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Abstract

Aims: The prevalence of major depressive disorder (MDD) is higher in women
than in men, and this may be due to the decline in estrogen levels that occurs
during the menopausal transition. We studied the biological alterations in the
medial prefrontal cortex (mPFC), which is a region that is highly implicated in the
neurobiology of MDD, and the blood cells (BCs) of ovariectomized (OVX) mice
subjected to chronic mild stress (CMS), which represents a mouse model of
depression during menopause.

Main methods: The mPFC and the BCs were obtained from the same individuals.
Gene expression levels were analyzed by microarray. The data were used for the
Ingenuity Pathway Analysis and the Gene Ontology analysis.

Key findings: The gene expression alterations (GEAs) induced by OVX were
mainly associated with ribosomal and mitochondrial functions in both the mPFC
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and the BCs. Rapamycin-insensitive companion of mTOR (RICTOR) was
identified as a possible upstream regulator of the OVX-induced GEAs in both
tissues. The CMS-induced GEAs were associated with retinoic acid receptor
signaling, inflammatory cytokines and post-synaptic density in the mPFC, but not
in the BCs.

Significance: OVX and CMS independently affect biological pathways in the
mPFC, which is involved in the development of the depression-like phenotype.
Because a subset of the OVX-induced GEAs in the mPFC also occurred in the
BCs, the GEAs in the BCs might be a useful probe to predict biological pathways
in the corresponding brain tissue under specific conditions such as OVX in
females.

Keywords: Psychiatry, Neuroscience, Endocrinology

1. Introduction

Major depressive disorder (MDD) is a highly prevalent psychiatric disorder that is
associated with physical impairment, medical comorbidity, and mortality
worldwide (Sato and Yeh, 2013). A recent study measuring the global burden of
disease with disability-adjusted life years suggested that a severe episode of MDD
was a top contributor to disability among a variety of nonfatal consequences of
disease and injury (Salomon et al., 2012). Biological, genetic, and environmental
factors have been found to play crucial roles in the development of MDD
(Levinson, 2006; Naismith et al., 2012; Nestler et al., 2002; Sato and Yeh, 2013);
however, the exact pathogenesis and the underlying mechanisms that generate

depressive symptoms remain largely unknown.

The prevalence of MDD is higher in women than in men, and this may be
associated with the oscillations in and decline in estrogen levels that occur during
the reproductive years and the menopausal transition (Deecher et al., 2008; Hunter,
1992). In addition, psychosocial stressors such as children leaving home, the death
and illness of family members, the stresses of daily living, and health and the onset
of chronic disease are known as inducible factors for MDD in menopausal women
(Kaufert et al., 2008). In preclinical studies, female rodents with bilateral
ovariectomies (OVXs) are frequently used as a model of menopause in women
(Cho et al., 2004; Liu et al., 2004). In addition, previous reports, including ours,
suggested that OVX rodents are vulnerable to stress and exhibit behavioral
abnormalities similar to animal models of depression when subjected to chronic
mild stress (CMS) (Lagunas et al., 2010; Miyata et al., 2016; Nakagawasai et al.,
2009). Therefore, OVX rodents subjected to CMS are likely a reasonable animal

model of depression during menopause.

The major aim of this study was to determine the gene expression patterns and their

biological annotations in the medial prefrontal cortex (mPFC), which is a region
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highly implicated in the neurobiology of MDD (Price and Drevets, 2012; Rive
et al., 2013), in OVX mice compared to sham-operated mice with or without
exposure to CMS. Next, we investigated the gene expression alterations (GEAs)
and the GEA-associated biological annotations in the mPFC and blood cells (BCs)
obtained from the same individuals, and we compared the GEAs and the biological
annotations between the two tissues. The second aim of this study was to evaluate
the possibility that the GEAs in BCs could potentially act as probes to monitor
corresponding brain tissues because several studies have suggested potential
molecules and biological pathways relevant to the neurobiology of MDD on the
basis of GEA data from patients’ BCs (Higuchi et al., 2011; Hori et al., 2016; Iga
et al., 2005; Rocc et al., 2002).

