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PREFACE

One urgent and largely unresolved issue in modecrety is the increase in
reproductive, metabolic, immune and psychiatriodisrs due to changes in a
wide range of environmental factors. In generatedls to human health are
attributable to interactions between genetic andrenmental factors that lead to
variations in phenotypes. Although the myriad emwinental factors can be
divided into two categories—non-biological factsteh as exposure to chemicals,
radiation and climate and biological factors susttanditions of stress, nutrition
and infection—the mechanisms by which these fadtdesact with our genes to
give rise to disorders are complex and vary widely.

For example, while environmental stressors arendfteisible, they can clearly
damage the brain and whole body through activati@i the
hypothalamic-pituitary-adrenal (HPA) axis and supsnt release of several
stress hormones. The increased psychological aridl stressors in modern life
are now well known as major risk factors for inii@st and mental illness.
However, the mechanisms by which stressors makevuliserable to other
environmental factors are not fully understood.

At the same time, the enormous quantities of naheimicals we have been
creating to improve our life are having unpredittaeffects on our health. As
Rachel Carson first discussed in tlHent Spring in 1962, industrial and
agricultural chemicals that included dichloro-dipjketrichloroethane as an
ingredient were not always useful and safe. As Tladborn subsequently
pointed out inOur Solen Future in 1996, chemicals such as polychlorinated

biphenyls and dioxins mimic sex steroids vivo and thus are classified as



endocrine-disrupting chemicals (EDCs); these agerdasse morphological
abnormalities of the reproductive organs of wildhaads and have also become a
public health issue.

In the case of newer chemicals, however, the rssdessments are not always
keeping pace with the research and developmentfadh identifying risky
chemicals has become a kind of cat-and-mouse ganee the onset of toxicity is
not always dose-dependent, and is often affectedsymcific or individual
chemical sensitivities and the point of exposurerddver, the combined effects
of these chemicals are often unknown. Thus whileghypical EDCs (bisphenol
A, di-2-ethylhexyl phthalate, and 2,3,7,8-tetracbhtbbenzop-dioxin) have
countervailing effects when used in combinationnjdia et al., 2009], the effect
of exposure to four antiandrogens was shown to behngreater than the sum of
the individual effects of each drug [Christianstral., 2009]. The conventional
ways of safety evaluation only for single compourete not able to reflect the
actual combined exposure condition. As the Worl@ltheOrganization described
when introducing their new framework for cumulatifiealth risk assessment
[Meek et al., 2011], methods for evaluating the interactivee@s of multiple
chemicals and other environmental factors will lgeently needed in the future.

Although it is impossible to assess the effedtalbsuspected environmental
factors, the sets of processes of various influenog environmental factors
through molecular, cellular, tissue and individedlanges are partly common
among them. Therefore, our primary tasks are (J)eakng the individual
mechanisms and pathways, and (ii) developing comtaritological endpoints

and predictive biomarkers for the adverse effetesneironmental factors. In this



study, | examined the reproductive and behavidfates of environmental stress,
environmental chemicals, or both to understanduthigersal mechanisms of the

harmful effects of environmental factors.



Chapter |
Unpredictable chronic stress-induced reproductive suppression
associated with the decrease of kisspeptin immunoreactivity

in male mice



Introduction

Since the beginning of life on earth, living thingave been surrounded by
various types of stress from their environmenphysical, chemical, biological,
psychological and social stressand they have survived by adapting to the stress
in order to maintain homeostasis. After Hans Setiedined stress as the
“non-specific response of the body to any demamctifiange” in the 1920s, the
effects of stress were examined from several differangles. It is now well
known environmental stress has various adversetefte mammals including on
the immune system [Khansatial., 1990], the autonomic nervous system [Rike
al., 1997] and the endocrine system [Ha#tilal., 2001], mainly by activating the
hypothalamic-pituitary-adrenal (HPA) axis and thisequent release of several
stress hormones.

Reproductive function is a potential target of eonmental stress through the
reproductive  endocrine  feedback system, which s lle¢a the
hypothalamic-pituitary-gonadal (HPG) axis [RivierdaRivest, 1990; Tsigos and
Chrousos, 2002]. In fact, hypothalamic gonadotropirasing hormone (GnRH)
provokes the pituitary to release luteinizing hona@LH) and follicle-stimulating
hormone (FSH), which stimulate Leydig cells andt8ercells in males and
granulosa cells and follicles in females to relessg steroids and the gonadal
hormone inhibin. The stress hormones cause mulsippgoressions of the HPG
axis. For example, glucocorticoids from the adrenabrtex and
corticotropin-releasing hormone (CRH) from the hyyadamus inhibit GnRH, LH
and FSH secretion [Riviet al., 1986; Williamset al., 1990].

The feedback system of the HPG axis is not fullgarstood, because there are



no sex steroid receptors on GnRH neurons. Kisspeptinovel neuropeptide
encoded by th&issl gene, acts as an upstream regulator of the HPaaxi was
identified as an endogenous ligand of G-proteinptedi receptor 54
(GPR54/Kiss1r) in 2001 [Ohtaldt al., 2001; Kotaniet al., 2001]. In studies of
Kissl- or Kisslr- deficient mice [Seminaret al., 2003; Lapattet al., 2007] and
patients with idiopathic hypogonadotropic hypogasadwho have a mutation of
KISSIR [de Rouxet al., 2003], kisspeptin proved to be critical to the onset of
puberty [Hanet al., 2005] and to have a potent stimulatory effectGafRH.
Kisspeptin neurons, which express sex steroid tecgpare localized mainly in
the two hypothalamic regions. They project fibevsthie medial preoptic area
(mPOA), which contains most of the GnRH neurons.

First, kisspeptin neurons in the anteroventralvgericular nucleus (AVPV),
which is known as the sexually dimorphic regiorgulate the positive feedback
of sex steroids and are rarely observed in maledkeu females. Second,
kisspeptin neurons in the arcuate hypothalamic euscl(ARC) mediate the
negative feedback in both males and females. Upstreignalings of the HPG
axis such as that provided by kisspeptin are ctlyrattracting much attention in
the broad biological area.

Morgan and Tromborg pointed out that zoo animaés saabjected to various
stressors and that many zoo animals are expergmeproductive difficulties. In
particular, the levels of fecal glucocorticoids axdrogen in captive cheetahs are
significantly higher than those of cheetahs in thikd [Terio et al., 2004].
Seminiferous degenerations frequently occur inieamorillas [Enomotcet al.,

2004]. Similarly, the infertility rates in humansve also gradually increased,



caused in part by drastic decreases in sperm guyé&lérisen et al., 1992; Joffe,
2010]. Environmental stress is one of the possiblsons for these infertility
problems [Sheineet al., 2003], but the mechanisms underlying environiaent
stress-associated reproductive failure are stdlear.

The purpose of the present study was to investitigtecentral and peripheral
reproductive effects of environmental stress inureaimale mice. We applied an
unpredictable chronic stress procedure to adulemmate, which are often used in
the assessment of antidepressant medications [Mahell, 2006]. We performed
histological and immunohistochemical analyses fomuon the expression of
hypothalamic kisspeptin to understand the compr&iiereffect of environmental

stress.



Materials and methods
Experimental animals

Eight-week-old male C57BL/6NCrSlc mice were purdthérom Japan SLC
(Hamamatsu, Japan). We divided the group of mitedontrol and stress groups
(n=6 mice each) by weight, with no significant wsiglifference between the
groups. Each group was maintained in a 40.5x20.5xd@ cage under controlled
conditions of temperature (22 + 2°C) and humidif0 (= 10%) on a 12-hr
light/dark cycle. All mice ha@d libitum access to food (Labo MR Stock: Nihon
Nosan Co., Yokohama, Japan) and filtered wates $hidy was approved by the
Institutional Animal Care and Use Committee (Pesmis number: 24-15) and

carried out according to the Kobe University Anirexlberimental Regulation.

Stress procedure

All mice were allowed to acclimate to their homgesi for 1 week prior to the
initiation of experiments. The stress-group micerevsubjected to different
stressors as described by Moletaal. and Muruaet al. with some modifications.
The following six stressors were used: 5 min forsadmming in water at room
temperature (RT), 24 hr food and water deprivaticontinuous overnight
illumination, 30 min horizontal cage shaking (80mjp 24 hr switching of
cagemates (being housed with another mouse) andhr2#et bedding. To
maximize the unpredictability of this paradigm, te&#ess group mice were
randomly subjected to one stressor per day at mgrtimes for 4 weeks. The
control-group mice were kept in the same envirortnagr experimental period

without being subjected to any of the stressor$.nfi€e were weighed once a



week throughout the 4 weeks experimental period.

Tissue preparation

On the day following the last stress exposurenake were deeply anesthetized
with diethyl ether and transcardially perfused witB% normal saline, followed
by perfusion with ice-cold 4% paraformaldehyde hogphate buffer. The brains
and testes were excised, weighed, postfixed wighsdime fixative overnight at
4°C, dehydrated through a graded series of eth#oil@wed by xylene and
embedded in paraffin. Serial sections were ther{testes, 4 um thick; brains, 10
pm thick), and each tissue section was mounted atda glass (Platinum;

Matsunami Glass, Kishiwada, Japan) for the follaysieps.

Histological and immunohistochemical analyses

After deparaffinization and hydration, for a gerdnstological analysis, testis
sections were stained with hematoxylin and eosi; (Merck KGaA, Darmstadt,
Germany) following the manufacturer’s instructiorad brain sections were
stained with 0.1% cresyl fast violet solution, whidsualizes Nissl’'s substance.

To detect kisspeptin immunoreactivity in the hy@démus and the localization
of DNA fragmented cells in the testis, we performede following
immunohistochemistry protocol. The brain sectioreyavincubated in 25 pg/ml
Proteinase K (Takara Bio, Otsu, Japan) at 37°CL@min for antigen retrieval.
The sections were immersed in absolute methanolOasfb HO, for 30 min,
respectively, at RT to quench the endogenous pagiegi activity. The sections

were incubated with Blocking One Histo (Nacalai ges, Kyoto, Japan) for 1 hr



at RT for protein blocking and then incubated vitie rabbit polyclonal AC#566

kisspeptin antibody [Franceschgtial., 2006] (a generous gift from Dr. A. Caraty,
INRA, France) diluted 1:16,000 and the rabbit plipal antibody against

single-stranded DNA (ssDNA: 18731; IBL Co., Fujiokapan) diluted 1:1,000 in

phosphate buffered saline (PBS) for 18 hr at 4°C.

