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However, the molecular basis has not been clarified. The purpose of this
study was to elucidate the changes in mineral levels related to the antioxida-

tion. Male mouse pups in the maternal separation group were separated from
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ference. The hippocampal calcium content was more than 2 times higher in

the maternal separation group than that in the control group. The plasma

paration group than that in the control group, representing a significant dif-

protein carbonyl concentration was about seven-fold higher in the maternal
separation group than that in the control group. However, no significant dif-
ferences were found in the hippocampal calcium, zinc, copper, and manga-
nese contents, or in plasma protein carbonyl and 8-OHdG concentrations
between the maternal separation and control groups. Therefore, neonatal
maternal separation affects the hippocampal selenium content of adult male
mice, but does not affect other mineral contents, such as zinc, copper, man-
ganese, and calcium in the hippocampus.
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1. Introduction

During postnatal development, adverse early life experiences affect the forma-
tion of neuronal networks and exert long-lasting effects on neural function.
Many studies have shown that daily repeated maternal separation (MS) during
the neonatal period, one of the most familiar animal models of early life stress, can
alter the adult hypothalamic-pituitary-adrenal axis (HPA axis) responsiveness to
stress (Lajud et al., 2012; Levine et al., 1991; Levine, 1994) and cause subsequent
various kinds of psychological impairments including mood and anxiety disorders
during adulthood (Meaney, 2001). Neonatal MS also deteriorates learning and
memory. For example, neonatal MS impairs eye-blink classical conditioning
(Wilber et al., 2007), special memory as assessed by the Morris water maze test
(Huot et al., 2002), novel object recognition in male rats (Aisa et al., 2007), and
fear conditioning (Kosten et al., 2006). However, the neural mechanisms underly-
ing how neonatal MS, which is a transient adverse experience during neonatal pe-
riods, induces long-lasting effects on learning and memory, remain to be clarified.

Previous studies showed that neonatal MS induces oxidative stress and in-
creases brain lipid peroxidation in rats (Almeida et al., 2018) and also elicits
global DNA hypermethylation in the hippocampus (McCoy et al., 2016). Oxida-
tive stress in the brain tissue is induced by the overproduction of reactive oxygen
species (ROS) and free radicals, which overwhelms the endogenous antioxidant
capacity of the brain (Floyd & Carney, 1992). Reactive oxygen species and free
radicals, such as O,- (superoxide radical), -OH (hydroxyl radical), H,0, (hydro-
gen peroxide), and NO (nitric oxide) cause damage to cell components including
proteins, lipids, and DNA, which affects cellular signaling (Floyd & Carney,
1992; Gilgun-Sherki et al.,, 2001). The brain is more susceptible to oxidative
damage than any other part of the body since it uses high levels of oxygen and
contains high levels of fatty acids which are more susceptible to peroxidation.
Furthermore, brain tissue is rich in iron and excitatory amino acids, and their
metabolites produce ROS (Floyd & Carney, 1992). ROS and free radicals affect
glial cells and neurons, inducing neural cell damage.

Endogenous antioxidants such as trace elements reduce the effects of oxida-
tive stress on cells by scavenging the ROS (Rizzo et al., 2010; Hosseinimehr,
2015). For example, selenium (Se) is known as an important component of the
antioxidant enzyme, glutathione peroxidase. A previous study showed that sele-
nium deficiency induces a decrease in glutathione peroxidase and glutathione
levels, leading to an imbalance of calcium homeostasis in chicken brains (Xu et
al., 2013). On the other hand, zinc (Zn), copper (Cu), and manganese (Mn) are

essential parts of the antioxidant enzyme, superoxide dismutase (SOD). There-
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fore, deficiencies of selenium, zinc, copper, or manganese can cause oxidative
damage to proteins, lipids, and DNA, and cause an imbalance of calcium homeos-
tasis, all of which can induce various kinds of disease. There have been some re-
ports on the correlation between selenium, zinc, and brain function. Ishrat et al.
(2009) reported that selenium prevents cognitive decline and oxidative damage in
a rat model of streptozotocin-induced experimental dementia of the Alzheimer’s
type. Another recent study reported that maternal zinc supplementation improves
spatial memory in rat pups (Piechal et al., 2012) and selenium deficiency impairs
hippocampus-dependent learning (Babiir et al., 2019).

