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Figure 1. Schematic diagram of design of the present study.
doi:10.1371/journal.pone.0070145.g001

neous jumping and backward flipping, which is persistent and
occurs early in development compared with those housed in
environmental enrichment conditions [15]. In contrast, environ-
mental enrichment, which provides a combination of complex

inanimate and social stimulation, may improve the well-being of

animals reared in standard housing [16]. It has been reported that
environmental enrichment attenuated stereotyped behavior com-
pared with a standard laboratory housing environment [17].
Stereotyped behavior is a feature of autism [18] and is often
observed in persons with mental retardation or developmental
disorders [19,20,21]. Standard housing environment may change
mice phenotypes [22] and thus might alter toxicological research
results.

We hypothesized that chemical substance exposure-induced
toxicity might be influenced by housing environment. In fact, it
has been recommended that rodents reared in environmental
enrichment should be used for regulatory toxicological research
(23]. In particular, the rearing environment during the perinatal
period is important for the development of the central nervous
system of offspring [24], which suggests the possibility that early
rearing environment might change the susceptibility of animals to
chemical substance exposure. However, there are no data that
have investigated if early rearing environment alters the later
effects of DE exposure on the central nervous system.

We focused on the olfactory bulb because the olfactory
translocation route is one of the targets of DEP [25]. The
objective of the present study was to gain insight into how gene
expression changes in the olfactory bulb of mice reared in a

%
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environmental enrichment during the perinatal period when they
were exposed to DE.

Materials and Methods

Animals

Pregnant C57BL/6] mice, weighing approximately 30 g (Figure
SIA) at gestational day 14, were purchased from CLEA Japan,
Inc. (Tokyo, Japan) and used for experiments. All animals were
acclimated to our animal room (The Center for Environmental
Health Science for the Next Generation, Research Institute for
Science and Technology, Tokyo University of Science). They had
free access to water and standard animal food and were exposed to
a 12-hour light/dark cycle (lights on between 8:00 and 20:00), a
temperature of 22+1°C, and a humidity-controlled environment
(50+5%). Body weights of dams and their pups were recorded at
sampling (Figure S1B-D). All experiments were performed in
accordance with Animal Research: Reporting In Vivo Experi-
ments guidelines for the care and use of laboratory animals [26]
and were approved by Tokyo University of Science’s Institutional
Animal Care and Use Committee. All sampling was performed
under sodium pentobarbital (30 mg/kg) anesthesia, and all efforts
were made to minimize suffering.

Housing Environmental Conditions

Upon arrival to the colony, half of the 20 pregnant dams were
assigned to the standard cage environment (C) and the other half
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Table 1. Design of primer pairs for Real-Time RT-PCR analysis.

Gene symbol Sequence (5">3') Tm (°C) GenBank Accession

LI e

AGTACTTCTCATC

%

Reverse: CACGCAGTTGTGATAACATTG

Reverse: TTGTTCAGAATCAGCGCCATC

Table 1 shows the gene symbol, primer pair sequences, T, and GenBank accession numbers for the corresponding genes.
Footnote: T, is the melting temperature of the PCR product.
doi:10.1371/journal.pone.0070145.t001

to environmental enrichment (EE). Standard laboratory cage different locations within each cage every 2-3 days and were
consisted of a common housing cage for mice (30x20x12.5 cm: exchanged with new toys. One dam and her pups (n=8) were
7500 cm”). Environmental enrichment consisted of a larger housed in either the standard laboratory cage or environmental
(40x25x19 em: 19,000 cm?) cage containing a running wheel, enrichment throughout the perinatal period and until weaning.
small house, wood blocks, and plastic tubing that were moved to After weaning at postnatal day 27, the offspring mice were placed
A (8}
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Figure 2. Characterization of diesel exhaust. (A) Particle diameter distribution of diesel exhaust particles. (B) Concentrations of gaseous
components.
doi:10.1371/journal.pone.0070145.g002

H

PLOS ONE | www.plosone.org 3 August 2013 | Volume 8 | Issue 8 | 70145



in a control chamber or DE inhalation chamber and were housed
under the same conditions as curing the perinatal period. The
mice were exposed to DE for 8 hours/day (10:00-18:00) for 28
days (postnatal days 28~—55) in the control or DE inhalation
chamber at the Center for Environmental Health Science for the
Next Generation (Research Institute for Science and Technology,
Tokyo University of Science). Housing environment (standard
cage environment [C] or environmental enrichment [EE]) during
the perinatal period (gestational day l4-postnatal day 28) and
chamber (control [C:] and [DE]) established four experimental
groups: C-C, C-DE, EE-C, and EE-DE (Figure 1. Necropsies
were performed 1 day after the final exposure. In this experiment,
7-9 independent litters (C-C:n=7, C-DE: n=7, EE-C: n =8, EE-
DE: n=9) were used. The olfactory bulb was collected from each
male mouse, frozen quickly in liquid nitrogen, and then stored at
—80°C: until total RNA extraction. Lung tissues were also
collected and immersed in 10% phosphate buffered formalin until
use.

Diesel Exhaust

A four-cylinder 2,179 cc diesel engine (Isuzu Motors Ltd.,
Tokyo, Japan) was operated at a speed of 1500 rpm and 80% load
with diesel fuel. The exhaust was introduced into a stainless steel
dilution tunnel (216.3 mm diameter x 5230 mm) where the
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exhaust was mixed with clean air. Particle size distributions
(measuring range 10-410 nm) were investigated using a scanning
maobility particle sizer apparatus (model 3936, TSI Inc., St. Paul,
MN, USA) composed of a condensation particle counter (model
3783, TSI Inc.) and a differential mobility analyzer (model 3081,
TSI Inc.). The apparatus was operated at a sample flow rate of
0.6 L/minute and a sheath flow rate of 6.0 L/minute. The mass
and number concentrations of DEP were measured by a
Piezobalance Dust Monitor (model 3521, Kanomax, Inc., Osaka,
Japan) and a condensation particle counter (model 3007, TSI
Inc.), respectively. Concentrations of gas components, [i.e., nitric
oxide (NO,), sulfur dioxide (SOy), and carbon monoxide (CO)] in
the chambers were measured by an NO-NOo-NO, analyzer
model 42i (Thermo Fisher Scientific Inc., Franklin, MA, USA),
Enhanced Trace Level SO, Analyzer, Model 43i-TLE (Thermo
Fisher Scientific Inc.), and a CO Analyzer, model 48i (Thermo
Fisher Scientific Inc.), respectively.

Immunohistochemistry

Dams at the weaning period were perfused transcardially with a
heparin solution (1000 U/1, 0.9% saline), followed by ice-cooled
fixative composed of 4% paraformaldehyde, 0.1% glutaraldehyde,
and 0.2% picric acid in 0.1 M phosphate buffered saline (PBS,
pH 7.4). The brains were removed and post-fixed in the same

L

S2 Cluster A
el

Figure 3. Hierarchical clustering of gene expression data. Within each group, a fold change (C-DE/C-C, EE-DE/EE-C, and EE-DE/C-C) was
calculated and log, transformed for all 116 spots on the microarray that did not have any missing values. These values were then hierarchically
clustered using Euclidean distance metric and complete linkage. The colored images are presented as described: the color scale ranges from
saturated green for log, ratios —3.0 and below to saturated red for log, ratios 3.0 and above. Gene expression profiles were divided into 3 clusters
(clusters A, B, and C), and quantitative RT-PCR analysis was performed for genes surrounded by the red line in each cluster. Genes surrounded by

black dotted line were the same gene derived from different spots.
doi:10.1371/journal.pone.0070145.g003