After being washed with PBS, the sections wereteshwith goat anti-rabbit
immunoglobulins conjugated to peroxidase-labelectrda polymer in tris
(hydroxymethyl) aminomethane-HCI| buffer (EnVision+Dako, Glostrup,
Denmark) for 1 hr at RT. Immunoreactivity was thiaiected by incubation with
3,3'-diaminobenzidine solution (EnVision+ kittHRPAB], Dako). The sections
were then rinsed with distilled water and countangd lightly with hematoxylin
solution for 1 min. Next, the sections were plage@ graded series of ethanol,
dehydrated with absolute ethanol, cleared by xybema coverslipped with Eukitt

(O. Kindler GmbH, Freiburg, Germany).

[ mmunohi stoplanimetry

To analyze the frequency of DNA fragmented cellshie testes, we randomly
selected three sections (200 seminiferous tub@es) all mice and counted the
number of DNA fragmented cells located in the sdf@miaous tubules. The

numbers per seminiferous tubule of each group e calculated.

Satistical analysis
Statistical analyses were performed with Exceli§tas 2012 (SSRI version

1.00, Tokyo, Japan). The numbers of SSDNA-positels and the brain and testis

10



weights were analyzed using the independent tweetai-test and the
Mann-Whitney U-test. The results were considerggiBcant when the-value

was less than 0.05.
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Results
Body and organ weights

The weekly changes of the body weights of the rareeshown in Fig. I-1. The
body weights of the stress group at 3 weeks (24.B33 g) and 4 weeks (25.41 +
0.81 g) were significantly lower than those of tdomtrol group (3 weeks, 26.24 +
2.11 g;p<0.05; 4 weeks, 27.32 + 2.15180.01). The brain and testis weights at 4
weeks are shown in Fig. I-2. Although the testisghts of the stress group
decreased significantly compared to those of timrobgroup (Fig. I-2A, control:
100 = 4 mg; stress: 92 £ 11 mk0.01), no significant between-group difference
was observed in the brain weight (Fig. I-2B, cohtd®2 + 18 mg; stress: 452 +

22 mg).

Histological and immunohistochemical findings of testis and brain

In the control group, the testes showed normal @langement and
spermatogenesis in the seminiferous tubules (F8)! In the stress group, the
testes showed thin and vacuoled germ cell layedseaterged tubular lumen due
to the decrease in the number of germ cells, antimacleated giant cells caused
by the degeneration of germ cells were observed. (FBB). There was no
histological difference between the Leydig celldhia testicular interstitial tissues
of the stress group and those of the control grdupe localization of DNA
fragmented cells was visualized (Fig. 1-3C and Ohly a few ssDNA-positive
spermatogonia were detected in the control grosges$e but some aggregations of
ssDNA-positive spermatogonia and spermatocyte®snding Sertoli cells were

observed in the stress group testes. The numbersss@fiNA-positive

12



spermatogonia and spermatocytes per seminiferdugetwof the stress group
increased significantly relative to those of thatcol group (Fig. 1-3E, control:
0.302 £ 0.127; stress: 0.554 + 0.4$%0.05).

In the cresyl fast violet-stained sections, the AR&re composed of round or
ovoid cells with short dendrites. There was no redrinorphological difference in
the ARC between the control and stress groups (Fié. and B). The kisspeptin
immunoreactivity was granularly detected in axond dendrites over the entire
area of the ARC in both groups (Fig. I-4C—F). Thenbers of kisspeptin neurons
were uncountable because of the unclear boundattyeaihdividual neurons, but
we observed a decreasing trend of granular kissp@&pimunoreactivity in the

ARC of the stress group.
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Discussion

We examined the hypothalamic and testicular effetishronic environmental
stress on male reproductive function in mice. Skatany effects of kisspeptin on
gonadotropins and GnRH were well confirmed in stadising the administration
of the synthetic peptide and its antagonist to mtglgGottschet al., 2004;
d'Anglemont de Tassigngt al., 2008; Liet al., 2009]. However, there are few
reports regarding whether kisspeptin is involvedsiress-induced reproductive
suppression. Most kisspeptin  neurons in the ARC oaize with
corticotropin-releasing hormone receptor 1 (CRH-RIakumi et al., 2012],
suggesting that the stress hormone could distbuihctioning of the kisspeptin
neurons directly. Three different stress paradigimswn to inhibit LH pulsed
secretion also suppressed bKiksl andKisslr mRNA expression [Kinsey-Jones
et al., 2009], whereas alterations of kisspeptin atpgéptide level have not been
previously reported, to the best of our knowledge.

In the present study, kisspeptin in the ARC was imahistochemically
visualized as diffuse granule-like particles. Neuaptides, like kisspeptin, are
synthesized as precursors in the endoplasmic heticin the neuron cell body.
They are modified to active forms and transportethe axon terminal as larger
vesicles than those of neurotransmitters. Theretbheegranular immunoreactivity
of kisspeptin detected in the ARC in the presemf\sindicates stained precursors
and transport vesicles. Similar staining was olexiim the previous study using
the same antibody [Clarksoret al., 2009]. The decreased Kkisspeptin
immunoreactivity observed in the present stressqgmice is in agreement with

previous research [Kinsey-Jones et al., 2009]. Algh the kisspeptin expression

14



in the mPOA (the distributional area of the axommieals) remains to be
investigated, decreasing the number of positivages of kisspeptin in the ARC
would result in the inhibition of kisspeptin sedpet

Other neuropeptides may synergistically affect paggin expression and
stress-induced reproductive suppression. For ex@nginadotropin-inhibitory
hormone (GnlH), which has an effect that is theagie of that of kisspeptin,
also mediates the stress condition to the HPG a&isute and chronic
immobilization stress increase the expressio@miH MRNA in the dorsomedial
hypothalamic nucleus, in which the glucocorticaedeptor is localized [Kirbyt
al., 2009], implying that there may be a number oés input systems to the
HPG axis.

In addition, nutritional states are known to affegpproduction. Feeding-related
peptides in the hypothalamus, such as leptin, Nmpitde Y,
a-melanocyte-stimulating hormone, and insulin-likeowth factor 1, regulate
Kissl mRNA expression [Navarro and Tena-Sempere, 20aZarticular,Kissl
MRNA decreases without a sufficient leptin concaidn. Leptin from adipose
cells can be expected to be a direct mediator titimmal effects on kisspeptin
neurons, because approx. 40% of the kisspeptinonsun the ARC have leptin
receptors [Smithet al., 2006]. It cannot be denied that the stress-iaduc
suppression of body weight gain in the presenty&udtress group may be
attributable to poor nutrition, causing kisspeptm decrease through leptin
signaling.

In the testes of the mice, we found that the nundbfddNA fragmented cells

per seminiferous tubule was significantly higher ihe stress group,

15



corresponding to earlier research concerning strekged testicular germ cell
apoptosis [Yazawat al., 1999]. It is well known that spermatogenesisees
mainly on FSH signaling in Sertoli cells [Sairandafrishnamurthy, 2001]. On
the other hand, testicular steroidogenesis is adgdlby LH signaling, which
activates steroidogenic acute regulatory (StAR)tgino and steroidogenic
enzymes, such as cytochrome P450 side-chain cleaemgyme (P450scc)
[Stocco, 2001]. The protein and mRNA levels of StARd P450scc in Leydig
cells in vitro dose-dependently decreased by corticosteroneetinydstilbestrol,
indicating that they are early targets of environtak factors in the testes
[Rengarajan and Balasubramanian, 2008; Watitéh,2010;Maedaet al., 2013].

Previous works using rodents under low LH and F®Hda&ions created by
estradiol and diethylstilbestrol administration dBto-Rodriguez and
Martinez-Garcia, 1997; Waritaet al., 2008] suggested that the thinning
seminiferous epithelia observed in both those stidnd the present study may be
due to a deficiency of both hormones. In additionyitro studies showed that
spermatogonia in their seventh generation bounbtetgrimary spermatocytes
would die by apoptosis without a sufficient FSHipotin ratio and meiosis
initiation factors from Sertoli cells [Yazawet al., 2002; Abé, 2004]. Although
testicular apoptosis is known to occur rarely urntier physiological condition in
mature males, the aggregated distribution of ss[p¥sitive spermatogonia
around certain Sertoli cells in the present studiress-group mice supports this
theory.

The multinucleated giant cells observed in oursstgroup mice are similar to

those seen in the seminiferous tubules of gorkkyst in zoos [Enomotet al.,

16



2004]. Chronic underexercise and nutritional angtpslogical stress are thought
to be causes of testicular damages in gorillas igdiraet al., 2006]. Although
the relationship between male infertility in humamsl environmental stress is not
yet understood, these critical conditions in zoomafs may reflect those in
humans. We hope that further efforts to promoteirenmental enrichment for
zoo animals will be made.

Regarding testicular oxidative stress, an imbaldret®een the generation of
reactive oxygen species (ROS) and scavenging adiitixe enzymes should also
be noted. Redundant ROS mainly attack sperm DNAth@aell membrane, and
thus, testicular oxidative stress is associatetl migale infertility from the clinical
perspective [Tremellen, 2008]. The origins of oxidka stress range widely and
are not fully identified, but recent studies demuoaied that corticosterone
administration and restraint stress induced oxrdagtress in chicken and rat [Lin
et al., 2004; Zafir and Banu, 2009].

In general, stress is thought to suppress foodkéntnd body weight. The
weekly differences in body weight between the pmesentrol and stress groups
gradually widened throughout the experiment andairec significant at 3 to 4
weeks. The metabolic suppression is a common symptsulting from an
unpredictable chronic stress procedure [Matthewat., 1995; Coxet al., 2011].
Such procedures are also known to increase themplasorticosterone level
[Detanicoet al., 2009; Coxet al., 2011] and decrease sexual behaviors [Getinli
al., 2005]. Therefore, the mice in the present stggssip could be an animal
model of reproductive suppression by environmesttia@ss. The present findings

are worthwhile, because detailed research aboutegweductive effects of this

17



unpredictable chronic stress procedure has not tasstucted.