2. Materials and methods
2.1. Animals

Female C57BL/6] mice (8 weeks of age) were purchased from Charles River
Laboratories Japan, Inc. (Kanagawa, Japan). The mice were housed in groups of 6
per cage (16.5 cm X 27 cm X 12.5 (H) cm) and had free access to food and water.
The animal room was maintained at 22 + 3 °C with a 12-h light/dark cycle (lights
on at 6:00 h, lights off at 18:00 h). The mice were acclimated to the laboratory
environment for 1 week and were then ovariectomized bilaterally or underwent a
sham operation under sodium pentobarbital (50 mg/kg, i.p.) anesthesia. All of the

control mice used in this study were subjected to sham operation.

Two weeks after the OVX surgery, the CMS procedure was initiated. The mice
were exposed to CMS for 6 weeks in accordance with our previous report (Miyata
et al., 2016). Three stressors were used in this study (Table 1). For the first stressor,
two of five diurnal stressors were delivered over a 1-h period in the morning and
over a 2-h period in the evening, with a 2-h stress-free period between the two
stressors. The five diurnal stressors included cage tilt (45°), small cage restriction
(9.5 cm X 17 cm x 10.5 (H) cm), switching to the home-cage of another group, a
soiled cage (50 ml of water in sawdust bedding), and odor (50% acetic acid). The

Table 1. Weekly schedule of the CMS protocol.

10:00-11:00 (1 h)

13:00-15:00
2 h)

16:00-10:00
(overnight)

Mon Tue Wed Thu Fri Sat Sun
Small cage Home-cage Tilted cage Odor Small cage Reverse Reverse

switching light/dark light/dark
Odor Soiled cage Small cage Home-cage Tilted cage

switching

Difficult Overnight Tilted cage Soiled cage Reverse
access illumination light/dark
to food
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second stressor consisted of four nocturnal stressors applied between 16:00 h and
10:00 h, including one overnight period with difficult access to food, one overnight
period with the lights on, one overnight period with a 45° cage tilt, and one
overnight period in a soiled cage. For the third stressor, a reversed light/dark cycle
was used from Friday evening to Monday morning. This procedure was scheduled
over a 1-week period and was repeated six times. The non-stressed (NS) mice were
handled weekly to clean the sawdust bedding.

This study was performed in accordance with the Guidelines for Animal
Experimentation at Gunma University Graduate School of Medicine and was
approved by the Gunma University Ethics Committee (Permit number: 12-006).

Every effort was made to minimize the number of animals used and their suffering.

2.2. RNA extraction from blood cells and mPFC samples

One day after CMS cessation, mouse blood (300 pl) was collected under
pentobarbital anesthesia (50 mg/kg, i.p.) via the vena cava. The blood was
immediately heparinized and centrifuged (1,000 X g, 2 min). The total RNA in the
pellet was extracted using the GeneJet Whole Blood RNA Purification Mini Kit
(Thermo Fisher Scientific Inc.) according to the manufacturer’s instructions.

Immediately after the blood was drawn, the mouse was decapitated, and the brain
was removed. The decapitation was completed within 5 min of the anesthesia
taking effect to minimize the effect of pentobarbital on gene expression. Coronal
slices (1 mm thickness) were sectioned using a brain slicer, and the mPFC was
dissected under a stereoscopic microscope (the dissected region on the brain map is
illustrated in Supplementary Fig. 1). The dissected tissues were immersed in the
RNA stabilization solution RNAlater (Qiagen K.K., Tokyo, Japan) and stored until
RNA extraction. Total RNA from the mPFC tissues was extracted using an RNeasy

Micro Kit (Qiagen K.K.) according to the manufacturer’s instructions.

