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NOTE
Toxicology
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ABSTRACT.	 Although neonicotinoid pesticides are expected to have harmful influence on 
mammals, there is little animal experimental data to support the effect and mechanisms. Since 
acetylcholine causes the release of dopamine, neonicotinoids may confer a risk of developmental 
disorders via a disturbance in the monoamine systems. Male mice were peripubertally 
administered dinotefuran (DIN) referring to no observed effect level (NOEL) and performed 
behavioral and immunohistological analyses. In an open field test, the total locomotor activity 
was increased in a dose-dependent manner. The immunoreactivity of tyrosine hydroxylase in the 
substantia nigra was increased in DIN-exposed mice. These results suggest that exposure to DIN in 
peripubertal male mice causes hyperactivity and a disturbance of dopaminergic signaling.
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Neonicotinoids are modeled on the chemical structure of nicotine and have been used as pesticides in recent years. Since they 
have much higher affinity for the nicotinic acetylcholine receptors (nAChR) of insects than of mammals [17], they have been 
considered to have low toxicity to mammals. Nevertheless, it has been reported that neonicotinoids have nicotine-like excitatory 
effects on mammalian nAChR [9]. In addition, several studies have reported that neonicotinoids have various effects on the 
reproductive systems and neurobehavior of quails and mice [6–8, 16, 19]. nAChR is widely expressed in the central nervous 
system [4], and numerous functions of acetylcholine signals have been elucidated, including the induction of dopamine (DA) 
release [1].

DA, one of the monoamines, is a neurotransmitter synthesized from tyrosine. The major DA nerves in the midbrain belong 
to nigrostriatal pathway. In this pathway involved in motor function, the cell body exists mainly in the substantia nigra (SN), 
and the axon is projected to the striatum. In a previous study, sequential injections with paraquat resulted in a significant loss of 
dopaminergic neurons in the SN [11]. In addition, an in vivo study showed that neonicotinoid causes transient DA release in the rat 
striatum [2]. Therefore, the nigrostriatal pathway is considered to be a target of chemical substances in the environment.

The World Health Organization and United Nations Environment Programme (WHO/UNEP) have expressed alarm over the 
influence of pesticides have various influences on humans and ecosystems [18]. In addition, the American Academy of Pediatrics 
(AAP) published a report on the relationship between pesticides and developmental disorders [14]. Indeed, the number of children 
with developmental disabilities in Japan has more than doubled in the past decade based on the results of a survey on special needs 
education in FY 2016 [12]. It has been suggested that pesticides and other environmental chemical substances are responsible for 
the increase in developmental disabilities [10].

Dinotefuran (DIN) was developed in 2002 as one of the latest neonicotinoids; it has the largest domestic shipment volume in 
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Japan. While various effects of neonicotinoids have been reported, there has been little research on the effects of DIN on mammals. 
In this study, we aimed to analyze the effects of DIN exposure during the peripubertal period on the nigrostriatal pathway and 
behavior.

Male C57BL/6NCrSlc mice were purchased from Japan SLC (Hamamatsu, Japan) and maintained as described elsewhere [7]. 
This study was approved by the Institutional Animal Care and Use Committee (permission number: 26-05-07) and carried out 
according to the Kobe University Animal Experimental Regulations.

We divided the mice into four groups (n=6 in each) based on agricultural chemicals and animal drug evaluation form [3] in 
which 550 mg/kg/day DIN is no observed effect level (NOEL) in mice: DIN-0 (Control), DIN-100 (100 mg/kg/day), DIN-500 
(500 mg/kg/day), and DIN-2500 (2,500 mg/kg/day). All mice were actively administered Water-soluble Arubarin® (consisting of 
20% DIN; Mitsui Chemical Co., Ltd., Tokyo, Japan) dissolved in water from 3 to 8 weeks of age. We determined the body weights 
and water drinking volume in individual mice to estimate the amounts of the putative exposure of DIN twice a week.