Taken together, the findings in the present expamindemonstrated that even a
mild degree of environmental stress can affect maeroduction. To our
knowledge, this study provides the first evidendean association between
stress-induced reproductive suppression and reckissgeptin immunoreactivity
at the peptide level. The testicular degeneratith &an increased number of DNA
fragmented cells occurred through these possiblehar@sms. These effects of
environmental stress might be crucial at the jueerfetal and organogenesis
stages with their greater susceptibility. Furthieldees are needed to clarify the

multilevel reproductive suppression caused by emwvirental stress.
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Summary

Environmental stress affects various parts of malsrypically through the
circulation of stress hormones. It has been idiextiis one of the possible reasons
for male reproductive difficulties, but the compleechanisms responsible for
stress-induced reproductive suppression are poaorgerstood. Here, we
examined the relationship between chronic envirortaiestress and hypothalamic
Kisspeptin, a recently discovered upstream regutHtthe reproductive endocrine
feedback system. We studied male mice under anedigpable chronic stress
procedure to replicate the situation of animalseunthronic stress. Histological
and immunohistochemical analyses were performedisiog on kisspeptin
neurons in the arcuate hypothalamic nucleus (ARM)BNA fragmented cells in
seminiferous tubules. Although the ARC was not rhotpgically altered in either
the stressed or non-stressed group, granular kisspémmunoreactivities
decreased slightly in the stress group. In theegesf the stress group, several
signs of testicular degeneration were observeduditeg increased numbers of

ssDNA-positive cells per seminiferous tubule, thmgy vacuoled seminiferous

epithelia and multinucleated giant cells. The dases in kisspeptin in the stress
group might be due to other hypothalamic peptidesych as

corticotropin-releasing hormone and leptin, whoseeptors are known to
coexpress in the ARC. In addition, environmenta¢sst directly and indirectly
affects testicular function through stress hormorsasl gonadotropins. In

summary, our findings enhance the understandingfrets-induced reproductive

suppression possibly mediated by kisspeptin ilARE.
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Figures and Figure legends
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Fig. I-1. Unpredictable chronic stress suppressed the body weight gain of the
mice. All mice gained weight gradually throughout the 4 weeks experimental
period, but there were significant differences between the body weights of the
control and stress groups at 3 weeks and 4 weeks. Values are presented as the
mean=* SD (n=6 mice each).p<0.05; **p<0.01.
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Fig. I-2. Effect of unpredictable chronic stress on absolute weights of brain
and testes at 4 weeks. (A) The average testis weight of the stress \wesup
significantly lower than that of the control group. (B) There was no significant
difference between brain weights of both groups. Values are presented as the

mean* SD (n=6 mice each). <0.01.

22



,\'\

1.2 - *

0.8 -
0.6 -

0.4 '|'

0.2 4

/ seminiferous tubule

number of ssDNA positive cells

S i D b Control Stress

Fig. I-3. Representative histology and immunohistochemistry of the testis in
the control and stress group mice. (A) In the control group, normal cell
arrangements were present in the seminiferous tubules. (B) In the stoegs gr
multinucleated giant cells (arrowhead) and vacuolization were occdlgiona
found in the thinned seminiferous epithelia. Sperm were seen in the lufmen o
seminiferous tubules in both groups. HE staining. (C) Immunoreactivity for
single-stranded DNA was rarely detected in the nuclei of the spermaieogb

the control group testes. (D) Aggregations of ssDNA-positive spermatogonia
and spermatocytes were observed in the stress group testes. Bar = 200 um
(inset: 50 um). (E) The number of ssSDNA-positive cells significaimttreased

in the stress group compared to that of the control group. Values are presented
as the meant SD (n=6 mice each).p<0.05.
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Fig. I-4. Representative histology and immunohistochemistry of the brain in
the control and stress-group mice. Coronal photomicrographs show no
morphological differences between the ARC of the control (A) and stress (B)
groups (ARC: arcuate hypothalamic nucleus. 3V: third ventricle. Bar = 200
pm). Kisspeptin neurons in the ARC were similarly detected in the cor@ol (
and stress (D) groups. At high magnification: the granular kisspeptin
immunoreactivity decreased slightly in the brain sections from ttessigroup

(F) compared to that of the control group (E). Bar = 100 pm.
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Chapter |1
The combined effect of clothianidin and environmental stresson the

behavioral and reproductive function in male mice
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I ntroduction

Neonicotinoids, which were developed in the 199Gs/e been some of the
most widely used pesticides, accounting for ovér 2 the world market share
with rapidly increasing sales. They act as agoristhe nicotinic acetylcholine
receptors (NAChRs) of insects with much higher n#ifi than to those of
mammals, resulting in death of insects from abnoreecitability in their
cholinergic nervous system. However, with the récempanding use of
neonicotinoids in farming, forestry and the builglimdustry, an unanticipated
phenomenon called honeybee colony collapse dis¢@eb) has inflicted great
damage on crop production in many parts of the advi?bttset al., 2010]. Some
neonicotinoids were proved to disturb the foragamgd homing behaviors of
honeybees, weakening their colonies [Hestrgl., 2012; Whitehorret al., 2012;
Gill et a., 2012]. Neonicotinoids have thus attracted mutenéon as a strongly
suspected agent of CCD.

In experimental animals, neonicotinoids were imrataly absorbed and largely
excreted into the urine with 2—6 hr half-lifie vivo [Ford and Casida, 2006a]. An
in vitro study showed that mammalian nAChRs also have saffinaity for
neonicotinoids, although at much lower levels coregato insect nAChRs
[Tomizawa and Casida, 2005]. In neonatal rats, reéveeonicotinoids cause
excitation of cerebellar neurons through their nREHKimura-Kurodaet al.,
2012], suggesting further unpredictable adversectdf of neonicotinoids on
vertebrates. According to those reports, the EwopEnion (EU) issued a
decision in 2013 to ban the use of three neoniomsfor a fixed period of two

years as a precautionary principle. Contrary ts, tini Japan, the residue standards
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for neonicotinoids, which are several or hundredstimes higher than the
corresponding standards in Europe and the UnitatéS§tare being relaxed by the
Ministry of Health, Labour and Welfare. An incraaginumber of research studies
demonstrate that neonicotinoids are definitely Harto mammals, birds, fishes
and insects, and there is an urgent need for @edisformation to judge the risk
of neonicotinoids.

In particular, clothianidin (CTD), the sixth-devpkxd neonicotinoid, is a white
crystalline compound with the molecular weight dB&68 and the lowest water
solubility (0.327 d)) among the neonicotinoids. A research about métatade of
neonicotinoids revealed that CTD was comparatipagsistent in mammal brain
[Ford and Casida, 2006b]. CTD also acceleratesagonses to acetylcholine in
HEK cells expressing human nAChRelf2 [Li et al., 2011], implying an
excitatory effect of CTD on mammalian brains. Tle@roductive function also
seems to be a target of CTD; this neonicotinoiduced the weights of
reproductive organs and semen quality parametemmmofture and mature male
rats [Balet al., 2012, 2013]. We recently reported that low-do3® affects avian
reproductive functions through oxidative stressj dms effect could be more
severe in birds that have higher sensitivities [iroktoet al., 2013; Hoshkt al.,
2014].

As described above, the typical targets of neomodats are nAChRs, which
are expressed throughout the body, especially istsgpaptic neuromuscular
junctions, autonomic ganglions and the central oesvsystem for cholinergic
neurotransmission by acetylcholine. These ion cehlimked receptors, are a

circular homo- or hetero-pentamer composed of dozdrsubunits determining
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their physiological properties. In mammal brai,homomer and4p2 heteromer
play important roles as regulators of intraneuraigihaling and neurotransmitter
releases. Phenotypes of knockout models indict@dnAChRs are involved in
emotional and anxiety-like behaviors, along withmso psychiatric disorders
[Picciottoet al., 2001; Dragat al., 2003].

It recently became apparent that the expressiom\GhRs are influenced by
environmental stress. For example, immobilize staEcreases the expression of
NAChRsa7 in the hippocampus of mature rats [Hungerl., 2010], whereas,
prenatal stress in rats increases the expressioAGhRs in the hippocampus of
their adult offspring [Schulzet al., 2013]. We thus hypothesized that
environmental stress altered the sensitivity tonm@ainoids by modifying the
cholinergic system.

The purpose of the present study was to investitjade effect of chronic
combined exposure to CTD and environmental strébs. oral administration
method is known to add extraordinary stress to exmatal animals with a
transient secretion of glucocorticoids [Balcomé&eal., 2004]. To assess the
effects of CTD and environmental stress separatedychose a non-invasive CTD
administration method using commercial oral rehyydragels. We conducted an
open field test to detect behavioral changes fallgwthis combined exposure,
and histological and immunohistochemical analysesewerformed focusing on

the expression of the antioxidant enzymes in testes
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Materials and methods
Experimental animals

Male C57BL/6NCrSlc mice (8 weeks old) were purclag®m Japan SLC
(Hamamatsu, Japan). All mice were maintained in549.20.5 x 18.5 cm
individual ventilated cages (Sealsafe Plus Mouseniplast, Buguggiate, Italy)
under controlled temperature (23 £ 2°C) and humi@&0 + 10%) on a 12-hr
light/dark cycle at the Kobe University Life-Scientaboratory withad libitum
access to a pellet diet (DC-8; Clea Japan, Tokgpad) and filtered water. This
study was approved by the Institutional Animal Camed Use Committee
(Permission #24-10-03) and carried out accordintp¢oKobe University Animal

Experimental Regulation.

CTD purification and HPLC analysis

Water-soluble DantotSu(involving 16% of CTD; Sumitomo Chemical Co.,
Tokyo, Japan), donated by Sado City (Niigata, Japaas washed with 10 times
the amount of distilled water to remove the sudattctivating and granulating
agents. After being left to stand for at least 48tle supernatant was removed.
This step was repeated five times, and then, thigevgmecipitate was collected
and air-dried naturally for a week. The contenteraf CTD in the white
precipitate was measured by a LaChrom high-perfoo@diquid chromatography
(HPLC) system (interface L-7000, pump L-7100, asdéonpler L-7200, column
oven L-7350 and UV-VIS detector L-7420; Hitachikyo, Japan) using a Capcell
Pak C18 UG120 column (&m patrticles, 4.6 x 250 mm; Shiseido, Tokyo, Japan).