Sampling of tissues was performed between 10:00 h and 16:00 h. The RNA
quantity and quality were determined using a NanoDrop ND-1000 spectrophotom-

eter (Thermo Fisher Scientific Inc.) and an Agilent Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) as recommended.

2.3. Microarray

Total RNA was amplified and labeled with Cyanine 3 (Cy3) using a one-color
Agilent Low Input Quick Amp Labeling Kit (Agilent Technologies) according to
the manufacturer’s instructions. Briefly, 100 ng of total RNA was reverse-
transcribed to obtain double-stranded cDNA using a poly dT-T7 promoter primer.
The primer, template RNA, and quality-control transcripts of known concentra-

tions and quality were first denatured at 65 °C for 10 min and then incubated for
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2 h at 40 °C with 5 X first-strand buffer, 0.1 M dithiotreitol, 10 mM dNTP mix, and
AffinityScript RNase Block Mix. The AffinityScript enzyme was then inactivated
at 70 °C for 15 min. The cDNA products were used as templates for in vitro
transcription to generate fluorescent cRNA. The cDNA products were mixed with
a transcription master mix in the presence of T7 RNA polymerase and Cy3-labeled
CTP and then incubated at 40 °C for 2 h. The labeled cRNAs were purified using
Qiagen RNeasy mini spin columns and eluted using 30 pl of nuclease-free water.
After the cRNA was amplified and labeled, the cRNA quantity and cyanine
incorporation were determined using a NanoDrop ND-1000 spectrophotometer and
an Agilent Bioanalyzer.

For each hybridization, 600 ng of Cy3-labeled cRNA was fragmented and
hybridized at 65 °C for 17 h to an Agilent SurePrint G3 Mouse GE 8 x 60 K
Microarray (Design ID: 028005). After washing, the microarrays were scanned

using an Agilent DNA microarray scanner.

The intensity values of each scanned feature were quantified using Agilent feature
extraction software version 10.7.3.1, which performs background subtractions. The
normalization was performed using Agilent GeneSpring GX version 13.1.1 (per
chip: normalization to the 75th percentile shift; per gene: none). The probes that
were declared as “detected” in all the assayed samples and that displayed a raw
intensity value above 50 in all samples were used for the following statistical
analyses. Information concerning our data was submitted to the Gene Expression
Omnibus with accession number GSE72262.

24. Ingenuity® Pathway Analysis

To identify the biological pathways, the data were analyzed using Ingenuity®
Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity).
The probe IDs of GEAs with the expression values (logarithmic values of fold
change) were uploaded; then, the pathway analysis was conducted. P-values lower
than 0.05 for the Canonical Pathway Analysis and lower than 0.01 for the
Upstream Regulator Analysis were defined as statistically significant. The IPA
analysis was performed on Apr. 29, 2016.

2.5. Gene Ontology (GO) Analysis in DAVID

The biological annotations of GEAs were also assessed by GO analysis using
DAVID bioinformatics resources version 6.8 (https://david.ncifcrf.gov/home.jsp).
The list of genes declared as “present” in each tissue was used as the background
for the analysis. Before supplying the dataset to DAVID, duplicate genes and
probes without annotation or GenBank accession numbers were removed from the
dataset. GO terms with a Bonferroni P-value less than 0.05 were considered

statistically significant.
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2.6. Statistics

For the microarray data, the factorial effects on the gene expression levels were
determined by two-way ANOVA, and corrected P-values less than 0.05
(Benjamini-Hockberg false discovery rate <0.05) were considered significant.
The number of theoretically matches of the GEAs between the two tissues was
calculated using the following formula: (the total number of probes expressed in
both tissues) X (the number of GEAs in the mPFC/the total number of probes
expressed in the mPFC) X (the number of GEAs in the BCs/the total number of
probes expressed in the BCs)/2. The odds ratios and 95% confidence intervals (ClIs)
between the actual and theoretical matching rates were calculated.