On the last day of the 6-week experimental period, an open field test and a Y-maze test were conducted to evaluate the locomotor 
activity, the anxiety-like behavior and the working memory during the light phase. In an open field test, the mice were placed on 
the corner of an open field (60 × 60 × 30 cm) under LED illumination. The total distance traveled and time spent in the center 
zone (30 × 30 cm) were measured over 60 min using Image J software (National Institutes of Health, Bethesda, MD, U.S.A.). In a 
Y-maze test, the mice were placed at the end of one arm (40 cm long ×15 cm high ×8 cm wide) under LED illumination. All their 
activities were recorded by a video camera over the subsequent 10 min, and then the total instances of alternation behavior were 
counted. Alternation behavior was defined as successive entry into the three arms and expressed as the ratio of actual alternations to 
possible alternations (defined as the total number of arm entries minus two), multiplied by 100.

On the day following the 6 weeks of exposure to DIN, all mice were deeply anesthetized with isoflurane using inhalation 
anesthesia apparatus (BS-400T; Brain Science idea, Osaka, Japan) and perfused intracardially with ice-cold 0.1 M phosphate buffer 
(pH 7.4) containing 4% paraformaldehyde. The brains were excised, weighed and immersed in the same fixative solution for 6 hr 
at 4°C. The brains were then dehydrated through a graded series of ethanol followed by xylene and embedded in paraffin. Cross 
sections were cut at 10-µm-thickness, and each section was mounted on a slide glass (Platinum Pro; Matsunami Glass, Kishiwada, 
Japan).

To detect tyrosine hydroxylase (TH) immunoreactivity in the substantia nigra, and dopamine receptor D1 (DRD1) and dopamine 
receptor D2 (DRD2) immunoreactivity in the striatum, we performed the immunohistochemistry protocol as described elsewhere 
[6]. The combination of blocking agents and antibodies used for the detection of each protein by immunohistochemistry is listed in 
Table 1.

Statistical analyses were performed with Excel Statistics 2012 (SSRI version 1.00, Tokyo, Japan). Differences were considered 
statistically significant if P<0.05. One-way ANOVA analysis followed by the Dunnett’s test or Kruskal-Wallis test followed by 
Steel test were used to determine differences between groups.

We measured locomotor activity for 60 min in an open field test and found that DIN dose-dependently increased the total 
distance traveled (Fig. 1A), with the effect being significant for DIN-2500. By contrast, we found no significant effect of DIN on 
the time spent in the center zone (Fig. 1B). In this test, the total distance traveled and the time spent in the center zone respectively 
indicated hyperactivity and anxiety. These results suggest that DIN causes hyperactivity but has no significant effect on anxiety-like 
behavior.

In the Y-maze test, there was no significant difference in the spontaneous alternation behavior among the four groups (Fig. 1C). 
This result suggests that peripubertal exposure to the DIN does not impair working memory.

The results of the immunohistochemical analyses of the brain visualizing TH are shown in Fig. 2A–D. TH immunoreactivity 
was enhanced in the DIN exposure group relative to the control group. But we found no effect of DIN on DRD1 or DRD2 
immunoreactivity in the striatum (Fig. 2E–L). TH is the rate-determining enzyme of DA synthesis, so it is inferred that the increase 
in the intensity of TH positivity found in this study reflects the increase in DA synthesis by DIN.

Our results indicate that peripubertal exposure of DIN affects the DA nervous system and induces hyperactivity in male mice. 
Regarding the relationship between locomotor activity and DA content, it has been reported that hyperactivity is observed under 

Table 1.	 The combination of blocking agents and antibodies used for immunohistochemistry

Detection Blocking reagent Primary antibody Secondary antibody
TH Blocking reagent A and B Mouse monoclonal antibody against TH Histofine MAX-PO (M)

(Nichirei Bioscience, Tokyo, Japan) (MAB318; 1:5,000) (Histofine Simplestain system)
(Merck Millipore, Darmstadt, Germany) (Nichirei Bioscience, Tokyo, Japan)

DRD1 Blocking reagent A and B Mouse monoclonal antibody against DRD1 Histofine MAX-PO (M)
(Nichirei Bioscience, Tokyo, Japan) (MAB5290; 1:1,500) (Histofine Simplestain system)

(Merck Millipore, Darmstadt, Germany) (Nichirei Bioscience, Tokyo, Japan)
DRD2 Blocking One Histo Rabbit polyclonal antibody against DRD2 EnVision + System- HRP Labeled Polymer

(Nacalai Tesque, Kyoto, Japan) (AB5084P; 1:1,500) Anti-Rabbit
(Merck Millipore, Darmstadt, Germany) (Dako, Glostrup, Denmark)