CTD standard (>99.8%; Wako Chemical, Osaka, Japad)he obtained white
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powder were completely dissolved in dimethyl suifiex (DMSO) and then
serial-diluted with a mobile phase consisting of/b%cetonitrile in 50 mM
potassium phosphate buffer (pH 3.0), followed byrdiion with a 0.20um
syringe driven filter unit (Millex-LG; Millipore, Hlerica, MA, U.S.A.). The
column maintained at 40°C was eluted with the neophase at a flow rate of 1.0
ml/min. After the column was equilibrated, tDof the samples was injected into
the HPLC system. We monitored the resultant chrograph at the wavelength of
260 nm and then calculated the CTD content of thtained white powder from
the calibration curve created by the peak areasaiyhts of the CTD standard. A
single peak was observed in the samples from thee whecipitate with the same
retention time as that of the CTD standard. A liresdibration curve (R= 0.999)
created from samples serial-diluted with the CTRndard showed that our
purification makes the content rate of CTD increlasem 14—-16% to 93—-97% by

weight.

CTD administration and stress exposure

All mice were allowed to acclimate to their honages for a week prior to the
initiation of experiments. We divided the mice iight groups (n=5 mice in each
cage): CTD-0 (Control), CTD-10 (10 mg/kg/day), CBD-(50 mg/kg/day), and
CTD-250 (250 mg/kg/day) with the presence or absericstress exposure. As a
substitute for filtered water for the mice, we uskd MediGe? Sucrarose 2 oz
cup (ClearH20, Portland, ME, U.S.A.), which is avibtred thermoreversible
hydration gel matrix. The amounts of the purifiedBC for the respective

administration groups were calculated from the Cpity (95%), daily gel
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intake (5 g/day/mouse), total gel weight (60 g;leding the package weight) and
average mouse weight (24 g; weighed at initiatidnegperiments). These
amounts of CTD were completely dissolved in gdMMSO (1% volume of a
gel) and injected into the gels and then doubléedat 60°C followed by shaking
to ensure that the CTD was diffused well. For tAd@ group, the same volume
of DMSO without the purified CTD was injected intbe gels. All gels were
strapped with cable ties under the grate of thes diagto prevent contamination
with the beddings and the excretions. All gels weesghed daily to estimate the
amounts of the putative CTD exposure. In the fdtess groups, the mice were
subjected to an unpredictable chronic stress proeeds described in our earlier
report [Hiranoet al., 2014] with some modifications. Briefly, the folling six
stressors were used: 5 min forced swimming in watepom temperature (RT),
24 hr food and water deprivation, continuous owgrhiillumination, 30 min
horizontal cage shaking (80 rpm), 24 hr switchirigcagemates (being housed
with another mouse) and 24 hr wet bedding. To meedrthe unpredictability of
this paradigm, the mice were randomly exposed tw nvild stressors per day at

varying times for 4 weeks.

Behavioral analysis

On the last day of the 4 week experimental perad,open field test was
conducted during the light phase to evaluate tlemnwtor activity and the
anxiety-like behavior of the mice. Briefly, the nsguwas placed on the corner of
an open field (60 x 60 x 30 cm) with LED illuminati. All of the mouse’s

activities were recorded by a video camera forstitfesequent 10 min, and we then
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analyzed the total distance traveled and the tipeatsin the center zone (30 x 30
cm) using SMART video tracking software V3.0 (Sared® Instruments, San

Diego, CA, U.S.A)).

Tissue preparation

On the day after the completion of the 4 weeksaovhloined exposure to CTD
and stress, all mice were deeply anesthetized digttiyl ether and transcardially
perfused with 0.9% normal saline, followed by psidm with ice-cold 4%
paraformaldehyde in phosphate buffer. The testes we&cised, weighed and
postfixed with the same fixative overnight at 4°The testes were dehydrated
through a graded series of ethanol followed by xgland embedded in paraffin.
Serial sections of testes were then cut at 4 poknlesss on a sliding microtome
(SM2000R; Leica Microsystems, Wetzlar, Germany) anadinted on slide glasses
(Platinum Pro; Matsunami Glass Ind., KishiwadaampAll sections were stored

at —30°C until use for the following steps.

Histological and immunohistochemical analyses

For the general histological analysis, testis sesti were stained with
hematoxylin and eosin (HE; Merck KGaA, Darmstadgri@any) after their
deparaffinization and hydration, following the mémiurer’s instructions. To
detect antioxidant enzymes in the testes, we peddr the following
immunohistochemistry protocol. The sections weremérsed in absolute
methanol and 0.5% J@, for 30 min, respectively, at RT to quench the

endogenous peroxidase activity. They were then baimd with Blocking
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OneHisto (Nacalai Tesque, Inc., Kyoto, Japan) for &t RT for protein blocking
and then incubated with the rabbit polyclonal @Wx4 antibody (Item No.
10005258; Cayman Chemicals, Ann Arbor, MI, U.S.Alijjuted 1:8,000 in
phosphate buffered saline with 0.05% Tween-20 (BB&IT7.4) for 18 hr at 4°C.
After being washed with PBST, the sections wereteghwith goat anti-rabbit
immunoglobulins conjugated to peroxidase-labelectrda polymer in tris
(hydroxymethyl) aminomethane-HCI buffer (EnVisionHDako, Glostrup,
Denmark) for 1 hr at RT. Immunoreactivity was tlaatected by incubation with
3,3’-diaminobenzidine solution (EnVision+ kittHRPAB], Dako). The sections
were then rinsed with distilled water and countergtd lightly with hematoxylin
solution for 1 min. Next, the sections were plage@ graded series of ethanol,
dehydrated with absolute ethanol, cleared by xybeme coverslipped with Eukitt

(O. Kindler GmbH, Freiburg, Germany).

Satistical analysis

Statistical analyses were performed with Exceli§tas 2012 (SSRI version
1.00, Tokyo, Japan). In the behavioral analysefljeosi more distant than 1.5
interquartile ranges from the upper or lower qleariere omitted. All data were
analyzed by two-way ANOVA (CTD x stress) followeg the Tukey-Kramer’s
post hoc test. The results were considered sigmfigvhen thep-value was less

than 0.05.
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Results
Gel intake, body and testis weights

The daily gel consumption, body weights and testeights are shown in Fig.
[I-1, and all measured values are summarized inTdilge. CTD significantly
suppressed the daily gel intake in all CTD admiatgin groups compared to the
non-CTD administration groups (Fig. 1lI-1A). Althdugthe daily intake was
significantly inhibited in the stress groups, thesas little difference if the values
in the days of food deprivation in our stress protovere omitted (Table). As a
result, the body weights of mice reflected the séendency of the gel intake. The
body weights were suppressed in all stress groaladivie to the non-stressed
groups at the same dose of CTD (Fig. II-1B). Thdybweights of the CTD-250
groups were significantly lower than those of thieeo three dose groups. On the
other hand, the absolute weights of the testes wemeased by the stress
procedure in the CTD-0, CTD-50 and CTD-250 groupsg.( 1I-1C). No

interaction effects were detected in any of thesuesd values.

Open field test

The representative trajectory maps (Fig. lI-2A)eaed that the mice with the
combined CTD exposure and stress procedure tendeedlk alongside the walls.
CTD and the stress procedure had insignificant atgpaon the locomotor
activities measured by the total distances travéiieg. 11-2B). By contrast, the
anxiety-like behaviors that avoiding being in tlemter zone were elevated by the
stress procedure and were significantly differestiveen the CTD-0 groups (Fig.

[I-2C). CTD also enhanced the anxiety-like behaviora dose-dependent manner,

34



and in the non-stressed condition, the differenes significant in the CTD-10

and CTD-250 groups compared to the CTD-0 group.

Histological and immunohistochemical findings

The general histological analyses of the testeldbystaining are shown in Fig.
[1-3. Although there were seminiferous tubules ddynsrranged with germ cells
and sperms in the testes of the control group,rakwesticular signs of toxicity
were observed in combined exposure groups. Muligaded giant cells were
occasionally observed in the seminiferous tubufdh@ mice in the stress groups.
In addition, variably sized vacuolization were $e@d at the bottom of
seminiferous tubules of the CTD-administered groupsparticular, seriously
degenerated seminiferous tubules, from which alrathgierm cells had dropped
off, were found in the CTD-250 groups. There was marked histological
difference between the Leydig cells in the tes&cuhterstitial tissues of any of
the experimental groups.

The results of the immunohistochemical analysab®testes visualizing GPx4
are shown in Fig. lI-4. In the control group, sfgoBPx4 immunoreactivity was
detected in the sperm, and diffuse GPx4 immunorectwas seen in the
cytoplasm of spermatids. The intensity of GPx4 imoneactivity in the sperm
was decreased by stress, and the cytoplasmic imm@actovity in the spermatids
was dose-dependently decreased by CTD. In adddlmmyprmal immunoreactivity
of GPx4 in Sertoli cells was detected in the corabirxposure groups, and it
became strong in degenerated seminiferous tubnléisei CTD-50+stress group

and the CTD-250 groups.
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9¢

Groups

CTD-0 CTD-0 CTD-10 CTD-10 CTD-50 CTD-50 CTD-250 CTD-250
+Stress +Stress +Stress +Stress
Body weight (g) 28.62 + 1.66 26.48 + 0.72 26.98 £ 0.99 25.36 £+ 1.22 5@%.0.82 25.24 £ 0.78 25.82 +0.99 23.76 £ 0.40
. 5.64 + 2.80 2.85+1.77 3.55+2.09 2.38+1.42
Gel intake / da A3+ 1. 41 +0. .60 + 1. .64 + 0.
y(9) 6.13+137 [6.66 2.56] 441 £084 [3.73+1.59] 4.60+1.59 [4.65£1.79] 3641064 [3.16£1.09]
Putative exposure 5.70 £ 3.54 35.5+20.9 119+ 71
+ + +
(mg/kg/day) 0 0 8.82 +168 [7.46£3.18] 46.0+15.9 [46.5£17.9] 182£32 [ 158 =54.5]

(mg) 99.6 +5.5 88.2+11.8 95.7+9.6 90.5+9.7 100.3+9.8 81.1+8.2 97.5+7.38 87.5+9.7

Testis weight o
(%) 0.349 +0.027 0.311 +0.048 0.355 +0.004 0.356 +0.028 0.364 +0.030 0.321 +0.030 0.377 +0.021 0.368 +0.038

Table. Summarized table of all measured values in this experimentvalbes in square brackets were presented the averages with
removal of values in the deprivation days from the calculations. Valugsesented as the mean £ SD (n=5 mice each).



