Tokyo, Japan). All behavioral and
immunohistochemical data were analyzed by two-way ANOVA (CLO x
sex) followed by the Tukey’s post hoc test. The sex differences in the
blood and urine concentrations of CLO were analyzed using the
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Mann-Whitney U test. The results were considered significant when the
p-value was <0.05.

3. Results
3.1. Effects of CLO on locomotive and anxiety-like behavior

To examine the sex-related effects of CLO on the emotional behavior
of mice in a novel environment, we first conducted an open field test.
The trajectory maps in Fig. 1A summarize the exploratory behaviors of
mice in the open field for 10 min. The two-way ANOVA showed that CLO
had a significant main effect on the total distance traveled [F(2,30) =
5.508, p < 0.01], while the main effects of sex [F(1,30) = 3.936, p =
0.057] and the interaction [F(2, 30) = 3.089, p = 0.060] were close to
significant. The post hoc comparisons revealed that 50 mg/kg of CLO
significantly decreased the total distance compared to the control group
only in males [p < 0.05] (Fig. 1B). As shown in Fig. 1C, CLO and sex did
not significantly affect the time spent in the center zone (two-way
ANOVA: main effect of CLO [F(2, 30) = 0.724]; main effect of sex [F(1,
30) = 0.153]; interaction [F(2, 30) = 0.459]).

The sex-related effects of CLO on the anxiety-like behavior of mice in
a novel environment were evaluated by an elevated plus maze test. The
trajectory maps showed that mice in the CLO-administered groups ten-
ded to stay in the open arms (Fig. 1D). The total number of arm entries,
an index of locomotor activity, was significantly decreased by CLO (two-
way ANOVA: main effect of CLO [F(2, 30) =4.142, p < 0.05]; main effect
of sex [F(1, 30) = 0.555]; interaction [F(2, 30) = 1.060]), and there was
a significant difference between the control and the CLO-50 group only
in males (Fig. 1E). As shown in Fig. 1F, the time spent in the open arms
was significantly decreased by CLO (two-way ANOVA: main effect of
CLO [F(2, 30) =11.744, p < 0.01]; main effect of sex [F(1, 30) = 0.316];
interaction [F(2, 30) = 1.405]). The post hoc comparisons showed that,
for both males and females, the CLO-50 group spent significantly less
time in the open arms than the control group. For the CLO-5 group, on
the other hand, only males spent significantly less time in the open arms
compared to the control.

3.2. Effects of CLO on recognition memory

To evaluate the sex-related effects of CLO on object recognition
memory in a short time, mice were subjected to s novel recognition test
(Fig. 2A). The trajectory maps showed the exploratory behaviors of mice
in the test phase for 5 min (Fig. 2B). As shown in Fig. 2C, the quantitative
data revealed no significant changes in total exploration (two-way
ANOVA: main effect of CLO [F(2, 30) =3.014]; main effect of sex [F(1,
30) = 2.931]; interaction [F(2, 30) = 1.664]). The two-way ANOVA
showed significant main effects of CLO and interaction in the percentage
of explorations of the novel object as an index of object recognition
memory (main effect of CLO [F(2, 30) =5.618, p < 0.01]; main effect of
sex [F(1, 30) = 1.528]; interaction [F(2, 30) = 5.371, p < 0.05]
(Fig. 2D). The post hoc comparisons showed that the percentage of
exploration of the novel object was significantly lower in the CLO-5 and
CLO-50 groups than in the control group among males, while no dif-
ference was observed among females.

3.3. Effects of CLO on spatial learning memory

The sex-related effects of 50 mg/kg of CLO on long-term spatial
learning memory were further evaluated by the Barnes maze test for 5
days, with the distance traveled and the latency to the escape box
serving as performance indexes (Fig. 3A and B). The distance traveled to
the escape box decreased by the day in both males (Fig. 3C) (two-way
ANOVA in males: main effect of day [F(4, 45) =2.898, p < 0.05]; main
effect of CLO [F(1, 45) = 8.105, p < 0.01]; interaction [F(4, 45) =
0.888]) and females (Fig. 3D) (two-way ANOVA in females: main effect
of the day [F(4, 49) =3.417, p < 0.05]; main effect of CLO [F(1, 49) =
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0.357]; interaction [F(4, 49) = 1.126]). CLO had a main effect only in
males, and the difference between the CLO-50 and control groups
reached significance at day 3. As shown in Fig. 3E and F, the latency to
the escape box also decreased by the day, and the two-way ANOVA
showed that the main effect of the day was observed only in females
(females: main effect of day [F(4, 49) =3.268, p < 0.05]; main effect of
CLO [F(1, 49) = 0.241]; interaction [F(4, 49) = 0.310]). On the other
hand, there CLO had a main effect only in males (males: main effect of
day [F(4, 45) =1.023]; main effect of CLO [F(1, 45) =12.343,p < 0.01];
interaction [F(4, 45) = 0.489]), and the post hoc comparison revealed
that the latency to the escape box was significantly higher in the CLO-50
group than in the control group at day 3.