3. Results
3.1. GEAs in the mPFCs of the mice

We have previously reported that OVX mice subjected to the current CMS
protocol show abnormalities in emotional behavior, including a prolonged duration
of immobility in forced swimming tests, a decreased amount of time spent in the
center of the field during open-field tests, and a decreased time duration in the open
arms in elevated plus-maze tests without a change in locomotor activity (Miyata
et al., 2016). In this study, we re-analyzed the same dataset and mice.

Four groups of mice (n = 6 in each group), sham + NS, OVX + NS, sham + CMS,
and OVX + CMS, were used for the microarray analysis. In total, 24,496 probes
were expressed in the mPFC. The two-way ANOVA revealed that the expression
levels of 8,216 probes and 1,294 probes were significantly affected by OVX and
CMS, respectively (Supplementary Tables 1 and 2). There was no interaction effect
in the current analysis. We calculated the expression ratio (i.e., fold change) to
identify the up-regulated or down-regulated probes among the 8,216 probes
affected by OVX and the 1,294 probes affected by CMS. The results showed that
OVX increased the expression levels of 5,453 probes and decreased the expression
levels of 2,763 probes in the mPFC. CMS increased the expression levels of 797
probes and decreased the expression levels of 497 probes in the mPFC.

To determine the associated biological pathways, we performed an IPA and
focused on the canonical pathways, specifically the pathways over-represented
among the GEAs, and the upstream regulators, the potential molecules that caused
the GEAs. Supplementary Table 3 shows the canonical pathways that were
significantly associated with the OVX-induced GEAs in the mPFC. The 5 top-
ranked pathways with the lowest P-values are shown in Fig. 1 A and are as follows:
EIF2 Signaling, Mitochondrial Dysfunction, Regulation of eIF4 and p70S6K
Signaling, mTOR Signaling, and Oxidative Phosphorylation. The potential

upstream regulators involved in the induction of the OVX-induced GEAs are
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Fig. 1. The top-ranked canonical pathways associated with the GEAs. (A) The OVX-induced GEAs in
the mPFC. (B) The CMS-induced GEAs in the mPFC. (C) The OVX-induced GEAs in the BCs. (D)
The CMS-induced GEAs in the BCs. Other canonical pathways that were statistically significant are

listed in Supplementary Tables 3, 5, 10 and 12.

shown in Supplementary Table 4. The top-ranked upstream regulator with the

lowest P-value was rapamycin-insensitive companion of mTOR (RICTOR)
(P < 4.29E-16); the predicted activation state was “inhibited”. We also determined
the canonical pathways and upstream regulators associated with the CMS-induced
GEAs in the mPFC (Supplementary Tables 5 and 6). The 5 top-ranked pathways with
the lowest P-values are shown in Fig. 1B and are as follows: RAR Activation, Cardiac
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Hypertrophy Signaling, IL-8 Signaling, Signaling by Rho Family GTPases, and
mTOR Signaling. The top-ranked upstream regulator with the lowest P-value
associated with the CMS-induced GEAs was brain-derived neurotrophic factor
(BDNF) (P < 1.66E-07); the predicted activation state was “activated”.

We also determined the biological annotations of GEAs using GO analysis in
DAVID. As shown in Table 2, the OVX-induced up-regulated genes in the mPFC
are associated with ribosomal and mitochondrial functions, and the OVX-induced
down-regulated genes in the mPFC are associated with olfactory function and
keratin filament. The CMS-induced up-regulated genes in the mPFC are associated
with the post-synaptic density, but there is no term over-represented by the

CMS-induced down-regulated genes in the mPFC.

3.2. GEAs in the BCs of the mice

In total, 13,332 probes were expressed in the BCs. A two-way ANOVA revealed
that the expression levels of 7,955 probes and 6,556 probes were significantly
Table 2. The GO terms associated with the GEAs in the mPFC.