PLOS ONE | www.plosone.org

August 2013 | Volume 8 | Issue 8 | e70145



Rearing Environment for Neurotoxicology

) 8 se
z z ¢
2 E
515 565t
I E s
4 &
& os & a8
o g
Do =2t
© Faistdc oo oy bp mons
5 z 5 z Srpa
: B0E
& 2 :
£ 15 L s
g 2
g p-
-
;gf 3
£ % : g .4
P 2
S Z
Z os 3
w b & 45
o ¢

Figure 4. Confirmation of microarray data in cluster A by RT-PCR. Data show mRNA expressions for (A) Chmp4b, (B) Cxcl10, (C) Fam13c, and
(D) Dbp in the olfactory bulb of mice in each group. Chmp4b, Cxcl10, and Dbp, except for Fam13c, of mice reared in a standard cage environment
were significantly upregulated by exposure to diesel exhaust. There was no significant effect of exposure to diesel exhaust on gene expressions of
mice reared in environmental enrichment. The data are expressed as relative target gene expression compared with Gapdh expression. Each column
represents the mean = standard deviation (C-C: n=7, C-DE: n=7, EE-C: n=8, EE-DE: n=9). Data were analyzed by two-way analysis of variance as
described in the Methods section. An analysis of simple effects is as follows: Chmp4b: a indicates significant differences (Tukey-Kramer method,
#p<0.05, C-C vs. C-DE); Cxcl10: a indicates significant differences (Tukey-Kramer method, **P<0.01, C-C vs. C-DE); b indicates significant differences
(Tukey-Kramer method, ®°P<0.01, C-DE vs. EE-C); and Dbp: a indicates significant differences (Tukey-Kramer method, *P<0.01, C-C vs. C-DE and C-C

vs. EE-DE).
doi:10.1371/journal.pone.0070145.g004

fixative without glutaraldehyde for 24 hours at 4°C. The brains
were then cryoprotected in a phosphate-buffered 30% sucrose
solution with 0.1% sodium azide for 24—48 hours. The brains were
then frozen and cut in the coronal plane (6 series of 40- um thick
sections) on a microtome (Sakura Finetek Co., Ltd., Japan) and
collected in 0.1 M PBS with 0.1% sodium azide.
Immunohistochemical visualization of FosB was performed on
free-floating sections using antibody and avidin-biotin peroxidase
methods as previously described [27,28]. Briefly, after blocking
endogenous peroxidase and preincubation in 10% normal horse
serum, the sections were incubated in primary rabbit polyclonal
affinity purified anti-FosB antibody (sc-48, Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA) diluted 1:600 in 0.1 M PBS
with 0.1% Triton X-100 for 16 hours at room temperature. After
three 10-minute rinses in 0.1 M PBS with 0.1% Triton X-100, the
sections were further incubated in a biotinylated secondary
antibody solution, donkey anti-rabbit IgG (AP182B, Chemicon,
Temecula, CA, USA, 1:800) for 120 minutes at room tempera-
ture, followed by three 10-minute rinses in 0.1 M PBS with 0.1%
Triton X-100, and finally treated with an avidin-biotin peroxidase
complex (Vectastain ABC peroxidase kit, Vector Laboratories
Inc., Burlingame, CA, USA, 1:400) for 240 minutes. The sections
were reacted for peroxidase activity in a solution consisting of
nickel ammonium sulfate, 0.02% 3,3-diaminobenzidine in 0.1 M
Tris-HCl buffer (pH 7.6), and 0.01% H,O, for 20 minutes. FosB
immunoreactivity was localized to the cell nuclei and appeared as
a dark gray-black stain. Subsequently, sections were washed in
0.01 M PBS, mounted on gelatin-coated glass slides, air-dried,
dehydrated in a graded series of alcohols, cleared in xylene, and
coverslipped with Entellan (Merck Co, Ltd., Japan). Photomicro-

PLOS ONE | www.plosone.org

graphs were captured with a light microscope (BX51; Olympus
Co., Ltd., Japan).

Hematoxylin-eosin Staining

Lung tissues were embedded in paraffin, cut on the microtome,
and then stretched in a water bath. Paraffin-embedded lung
sections were removed from the water bath and air-dried for 1
hour at 40°C on slides. Staining was performed manually in
staining dishes as follows: a de-washing step in xylene, then
rehydration with successive incubations in 95% ethanol, and
finally tap water. Hematoxylin 3G (Sakura Finetek Co., Ltd.,
Japan) was applied for 5 minutes followed by a wash with running
tap water for 5 minutes and staining with eosin (Sakura Finetek
Co., Ltd., Japan) for 3 minutes. After washing with tap water and
dehydration with successive washes of 95% ethanol and xylene,
slides were mounted by Entellan and air-dried prior to
microscopic examination.

Total RNA Isolation

Olfactory bulbs were immediately isolated (within 50 seconds),
frozen in liquid nitrogen, and kept at —80°C. Total RNA was
isolated using Isogen (Nippon Gene Co., Ltd., Tokyo, Japan)
according to the manufacturer’s protocol and suspended in pure
water. The RNA quantity was determined by spectrophotometry
measurement of OD260/280 (ratio >1.8) in a BioPhotometer plus
(Eppendorf, Hamburg, Germany). Extracted RNA from each
sample was used for microarray and quantitative RT-PCR
analysis.
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Table 2. Functional analysis of microarray data using Gene Ontology (GO).

GO Nf

GO:0051607

defense response to virus 62

GO:0009615 response 1o virus 32

G

GO:0008009

chemokine activity

doi:10.1371/journal.pone.0070145.t002

Complementary DNA Microarray Procedures

After purification of RNA by ethanol precipitation and an
RNeasy Micro Kit (Qiagen, Hilden, Germany), the RNA integrity
was evaluated by capillary electrophoresis using a Bioanalyzer
2100 (Agilent Technologies, Inc., Santa Clara, CA, USA). Each
RNA sample (31 individual samples) showed 8.8—9.9 in the RNA
integrity number scores. To reduce false positives due to variability
between indivicdual samples, equal amounts of total RNAs from
individual samples from each cage (one olfactory bulb sample/
cage) were pooled (7—9 sample pooling in each group). To
improve the accuracy of the data, the pooled RNA template was
divided into two replicates for technical analysis. In this pooled
data set, the average data between two replicate arrays were used
for microarray analysis. Each of the pooled RNA samples was
labeled with Cy3 and hybridized to a SurePrint G3 Mouse GE
8x60K microarray (Agilent Technologies) consisting of 62,976
spots (28,620 genes) according to the protocol of DNA Chip
Research Inc. (Kanagawa, Japan). After hybridization with
fluorescent-labeled cDNA, the microarray was washed using Gene
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P value

<0.001 s

<0.07 13.26

Enrichment factor GenBank Accession Gene symbol

NM_021274 Cxcl10
M

NM_011854 Oasli2

NM_015783 Isg15

NM_021274 Cxcl10

Gt

NM_011331 Cel12

NM_010501

NM_010501 ifit3

Cxcl10

Expression Wash Buffers Pack (Agilent Technologies) and then
scanned by a DNA microarray Scanner G2565CA (Agilent
Technologies). Scanner output images were normalized and
digitalized by Agilent Feature Extraction software according to
the Minimum Information about a Microarray Experiment
guidelines [29] and a pre-processing method for Agilent data
[30]. The raw data and normalized data have been deposited in
NCBI's Gene Expression Omnibus and are accessible thorough
Gene Expression Omnibus Series accession number GSE46163
(http:/ /www.nchbi.nlm.nih.gov/geo/ query/acc.

cgitacc = GSE46163).

Hierarchical Cluster Analysis

To extract characteristic gene sets that were differentially
expressed after subacute exposure to DE, the logy fold-change data
(C-C vs. C-DE, EE-C vs. EE-DE, and C-C vs. EE-DE comparison
in offspring) of gene expression were hierarchically clustered using
a complete linkage algorithm and Euclidean distance as the
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distance metric [31]. The analysis was performed using Cluster 3.0
[32], and the result was visualized by Java TreeView [33].