3.4. Effects of CLO on c-fos expression induced by the behavioral tests

Our previous reports demonstrated that the behavioral effects of CLO
were accompanied by changes in neuroactivities in several brain re-
gions, including the paraventricular thalamic nucleus (PVT) in the
thalamus and the dentate gyrus (DG) in the hippocampus (Hirano et al.,
2018). To explore the mechanism underlying marked sex-related
behavioral effects of CLO, the neuronal activities of mice during the
elevated plus maze test and the Barnes maze test were analyzed by

immunohistochemistry to visualize the c-fos, an activated neuron
marker. As shown in Fig. 4A, the immunoreactivities of c-fos in PVT
were increased in both male and female mice subjected to the elevated
plus maze test. The two-way ANOVA showed the significant main effects
of CLO (main effect of CLO [F(2, 24) =12.100, p < 0.01]; main effect of
sex [F(1, 24) = 3.960]; interaction [F(2, 24) = 0.501), and a post hoc
comparison revealed that the number of immunoreactive cells in PVT
was significantly higher in the CLO-5 and CLO-50 groups than in the
control group among males, whereas among females the number was
higher only in the CLO-5 group (Fig. 4B). Fig. 5A shows the immuno-
reactivities of c-fos in the DG of mice subjected to the Barnes maze test.
CLO increased the number of immunoreactive cells in the DG (two-way
ANOVA; main effect of CLO [F(1, 19) =16.292, p < 0.01]; main effect of
sex [F(1, 19 = 3.550]; interaction [F(1, 19) = 13.124, p < 0.01]), and
post hoc analyses showed a significant difference between the CLO-50
and control groups only among males (Fig. 5B). There was no marked
sex-related difference of c-fos immunoreactivities in DG of mice sub-
jected to the elevated plus maze test and PVT of mice subjected to the
Barnes maze test (data not shown).
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and F) mice (Ctrl male: n = 5, CTD-50 male: n = 6, Ctrl female: n = 6, CTD-50 female: n = 6). Plots show group mean =+ SE; *p < 0.05 vs. control groups (two-way

ANOVA followed by Tukey’s post-hoc test).

3.5. Concentrations of CLO and its metabolites in blood and urine

To compare the differences in the metabolic fate of CLO between
male and female mice in the CLO-50 group, the concentrations of CLO
and its six metabolites in blood and urine samples were measured using
LC-ESI/MS/MS (Table 1). The concentrations of CLO and most of its
metabolites in blood and urine were higher in males than in females, and
there were statistical differences between the sexes for the parent
compound in blood and urine (blood, p < 0.05; urine, p < 0.01).
Moreover, the concentrations of dm-CLO and dm-CLO-urea in urine
were significantly higher in males than in females (p < 0.05), whereas
blood samples showed no sex-related differences in the concentrations
of the metabolites.

4. Discussion

In the present study, we investigated whether the behavioral effects
of the chronic NOAEL level of CLO differed between male and female
mice and examined the mechanisms underlying those differences by
focusing on the changes in neuroactivities and metabolic fates. In
summary, our findings revealed that male mice showed anxiety-like
behavior and learning impairment by acute exposure to CLO, which
were not observed in female mice (see Fig. 6). These results were
consistent with a previous report showing anxiety-like behavior in the
elevated plus maze test caused by CLO in male mice (Hirano et al.,
2018). However, there has been no study about the effects of CLO in
female animals. The present study is the first report to demonstrate sex-
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Fig. 4. Sex differences in effects of acute

CLO on neuroactivity in paraventricular
Ctrl CLO-5 CLO-50 thalamic nucleus (PVT) in an elevated plus
maze test. (A) Representative images of
immunoreactivity of c-fos in the PVT in male
and female mice. (B) Quantitative data on
X the number of immunoreactive cells per area
. in the PVT analyzed using at least three
2 sections per mouse. Bar = 100 pm. Columns
(1§ and circles show group mean + SE and in-
E dividual values of mice (Ctrl: n = 6, CTD-5:
n = 6, CID-50: n = 6); *p < 0.05, **p <
0.01 vs. control groups (two-way ANOVA
followed by Tukey’s post-hoc test).
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related differences in neurobehavioral effects of CLO. These differences
provide a novel base of knowledge on which to understand sex-related
differences in the risk of neonicotinoids on neuronal function.