TH: Tyrosine hydroxylase, DRD1: Dopamine receptor D1, DRD2: Dopamine receptor D2.
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extreme decreases or under any increases in the amount of DA [5]. In our present study, it was suggested that the promotion of DA 
synthesis by DIN caused hyperactivity. Attention deficit hyperactivity disorder (ADHD), one of the developmental disorders, is 
characterized by hyperactivity, inattention and impulsivity. A previous study reported that mice exposed to fetal nicotine exhibited 
a wide range of ADHD-like symptoms, including hyperactivity and deficiency in working memory [20, 21]. In another study, 
ADHD-like symptoms such as hyperactivity and working memory disorder were seen in mice exposed to pyrethroid pesticide, and 
at the same time the expression levels of DA transporter and DRD1 increased [13], suggesting that ADHD and the DA nervous 
system are closely related. However, our experiments revealed no effect on DRD1, DRD2 or working memory. From these results, 
it seems that although DIN is not solely responsible for the induction of ADHD symptoms, it may be one of the causes.

Regarding anxiety-like behavior, no significant effect was observed in this study. A previous study reported that in utero and 
lactational exposure to acetamiprid, one of neonicotinoids, caused an anti-anxiolytic effect [15]. In contrast, another study showed 

Fig. 1.	 Behavioral effects of peripubertal exposure to DIN on mouse behavior in an open field test and a Y-maze test. Total 
distances traveled were significantly increased in the DIN-2500 compared to the DIN-0 (A), but time spent in the center zone was 
not changed (B) in the open field test. There were no significant effects among all groups in the percentage of alternation behavior 
(C). Columns indicate the mean ± SE of each group and circles show the individual values of mice (n=6 in each), *P<0.05 by 
one-way ANOVA followed by Dunnett’s post-hoc test (A and B) or Kruskal-Wallis test followed by Steel’s post-hoc test (C).

Fig. 2.	 Representative immunohistochemistry for TH, DRD1 and DRD2 in sections of the mouse brain. In the substantia nigra, 
enhancement of the intensity of TH positivity was observed in the DIN exposure group (A–D). No significant effect on the 
intensity of TH positivity was observed in DRD1 (E–H) or DRD2 (I–L) of the striatum. Bar=100 µm (A–D), 500 µm (E–L).
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that acute exposure of clothianidin, one of neonicotinoids, causes anxiety-like behavior [7]. These disparate results suggest that the 
behavioral effects differ according to the type of neonicotinoids.

This study is the first report to analyze the neurobehavioral effects of DIN on mice. The results indicate that DIN enhanced TH 
positivity and increased locomotor activity. However, the detailed mechanism by which DIN enhances DA synthesis remains to 
be clarified. In addition, further studies are needed because DIN is likely to affect various pathways other than the nigrostriatal 
pathway. The ongoing results of such studies will help to clarify the relationship between pesticides and developmental disorders.

ACKNOWLEDGMENT. This work was supported by a Grant-in-Aid for Scientific Research B (#24310046) from the Ministry of 
Education, Culture, Sports, Science and Technology of Japan (to Y. Tabuchi and N. Hoshi).

REFERENCES

	 1.	 Besson, M. J., Cheramy, A., Feltz, P. and Glowinski, J. 1969. Release of newly synthesized dopamine from dopamine-containing terminals in the 
striatum of the rat. Proc. Natl. Acad. Sci. U.S.A. 62: 741–748. [Medline]  [CrossRef]

	 2.	 Faro, L. R. F., Oliveira, I. M., Durán, R. and Alfonso, M. 2012. In vivo neurochemical characterization of clothianidin induced striatal dopamine 
release. Toxicology 302: 197–202. [Medline]  [CrossRef]

	 3.	 Food Safety Commission of Japan 2016. Agricultural Chemicals and Animal Drug Evaluation form, 6th ed. pp. 62–64. http://www.fsc.go.jp/fsciis/
attachedFile/download?retrievalId=kai20161031no1&fileId=120 [accessed on January 9, 2018].