Defining Functional Relationships between Expression
Profiles

To better understand the biological meanings of the microarray
results, functional analyses were performed using gene annotation
by Gene Ontology (GO) and canonical pathway analysis. All genes
printed on the microarray were annotated with GO using an
annotation file (ftp://ftp.nchinih.gov/gene/DATA/gene2go.gz)
provided by National Center for Biotechnology Information
(NCBI; Bethesda, MD) and pathway analysis using
c2.cp.v3.l.symbols.gmt in http://www.broadinstitute.org/gsea/
downloads.jsp#msigdb provided by Broad Institute (BI, Cam-
bridge, MA). The annotation was updated in January 2013. All of
the differentially expressed genes were classified by GO and
pathway according to their function. In addition, some gene sets
obtained by hierarchical cluster analysis were also categorized by
GO. Enrichment factors for each GO and pathway were defined
as (nf/n)/(Nf/N), where nf is the number of flagged genes within
the category, Nf is the total number of genes within that same
category, n is the number of flagged genes on the entire
microarray, and N is the total number of genes on the microarray.
Statistical analysis was performed using Fisher’s exact test based on
a hypergeometric distribution to calculate P values. The categories
with a high enrichment factor and P<0.05 were extracted.

Quantitative RT-PCR

Total RINA (1 ug) for each sample was used as a template to
synthesize cDNA using M-MLV reverse transcriptase (Invitrogen
Co., Carlsbad, CA, USA) according to the manufacturer’s
instructions. Quantitative Real-Time PCR (RT-PCR) was per-
formed with SYBR Green Real-Time PCR Master Mix (Toyobo
Co., Ltd., Osaka Japan., Thunderbird) in an Mx3000P (Agilent
Technologies) with an initial hold step (95°C for 60 seconds) and
40 cycles of a two-step PCR (95°C for 15 seconds and 60°C for 60
seconds). At each cycle, the fluorescence intensity of each sample
was measured to monitor amplification of the target gene. Relative
expression levels of target genes were calculated for each sample
after normalization against glyceraldehyde-3-phosphate dehydro-
genase (Gapdh). We found no significant differences in the Gapdh

Table 3. Summary of gene set enrichment analysis.
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expression between groups (data not shown). The primer
sequences are shown in Table 1.

Statistical Analysis

We used 31 independent litters from 16 different rearing cages
(standard rearing environment [7 independent cages] or environ-
mental enrichment [9 independent cages]) during the perinatal
period. Independent litters were composed of one pup from each
dam from the control or environmental enrichment groups. The
statistics were performed with the independent litter as the
statistical unit. Values for body weight, food intake, immunohis-
tochemistry, and quantitative RT-PCR are presented as the mean
+ standard deviation (S.D.) One-way analysis of variance
(ANOVA) followed by a subsequent simple-effects analysis with
Tukey-Kramer multiple comparison test were used to determine
differences between the different groups for food intake. Two-way
ANOVA was used to evaluate DE exposure and rearing
environment interaction effects for dependent variables. A
significant interaction was interpreted by a subsequent simple-
effects analysis with Tukey-Kramer multiple comparison test for
quantitative RT-PCR data. An unpaired #test was used for body
weight and immunohistochemical analysis to detect differences
between the different groups. Significance was determined at
P<0.05.

Results

Characterization of DE

The diameter distribution of DEP in the DE chamber showed
peaks at 90 nm (Figure 2A). The average number concentration of
the DEP was approximately (8.1% 1.0)x10* (numbers/cm®). The
average concentration of exhaust constituents was maintained at
90 pg/m® [2.09 ppm for carbon monoxide (CO), 0.132 ppm for
nitrogen dioxide (NOy), and less than 3.62x107> ppm for sulfur
dioxide (SOy)] (Figure 2B).

Effects of Early Environmental Enrichment on Dam and
her Pups

We analyzed for FosB expression in the medial preoptic area, a
part of the anterior hypothalamus of the dam at weaning. The
number of FosB-positive neurons in the medial preoptic area of
dam reared in environmental enrichment was significantly

Pathway Nf

Cxcl10 expression by microarray was confirmed by quantitative RT-PCR.
doi:10.1371/journal.pone.0070145.t003
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P value

Enrichment factor GenBank Accession  Gene symbol

NM_015783 I1sg15

NM_133211 Th?7

NM_011331 Ccli2

NM_015783 Isg15

NM_133211 Th7

Gene set enrichment analysis of the microarray results for diesel exhaust exposure vs. control identified gene sets correlated with inflammatory and immune systems.
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Table 4. Functional analysis of cluster A using Gene Ontology (GO).

GO Nf P value Enrichment factor GenBank Accession  Gene symbol

GO:0051607 defense response to virus 62 =0.001 21.21 NM_021274 Cxcl10

GO:0006955 immune response 62 <0.001 2121 NM 021274 CXCHO

e i ; . , . ; : onrls BR

GO:0009615

GO:0045087 innate immune response 97 <0.05 6.78 NM_O? 0501 Ifit3

The results of the gene annotation of cluster A using GO identified gene sets correlated with inflammatory and immune systems. Cxc/70 expression by microarray was
confirmed by quantitative RT-PCR.
doi:10.1371/journal.pone.0070145.t004

Table 5. Functional analysis of cluster B using Gene Ontology (GO).

GO Nf P value Enrichment factor GenBank Accession Gene symbol

GO:0005576 extracellular region 625 <0.001 6.95 Bglap

BolapZ.
NM_013650 510028

The results of the gene annotation of cluster B using GO identified gene sets correlated with abovementioned GO terms. Umod/1 expression by microarray was
confirmed by quantitative RT-PCR.
doi:10.1371/journal.pone.0070145.t005
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decreased compared with that of dam reared in a standard
laboratory cage environment (Figure S2A—D). Eye opening of
pups, observed at postnatal day 13 or 14, was accelerated by
environmental enrichment during the perinatal period (Figure
S3A). Food intake per cage (one dam and 8 pups) was significantly
increased during the final lactation period (postnatal days 21—23)
by environmental enrichment (Figure S3B).

Effects of Exposure to Diesel Exhaust on the Lung

Body weight gain of control and enriched mice was similar to
that of those exposed to DE (Figure SID). We evaluated the
histology of the lung of mice to confirm the induced toxicity under
conditions of the present experimental design of diesel exhaust
exposure. There was no remarkable difference in pathological
finding among DE exposure groups (C-DE, EE-DE) and non-
exposure groups (C-C, EE-C). Macrophages that phagocytized
DEP were slightly observed in the bronchiolar lumen of mice after
exposure to DE (C-DE, EE-DE) (Figure S4A-D).

Profiling and Visualization of Gene Expression Pattern by
¢DNA Microarray and Hierarchical Clustering Analysis

The effects of DE exposure and rearing environment during the
perinatal period on the gene expression pattern in the olfactory
bulb were evaluated by microarray. From the 62,976 spots (28,620
genes) printed on the microarray, 18,190 spots (15,332 genes) were
found with GenBank accession numbers and a high-quality signal.
Moreover, 116 spots (112 genes) were found to be differentially
expressed (1.5-fold upregulated or downregulated) either in C-
DE/C-C, EE-DE/EE-C, or EE-DE/C-C comparisons (Table S1),
but surprisingly, there were no gene differences between the C-C
and EE-C groups. Hierarchical clustering analysis classified the
116 spots into three major clusters based on their expression
patterns. We showed the combined effect of diesel exhaust
exposure and rearing environment by EE-DE/C-C comparison
in the heat map. The combined impact cannot be visualized by
only C-DE/C-C and EE-DE/EE-C comparisons. The gene
expression patterns in cluster A (43 genes) and cluster C (47
genes) were upregulated and downregulated in either G-DE/C-C
or EE-DE/EE-C comparisons, respectively. The gene expression
pattern in cluster B (17 genes) exhibited a different expression
change between C-DE/C-C and EE-DE/EE-C comparisons. This
heat map allowed us to determine how these genes were related to
the effects of DE exposure with or without early environmental
enrichment (Figure 3).