However, the effects of neonatal MS on the contents of trace elements in the
mouse brain have never been studied. Thus, the purpose of the present study
was to investigate the hippocampal contents of selenium, zinc, copper, manga-
nese, and calcium in adult male mice exposed to neonatal MS. Furthermore, we
examined plasma concentrations of various oxidative stress markers in adult
male mice exposed to neonatal MS. One is protein carbonyl, one of the most
harmful oxidative stress markers produced by irreversible oxidative protein
modifications. The other is 8-OHdG (8-hydroxy-2’-deoxyguanosine), one of the
most common by-products of DNA oxidation.

Here, we showed that neonatal MS significantly decreased the content of sele-
nium in the hippocampus of adult male mice, whereas the contents of zinc, cop-
per, and manganese did not exhibit significant differences between the MS
group and the control (Cont) group. Regarding oxidative markers, the plasma
concentration of protein carbonyl showed a tendency toward an increase in the
MS group, while the plasma concentration of 8-OHdG showed no significant
difference between the MS and Cont groups. As far as we know, this is the first
paper to investigate the effects of neonatal MS on the contents of trace elements
involved in oxidative stress in the hippocampus. The present findings provide an
important relationship between psychological stress and trace elements in the

hippocampus, which may cause learning and memory impairments.

2. Materials

2.1. Animals

C57BL/6N female mice at day 13 of pregnancy were purchased from Japan SLC
Inc. (Hamamatsu, Japan). They were individually housed and maintained under
standard laboratory conditions (23°C, 55% humidity in a room with a 12-hr
light-dark cycle (light on at 8:00 am), food and water ad libitum). The day of the
pups’ birth was designated as PND 0. All animal protocols were approved by the
Animal Care Committee of Nara Medical University and were performed in ac-
cordance with the policies established in the NIH Guide for the Care and Use of

Laboratory Animals.

2.2. Chemicals and Reagents

Protein carbonyl ELISA kit (KPC-250DT, Japan Institute for the Control of Ag-
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ing, Nikken SEIL Co., Ltd., Japan), highly sensitive ELISA kit for 8-hydroxy-2’-
deoxyguanosine (8-OHdG ) (KOG-HS10/E, Japan Institute for the Control of
Aging, Nikken SEIL Co., Ltd., Japan), and other chemicals used in the experi-

ment were obtained from commercial sources.

3. Methods

3.1. Maternal Separation

Pups in the MS group were subjected to daily 3-h MS (9:30 to 12:30) from PND
1 to 14. Dams were first removed from their home cages and placed in new iden-
tical cages until the end of the separation period. All pups were individually
placed in a cup on a heating pad maintained at 32°C. At the end of the separa-
tion period, pups were returned to their home cages, followed by reunion with
their dams. Pups in the Cont group were left undisturbed with the dam until
weaning, except for cage cleaning once a week. All pups were weaned on PND
21 and housed in groups composed of 3 - 4 pups of the same gender.

Mice were sacrificed by decapitation at 13 weeks, and then the hippocampus

and blood were collected.

3.2. Determination of Elements, Plasma Protein Carbonyl, and
8-OHdG Levels

Male mice at 13 weeks old were sacrificed by decapitation and then the hippo-
campi were isolated. The hippocampi were dried at 100°C for 4 h and were
placed in 2 ml nitric acid at room temperature. After 24 hours, the samples were
adjusted to a volume of 3 ml by adding ultrapure water. Selenium, calcium, zinc,
copper, and manganese contents of the samples were analyzed by inductively
coupled plasma mass spectrometry (ICPM-8500; Shimadzu). Calibration curves
were prepared at 0, 5, 10, 20 ppb for selenium, 0, 5, 10, 20 ppb for zing, 0, 5, 25,
50 ppb for copper, 0, 5, 25, 50 ppb for manganese, and 0, 100, 200, 1000 ppb for
calcium. The conditions were 1.2 kW of power from a radiofrequency generator,
a plasma argon flow rate of 1.5 /min, a cooling gas flow of 7 I/min, a carrier gas
flow of 0.6 /min, and a sampling depth of 3.5 mm. The element amount was ex-
pressed on a dry-weight basis.