Discussion

We verified the combined effects of CTD and stressthe reproductive and
behavioral function in mature male mice by a norasive administration method.
There are several advantages of the gels we usethared to baking pellets, the
gels can uniformly deliver the test articles tonaalis without exposing them to
high temperature. The gels could not completelgkline bad palatability of CTD
as reported earlier using similar gels mixed with aromatase inhibitor,
anastrozole [Overlet al., 2012]; however, the gel consumption observed in
combined exposure groups was enough for maintaitmediealth of the mice. In
our preliminary experiments, we initially suspectbdt the CTD avoidance effect
was attributable to any accessory constituents hef ¢commercial pesticide
containing CTD, but CTD itself appeared to have sagpellent effects on mice.
In agricultural fields, CTD-containing pesticide® aised at dilutions from 1:20 to
1:4,000 for treating seeds and plants. Our putibcaprotocol and the water
solubility of CTD imply that the white precipitateesulting from the
recommended concentration of CTD products is p#dity dangerous for
pesticide users.

In the present study, both CTD and stress concilyraffected the behavioral
functioning of mature male mice. The unpredictaditess model, which is often
used in the assessment of antidepressant medisagieidently raised the anxiety
level in the mice. CTD dose-dependently inducedietpxalone, but there was
little difference in this measure among the comiagposure groups. To the best
of our knowledge, the behavioral effects of CTDmiature mice have not been

previously reported.
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There are only a few reports about the behavidfat®s of neonicotinoids on
mammals. Several parameters of behavioral develogiests that evaluated the
sense of equilibrium, coordinated movement and masgower of offspring
were changed by maternal exposure to low-dose GAihy a sex difference
[Tanaka, 2012a, b]. Thiamethoxam (TMX, 100 mg/kgjdsignificantly reduced
the locomotor activity of rats in an open fieldttesxd induced anxiety in an
elevated plus-maze test while suppressing acetiythdsterase (AChE) activity in
three brain regions [Rodriguesal., 2010]. Considering that TMX is metabolized
to CTD in mammals, our findings regarding the ageinic effects of CTD
sufficiently agree with the findings of these prabudies.

Although the mechanisms of the behavioral effedt®amnicotinoids remain
unclear, cholinergic systems and downstream neansmnitters are undoubtedly
involved. Anin vivo study revealed that CTD directly injected into thé brain
evoked a striatal dopamine surge through nAChReo[&zal., 2012]. Early types
of neonicotinoids caused a subsequent desensitizati nAChRs as well as
immediate neuronal excitation [Kimura-Kuroc al., 2012]. The behavioral
consequences of chronic nicotine intake are aldobated to both the
upregulation and desensitization of nAChRs [Pi¢oio#t al., 2008]. The
anxiety-like behaviors in several behavioral temts part of the phenotype of
NAChRs subunita4 knockout mice [Rosst al., 2000], implying that the
anxiogenic effect of CTD observed in the presemtlstvas presumably triggered
by the chronic desensitization of NAChRSs.

The CHRNAY codinga7 subunit of NAChRs contains a glucocorticoid remseo

element [Leonarct al., 2002], which may explain the decreasing nAChRs
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expression by chronic immobilization stress [Hungtr al., 2010]. These
observations may support the hypothesis that tihaweral effects of CTD and
stress partly share a common mechanism mediatingkemed cholinergic
activities, such as the desensitization of nACHRs, suppressed level of AChE
and the disturbance of the release of downstreaorotransmitters. In the
CTD-250+stress groups, the stress procedure andCifie-induced feeding
suppression presumably fully suppressed the chgimectivities, which made
the anxiogenic effect of CTD invisible.

On the other hand, we found that the chronic ex@osu CTD and the stress
influenced the testes in different ways. The strpsscedure significantly
decreased the testicular weight in addition to icmushe emergence of the
multinucleated giant cells, and both of these araroon toxicant observations in
testes produced by an abnormal meiotic divisiogaesfn cells. CTD did not show
an impact on the testicular weight, whereas it éteggendently degenerated the
seminiferous epithelia. In particular, the Sertodill-only seminiferous tubules
found in the CTD-250 groups were unexplainable byD@nduced chronic
nutritional deprivation. In the clinical field, Seli cell-only syndrome is known
to result from partial deletions of the azoospernigetor region on the
Y-chromosome, which is one of the markers of maiéertility. From the
toxicological perspective, germ cells are vulnesatd damage from exogenous
chemicals, and they are easily phagocytized by obertells. Several
endocrine-disrupting compounds (EDCs) including thdikstilbestrol and
flutamide induce such a destruction of seminiferausules [Atanassovet al.,

1999; Fosterand Harris, 2005; Waritat al., 2008]. An increasing number of
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vacuolizations in seminiferous epithelia are alaosed by the absence of germ
cells, suggesting that they are the first targeC®D in the testes through the
blood-testis barrier. This corresponds to the CT@&eddependent increase of
single-stranded DNA immunopositive germ cells obedrin the testes of quails
[Tokumotoet al., 2013; Hoshet al., 2014].

GPx4 (also called phospholipid-hydroperoxide ghitate peroxidase as a
member of the glutathione peroxidase family) isaatioxidant enzyme expressed
in every mammalian organ. There are three typesaoiscripts from the same
GPx4 gene: mitochondrial, non-mitochondrial and nucligges were identified.
The mitochondrial and non-mitochondrial types irrtigalar are expressed in
spermatocytes, and GPx4 is the principal antioXigarzymes in the testes with
30 times greater expression in the testes compar@ther organs. Notably, in
sperm, GPx4 is responsible for the abilities toveoge approx. one-half of the
hydrogen peroxide and 90% of the phospholipid hydroxides [Imaiet al.,
2001].

Testis-specific GPx4 knockout mice showed a phegetygf infertility with
degenerated testicular tissue and morphologicairatien of sperm [Imagt al.,
2009]. The antigen of the polyclonal antibody usedhis study is a common
sequence among the three types of mouse GPx4hasdwe could not classify
the types of GPx4 immunoreactivity. The weakene&4siPnmunoreactivity in
the lumen of seminiferous tubules presumably reduitom the decreases in the
number and quality of the sperm.

Neonicotinoids are known to have strong oxidizimgperties that affect the

liver and the reproductive and central nervous esyst [Kapooret al., 2011;
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Duzguner and Erdogan, 2012]. The present repothasfirst to describe the
localized decrease of antioxidant enzymes by CTDBhentestes of a mammal.
Similarly, oxidative effects of psychological stseda stress hormones have been
reported [Linet al., 2004; Zafir and Banu, 2009]. Although a constiavel of
reactive oxygen species is necessary for the pralibn of spermatogonial stem
cells [Morimoto et al., 2013], the present results also showed thatatixiel
mechanisms partly explain how stress impacts thegrodeictive function
cooperatively with CTD.

Although there are no reports of plentiful expreassiof GPx4 in Sertoli cells,
strong ectopic expression of antioxidant enzymes ol@served in Sertoli cells in
degenerated seminiferous tubules in the CTD-250mgoBecause GPx4 mRNA
was not expressed in Sertoli cell in rat [Mori kbt 2001], this unexpected finding
may have originated from phagocyted germ cells dgucdy CTD. Baelet al.
investigated whether GPx4 mRNA in the testes wésred by several EDCs,
implying the measurements of oxidative conditiomgvme an indication of the
testicular toxicity by environmental factors.

In the present study, although no remarkable iotena effect was detected, we
investigated whether CTD and stress affected theaweral and reproductive
functions additively rather than synergistically aalult mice. The endogenous
NAChRs agonist Lynx1 was recently reported to seasea molecular break
system for brain plasticity [Morishitet al., 2010]. The developmental effects of
neonicotinoids in juvenile and fetal periods remaio be determined.
Neonicotinoids and their metabolites are detectedhigh frequency in urine

samples from Japanese people [Ueyatra., 2014]. Human exposure to CTD at
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a high concentration as high as that of the preS&it-250 groups does not occur
naturally, but the precipitates that result frora tbw water solubility of CTD are
very dangerous. In addition, a low concentratiorCOD could become harmful
under a stressed condition, such as fasting.