Validation of Microarray Results by RT-PCR

We conducted RT-PCR quantification of the expression of 11
selected genes in a second set of samples (not included in the
microarray experiments) to validate the microarray data and
obtain expression data for each sample. All PCR reactions had
efficiencies greater than 90%. From the 11 selected genes, except

Rearing Environment for Neurotoxicology

for Fami3c, RT-PCR analysis validated the results for 10 genes:
Chmp4b, Cxcl10 and Dbp in cluster A (Figure 4A-D), Cyp2f2, Aqp3,
Msinl, Kit18 and Umod!1 in cluster B (Figure 5A~E), and Nr/i3 and
Sdadl in cluster C (Figure 6A, B). Interestingly, there was no
difference in gene expression levels between EE-C and EE-DE,
whereas expression levels of the genes were dysregulated by DE
exposure of mice reared in a standard cage environment. As
shown in Figure 4, for Chmp4b, two-way ANOVA showed
significant main effect for DE exposure [F (1, 27)=4.57,
P<0.05] without DE exposure/rearing environment interaction;
for Cxcl10, two-way ANOVA showed significant main effect for
DE exposure [F (1, 27)=16.34, P<<0.001] without DE exposure/
rearing environment interaction; for Faml3e, two-way ANOVA
failed to find a significant main effect of DE exposure; and for Dbp,
two-way ANOVA showed significant main effect for DE exposure
[F (1, 27)=18.35, P<0.001] without DE exposure/rearing
environment interaction. As shown in Figure 5, for Cyp2f2, two-
way ANOVA showed significant main effect for rearing environ-
ment [F (1, 27)=4.73, P<0.001] with significant DE exposure/
rearing environment interaction [F (1, 27)=9.19, P<0.01]; for
Agp3, two-way ANOVA showed significant main effect for rearing
environment [F (1, 27)=4.58, P<0.05] with significant DE
exposure/rearing environment interaction [F (1, 27)=6.23,
P<0.05]; for Msinl, two-way ANOVA showed significant main
effect for rearing environment [F (1, 27)=6.61, P<<0.05] with
significant DE exposure/rearing environment interaction [F (I,
27)=8.67, P<0.01]; for Kitl8, two-way ANOVA showed no
significant main effect for DE exposure and rearing environment
with significant DE exposure/rearing environment interaction [F
(1, 27)=8.39, P<0.01]; and for Umodl1, two-way ANOVA showed
no significant main effect for DE exposure and rearing environ-
ment with significant DE exposure/rearing environment interac-
tion [F (1, 27)=11.37, P<0.01]. As shown in Figure 6, for N71i5,
two-way ANOVA showed significant main effect for DE exposure
[F (1, 27)=19.87, P<0.001] with significant DE exposure/rearing
environment interaction [F (1, 27) =6.93, P<0.05], and for Sdad1,
two-way ANOVA showed significant main effect for DE exposure
[F (1, 27)=6.05, P<0.05] without a DE exposure/rearing
environment interaction.

Functional Classification of Microarray Data

Functional analysis using GO revealed that 112 genes (on the
116 spots) were enriched in nine potentially important categories
with both a high enrichment factor (=3) and statistical significance
(P<<0.03). The largest group of the functional categories was those
related to immune and inflammation modulation. In particular,
“inflammatory response” and “innate immune response” were
included in the largest number of dysregulated genes (five genes),
together with “immune response” (four genes), “chemotaxis”
(three genes), and “chemokine activity” (two genes). Other
interesting categories were “defense response to virus” (five genes),
“response to virus” (three genes), and “sensory perception of

Table 6. Functional analysis of cluster C using Gene Ontology (GO).

G0:0045087 innate immune response 97

H
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NM_001170333

Clec4a2

e

The results of the gene annotation of cluster C using GO identified gene sets correlated with inflammatory and immune systems.
doi:10.1371/journal.pone.0070145.1006
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Figure 5. Confirmation of microarray data in cluster B by RT-PCR. Data show mRNA expressions for (A) Cyp2f2, (B) Aqp3, (C) Mslnl, (D) Krt18,
and (E) Umod!1 in the olfactory bulb of mice in each group. Cyp2f2, Aqp3, Msinl, Krt18, and Umodl1 of mice reared in a standard cage environment
were significantly downregulated by exposure to diesel exhaust. There was no significant effect of exposure to diesel exhaust on gene expression of
mice reared in environmental enrichment. The data are expressed as relative target gene expression compared with Gapdh expression. Each column
represents the mean = standard deviation (C-C: n=7, C-DE: n=7, EE-C: n=8, EE-DE: n=9). Data were analyzed by two-way analysis of variance as
described in the Methods section. An analysis of simple effects is as follows: Cg/p2f2: a indicates significant differences (Tukey-Kramer method,
2p<0.05, C-C vs. C-DE); b indicates significant differences (Tukey-Kramer method, ®°P<0.01, C-DE vs. EE-DE); Agp3: a indicates significant differences
(Tukey-Kramer method, ?P<<0.05, C-C vs. C-DE); b indicates significant differences (Tukey-Kramer method, bp 0,05, C-DE vs. EE-DE); Msink: a indicates
significant differences (Tukey-Kramer method, ?P<0.05, C-C vs. C-DE); b indicates significant differences (Tukey-Kramer method, 55p<0.01, C-DE vs.
EE-DE); Krt18: a indicates significant differences (Tukey-Kramer method, *P<0.05, C-C vs. C-DE); b indicates significant differences (Tukey-Kramer
method, °P<0.05, C-DE vs. EE-C); ¢ indicates significant differences (Tukey-Kramer method, “P<0.01, C-DE vs. EE-DE); Umod/T: a indicates significant
differences (Tukey-Kramer method, ®P<0.05, C-C vs. C-DE); and b indicates significant differences (Tukey-Kramer method, ®°P<<0.01, C-DE vs. EE-DE).
doi:10.1371/journal.pone.0070145.g005

smell” (three genes) (Table 2). Six pathways were also identified Discussion
from the 112 genes data (Table 3). Biological pathway analysis
incriminated related pathways, which were modulated by DE
exposure. Several immune-related pathways, including “RIG-I-
like receptor signaling pathway”, “Toll-like receptor signaling
pathway”, “Chemokine receptors bind chemokines”, “Interferon
alpha beta signaling”, “Toll pathway”, and “IL4 pathway” were
significantly overrepresented. The results of the GO analysis  dysregulated gene expression in the olfactory bulb of mice reared
showed that the genes in clusters A, B and C were enriched in in a standard cage environment. In addition, we demonstrated
eight (Table 4), three (Table 5) and one (Table 6) potentially that environmental enrichment during the perinatal period

There is increasing evidence that DE inhalation may result in
neurotoxicity [13,14,34], but the effect of a low concentration of
subacute DE exposure on the central nervous system is poorly
understood. The present study provides experimental evidence
that 28-day DE exposure at an environmental concentration

important categories, respectively. Six genes in cluster A, three reversed the results of gene expression in the olfactory bulb
genes in cluster B, and 13 genes in cluster C were not annotated to induced by DE inhalation. The results of the present study indicate
any GO. for the first time that the effect of DE exposure on gene expression
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Figure 6. Confirmation of microarray data in cluster C by RT-PCR. Data show mRNA expressions for (A) Nr1i3, and (B) Sdad1 in the olfactory
bulb of mice in each group. Nr1i3 and Sdad1 of the olfactory bulb of mice reared in a standard cage environment were significantly downregulated
by exposure to diesel exhaust. There was no significant effect of exposure to diesel exhaust on gene expressions of mice reared in environmental
enrichment. The data are expressed as relative target gene expression compared with Gapdh expression. Each column represents the mean
standard deviation (C-C: n=7, C-DE: n=7, EE-C: n=8, EE-DE: n=9). Data were analyzed by two-way analysis of variance as described in the Methods
section. An analysis of simple effects is as follows: Nr1i3: a indicates significant differences (Tukey-Kramer method, ®*P<<0.01, C-C vs. C-DE); b indicates
significant differences (Tukey-Kramer method, bp<0.01, C-DE vs. EE-C); and Sdad: a indicates significant differences (Tukey-Kramer method,

2p<0.05, C-C vs. C-DE and C-C vs. EE-DE).
doi:10.1371/journal.pone.0070145.g006

patterns was influenced by rearing environment during the
perinatal period.