Male mice at 13 weeks old were sacrificed by decapitation and blood was col-
lected from the trunk into heparinized tubes. Plasma was obtained by centrifu-
gation and stored at —80°C until analysis. The plasma protein carbonyl concen-
tration was examined by enzyme-linked immunosorbent assay (ELISA) using a
protein carbonyl ELISA kit according to the manufacturer’s instructions. The
plasma 8-OHdAG concentration was examined using a highly sensitive ELISA kit

for 8-OHAG according to the manufacturer’s instructions.

3.3. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 3.0 (Graph-

Pad Software, San Diego, CA, USA). Pearson’s correlation was used to investi-
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gate the association between parameters. A two-tailed unpaired Student’s t test
was used to analyze differences between groups. A p value of less than 0.05 was
considered to be significant. Data were expressed as the mean + standard devia-

tion.

4. Results

4.1. Selenium, Zinc, Copper, Manganese, and Calcium Contents in
the Hippocampi

Figure 1 shows the average contents of selenium in the hippocampi. The average
selenium contents of the hippocampi were 0.104 + 0.140 ug/g in the MS group
and 0.303 + 0.083 pg/g in the Cont group. The hippocampal selenium content
was about three times lower in the MS group compared with that in the Cont
group. There was a significant difference in the hippocampal selenium content
between the MS and Cont groups (p < 0.0001). The hippocampal selenium con-
tent was significantly reduced due to the stress of neonatal maternal separation.

The average zinc contents of the hippocampi were 39.3 + 8.30 pg/g in the MS
group and 38.2 + 7.18 pg/g in the Cont group (Figure 2). No significant differ-
ence was found in the hippocampal zinc content between the MS and Cont
groups (p = 0.684). The average copper contents of the hippocampi were 16.2 +
2.08 pg/g in the MS group and 17.4 + 2.95 ug/g in the Cont group (Figure 3).
Although the MS group showed lower copper content, the difference between
the MS and Cont groups was not significant (p = 0.151). The average manganese
contents of the hippocampi were 1.91 + 0.35 pg/g in the MS group and 1.80 +
0.13 pg/g in the Cont group (Figure 4). No significant difference was found in
the hippocampal manganese content between the MS and Cont groups (p =
0.164). The hippocampal zinc, copper, and manganese contents did not change
significantly due to the stress of neonatal maternal separation.

As shown in Figure 5, the average calcium contents of the hippocampi were
3.78 £ 6.99 mg/g in the MS group and 1.64 * 2.26 mg/g in the Cont group. The
hippocampal calcium content was more than 2 times higher in the MS group
than that in the Cont group. However, no significant difference was found in the

hippocampal calcium content between the MS and Cont groups (p = 0.423).
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Figure 1. Average selenium contents of the hippocampi in the maternal separation (MS)
group and the control (Cont) group. There was a significant difference in the hippocam-
pal selenium content between the MS and Cont groups (p < 0.0001).
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Figure 2. Average zinc contents of the hippocampi in the maternal separation (MS)
group and the control (Cont) group. No significant difference was found in the hippo-
campal zinc content between the MS and Cont groups (p = 0.684).
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Figure 3. Average copper contents of the hippocampi in the maternal separation (MS)
group and the control (Cont) group. There was no significant difference in the hippo-
campal copper content between the MS and Cont groups (p = 0.151).
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Figure 4. Average manganese contents of the hippocampi in the maternal separation
(MS) group and the control (Cont) group. No significant difference was found in the
hippocampal manganese content between the MS and Cont groups (p = 0.164).
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Figure 5. Average calcium contents of the hippocampi in the maternal separation (MS)
group and the control (Cont) group. The hippocampal calcium content was more than 2
times higher in the MS group than that in the Cont group. However, no significant dif-
ference was found in the hippocampal calcium content between the MS and Cont groups
(p=0.423).
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4.2. Relationships among Element Contents in the Hippocampi

We analyzed the relationships among hippocampal element contents in the MS
group (Table 1). The correlation coefficients were estimated to be 0.583 (p =
0.006) between selenium and zinc contents and 0.585 (p = 0.007) between man-
ganese and copper contents in the MS group. Very significant direct correlations
were found between selenium and zinc contents and between manganese and
copper contents. In contrast, the correlation coefficient was estimated to be
—0.478 (p = 0.033) between selenium and manganese contents in the MS group.
A significant inverse correlation was found between selenium and manganese
contents. However, no significant correlations were found between zinc and
manganese contents, between copper and element contents, such as selenium
and zinc, or between calcium and element contents, such as selenium, zinc,
manganese and copper in the MS group.