The finding that one of the metabolites of imidgeld (IMI) seriously disturbs
MAPK/ERK signaling compared to IMI itself [Tomizawand Casida, 2002]
suggests that the safety coefficient (x100) forcw@alting the acceptable daily
intake is not satisfactory. Taking the resultsh@f present study as an example, it
is clear that further research is needed to idertie toxicant mechanisms of
environmental chemicals in order to protect humans animals with high

sensitivities under stressed conditions.
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Summary

Neonicotinoids, some of the most widely used p&i® in the world, act as
agonists to the nicotinic acetylcholine receptor&hRs) of insects, resulting in
death from abnormal excitability. Neonicotinoidsexpectedly became a major
topic as a compelling cause of honeybee colonyapsé disorder, which is
damaging crop production that requires pollinatimridwide. Mammal nAChRs
appear to have a certain affinity for neonicotisondth lower levels than those of
insects; there is thus rising concern about unptabie adverse effects of
neonicotinoids on vertebrates. We hypothesizedttieeffects of neonicotinoids
would be enhanced under a chronic stressed congitioich is known to alter the
expression of targets of neonicotinoids., neuronal NAChRs. We performed
immunohistochemical and behavioral analyses in mmde actively administered
a neonicotinoid, clothianidin (CTD; 0, 10, 50 an802mg/kg/day) for 4 weeks
under an unpredictable chronic stress procedureudlated seminiferous
epithelia and a decrease in the immunoreactivitythgf antioxidant enzyme
glutathione peroxidase 4 were observed in the gestte¢he CTD+stress mice. In
an open field test, although the locomotor actegitivere not affected, the
anxiety-like behaviors of the mice were elevatedblogh CTD and stress. The
present study demonstrates that the behaviorakrgmductive effects of CTD
become more serious in combination with environmilestress, which may reflect

our actual situation of multiple exposure.
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Figures and Figure legends
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Fig. I1-1. Effects of combined exposure on the daily gel intake (A),ypagights (B) and
testis weights (C) in the non-stressed (open column) amsstgroups (closed column).
The two-way ANOVA showed significant main effects for the @and stressp<0.01),
but the interaction effects were not significant in gel k&taand body weights. (A) CTD
dose-dependently inhibited the gel intake, and the inbibitvas significant in all CTD-
administration groups compared to the CTD-0 groups. Thesstprocedure significantly
inhibited the gel intake in each CTD-administration gro(j) The body weights of the
CTD-250 stress and non-stressed groups were significkowlgr than those of the other
dose groups, in addition to the significant difference et the CTD-0 and CTD-10
groups. The post hoc analyses also revealed that there igaificeint differences between
the CTD-0 and CTD-250 stress and non-stressed groups. (€)tWwhb-way ANOVA
showed a significant main effect for stregs<Q.01), but the interaction effect was not
significant in the absolute weights of testes. The stressquture significantly suppressed
the absolute testes weights in all stress groups, exce@Thel10 group. Values are mean

=+ SD (n=5 mice each).p<0.05, **p<0.01.
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Fig. I1-2. Behavioral effect of combined exposure of CTD and stresshindpen field
activity in the non-stressed and stressed groups. (A) Aesaptative trajectory map of the
mice as illustrated by the video tracking software. The ebgibry behaviors in the center
zone (30x 30 cm) of the open field (6x 60 cm) were dose-dependently suppressed by
CTD compared to the non-administration groups. (B) Totatatices traveled in the open
field of the non-stressed (open columns) and stressed gi@lgsed columns). No marked
difference was detected by two-way ANOVA in the total distasitraveled. (C) Time spent
in the center zone in the open field of the non-stressed (opkmns) and stressed groups
(closed columns). Two-way ANOVA showed significant mairfeefs for CTD (<0.05)
and stress p<0.01), but the interaction effect was not significant. CEBignificantly
inhibited the times spent in the center zone in the CTD-2%Wgs compared to the non-
CTD administration groups. A significant anxiogenic effe¢ the stress procedure was
observed between the CTD-0 groups. In the non-stressedticondhere were significant
differences in the CTD-10 and CTD-50 groups compared to the-G group. Values are
mean=x SD (n=5 mice each).p<0.05, **p<0.01.
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Fig. I1-3. Representative histology of the testis in the non-stressebistressed groups.

The seminiferous tubules of the control group showed rolpsErmatogenesis with
densely stacked germ cells. Multinucleated giant cello¢ar were occasionally observed
in the testes of the non-CTD stressed groups. In the CTD gralgse-dependent vacuoled
degeneration (arrowhead) of seminiferous tubules was rebde Degenerated
seminiferous tubules only composed of Sertoli cells wees@nt in the CTD-250 groups.

Bar =100 pm.
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(Non-stressed)

Stress

CTD-0 CTD-10 CTD-50 CTD-250

Fig. I1-4. Representative immunohistochemistry for GPx4 of thegdstthe non-stressed
and stressed groups. GPx4 immunoreactivities were ddtéttgperms and spermatids in
the testes of the control group. In the testes of the streggedips, reduced

immunoreactivity of GPx4 in sperm was observed. In the CTaugs, spermatids showed
weakened immunoreactivity of GPx4. Sertoli cells ectopicexpressed GPx4 in

degenerated seminiferous tubules of the CTD-50+streagpgrad the CTD-250 groups.
Bar =100 pm.

48



Chapter I11
L ow doses of a neonicotinoid pesticide, clothianidin, acutely
induce anxiety-related behavior with human-audible

vocalizationsin male micein a novel environment
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Introduction

Neonicotinoids are widely used systemic pesticdesmacterized by high water
solubility, residual efficacy and selective toxycfor insects. They have agonistic
effects on—and high affinity for—the nicotinic agleholine receptors (NAChRS)
of insects [Tomizawa and Casida, 2005], but thoughte safe for humans and
other vertebrates. Nevertheless, a pioneering sedyonstrated that acetamiprid
(ACE) and imidacloprid (IMI), earlier types of ndoatinoids, induced an
excitatory calcium influx mediated by mammal nAChiR® cerebellar neurons
from neonatal rats [Kimura-Kuroda al., 2012], raising the question of whether
neonicotinoids would affect the nervous systemgeofebrates. At the same time,
it has been reported that neonicotinoids have adveifects on the reproductive,
immune and nerve functions of non-target specieh sas fish, amphibians,
reptiles, birds and mammals [Tokumaitoal., 2013; Hoshet al., 2014; Gibbons
et al., 2015].

Clothianidin (CTD) was developed in 2001 and issthane of the latest
neonicotinoids; it is used for pest control anddsgeatment around the world.
Unlike IMI, which suppresses the responses to &dwatline (ACh) in HEK cells
expressing human4p2 nAChRs, CTD augments and sustains the responses t
ACh [Li et al., 2011]. In additionjn vivo studies showed that CTD triggered
transient dopamine releases through extracellalarm influx in the rat striatum
[Faloet al., 2012], and changed several developmental befsagfahe offspring
following maternal exposure [Tanaka, 2012]. We ndlgereported that subchronic
exposure of CTD resulted in anxiety-like behaviomature male mice in an open

field test, which became more serious under mistitgssed conditions [Hirared
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al., 2015]. Taken together, these facts indicate @D exerts excitatory effects
on the neurobehavioral function of mammals at b#é cellular and individual
level.

The endogenous target of neonicotinoids, nAChRs iane channel-linked
receptors that are partially conserved during taution from invertebrates to
vertebrates [Bosswgt al., 1988]. Their properties vary according to thaibunit
compositions, and they play diverse roles suchcedralling the inflammation
and immune responses in the peripheral tissuesldition to their primary role of
transmitting nerve impulses by acetylcholine [Wa@l., 2003]. There are two
major types of neural nAChRs in the mammalian hrtie o7 homopentamers
and 04p2 heteropentamers, and both types are expressie ialfactory bulbs,
cortex, striatum, hippocampus, thalamus, hypothatganamygdala, midbrain,
cerebellum and pons on the central nervous sys@otti[et al., 2006]. They
function not only in cholinergic neurotransmissairthe postsynaptic membranes,
but also modulate the release of other neurotrdtessiat the presynaptic
terminals [Marchi and Grilli, 2010]. Disturbance$ the signals mediated by
NAChRs have been associated with psychiatric d&gerihcluding Alzheimer’s
disease, schizophrenia, depression, attention idéfyperactivity disorder and
nicotine addiction [Talyet al., 2009], and thus agents that disturb these sgnal
could pose a significant risk to public health.

As previously mentioned, there are different typafs nAChRs broadly
expressed in various brain regions, and it remamdear which brain regions
neonicotinoids may affect. Therefore, the purposéghis study were (i) to

elucidate whether acute CTD exposure has anxiogeffiects in a novel
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environment in mammals, and (ii) to reveal the fmestarget regions of the
mammalian brains related to the neurobehavioratedfof neonicotinoids. To this
end, we conducted behavioral and neuroactivity ymeal focusing on
anxiety-related phenotypes such as the abnormaillizations observed in mice

administered CTD mice during the elevated plus-nteze
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Materials and methods
Experimental animals and procedure

Male C57BL/6N mice were purchased from Japan SL@n{aimatsu, Japan).
All mice were group-housed in 40.5 x 20.5 x 18.5 icwividually ventilated
cages (Sealsafe Plus Mouse; Tecniplast, Buguggltt;) under controlled
temperature (23 + 2°C) and humidity (50 + 10%) alRah light/dark cycle at the
Kobe University Life-Science Laboratory wit libitum access to a pellet diet
(DC-8; Clea Japan, Tokyo, Japan) and filtered wdteis study was approved by
the Institutional Animal Care and Use Committeerfssion #26-05-07) and
carried out according to the Regulation on Animaip&imentation at Kobe
University. At 9—-10 weeks of age, mice were oralfiministered CTD at a dose of
0, 5 or 50 mg/kg body weight suspended in 0.5% wanmethylcellulose (10
mL/kg) as vehicle with reference to the no-obseradderse-effect level
(NOAEL) of 47.2 mg/kg from general toxicity studi@s mice (Fig. 1). These
groups were defined as the control, CTD-5 and COy®ups, respectively. All
chemicals were administered to mice under isofleiranesthesia to minimize

handling stress.

Elevated plus maze test

After the CTD administration, all mice in their hentages were allowed to
acclimate to the conditions in a dimly-illuminaterperimental room (10-20 lux,
23 + 2°C) for 1 h. The elevated plus-maze test thas conducted as described
previously [Walf and Frye, 2007] with some modificas. Briefly, the apparatus

was constructed of white acrylic plates and coedisif two opposite open arms
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(30 x 5 cm) and two opposite enclosed arms (theessige with walls 15 cm
high) extending from a common central platform (5 am) (Tom Product, Tokyo,
Japan). Mice were individually placed on the cdrglatform facing an open arm,
and all their activities were recorded by a vidamera for the subsequent 10 min.
The total distance traveled, the total number of antries, the percentage of open
arm entries, and the percentage of time spent ém @goms were scored by using

Image EP software [Komadaal., 2008].

\ocalization analysis

All sounds during each elevated plus-maze test wecerded by a PCM
recorder (96 kHz sampling rate, 24 bit depth) teusiize the human-audible
abnormal vocalizations of mice. Frequency spectogr(hamming window, FFT
length = 256, frame size = 100%, overlap = 75%;afifrequency <3 kHz) were
made by using SAS Lab software (Avisoft BioacostiBerlin, Germany).
Human-audible vocalizations were manually checkatl@unted for each minute

of the behavioral tests.