First, we characterized particle size distribution and mass
concentration of DEP. We produced a mass concentration of DEP
at 90 pg/m?, which is environmentally relevant. This approach
using a DE inhalation chamber is more relevant to human
exposure scenarios than other methods of exposure, such as nasal
drop, oral or intratracheal DEP administration. There is an
emerging concern about the effects of suspended PM in air
pollutants mainly derived from DEP [6]. Numerous urban areas in
the world demonstrate PM concentrations of 200 to 600 pg/m® in
annual averages and frequently exceeding a peak concentration of
1,000 pg/m® [35]. Under the worst conditions in the United
States and assuming a ventilation rate of 6 L/minute (8.6 m>/day)
for a healthy adult at rest, the total amount of PM exposure would
be 4,600 pg. This would correspond to approximately 40 pg/day
of PM exposure for a mouse with a ventilation rate of 35-50 mL/
minute [36]. The DE exposure in this study was approximately
2.2 pg/day. In the present study, the DE exposure condition for
DEP mass concentration and exposure time was designed to be
lower than comparative recent experimental studies on the effect
of inhalation exposure to DE on the central nervous system
[13,14,37,38,39,40].

Our microarray data showed that exposure to a low concen-
tration of DE changed expression of 112 genes in the olfactory
bulb of mice (Table S1). Moreover, quantitative RT-PCR analysis
confirmed 10 genes from the microarray data. The results
suggested that two replicates of the pooled sample detected
unreliable data with relatively low signal intensity and improved
measurement precision. It was reported that fold change analysis
alone is an unreliable indicator [41,42]. Several publications have
made specific recommendations on the number of replicates
required to detect dysregulated genes based on fold change criteria
[43,44]. The major advantage of this approach was that averaging
across replicates increased the precision of gene expression
measurements and allowed smaller changes to be detected. In
fact, in the present study, the quantitative RT-PCR analysis results
supported the accuracy of the microarray data.

Second, we investigated by cDNA microarray how rearing
environment during the perinatal period altered the effects of DE
exposure on gene expression in the olfactory bulb. GO and
. pathway analysis were conducted to obtain biological and
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functional analysis from the microarray data. GO terms and
pathways related to immune and inflammation responses were
largely extracted from the data of 112 genes. These results
suggested that a low concentration exposure to DE affected the
expression of genes involved in immune and inflammatory
responses in the olfactory bulb. These results are consistent with
data from previous studies indicating that DE and DEP triggered
oxidative stress and inflammation in brain tissue [12,13,14,45].
To further investigate the biological and functional meanings of
microarray data, we conducted hierarchical clustering to classify
gene expression patterns in each group. The gene expression
patterns in cluster A and cluster C were upregulated and
downregulated in either C-DE/C-C or EE-DE/EE-C compari-
sons, respectively. In addition, quantitative RT-PCR analysis
revealed a main effect of exposure to DE on the expression of
genes in cluster A and cluster G without a DE exposure/
environmental enrichment interaction. These results suggested
that changes in the gene expression pattern in cluster A and cluster
C could be attributed to the effect of DE exposure. We also
demonstrated that functional analysis of cluster A using gene
annotation with GO obtained a higher enrichment factor of each
category involved in immune/inflammatory responses and
response to virus than that of all dysregulated genes. This
observation suggested that cluster A functionalized categories
related to immune/inflammatory responses and response to virus
compared with the genes dysregulated by DE exposure. In
contrast, a subset of genes in cluster B exhibited a different
expression change between C-DE/C-C and EE-DE/EE-C
comparisons. In addition, quantitative RT-PCR analysis revealed
a main effect of rearing environment on gene expression in cluster
B with a significant DE exposure/rearing environment interaction.
These results suggested that cluster B could be associated with an
interaction between early rearing environment and DE exposure.
Cluster B contained categories that did not include genes to
immune and inflammatory responses. These results suggested that
cluster B might enrich some new functional outputs by both early
rearing environment and DE exposure. Therefore, the present
study suggested that categorizing patterns of gene expression could
identify multiple factors contributing to changes in gene expression
patterns. In addition, 15 genes, such as Sdadl, were not annotated
to any GO in cluster C. Hierarchical cluster analysis categorized
actual gene expression patterns, which could be used to infer
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functional roles for unknown genes in cluster C. However, it is
notable that cluster analysis does not give absolute answers,
although there are data-mining techniques that allow relationships
in the data to be explored. Further investigation will be needed to
investigate a function and localization in situ of genes that were not
annotated to any GO.

Finally, quantitative RT-PCR  analysis revealed that DE
exposure dysregulated gene expression levels in the olfactory bulb
of mice reared in a standard cage environment, whereas no
difference between control and DE-exposed mice reared in
conditions of environmental enrichment was detected (Figures 4,
3, 6). These results suggested that early rearing environment might
influence the effects of DE exposure. Early rearing environment,
in particular, mother-infant interaction is essential for brain
development. The medial preoptic area of the hypothalamus is a
critical region for the expression of maternal behavior in rodents,
and neurons in the medial preoptic arca are active during
maternal behavior as demonstrated by immunohistochemical
analysis of FosB [46,47]. Expression of FosB in the medial
preoptic area of dams has been shown to be necessary for
nurturing [48,49]. The present study showed that expression levels
of FosB in the medial preoptic area of dams reared in
environmental enrichment significantly decreased compared with
that of dams reared in a standard cage environment at weaning
(Figure S2A—D). In addition, the present study also showed that
pups reared in environmental enrichment during the perinatal
period accelerated eye opening (Figure S3A) and increased feeding
at postnatal days 21-25 (Figure S3B), suggesting that early
environmental enrichment could promote pup development
because of possible changes in the interactions between mother
and pups, which was consistent with results from a previous study
[50]. Perinatal environmental stress can have persistent effects on
the mother, which may influence maternal behavior. In rodents,
repeated daily restraint, lack of environmental enrichment, during
the perinatal period decreased maternal care to the pups [531].
Because adoption reverses the negative effects of perinatal stress on
hypothalamic-pituitary-adrenal axis function, it was hypothesized
that disturbance of the mother-infant interaction may cause stress
on the offspring and contribute to the long-term effects of perinatal
stress.  Similar mechanisms are suspected for the immune
alterations observed in perinatally stressed animals [52]. Moth-
er—infant interactions were also regulated by the olfactory system
[53]. It has been reported that early environmental stress affected
the magnitude of maternal behavior and nest odor preference
modulated by the olfactory bulb in pups [54]. Aggressive behavior
and olfactory bulb structure were altered by the laboratory cage
environment [55]. Dysfunction of the olfactory bulb leads to
numerous immune changes, such as reduced neutrophil phagocy-
tosis, lymphocyte mitogenesis, lymphocyte number and negative
acute phase proteins, increased leukocyte adhesiveness/aggrega-
tion, monocyte phagocytosis, neutrophil number and positive
acute phase proteins [56]. It has been reported that activation of
the inflammatory system in olfactory dystunction changes immune
response to further immune challenges [57]. However, little is
known whether early rearing environment exacerbates the effects
of exposure to DE on the central nervous system. Critical
developmental windows of vulnerability of the immune system to
environmental programming are presently unknown, but the
present study showed that effects of exposure to DE on gene
expression involved in the immune system in the olfactory bulb
were dependent on the rearing environment.