	 4.	 Gotti, C., Zoli, M. and Clementi, F. 2006. Brain nicotinic acetylcholine receptors: native subtypes and their relevance. Trends Pharmacol. Sci. 27: 
482–491. [Medline]  [CrossRef]

	 5.	 Hagino, Y., Kasai, S., Fujita, M., Setogawa, S., Yamaura, H., Yanagihara, D., Hashimoto, M., Kobayashi, K., Meltzer, H. Y. and Ikeda, K. 2015. 
Involvement of cholinergic system in hyperactivity in dopamine-deficient mice. Neuropsychopharmacology 40: 1141–1150. [Medline]  [CrossRef]

	 6.	 Hirano, T., Yanai, S., Omotehara, T., Hashimoto, R., Umemura, Y., Kubota, N., Minami, K., Nagahara, D., Matsuo, E., Aihara, Y., Shinohara, R., 
Furuyashiki, T., Mantani, Y., Yokoyama, T., Kitagawa, H. and Hoshi, N. 2015. The combined effect of clothianidin and environmental stress on the 
behavioral and reproductive function in male mice. J. Vet. Med. Sci. 77: 1207–1215. [Medline]  [CrossRef]

	 7.	 Hirano, T., Yanai, S., Takada, T., Yoneda, N., Omotehara, T., Kubota, N., Minami, K., Yamamoto, A., Mantani, Y., Yokoyama, T., Kitagawa, H. and 
Hoshi, N. 2018. NOAEL-dose of a neonicotinoid pesticide, clothianidin, acutely induce anxiety-related behavior with human-audible vocalizations 
in male mice in a novel environment. Toxicol. Lett. 282: 57–63. [Medline]  [CrossRef]

	 8.	 Hoshi, N., Hirano, T., Omotehara, T., Tokumoto, J., Umemura, Y., Mantani, Y., Tanida, T., Warita, K., Tabuchi, Y., Yokoyama, T. and Kitagawa, H. 
2014. Insight into the mechanism of reproductive dysfunction caused by neonicotinoid pesticides. Biol. Pharm. Bull. 37: 1439–1443. [Medline]  
[CrossRef]

	 9.	 Kimura-Kuroda, J., Komuta, Y., Kuroda, Y., Hayashi, M. and Kawano, H. 2012. Nicotine-like effects of the neonicotinoid insecticides acetamiprid 
and imidacloprid on cerebellar neurons from neonatal rats. PLoS ONE 7: e32432. [Medline]  [CrossRef]

	10.	 Kuroda, Y. and Kimura-Kuroda, J. 2014. The Etiology of Increased Developmental Disorders. pp. 241–264. Kawade Shobo Shinsha, Tokyo.
	11.	 McCormack, A. L., Atienza, J. G., Langston, J. W. and Di Monte, D. A. 2006. Decreased susceptibility to oxidative stress underlies the resistance of 

specific dopaminergic cell populations to paraquat-induced degeneration. Neuroscience 141: 929–937. [Medline]  [CrossRef]
	12.	 Ministry of Education Culture, Sports, Science and Technology-Japan 2017. A survey on special needs education in FY 2016. http://www.mext.

go.jp/a_menu/shotou/tokubetu/material/_icsFiles/afieldfile/2017/04/07/1383567_03.pdf [accessed on January 9, 2018].
	13.	 Richardson, J. R., Taylor, M. M., Shalat, S. L., Guillot, T. S. 3rd., Caudle, W. M., Hossain, M. M., Mathews, T. A., Jones, S. R., Cory-Slechta, D. A. 

and Miller, G. W. 2015. Developmental pesticide exposure reproduces features of attention deficit hyperactivity disorder. FASEB J. 29: 1960–1972. 
[Medline]  [CrossRef]

	14.	 Roberts, J. R., Karr, C. J. and Council on Environmental Health 2012. Pesticide exposure in children. Pediatrics 130: e1765–1788.
	15.	 Sano, K., Isobe, T., Yang, J., Win-Shwe, T. T., Yoshikane, M., Nakayama, S. F., Kawashima, T., Suzuki, G., Hashimoto, S., Nohara, K., Tohyama, C. 

and Maekawa, F. 2016. In utero and lactational exposure to acetamiprid induces abnormalities in socio-sexual and anxiety-related behaviors of male 
mice. Front. Neurosci. 10: 228. [Medline]  [CrossRef]