Neuroactivitiy analysis

Two hours after the behavioral test, all mice wdeply anesthetized with
isoflurane and transcardially perfused with 0.9%nmed saline, then with ice-cold
4% paraformaldehyde in phosphate buffer. The brawese cryoprotected in
ascending solutions of sucrose (10%, 20%, 30%)IinVDphosphate buffer (PB)
overnight and then frozen in liquid nitrogen in embedding solution consisting

of Tissue-Tek® O.C.T. compound (Sakura Finetek ybpklapan): 30% sucrose in
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0.1 M PB = 1: 2. Coronal sections (-1.00 mm to 6Inm¥m from the bregma) cut
at 10 um thickness with 120 pm intervals on a dato&CM1950; Microsystems,
Wetzler, Germany) were mounted on slide glassescopted with 2%
3-aminopropyltriethoxysilane (Shin-Etsu Chemical,dokyo, Japan).

The sections were immersed in absolute methanolOebih HO, for 30 min,
respectively, at room temperature (RT) to quenah ¢éhdogenous peroxidase
activity. They were then incubated with Blockingébtisto (Nacalai Tesque Inc.,
Kyoto, Japan) for 1 h at RT for protein blockinglléwed by incubation with
rabbit polyclonal anti-c-fos antibody (sc-52; Saflauz Biotechnology, Santa
Cruz, CA, U.S.A) diluted 1:2,000 in phosphate bregfl saline with 0.05%
Tween-20 (PBST; pH 7.4) for 18 h at 4°C. After lipimashed with PBST, the
sections were reacted with goat anti-rabbit immimimglins conjugated to
peroxidase-labeled dextran polymer in tris (hydrogyhyl) aminomethane-HCI
buffer (EnVision+; Dako, Glostrup, Denmark) for lah RT. Immunoreactivity
was then detected by incubation with 3,3’-diaminatdine solution (EnVision+
kittHRP[DAB]; Dako). Next, the sections were placed a graded series of
ethanol, dehydrated with absolute ethanol, cleamedylene and coverslipped
with Eukitt mounting medium (O. Kindler GmbH, Fraig, Germany). We
determined the brain regions anatomically accordinga brain atlas and
calculated the number of c-fos immunopositive nupkr area by using ImageJ

software. At least 3 sections per mouse were aedlyzthis way.

Satistical analysis

Statistical analyses were performed with Exceli§tas 2012 (SSRI version
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1.00; SSRI, Tokyo, Japan). In the behavioral amalysutliers more distant than
1.5 interquartile ranges from the upper or loweartjle were omitted. All data
were analyzed by one-way ANOVA followed by the Datiis post hoc test. The

results were considered significant whenghalue was less than 0.05.
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Results
Behavioral effects of acute CTD in the elevated plus maze test

To measure the anxiogenic effect of CTD in a naral stressful environment,
all mice were subjected to the elevated plus-maseé TThere were no marked
physical signs of acute toxicity in the CTD-admiared mice during the 1-h
period spent in their home cages before the tdst. rEpresentative trajectory
maps showed that the CTD-administered mice seldatked in the open arms
(Fig. 2A). The locomotor activities measured by thial distance traveled and the
total number of arm entries were not changed inGA®-5 groups, but were
significantly lower in the CTD-50 group than thentwl| group (Fig. 2B, C). At
the same time, the open arm activities (the peaggendf time spent in the open
arms and the percentage of open arm entries) wgnmdicantly decreased in both
the CTD-5 and CTD-50 groups, indicating an incrddsgel of anxiety (Fig. 2D,
E). In addition, mice in the CTD-50 group showed selvsigns of excessive
anxiety, such as teeth chattering, freezing andmbal vocalization during the

behavioral test.

Vocalization analysis

All mice in the CTD-50 group spontaneously emittddrp-like vocalizations
on the elevated plus-maze when they were seleatimg on the center platform
or looking down from open arms (Supplementary mpviehe spectrogram
revealed that the human-audible vocalizations peduby mice consisted of
harmonics at a constant frequency between 4 arkdHt6with durations between

75 and 120 msec (Fig. 3A). There were 70.6 +19redi of vocalizations in the
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elevated plus-maze test in the CTD-50 group, butoaalizations in the control
and CTD-5 groups (Fig. 3B). It was also noted thast of the vocalizations were
observed immediately after the elevated plus-mast started and decreased

drastically within 1 min (Fig. 3C).

The effects of CTD on c-fos expression induced by the elevated plus maze test

To identify the brain regions involved in excessbehavioral responses to the
elevated plus-maze test in the CTD-50 group, netinogy analyses visualizing
c-fos immunoreactivity were performed (Fig. 4). Tdwe were c-fos
immunoreactive cells detected in parts of the eort@ppocampus, thalamus,
amygdala and hypothalamus—namely, the piriformesgrhippocampal CA1 and
CA3 regions, dentate gyrus of the hippocampus (Q@@javentricular thalamic
nucleus (PVT), habenular nucleus, laterodorsabthal nucleus, medial nucleus
of amygdala, paraventricular hypothalamic nucledssomedial hypothalamic
nucleus, and ventromedial hypothalamic nucleus—ath bthe control and
CTD-50 groups, which was in agreement with the joev report [Silveireet al.,
1993]. Notably, in PVT (Fig. 4A—C) and the medidhde of DG (Fig. 4D-F),
there were significant increases in the c-fos imoneactive nucleus per area in

the CTD-50 group compared to the control group.
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Discussion

In this study, we demonstrated the acute effe@TD at the NOAEL dose on
the behavioral responses to a novel environmenteaptbred the brain regions
related to the anxiety-like behaviors in the eledatplus-maze test.
Intraperitoneally-administered CTD (20 mg/kg) wasmiediately absorbed and
was detected in the mouse brain at a level on ter®f ppm for at least 4 h
[Ford and Casida, 2006]; therefore, CTD was comsiido be present in the
brains of CTD-administered mice at a concentrati@t was previously shown to
be sufficient to cause neuronal excitationvitro [Kimura-Kurodaet al., 2012].
The behavioral effects observed in this study gfiyosuggest that low-dose CTD
has anxiogenic effects in mammals. These findingseclosely with a previous
study on the behavioral effects of thiamethoxam XTMLOO mg/kg/day), a
metabolic precursor of CTD, which was found to dase locomotor activity in
an open field test and open arm activity in an &led plus-maze test [Rodrigues
etal., 2010].
As mentioned above, neural NAChRs are involved witiotional reactions such
as mood and anxiety [Picciottet al., 2015]. Nicotine, a typical agonist of
NAChRs, exerts both anxiolytic and anxiogenic @fetepending on the dose of
exposure, which are known to be largely mediatedutph theadf2 type of
NAChRs [Anderson and Brunzell, 2015]. Both th subunit knock-out mice
[Rosset al., 2000] and hypersensitive4 receptor mice [Labarcet al., 2001]
have been reported to show strong anxiety in tlevagéd plus-maze test.
Importantly, continuous exposure to a nicotinic @gb at a nanomolar

concentration strongly desensitizes nAChRs follgwitransient activation
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[Giniatullin et al., 2005], implying that the anxiogenic effects of@would be
attributed to a decrease in the sensitivity of nR€Ho agonists, as with signal
blockades by antagonists, rather than to the itest@ous excitation of neurons.
One of the most distinctive findings in this stushas the observation of
human-audible vocalization behaviors in the CTDgbOup mice during the
elevated plus-maze test. To the best of our knaydethere have been no reports
of mice expressing such a pronounced phenotyphistbéhavioral test. It is well
known that adult experimental mice rarely make mihg sounds in the
human-audible range except under stressful an Gitsiations [Sanchez, 2003].
According to the latest reports, the vocalizatiasfs mice are indicators of
emotional states and can be classified by frequexscyollows: (i) ultrasonic
vocalizations (>20 kHz) are used to communicatehwithers such as in
mother-pup and male-female interactions; (ii) nmegiency vocalizations (12
kHz) are observed under restraint-stress conditi@msl (iii) low-frequency
harmonics (5-40 kHz, broad harmonic structure)eangéted during strong pain or
aggressive encounters [Scattenal., 2009; Grimsleyet al., 2016]. The latter two
types of vocalizations are also described as ‘&hsticalls” of mice experiencing
negative emotions and are similar to the 22 kHastinic vocalizations of rats in
stressful  situations. Although the human-audible irpsh made by
CTD-administered mice in this study were charazégtiby a low and harmonic
frequency (4-16 kHz) that was similar to that otenmaking distress calls, they
might be categorized as another type of mouse Wat@n in an aversive
behavioral context. Taken together, these findimgkcate that CTD rendered

mice irritable in the presence of what would otheerhave been a tolerable level
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of stress, leading them to emit novel human-audialés as signs of excessive
stress or anxiety early in the course of the eb/atus-maze test.

It remains a critical question which neural cirsuitere involved in the unique
behavioral changes induced by CTD. Cholinergic oesiin the mammalian brain
are divided into two major populations: (i) neurarighe basal forebrain region,
which mainly project to the olfactory bulbs, frohteortex, amygdala, and
hippocampus, and (ii) those of the pontomesencaptedmental region, which
project to the thalamus, hypothalamus, cerebellomabrain and pons [Woolf,
1991]. In these possible target regions receivihglicergic innervations and
expressing nAChRs, we demonstrated that the ldvexatability of parts of the
thalamus and hippocampal areas was elevated inonsspto the novel
environment after CTD administration, suggestingt tthe cholinergic signals
from both the major populations could be disrugigdCTD.