Previous studies have reported the early environmental origins
of neurodegenerative disease in later life [58]. Mice housed in a
standard laboratory cage setting exhibited higher rates of
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stereotypical behaviors at early development [13] than those of
mice in environmental enrichment conditions [17]. These findings
suggest the importance of environmental factors, such as rearing
environment during the perinatal period in investigational
neurotoxicology studies. We focused on the olfactory bulb because
the olfactory bulb is important for the maintenance of psychiatric
illnesses, such as depression [57]. The present study showed for the
first time that rearing environment during the perinatal period
influenced the effects of DE exposure on the olfactory bulb. The
International Agency for Research on Cancer concluded that DE
is carcinogenic to humans (Group 1) in 2012, although recently
DEP concentrations in the environment have been significantly
decreased. However, there is little evidence of the effects of
exposure to DE at environmental concentrations on the central
nervous system. We have just begun to observe the effect of low
concentrations of DE on the central nervous system. Our findings
suggest that the influence on the developing brain of housing
environment, such as environmental enrichment in early life,
might be an important contributor to the effects of previously
unidentified toxic environmental agents, such as DE.

In conclusion, our study demonstrates that DE-induced
dysregulated genes of the olfactory bulb were influenced by early
housing environment. We reported that 28-day DE exposure
affected immune and inflammatory responses when reared in a
standard cage environment during the perinatal period, but not
when reared in environmental enrichment during this same
period. These results provide novel insights regarding housing
environment for the evaluation of health effects of DE. Further
investigation is required to investigate the precise mechanisms of
immune response and histological analyses of environmental
concentrations of DE on olfactory bulb of mice reared in different
housing environments.

Supporting Information

Figure 81 Body weight. There was no difference in body weight
between mice in control and environmental enrichment groups
(Unpaired ttest). The data are expressed as a mean of the value of
body weight in the control dam and environmental enrichment
dam at (A) gestational day 14 (n=9) and (B) weaning (n=9). The
data are expressed as a mean of the value of body weight (C) in
control pups and environmental enrichment pups at postnatal (P)
days 10 and 26 (n = 10). (D) The data are expressed as a mean of
the value of the changed body weight in male offspring by 28-day
diesel exhaust inhalation (C-C: n=7, C-DE: n=7, EE-C: n=8,
EE-DE: n=9). Each column represents the mean * standard
deviation.

(TIFF)

Figure S2 Data by immunohistochemical analysis show FosB
expression in the medial preoptic area of the hypothalamus of dam
at weaning. Images show a representation of the immunostaining
procedure that labeled FosB as black [(A) Control, (B) Environ-
mental enrichment]. Scale bar =100 pm. (C) Mean (£ standard
deviation) numbers of FosB-positive cells in the medial preoptic
area of the hypothalamus: flesh color indicated in (D) of control
and environmental enrichment dam (n=3). Environmental
enrichment decreased FosB-positive cells in the medial preoptic
area of the hypothalamus (Unpaired #test, **P<C0.01).

(TIFF)

Figure 83 Effect of environmental enrichment during the
perinatal period on pup development. (A) Environmental
enrichment during the perinatal period increased food intake. A
dam and her pups (a=7-9 per cage) in a home cage were
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considered to be one cage (N = 1). The graph shows the mean food
intake of white circles (control cage; N=28) and black squares
(environmental enrichment cage; N=9) for each age. On
postnatal (P) days 21-23, environmental enrichment increased
food intake (Tukey—Kramer method, **P<<0.01.). Values are
mean * standard deviation. (B) Precocious eye opening in
environmentally enriched mice. The percentage of postnatal (P)
day 13 (white column) and P 14 (black column) pups that opened
their eyes in the indicated cages is shown.

(TIFF)

Figure 84 Effect of exposure to diesel exhaust on lung tissue.
Images show a representation of histology of lung by exposure to
clean air [(A): C-C, (C): EE-C] or diesel exhaust [[B): C-DE, (D):
EE-DE}. Scale bar=20 um. (B, D) Macrophages that phagocy-
tized diese] exhaust particles were observed in the bronchiolar
lumen of mice (arrow). However, there was no difference in
pathological findings among groups.

(TIFF)
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ABSTRACT — Zinc oxide (ZnO) nano-sized particles (NPs) are beneficial materials used for sunscreens
and cosmetics. Although ZnO NPs are widely used for cosmetics, the health effects of exposure during
pregnancy on offspring are largely unknown. Here we investigated the effects of prenatal exposure to
ZnO NPs on the monoaminergic system of the mouse brain. Subcutaneous administration of ZnO NPs to
the pregnant ICR mice (total 500 pg/mouse) were carried out and then measured the levels of dopamine
(DA), serotonin (5-HT), and noradrenalin, and their metabolites in 9 regions of the brain of offspring
(6-week-old) using high performance liquid chromatography (HPLC). HPLC analysis demonstrated that
DA levels were increased in hippocampus in the ZnO NP exposure group. In the levels of DA metab-
olites, homovanillic acid was increased in the prefrontal cortex and hippocampus, and 3, 4-dihydroxy-
phenylacetic acid was increased in the prefrontal cortex by prenatal ZnO NP exposure. Furthermore, DA
turnover levels were increased in the prefrontal cortex, neostriatum, nucleus accumbens, and amygda-
la in the ZnO NP exposure group. We also found changes of the levels of serotonin in the hypothalamus,
and of the levels of 5-HIAA (5-HT metabolite) in the prefrontal cortex and hippocampus in the ZnO NP-
exposed group. The levels of 5-HT turnover were increased in each of the regions except for the cere-
bellum by prenatal ZnO NP exposure. The present study indicated that prenatal exposure to ZnO NPs
might disrupt the monoaminergic system, and suggested the possibility of detrimental effects on the men-
tal health of offspring.

Key words: Brain, Monoaminergic neurotransmitter, Nanoparticle, Prenatal exposure, Zinc oxide

INTRODUCTION make them useful for many industrial applications, previ-

ous studies revealed that NPs can enter the systemic cir-

Nano-sized particles (NPs) are widely used for medi-
cine, industrial products, and cosmetics (Morabito et a/.,
2011; Kuan et al., 2012). In particular, NPs of zinc oxide
(ZnO) and titanium dioxide (TiO,) are beneficial to sun-
screens and foundation because these particles are color-
less and reflect ultraviolet rays (Nohynek et al., 2007).
While the physical and chemical characteristics of NPs

culation, and migrate to various organs such as the liv-
er, kidney, spleen, and heart (Kreyling ef al., 2009; Liu
et al., 2009; Oberdérster et al., 2009). Some NPs induce
production of inflammatory cytokines (Oberddrster,
2001; Beckett et al., 2005; Tin Tin Win et al., 2006),
and affect the monoaminergic neurotransmitters (Tin
Tin Win ef a/., 2008). Monoaminergic neurotransmitters
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such as dopamine (DA), noradrenaline (NA), and serot-
onin (5-HT) play a pivotal role in several physiological
and psychological functions. Several reports have sug-
gested that monoaminergic system disruption is related
to psychiatric disorders including schizophrenia, depres-
sion, autism, and attention-deficit hyperactivity disorder
(Froehlich ef al., 2010; Nakamura et al., 2010; Paclt ¢/
al., 2009).