The most interesting findings of the present study were that CLO
acutely affected emotional behaviors in a novel environment and that
these effects differed by sex. The locomotor activities in both the open
field test and the elevated plus maze test were decreased only in the male
CLO-50 group, which was consistent with a previous report showing that
female mice exhibited less sensitivity than males to the locomotor sup-
pression caused by acute nicotine (Hatchell and Collins, 1980). In
addition, the decrease in time spent in the open arms in the elevated plus
maze test was observed in both sexes in the CLO-50 group, whereas only
males showed a decrease in the CLO-5 group. As with nicotine, an earlier
neonicotinoid, acetamiprid, induced anxiety-like behavior in male mice
in the elevated plus maze test (Hirai et al., 2022). On the other hand, in
adult rats nicotine induced anxiogenic effects in the elevated plus maze
test only among females (Elliott et al., 2004; Cao et al., 2010). This
consistency implied species-specific differences in sensitivity to the

behavioral effects of nicotinic agonists. Taken together, these previous
and present results indicated that CLO at the chronic NOAEL level
influenced locomotor activities and anxiety-like behaviors in mice of
both sexes and that male mice were more vulnerable than females to the
novel stressful environment.

In fact, there are sex-related differences in learning performance in
mice; males have advantages in working memory, while females have
advantages in reference memory (Frick and Gresack, 2003; Jonasson,
2005). Learning abilities were known to be impaired by other classes of
pesticides such as organochlorides and pyrethroids in a male-specific
manner in rats (Gomez-Giménez et al., 2017). Subchronic exposure to
the earlier neonicotinoid imidacloprid or to CLO impaired spatial
learning memory in young male rats (Ozdemir et al., 2014; Kara et al.,
2015). Our results showed that acute CLO impaired working memory,
resulting in decreased exploration behavior of a novel object, only in
male mice. In accordance with the present study, Kenney et al. (2011)
demonstrated that male mice acutely exposed to nicotine exhibited
deficits in novel object recognition tasks. In the present study, in
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Fig. 5. Sex differences in effects of acute CLO on

neuroactivity in the dentate gyrus (DG) in the hip-
Ctrl CLO-SO pocampus in a Barnes maze test. (A) Representative
images of immunoreactivity of c-fos in the DG in male
and female mice. (B) Quantitative data on the number
of immunoreactive cells per area in the DG analyzed
using at least three sections per mouse. Bar = 100 pm.
Columns and circles show group mean + SE and in-
Q dividual values of mice (Ctrl male: n = 5, CTD-50
‘_U male: n = 6, Ctrl female: n = 6, CTD-50 female: n
= 6); **p < 0.01 vs. control groups (two-way ANOVA
E followed by Tukey’s post-hoc test).
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Table 1
Blood and urine concentrations of CLO and its metabolites, in ppm.
Blood Urine
Male Female p-value Male Female p-value
CLO 43.9 &+ 4.615 25.1 +£3.35 *0.0284 437 +10.8 337 +£11.0 **0.00394
dm-CLO 43.6 £ 5.57 31.5 £+ 3.38 0.201 578 + 38.3 439 +17.1 *0.0104
dm-dn-CLO 0.287 + 0.143 0.338 + 0.00750 0.855 13.9 +2.33 10.2 + 2.06 0.423
dn-CLO 0.538 + 0.222 0.303 + 0.0520 0.584 20.3 £ 3.62 18.0 + 3.44 0.749
CLO-urea 0.123 + 0.079 0.0368 £ 0.0240 0.304 20.9 +£2.29 14.5 £ 2.39 0.150
dm-CLO-urea ND ND - 3.90 £+ 0.439 1.94 + 0.395 *0.0163
MNG 0.598 + 0.270 0.186 + 0.0253 0.100 13.6 +2.24 12.2 + 3.67 0.337

ND: not detected. *p < 0.05, **p < 0.01, Mann-Whitney U test.
dm-CLO: desmethyl-CLO; dm-dn-CLO: desmethyl-desnitro-CLO; dn-CLO: desnitro-CLO; dm-CLO-urea: desmethyl-CLO-urea; MNG: 1-methyl-3-nitroguanidine.
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Fig. 6. Summary of sex differences in behavioral effects of acute CLO observed in this study. Arrows show significant differences compared to the control group.

contrast to the results of the open field test, no marked effects of CLO
were observed in the total times of exploration, which is an index of
locomotor activity, in the novel object recognition test. This discrepancy
may be explained by habituation to the apparatus, suggesting that the
locomotor suppression caused by CLO may have been apparent in a
novel environment. Our results also demonstrated that consecutive
exposure to CLO at day3 interfered with spatial learning in the Barnes
maze test in male mice but not in females. These findings suggested that
CLO acutely decreased recognition memory in a short time in a male-
specific manner, resulting in the impairment of the acquisition
learning of spatial memory for a long time.