Table 2 lists the relationships among hippocampal element contents in the
Cont group. No significant correlations were found among hippocampal ele-
ment contents, such as selenium, zinc, copper, manganese and calcium, in the

Cont group.

4.3. Concentrations of Protein Carbonyl and 8-OHdG in the
Plasma

The concentrations of protein carbonyl in the plasma were 9.92 + 21.7 nmol/g in
the MS group and 1.50 + 31.5 nmol/g in the Cont group (Figure 6). The plasma
protein carbonyl concentration was about seven-fold higher in the MS group
than that in the Cont group. However, there was no significant difference in the
plasma protein carbonyl concentration between the MS and Cont groups (p =
0.481). As shown in Figure 7, the concentrations of 8-OHdG in the plasma were

Table 1. Relationships among hippocampal element contents in the maternal separation
group.

Correlation Coefficient and p Value

Element
Zn Mn Cu Ca
Se 0.583 (0.006) —0.478 (0.033) —0.407 (0.075) —0.201 (0.634)
Zn —0.144 (0.544) —0.224 (0.342) —0.128 (0.762)
Mn 0.585 (0.007) 0.138 (0.744)
Cu 0.141 (0.740)

p Values are indicated in parentheses.

Table 2. Relationships among hippocampal element contents in the control group.

Correlation Coefficient and p Value

Element Zn Mn Cu Ca
Se 0.183 (0.515) —0.070 (0.804) —0.325 (0.238) —-0.277 (0.507)
Zn —0.294 (0.287) 0.130 (0.645) 0.498 (0.209)
Mn 0.251 (0.286) —0.130 (0.758)
Cu 0.030 (0.943)

p Values are indicated in parentheses.
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Figure 6. Average protein carbonyl contents of the plasma in the maternal separation
(MS) group and the control (Cont) group. Although the plasma protein carbonyl concen-
tration was about seven-fold higher in the MS group compared with that in the Cont
group, there was no significant difference in the plasma protein carbonyl concentration
between the MS and Cont groups (p = 0.481).

0.3

0.25
0.2
0.15
0.1
0.05

8-OHdG Content (ng/ml)

Cont MS

Figure 7. Average 8-OHdG contents of the plasma in the maternal separation (MS) group
and the control (Cont) group. There was no significant difference in the plasma 8-OHdG
concentration between the MS and Cont groups (p = 0.389).

0.199 * 0.066 ng/ml in the MS group and 0.166 + 0.109 ng/ml in the Cont group.
There was no significant difference in the plasma 8-OHdG concentration be-
tween the MS and Cont groups (p = 0.389).

In summary of the above results, the stress of neonatal maternal separation
significantly reduced hippocampal selenium content, but did not significantly
change the hippocampal zinc, copper, manganese, calcium contents, and the
plasma protein carbonyl and 8-OHdG concentrations.

5. Discussion

Environmental conditions during the neonatal period may affect adult behavior-
al and neuroendocrine responsiveness, especially affecting programming of the
HPA-axis, which influences the cognitive function and pathogenesis of psychia-
tric disorders. Our previous study indicated that neonatal repeated MS during
the first two weeks of life increased basal corticosterone levels in male adult mice
(Nishi et al., 2014). Therefore, neonatal MS may cause various kinds of stresses,
including oxidative stress in the brain. A previous study showed that increased
glucocorticoid levels promoted ROS generation in the hippocampus and cortex
(Sapolsky, 1999). Overproduction of ROS and free radicals overrides the endo-
genous antioxidant capacity of the brain, causes oxidative damage to the brain
tissues, and induces lipid peroxidation (Baek et al., 1999; Leutner et al., 2001).
Thus, the present study investigated the effects of neonatal MS on the contents
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of trace elements, endogenous antioxidants, that reduce the effect of oxidative
stress on cells by scavenging the ROS, and plasma level of oxidative stress mark-
ers, protein carbonyl and 8-OHdG.