We previously demonstrated that nano-sized TiO,,
administered to pregnant mice, was transferred to the off-
spring and affected the reproductive and central nervous
system of male offspring (Takeda er a/., 2009). Because
a fetus is highly vulnerable to environmental stimuli,
chemical exposure in the fetal period generally disrupts
its development (Kawashiro et al., 2008; Needham and
Sexton, 2000). Although these aspects suggest that the
detrimental health effects of the NPs would be more pro-
found in fetuses than in adults, the potential toxicity of
prenatal exposure of NPs is less investigated. We recent-
ly reported that prenatal exposure to TiO, NPs affects
gene expression related to the development and function
of the central nervous systems including the monoaminer-
gic system (Shimizu, er al. 2009). Because ZnO NPs are
also widely used in cosmetics, there is a concern with the
health effects of prenatal ZnO NP exposure on offspring.
Previous studies suggest that ZnO NPs induce cytotox-
icity and oxidative stress in primary mouse embryonic
fibroblast (Yang et al., 2009) and developmental disorder
in Zebrafish (Zhu et al., 2008); however its health effects
on offspring exposed to ZnO NPs during the fetal peri-
od are largely unknown. In the present study, we inves-
tigated the effects of prenatal exposure to ZnO NPs on
the monoaminergic systems. We comprehensively exam-
ined the levels of monoamines and their metabolites in 9
regions of the brain in mice using high performance lig-
uid chromatography (HPLC).

MATERIALS AND METHODS

ZnQ particles

Mz-300 NPs, ZnO with a primary diameter of 30-40 nm,
were kindly provided by Tayca Co. (Osaka, Japan). ZnO
NPs were dispersed in saline containing 0.05% Tween-80,
and the sample suspension was sonicated for 90 min in
a bath-type sonicator immediately before administra-
tion. To minimize the heat production, the bath was filled
with enough volume of water. A wide distribution of ZnO
powder of different diameters was confirmed by field
emission-type scanning electron microscopy. The size
distribution of the ZnO NPs in the suspension was meas-
ured by dynamic light scattering using an FPAR-1000
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(Otsuka Electronics Co., Ltd., Osaka, Japan). Size distri-
bution of ZnO NPs was assessed with the CONTIN algo-
rithm to obtain the diameter distribution of polydispersed
particles from dynamic light scattering data.

Animals

Pregnant ICR mice (8-11-week-old) at gestation day
(GD) 1 were purchased from SLC Co. (Shizuoka, Japan).
Zn0O NPs were suspended at 0.5 mg/ml, and 0.2 ml was
administrated subcutancously to the pregnant ICR mice
at GD 5, 8, 11, 14, and 17 (100 pg/mouse/day: total
500 pg/mouse). Administered ZnO NPs was same as
the mass dose in the previous study about the effects
of prenatal TiO, NP exposure on dopaminergic system
(Takahashi er al., 2010). Control mice were treated with
saline containing 0.05% Tween-80. In each group, pups
were weaned on postnatal day 21. They were housed
under controlled conditions with a 12 hr light/ 12 hr dark
cycle and ad libitum access to food and water. All exper-
iments were handled in accordance with the institutional
and national guidelines for the care and use of laboratory
animals. All efforts were made to minimize the number of
animals used and their suffering.

HPLC analysis of neurotransmitters

Brains were removed from 6-weck-old anesthetized
male pups (n = 8/group). Only male mice were analyzed
in this study because the neurotransmitter variations were
seen during different stages of the estrous cycle in female
mice (Dazzi et al., 2007; Xiao and Becker, 1994). Serial
coronal sections of the brain (2 mm thick) were obtained
using a Rodent brain slicer (MUROMACHI KIKAI,
Tokyo, Japan) and dissected to 9 regions: prefrontal cor-
tex, neostriatum (caudate-putamen), nucleus accumbens,
hippocampus, amygdala, hypothalamus, midbrain, brain-
stem, and cerebellum. The dissected regions were imme-
diately frozen in liquid nitrogen and stored at -80°C until
use.

Frozen brain tissue was homogenized in ice-cold per-
chloric acid containing 100 mM EDTA (2Na) and 100 ng
isoproterenol as an internal standard. The homoge-
nates were centrifuged at 20,000 x g for 15 min at 0°C.
Supernatants were transferred to new tubes and the pel-
lets were stored for protein assay. The pH of the super-
natant was adjusted to 3.0 with 1 M sodium acetate, and
stored at -80°C until use. For HPLC analysis, 10 pl of
the pH-adjusted supernatant were injected into an HPLC
system with electrochemical detection (EICOM Co.,
Kyoto, Japan). Monoamines were separated by a C18
reverse-phase column (EICOMPAK SC-50DS, EICOM)
with a mobile phase containing sodium acetate and citric
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acid. The mobile phase was prepared as follows: 0.1 M
sodium acetate was mixed with 0.1 M citric acid in a 10:9
ratio, and was adjusted to pH 3.5 (0.1 M sodium acetate-
citric acid buffer), mixed with methanol in a ratio of 85:15
and then supplemented with sodium I-octanesulfonate
(100 mg/l), EDTA (2Na) (5 mg/ml). DA, 3, 4-dihydrox-
yphenylacetic acid (DOPAC), homovanillic acid (HVA),
3-methoxytyramine (3-MT), NA, normetanephrin (NM),
3-methoxy-4-hydrophenyl (MHPG), 5-HT, and 5-hydrox-
yindole-3-acetic acid (5-HIAA) were analyzed.

Protein assay

Pellets were resuspended in 100 mM Tris-HCI (pH
10.4) and protein concentration was determined using
Advanced Protein Assay Reagent (Cytoskeleton Inc.,
Denver, CO, USA). Measurements were performed
according to the manufacturer’s protocol.

Statistical analysis

The data were expressed as mean + S.E.M. Differences
between groups were examined for statistical significance
using a Mann-Whitney U-test. P < 0.05 indicated statisti-
cal significance.

RESULTS

Size distribution and agglomeration state in
suspension of ZnO NPs

A scanning electron microscope image of ZnO NPs
dispersed in saline containing 0.05% Tween-80 is shown

(A)

in Fig. 1A. ZnO NPs were slightly aggregated. The size
distribution of secondary ZnO NPs in the suspension,
analyzed by dynamic light scattering, ranged from 80 to
700 nm with 190 nm being the mode value (Fig. 1B).

Monoamine levels in 9 regions of the brain in
Zn0O NP-exposed mice

We first examined the effect of prenatal exposure to
ZnO NPs on the levels of DA and its metabolites (DOPAC,
HVA, and 3-MT; Fig. 2, Supplementary Table 1).
DOPAC and HVA were significantly increased in the
prefrontal cortex of ZnO NP-exposed mice (DOPAC, +
49.1%; HVA, +28.4%; Fig. 2). DA and HVA were signif-
icantly increased in the hippocampus. Moreover, DA lev-
els were decreased in the cerebellum. 3-MT level was
not altered significantly in any of the regions of the brain
examined in the present study. Next, we calculated the
metabolic turnover of DA ((DOPAC+HVA+3MT)/DA),
and found that it was significantly increased in the pre-
frontal cortex, neostriatum, nucleus accumbens, and amy-
gdala in the ZnO NP-exposed group.

5-HT level was decreased in the hypothalamus,
and 5-HIAA level was increased in the prefrontal cor-
tex and hippocampus in ZnO NP-exposed mice (Fig. 3,
Supplementary Table 2). The metabolic turnover of 5-HT
(5-HIAA/5-HT) was increased in 8 regions of ZnO NP-
exposed mice (Fig. 3, Supplementary Table 2).