PVT, a small dorsal nucleus of thalamus, has récdm@en shown to modulate
negative emotional behaviors such as fear, anxzietlystress response [Hatal .,
2014]. Consistent with our results, rodent studieswed that various stressors
and nicotine both activated the PVT [Bubser andtElgul999], and the c-fos
expressions induced by restraint stress were mrgdtey under nicotine treatment
[Pagliusiet al., 1996]. The PTV anatomically receives the affefdrers from the
brainstem, diencephalon and telencephalon, aneqirép the forebrain regions
[Kirouac, 2015]. The main role of the PVT could described as “coordinating”
the emotional responses that integrate informaffom neurotransmitters and
neuropeptides including serotonin, dopamine, noeggirine, corticotropin

releasing hormone and orexin from the caudal br&gions. In addition,
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according to lesion studies, the PVT is required down-regulating the stress
response [Bhatnagaet al., 2002; Spenceet al., 2004]. Moreover, a study in
Nature described that the PVT-amygdala pathway conthasféar circuit [Penzo
et al., 2015]. Although there were no changes of thevoes activities in
amygdaloidal regions by CTD, the activation of PVAnd subsequent
enhancement of the input to PVT-innervating regisash as the central nucleus
of the amygdala, bed nucleus of the stria termsnatid nucleus accumbens may
be among the factors involved in the emotional gean observed in
CTD-administered mice.

The hippocampus is important not only for spatrad @pisodic memory, but also
stress responses. Cholinergic blockade in the bgppus activates the
physical-stress response of the hypothalamic-pitgiéidrenal axis [Bhatnagat
al., 1997]. Either region-specific administration ofcotine or knockout of
acetylcholinesterase in the hippocampus resulgielevated level of anxiety in
rodents [Ouagazzadt al., 1999; Mineuret al., 2013], suggesting that abnormal
states of cholinergic signaling in the hippocampesult in aversive behaviors
similar to those observed in the present studpalticular, the DG is described as
an input region of hippocampal formation [Jonas a&msinan, 2014] and is
involved in an event called adult neurogenesisiengranular cell layer, which is
vulnerable to environmental chemicals and stresgbisine et al., 2004;
Kobayashiet al., 2015]. Anatomical studies have shown that thei®i@nervated
by multiple neurotransmitters that project to theplbcampal CA3 regions. The
cholinergic afferents from the medial septal nuslend nucleus of the diagonal

band of Broca are important as excitatory inputthheoDG [Amaralet al., 2007].
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In this study, mice in the CTD-50 group showed @acrease in the number of
c-fos-positive nuclei in granule cells in the DGjigh has been shown to express
the functional7 type of nAChRs from an immature stage [Jehal., 2015], and
this change may have had an impact on the enpobampus and contributed to
the behavioral effects of neonicotinoids.

According to the latest studies, other brain esagimay also be targeted by
neonicotinoids. Kimura-Kurodet al. (2016) recently reported an alteration in the
transcriptome of cerebellar cultures exposed to AQ# IMI, including changes
in genes essential for brain development. Terayaima. (2016) revealed that
ACE decreased thg2 type of nAChRs in many brain regions and tendete
residual in the midbrain. In other studies, stieslsiced 22 kHz vocalizations of
rats were attributed to the activation of cholinengeurons in the midbrain and
pons [Kroeset al., 2007; Borgegt al., 2010]. Considering all of these evidences,
it cannot be denied that the cerebellum and midbranervated by cholinergic
projection could also be upstream targets of neximicids.

As noted before, the cholinergic signals in theirbrare important for stress
responses [Picciottet al., 2012]. For instance, nicotine is known to enleatie
responses to various stressors [Yu and Sharp, 2H@ever, in the risk
assessment for new chemical substances, thereb®greno studies measuring
their disruption of the stress reactivity in mamsnalhis is crucial information,
since excessive stress responses are known toesspitre physical condition of
mammals, including impairments in reproductive, inm& and metabolic function
[Chrousos and Gold, 1992; Hirareb al., 2014], and thus an increase in the

threshold for novel environments and the activatdrstress reactivity may be
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helpful endpoints when evaluating the systemicot$fef environmental factors.

In the current study, we present conclusive eviddghat CTD at a NOAEL dose
activates neural circuits controlling the stresactiwity, including the PVT and
DG, resulting in excessive anxiety-like behaviortie elevated plus-maze test.
Epidemiological studies revealed that the detectrates and amounts of
neonicotinoids in urine in Japanese adults becaitreased in proportion to the
domestic usage [Ueyamd al., 2015], suggesting that further information is
needed for the proper global risk assessment ohicetnoids. These results
should make several contributions toward evaluatimgneurobehavioral effects

of neonicotinoids at the actual dose level of expes
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Summary

Neonicotinoids are novel systemic pesticides act@sgagonists on the
nicotinic acetylcholine receptors (NAChRs) of inse&xperimental studies have
revealed that neonicotinoids pose potential rists the nervous systems of
non-target species, but the brain regions resplengio their behavioral effects
remain incompletely understood. This study aimeddsess the neurobehavioral
effects of clothianidin (CTD), a later neonicotidaleveloped in 2001 and widely
used worldwide, and to explore the target regiohsn@onicotinoids in the
mammalian brain. A single-administration of CTDnbale C57BL/6N mice at or
below the no-observed-adverse-effect level (NOAKIduced an acute increase
in anxiety during the elevated plus-maze test. Wditeon, mice in the
CTD-administered group spontaneously emitted huenatible vocalizations (4—
16 kHz), which are behavioral signs of aversive #ons, and showed increased
numbers of c-fos immunoreactive cells in the panéneular thalamic nucleus
and dentate gyrus of the hippocampus. In conclusivoe exposed to low-dose
CTD were rendered vulnerable to a novel environmeatthe activation of
thalamic and hippocampal regions related to stresponses. These findings
should provide critical insight into the centralfeets of neonicotinoids on

vertebrates.
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Figures and Figure legends
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CTD administration Behavioral analysis Neuroactivity analysis
(Oral gavage) 1 hour (Elevated plus maze) 2 hours (c-fos immunostaining)

CTD
5 or 50 mg/kg *

Ty,

T 2~

T

C57BL/6N
Male, 9 weeks (10 min in 10-20 lux)
Fig. 111-1. Scheme showing the overall experimental design. One hotar afral

administration of CTD (0, 5, 50 mg/kg) to mice, behaviordkefs were assessed by an
elevated plus-maze test for 10 min. After 2 h of the behaVimst, mice were sacrificed

for the neuroactivity analysis.
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Fig. I11-2. Behavioral effect of acute CTD observed in the elevated-ptaze test. (A)
representative trajectory maps showed that the explgrdiehaviors in the open arms
were suppressed in the CTD-administered groups comparbe toontrol group. (B) The
total distance traveled and (C) the total number of arm emtwere not changed in the
CTD-5 groups, but were significantly lower in the CTD-50 gporelative to those of the
control group. (D) The percentage of time spent in the oparsand (E) the percentage of
open arm entries were significantly lower in both the CTDrSl £TD-50 groups than the
control group. Values are presented as the mearSE (n =10-14 mice per group).
*p<0.05, **p<0.01.
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Fig. I11-3. Representative spectrograms of human-audible vocairm#mitted by mice in
the CTD-50 group during the elevated plus-maze (A); no \ipatibns were emitted in the
control group (B). The frequency distribution of the voeations was in the human-
audible frequency range (<20 kHz). (C) Histogram showing thumber of the
vocalizations observed during the elevated plus-maze Yedties are presented as the

mean=x SE (n =10 mice in the CTD-50 group).
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Fig. I11-4. Representative histology of the c-fos immunoreactiviliethe paraventricular
thalamic nucleus (PVT, surrounded by a dotted square) (Aari®) hippocampal dentate
gyrus (DG, surrounded by a dotted line) (D, E) of the cont&l D) and CTD-50 (B, E)
groups. The number of c-fos-immunoreactive cells in PVT @) DG (F) were
significantly increased in the CTD-50 group compared to ¢betrol group. Values are

presented as the mean SE (n =6 mice per group)p<0.05. Bar = 100 pum.
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CONCLUSION

There will continue to be produced enormous novenacals in the future;
therefore, developing new endopoints and methodskiassessment for adverse
effects of environmental factors were needed uftfipresent circumstances. In
this study, | have assessed the broad effects wirommmental factors,i.e.,
environmental stressors and chemicals, and revealeel targets of them.

In the Chapter I, | have assessed the systemicteffehe chronic mild stress to
understand the mechanism of reproductive suppressider stressed conditions.
Importantly, there are several signs of testicdiegeneration, including increased
numbers of ssDNA-positive cells per seminiferoubuta, thinning, vacuoled
seminiferous epithelia and multinucleated gianisoekre observed in the stressed
group with the decreasing of immunoreactivitieskisispeptin in hypothalamus.
These results suggest that environmental stresa topthe reproductive axis by
an upstream neuropeptide, kisspeptin as a targedriblet al., J. \et. Med. <.,
76:1201-1208. 2014].

Chapter Il demonstrates that both environmentaimoted and stress could
additively affect both the reproductive and behealidunction of male mice. |
have assessed the effects of a new environmergatichl, one of neonicotinoid
pesticides, clothianidin (CTD), under the stressmahdition. We observed
vacuolated seminiferous epithelia and decreasedxadnt enzymes, glutathione
peroxidase 4, in the testes of the CTD-treated minean open field test,
anxiety-like behavior appeared to increase moshenCTD+ stress mice. These
results suggest that broad effects of environmeci@&micals could be more

serious under environmental stress [Hiraaal., J. Vet. Med. Sci., 2015, 77:
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1207-1215, 2015].

In the Chapter lll, | have analyzed the anxietylbehavior induced by CTD in
novel environment, and explored the target braigiore associated with
neurobehavioral effects of neonicotinoid pesticida@ssingle administration of
CTD led to decreases in the total distance travatebthe percentage of open arm
entry in addition to the occurrence of abnormalalzation (4-16 kHz) during
the elevated plus maze test. The numbers of cffosunoreactive cells were
increased in several brain regions receiving neurplt regarding aversive
emotion including the paraventricular thalamic eus and the dentate gyrus of
the hippocampus, suggesting an exaggerated respgonsgess from a novel
environment. These results suggest that a low dbsgeonicotinoids induced
various neurobehavioral changes, possibly medibtedctivating broad neural
circuits including the thalamus and hippocampus.

In conclusion, broad effects of environmental festare commonly mediated
by stress response in the mammal brain. | pointédh® mechanism of combined
effect, which environmental chemicals disrupt ttress reactivity, suggesting that
the “stress reactivity” should be a novel endpdiat detect the effects of

environment chemicals.
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