Emerging evidence has presented the various structural and func-
tional differences between the male and female mammalian brains,
which could be factors in sensitivity to exogenous chemicals (Weiss,
2011). A series of studies at the cellular level proved that the excitatory
effects of neonicotinoids are mediated by various types of mammalian
nAChRs, such as a7 (Li et al., 2011), a4p2 (Xiang et al., 2020), and a3p4
(Hirano et al., 2019), which play crucial roles in neurotransmission and
synapse plasticity. In both rats and mice, the basal expression of a4p2
nAChRs was higher in most brain regions in females than in males, while
the upregulation of nAChRs by repeated nicotine treatment was greater
in males than in females (Koylu et al., 1997; Mochizuki et al., 1998). In
the present study, to further understand the mechanisms underlying sex-
related differences in behavioral outcomes, we analyzed changes in
neuroactivities in several brain regions measured by c-fos expression 2 h
after the behavioral test. In the elevated plus maze test, male-dominant
upregulation by acute CLO exposure was observed in the PVT, which
governs emotional responses to fear, anxiety, and stress (Hsu et al.,
2014). These results agreed with those of a previous study in which
administration of a4p2 nAChR agonists and nicotine increased the
number of c-fos—positive cells in the PVT (Jacobsen et al., 2012). A
recent study showed that sex-related differences in PVT activation
properties contributed to acute and chronic stress responses (Rowson
and Pleil, 2021), suggesting that PVT may be involved in sex-related
differences in the effects of CLO on emotional behaviors. In addition,
our results showed that the neuroactivities of DG, a brain region
involved in the learning process in the Barnes maze test (Bott et al.,
2016), were male-specifically activated by CLO during the behavioral
test. Knockout of $2 nAChRs eliminated the male advantage in

performance on the radial arm maze test in mice, suggesting that 2
nAChRs play crucial roles in sex differences in spatial learning and
memory (Levin et al., 2009). The a7 nAChRs in the DG contributed to the
spatial discrimination task in male but not female mice (Otto and Yakel,
2019). These observations supported the idea that the male-only
learning impairment by CLO in mice maybe arise from sex-related re-
sponses of the DG. Given that ovarian hormones were also known to
modulate nAChR function (Cross et al., 2017), differences in the
expression profiles and responses of nAChRs in several brain regions
underlie the differences in neurobehavioral effects of CLO between the
sexes.

Another question in the present study was whether there were sex-
related differences in the metabolism of CLO, so we compared the
blood and urine concentrations of CLO and its metabolites between
males and females 2 h after the behavioral tests. Previous studies
showed that human metabolic enzymes, including CYP3A4, 2C19, and
2A6, in the liver contributed to the metabolism of CLO to dm-CLO (Shi
et al., 2009), the main metabolite in both mice and humans (Ohno et al.,
2020; Wrobel et al., 2022). In the present study, the blood and urine
concentrations of CLO and its metabolites were consistently higher in
males than in females. The female-predominant expression of the CYP3A
family was reported in both mice and humans (Waxman and Holloway,
2009), and the enzyme activity of coumarin 7-hydroxylase, which is
mouse CYP2AS5 corresponding to human CYP2A6, was higher in female
than in male mice (van lersel et al., 1994). Our data also showed the
ratio of dm-CLO/CLO in the blood in females (1.25) was greater than in
males (0.99), suggesting that the metabolic capacity for CLO were
higher in female mice compared to male mice. Ford and Casida (2006)
demonstrated that orally administered CLO was excreted into urine
within an hour of its half-life and that dm-CLO tends to stay in the brain
longer than the parent compound. These results suggest that male mice
would take longer than females to carry CLO and its metabolites out of
the body, leading to male-specific neurobehavioral effects of CLO.

5. Conclusion
The results of the present study demonstrated that acute adminis-

tration of CLO at the chronic NOAEL dose resulted in sex-specific
behavioral effects on locomotor activity, anxiety-like behavior, and
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spatial learning in mice. Our data also revealed male-dominant changes
in neuroactivities in several brain regions, including the PVT and the
DG, in addition to greater tissue concentrations of CLO and its metab-
olites, which could be associated with sex-related differences in
behavioral consequences. These results highlight for the first time that
sex is a significant factor in sensitivities to behavioral effects of neon-
icotinoids. To understand the effects of neonicotinoids on neuronal
function, further research is needed to assess the effects of the envi-
ronmental relevant exposure level of neonicotinoids.
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