Category Term FE P-values

<OVX-induced up-regulation>

GOTERM_MF_DIRECT GO:0003735~structural constituent of ribosome 225 2.82E-23
GOTERM_CC_DIRECT GO:0005840~ribosome 2.28 7.48E-22
GOTERM_BP_DIRECT GO:0006412~translation 1.92 1.31E-19
GOTERM_CC_DIRECT GO:0022625~cytosolic large ribosomal subunit 2.85 4.74E-14
GOTERM_CC_DIRECT GO:0005739~mitochondrion 1.29 2.18E-11
GOTERM_CC_DIRECT GO:0030529~intracellular ribonucleoprotein complex 1.68 2.69E-10
GOTERM_MF_DIRECT GO:0044822~poly(A) RNA binding 1.27 2.11E-05
GOTERM_CC_DIRECT GO:0005743~mitochondrial inner membrane 145 2.12E-04
GOTERM_CC_DIRECT GO:0015935~small ribosomal subunit 2.66 1.97E-03
GOTERM_CC_DIRECT GO:0022627~cytosolic small ribosomal subunit 2.22 5.33E-03

<OVX-induced down-regulation>

GOTERM_MF_DIRECT GO:0004984~olfactory receptor activity 7.23 3.96E-08
GOTERM_BP_DIRECT GO:0007608~sensory perception of smell 5.13 5.55E-07
GOTERM_CC_DIRECT GO:0045095~keratin filament 5.26 2.99E-04

<CMS-induced up-regulation>
GOTERM_CC_DIRECT GO:0014069~postsynaptic density 2.34 0.04
<CMS-induced down-regulation>

None

The GO terms were determined by DAVID (ver. 6.8) analysis. GO terms with a Bonferroni P-value less
than 0.05 were considered statistically significant. GO terms shown in boldface indicate the overlap

between the two tissues (see Table 3). FE: Fold enrichment.
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affected by OVX and CMS, respectively (Supplementary Tables 7 and 8).
Furthermore, 9 probes were significantly affected by the OVX x CMS interaction
(Supplementary Table 9), although the effect was much smaller than the two main
effects. We calculated the expression ratio to identify the up-regulated or
down-regulated probes among the 7,955 OVX-induced probes and the
6,556CMS-induced probes. OVX increased the expression levels of 3,504 probes
and decreased the expression levels of 4,451 probes in the BCs. CMS increased the
expression levels of 2,509 probes and decreased the expression levels of 4,047

probes in the BCs.

Supplementary Table 10 shows the canonical pathways that were significantly
associated with the OVX-induced GEAs in the BCs. The 5 top-ranked pathways
with the lowest P-values are shown in Fig. 1C and are as follows: Mitochondrial
Dysfunction, Oxidative Phosphorylation, EIF2 Signaling, Protein Ubiquitination
Pathway, and Regulation of elF4 and p70S6K Signaling. The potential upstream
regulators involved in the induction of the OVX-induced GEAs are shown in
Supplementary Table 11. The top-ranked upstream regulator with the lowest P-
value was RICTOR (P < 1.36E-36); the predicted activation state was “inhibited”.
We also determined the canonical pathways and the upstream regulators associated
with the CMS-induced GEAs in the BCs (Supplementary Tables 12 and 13). The 5
top-ranked pathways with the lowest P-values in each analysis are shown in
Fig. 1D and are as follows: EIF2 Signaling, Regulation of elF4 and p70S6K
Signaling, Protein Ubiquitination Pathway, Mitochondrial Dysfunction, and
Oxidative Phosphorylation. The top-ranked upstream regulator causing the
CMS-induced GEAs in the BCs was RICTOR (P < 9.79E-35); the predictive

activation state was “activated”.

Using GO analysis, the OVX-induced up-regulated genes in the BCs are associated
with transcriptional and translational functions, and the OVX-induced down-
regulated genes in the BCs are associated with olfactory function, G-protein
coupled receptor signaling pathways, plasma membrane, ion channels and
transports (Table 3). The CMS-induced up-regulated genes in the BCs are
associated with olfactory function and G-protein coupled receptor signaling
pathways and are integral components of the plasma membrane. The CMS-induced
down-regulated genes in the BCs are associated with transcriptional and

translational functions (Table 3).