We then measured the levels of NA and its metabo-
lites (NM, MHPG; Supplementary Fig. 1, Supplementa-
ry Table 3). NM level was increased in the hippocampus

(B)
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Field-emission-type scanning electron microscopy images of ZnO NPs and their size distribution. ZnO NPs were suspended

in saline with 0.05% (v/v) Tween-80 and were sonicated for 90 min immediately before administration. (A) The agglomera-
tion state was assessed by field emission-type scanning electron microscopy (Scale bar = 50 nm). (B) The size distribution
of ZnO NPs in the suspension was analyzed by dynamic light scattering.
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Effects of prenatal ZnO NP exposure on DA and their metabolites level in the brain. DA turnover was calculated as

(DOPAC+HVA-+3-MT)/DA. Each column (Control group, open column; ZnO NP group, forward slash column) represents
the mean = S.E.M. *p < 0.05 vs each control group. Abbreviations: PFC, Prefrontal cortex; CPu, Neostriatum (Caudate-
Putamen); Nacc, Nucleus accumbens; Hipp, Hippocampus; Hypo, Hypothalamus; Amy, Amygdala; MB, Midbrain; BS,

Brainstem; Cb, Cerebellum. N.D.: Not detectable.

of ZnO NP-exposed mice. In addition, MHPG level was
decreased in the hypothalamus, and cerebellum. NA lev-
el was not altered significantly in any of the regions of the
brain examined in the present study. The metabolic turn-
over of the NA was decreased in the hypothalamus, and
amygdala of the ZnO NP-exposed mice.

DISCUSSION
Developmental disorders of the brain caused by genet-

ic and environmental factors are of great significance to
psychiatric health. Previous studies indicated an associa-
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tion between chemical exposure in the environment and
monoaminergic neurotransmitter regulation (Matsuda
et al., 2010; Xia et al., 2011; Sirivelu ef al., 2006). The
monoaminergic system plays an important role in men-
tal health, and its dysregulation leads to psychiatric dys-
function, such as behavioral depression, anxiety disor-
der, and Parkinsonism (Weiss ef al., 1981; Elsworth and
Roth, 1997; Morilak and Frazer, 2004). It is notewor-
thy that prenatal stress can cause profound and long-last-
ing deficits in brain functions (Chung er al., 2005; Son
et al., 2006). Maternally-stressed male mice have been
shown to indicate altered dopaminergic responses (Son

.
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Effects of prenatal ZnO NP exposure on 5-HT and their metabolites level in the brain. The 5-HT turnover was calculat-
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stem; Cb, Cerebellum.

et al., 2007). Furthermore, Narita et al. (2002), showed
that fetal thalidomide or valproic acid exposure resulted
in increased monoamine concentration in the brain, and
induced an autism-like phenotype in rats.

In the present study, we comprehensively analyzed
the amount of monoamines and their metabolites using
HPLC in adult offspring mice. In the ZnO NP-exposed
group, metabolic turnover of DA and 5-HT was signifi-
cantly increased in the prefrontal cortex, neostriatum,
nucleus accumbens, and amygdala. In the prefrontal cor-
tex in particular, the levels of DA metabolites (DOPAC
and HVA) and a 5-HT metabolite (5-HIAA) were sig-
nificantly increased. 5-HT neurons of the raphe nucleus
are projected to prefrontal cortex and neostriatum, and
the activity of 5-HT and DA neuron systems are mutual-
ly regulated (Assié et al., 2005). Oades (2008) reported
that the metabolic turnover of DA and 5-HT are simulta-
neously increased in attention-deficit hyperactivity disor-
der patients. These reports reveal the importance of the
balance of activity and metabolism of DA and 5-HT in
the monoaminergic system of the brain. Combined with
these reports, prenatal exposure to ZnO NPs induced
monoaminergic neurotransmitter disruption, in particular

in the imbalance of DA and 5-HT levels, which potential-
ly affects the mental and behavioral health of offspring.
On the other hand, increased serotonin turnover in the
prefrontal cortex and increased dopamine turnover in hip-
pocampus, which were also observed in this study, were
associated with interferon-a-induced depression (De La
Garza and Asnis, 2003). Moreover, Barton ef al. (2008)
reported that brain serotonin turnover was elevated in
patients with depression. These reports suggest the prena-
tally ZnO-exposed mice represent depression-like behav-
ior. Further behavioral tests should be performed to solve
the effects of prenatal ZnO NP exposure on the mental
and behavioral health of offspring.

Synthesized neurotransmitters are stored in synap-
tic vesicles and then released from vesicles when action
potential reaches the synaptic terminal. Released neu-
rotransmitters are immediately inactivated by reuptake
or metabolism. Although we measured the activity of
monoamine oxygenase (a key enzyme in the metabolism
of DA, NA, and 5-HT) in the prefrontal cortex and nucle-
us accumbens, we did not detect any significant altera-
tion (Supplementary Fig 2). Because the increase of met-
abolic turnover depends on the increase of the amount of

Vol. 38 No. 3
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monoamines present in synaptic cleft, further examination
regarding this point may reveal the mechanism of ZnO
NP-mediated increase of metabolic turnover of monoam-

Although the mechanism of monoaminergic system
disruption due to prenatal ZnO NP exposure is unclear,
one possible mechanism is that prenatal exposure to ZnO
NPs induced reactive oxygen species (ROS), which may
influence the function of the monoaminergic system in
offspring. Previous studies have reported that exposure
to NPs, including ZnO NPs, produces ROS, and induc-
es oxidative stress (Long e/ al., 2006; Xia et al., 2008).
ROS-induced oxidative stress would cause function-
al impairment of the monoaminergic system via dys-
regulation of monoaminergic neurotransmitter metabo-
lism. Monoaminergic systems may also be disrupted by
Zn2*,which dissolves from ZnO NPs. Cho ez al. (2011)
showed that the toxicity of dissolved Zn* from ZnO NPs
is much greater than a similar mass of ZnO NPs. Previ-
ous reports indicated that Zn>* suppresses the function
of the GABA, receptor through allosteric mechanism
(Hosie ef al., 2003). Taken together with the report which
showed GABA , receptors regulate dopamine release in
the prefrontal cortex (Santiago ef al., 1993), an increase
in Zn* caused by prenatal ZnO NP exposure may affect
the release and metabolism of DA through suppression of
the GABA , receptor function. Additionally, the monoam-
ine transporters may be disrupted by dissolved Zn?* from
ZnO NPs. Previous report indicated that Zn?* plays a role
in the monoamine transporters associated with monoam-
ine metabolism (Scholze er al., 2002). Further investi-
gations of the interaction of prenatal ZnO NP exposure
induced-monoamine disruption with ROS and Zn** will
clarify these issues.

In conclusion, the present data indicated that prenatal
exposure to ZnO NPs disrupted the levels of monoam-
ine neurotransmitters of the brain and suggested that ZnO
NPs could have potential toxicity with regard to mental
health. Taken together with the report that ZnO NPs show
higher developmental toxicity than other metal oxide NPs
including TiO, and ALO, (Zhu ef al., 2008), the assump-
tion would follow that avoidance of toxicity induced by
ZnO NPs is an important for the issue in mental health.
The toxicity of NPs is related to its characteristics of dep-
osition and translocation to the tissues (Oberdérster ef al.,
2005). We previously reported that subcutaneously inject-
ed TiO, NPs were translocated to the brain of offspring
(Takeda et a/., 2009). ZnO NPs may also be transferred
to the brain of offspring and affect the monoaminergic
systems. Recent studies indicated that the interaction of
NP surface with the proteins is important for the distribu-
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tion of NPs in the body. Several reports showed that sur-
face coating of NPs changed its accumulation and trans-
location to the tissues and its toxicity (Oberdérster et al.,
2009; Choi ef al., 2010). In order for ZnO NPs to be used
safely, further studies are needed to clarify the molecu-
lar mechanisms of monoamine neurotransmitter disrup-
tion and to determine how the toxicity of ZnO NPs might
be reduced.
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