	16.	 Tokumoto, J., Danjo, M., Kobayashi, Y., Kinoshita, K., Omotehara, T., Tatsumi, A., Hashiguchi, M., Sekijima, T., Kamisoyama, H., Yokoyama, 
T., Kitagawa, H. and Hoshi, N. 2013. Effects of exposure to clothianidin on the reproductive system of male quails. J. Vet. Med. Sci. 75: 755–760. 
[Medline]  [CrossRef]

	17.	 Tomizawa, M. and Casida, J. E. 2005. Neonicotinoid insecticide toxicology: mechanisms of selective action. Annu. Rev. Pharmacol. Toxicol. 45: 
247–268. [Medline]  [CrossRef]

	18.	 World Health Organization (WHO) and United Nations Environment Programme (UNEP) 2012. State of the Science of Endocrine Disrupting 
Chemicals-2012, an assessment of the state of the science of endocrine disruptors prepared by a group of experts for the UNEP and WHO 
(Bergman, Å., Heindel, J. J., Jobling, S., Kidd, K. A. and Zoeller, R. T. eds.), UNEP: Nairobi; WHO: Geneva.

	19.	 Yanai, S., Hirano, T., Omotehara, T., Takada, T., Yoneda, N., Kubota, N., Yamamoto, A., Mantani, Y., Yokoyama, T., Kitagawa, H. and Hoshi, N. 
2017. Prenatal and early postnatal NOAEL-dose clothianidin exposure leads to a reduction of germ cells in juvenile male mice. J. Vet. Med. Sci. 79: 
1196–1203. [Medline]  [CrossRef]

	20.	 Zhu, J., Fan, F., McCarthy, D. M., Zhang, L., Cannon, E. N., Spencer, T. J., Biederman, J. and Bhide, P. G. 2017. A prenatal nicotine exposure 
mouse model of methylphenidate responsive ADHD-associated cognitive phenotypes. Int. J. Dev. Neurosci. 58: 26–34. [Medline]  [CrossRef]

	21.	 Zhu, J., Zhang, X., Xu, Y., Spencer, T. J., Biederman, J. and Bhide, P. G. 2012. Prenatal nicotine exposure mouse model showing hyperactivity, 
reduced cingulate cortex volume, reduced dopamine turnover, and responsiveness to oral methylphenidate treatment. J. Neurosci. 32: 9410–9418. 
[Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/4389748?dopt=Abstract
http://dx.doi.org/10.1073/pnas.62.3.741
http://www.ncbi.nlm.nih.gov/pubmed/22967792?dopt=Abstract
http://dx.doi.org/10.1016/j.tox.2012.07.017
http://www.ncbi.nlm.nih.gov/pubmed/16876883?dopt=Abstract
http://dx.doi.org/10.1016/j.tips.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25367503?dopt=Abstract
http://dx.doi.org/10.1038/npp.2014.295
http://www.ncbi.nlm.nih.gov/pubmed/25960033?dopt=Abstract
http://dx.doi.org/10.1292/jvms.15-0188
http://www.ncbi.nlm.nih.gov/pubmed/29030271?dopt=Abstract
http://dx.doi.org/10.1016/j.toxlet.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25177026?dopt=Abstract
http://dx.doi.org/10.1248/bpb.b14-00359
http://www.ncbi.nlm.nih.gov/pubmed/22393406?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0032432
http://www.ncbi.nlm.nih.gov/pubmed/16677770?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2006.03.069
http://www.ncbi.nlm.nih.gov/pubmed/25630971?dopt=Abstract
http://dx.doi.org/10.1096/fj.14-260901
http://www.ncbi.nlm.nih.gov/pubmed/27375407?dopt=Abstract
http://dx.doi.org/10.3389/fnins.2016.00228
http://www.ncbi.nlm.nih.gov/pubmed/23358514?dopt=Abstract
http://dx.doi.org/10.1292/jvms.12-0544
http://www.ncbi.nlm.nih.gov/pubmed/15822177?dopt=Abstract
http://dx.doi.org/10.1146/annurev.pharmtox.45.120403.095930
http://www.ncbi.nlm.nih.gov/pubmed/28579575?dopt=Abstract
http://dx.doi.org/10.1292/jvms.17-0154
http://www.ncbi.nlm.nih.gov/pubmed/28179105?dopt=Abstract
http://dx.doi.org/10.1016/j.ijdevneu.2017.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22764249?dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.1041-12.2012