Selenium, one of the essential trace elements, is known as a key component of
the antioxidant enzyme glutathione peroxidase. Therefore, selenium deficiency
can reduce the activity of glutathione peroxidase. Huang et al. (2016) reported
that selenium deficiency decreased the activities of glutathione peroxidase and
catalase in chicken brain. Xu et al. (2013) showed that selenium deficiency de-
creased glutathione peroxidase and glutathione levels, leading to imbalance of
calcium homeostasis in the chicken brain. The present study revealed that the
hippocampal selenium content was significantly decreased in the MS group
compared with that in the Cont group. Furthermore, the hippocampal calcium
content was more than 2-fold higher in the MS group than in the Cont group.
These findings suggest that the neonatal MS reduces the hippocampal selenium
content and decreases the activity of glutathione peroxidase, which induces an
imbalance of calcium homeostasis.

Selenium deficiency was previously associated with a large increase in the
protein carbonyl content of the mouse brain (Moskovitz, 2007). Ishrat et al.
(2009) reported that a significant decrease in the protein carbonyl and a signifi-
cant increase in the glutathione peroxidase levels by selenium supplementation
were observed in the hippocampus and cerebral cortex. Therefore, it is likely that
a decrease in the selenium content can reduce the activity of glutathione perox-
idase, resulting in an increase in levels of hydrogen peroxide and hydroxyl radi-
cals that can induce oxidative damage to proteins and increase the protein car-
bonyl levels. The present study revealed that the hippocampal selenium content
was significantly decreased in the MS group compared with that in the Cont
group, and the plasma protein carbonyl concentration in the MS group was
about 7-fold higher than that in the Cont group. However, there was no signifi-
cant difference in the plasma protein carbonyl concentration between the MS
and Cont groups. Further research is needed to investigate the hippocampal tis-
sue level of protein carbonyl to clarify the correlation between the hippocampal
selenium content and the oxidative damage of proteins in the MS group. In con-
trast, zinc, copper, and manganese are essential components of the antioxidant
enzyme, superoxide dismutase. Therefore, zinc, copper, and manganese defi-
ciency can decrease superoxide dismutase activity, which plays an important role
in eliminating superoxide. The present study showed that the hippocampal zinc,
copper, and manganese contents were not significantly changed in the MS group
compared with contents in the Cont group. Therefore, it is likely that the neo-
natal MS does not affect zinc, copper, and manganese accumulation in the hip-
pocampus.

Regarding the relationships among hippocampal element contents in the MS
group, significant direct correlations were found between selenium and zinc
contents and between manganese and copper contents, whereas a significant in-

verse correlation was found between selenium and manganese contents. Namely,
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as selenium level decreases in the hippocampus, zinc level also decreases in the
hippocampus, whereas manganese level increases in the hippocampus. However,
the selenium content decreased significantly in the hippocampus of the MS
group, but the zinc and manganese contents did not change significantly in the
hippocampus of the MS group. The difference is interesting and warrants further

exploration with increasing numbers of mice.

6. Conclusion

The present study indicated that neonatal MS significantly reduced hippocampal
selenium content in adult male mice, whereas the contents of zinc, copper,
manganese, and calcium were not significantly different between the MS and
Cont groups. Furthermore, the plasma concentration of protein carbonyl exhi-
bited a tendency to increase in the MS group compared to that in the Cont
group. Taken together, our findings showed that neonatal MS may affect the
glutathione peroxidase pathway, but not the superoxide dismutase pathway. Fu-
ture studies will be required to directly analyze the activities of glutathione pe-
roxidase and superoxide dismutase, and examine oxidative stress markers, pro-
tein carbonyl and 8-OHdG, in hippocampal tissues, to investigate more precise
mechanisms by which neonatal MS induces oxidative stress. The present study
suggests that neonatal MS, a typical animal model of early life adverse expe-
riences, affects the brain by negatively influencing anti-oxidative systems, which
induces various kinds of neurodegenerative diseases such as Alzheimer’ disease
showing cognitive impairments. Our findings would give a possible treatment
for individuals suffered from psychological stress in early life to prevent neuro-

degenerative diseases by regulating contents of trace elements.
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