3.3. Comparison of GEAs between the mPFC and the BCs

GEAs in patients’ BCs are of interest as a means to assess the molecules and
pathways relevant to the pathogenesis of MDD, given that biopsy of the brain
tissue is not feasible. Several studies have suggested potential molecules and
biological pathways relevant to the neurobiology of MDD on the basis of GEA
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Table 3. The GO terms associated with the GEAs in the BCs.

Category

<OVX-induced up-regulation>

GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT

<OVX-induced down-regulation>

GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_MF_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT

<CMS-induced up-regulation>

GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_MF_DIRECT
GOTERM_CC_DIRECT

Term

G0:0044822~poly(A) RNA binding
GO:0003723~RNA binding
GO0:0005654~nucleoplasm
GO:0005634~nucleus
GO0:0030529~intracellular ribonucleoprotein complex
GO0:0016607~nuclear speck
GO:0006397~mRNA processing
GO:0005730~nucleolus
GO0:0003676~nucleic acid binding
GO:0006412~translation
GO:0005840~ribosome
G0:0005681~spliceosomal complex
GO:0008380~RNA splicing
GO:0071013~catalytic step 2 spliceosome
GO:0006351 ~transcription, DNA-templated

G0:0004930~G-protein coupled receptor activity
GO:0007608~sensory perception of smell
G0:0007186~G-protein coupled receptor signaling pathway
G0:0004984~olfactory receptor activity
GO:0005576~extracellular region
GO:0016021~integral component of membrane
GO0:0005887~integral component of plasma membrane
GO0:0045202~synapse

GO:0005886~plasma membrane

GO:0005216~ion channel activity

GO:0006811~ion transport
GO0:0005249~voltage-gated potassium channel activity
GO0:0005244~voltage-gated ion channel activity

GO:0034765~regulation of ion transmembrane transport

G0:0004930~G-protein coupled receptor activity
GO0:0007186~G-protein coupled receptor signaling pathway
G0:0007608~sensory perception of smell
G0:0004984~olfactory receptor activity

GO:0005887~integral component of plasma membrane
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1.46
1.48
1.29

1.56
1.78
1.61
1.33
1.33
1.48
1.57
1.73
1.57
1.83
1.21

2.01
2.50
1.78
2.42
1.48

1.52
1.69
1.18
2.33
1.61
3.18
2.62
2.68

2.07
1.83
2.59
2.48
1.59
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P-values

6.18E-19
1.53E-10
3.05E-10
6.16E-10
4.02E-07
3.72E-06
9.09E-06
6.41E-05
3.32E-04
3.36E-04
5.19E-04
7.37E-04
2.69E-03
6.48E-03
8.61E-03

8.25E-09
1.02E-07
7.64E-07
1.73E-06
4.72E-06
1.58E-04
2.07E-04
3.09E-04
1.09E-03
1.14E-02
1.28E-02
1.57E-02
3.73E-02
4.26E-02

7.31E-04
8.91E-03
9.80E-03
2.60E-02
3.96E-02

(Continued)
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Category

<CMS-induced down-regulation>

GOTERM_MF_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT

Term FE P-values
GO0:0044822~poly(A) RNA binding 1.55 1.91E-32
GO0:0005654~nucleoplasm 1.37 7.41E-21
GO:0030529~intracellular ribonucleoprotein complex 1.81 1.21E-19
GO:0005634~nucleus 1.18 3.92E-19
GO:0006412~translation 1.74 3.33E-16
GO:0005840~ribosome 1.93 5.09E-16
GO:0005730~nucleolus 1.51 8.01E-16
GO0:0003723~RNA binding 1.53 1.09E-15
GO:0003735~structural constituent of ribosome 1.77 1.27E-11
GO:0016607~nuclear speck 1.74 1.04E-06
G0:0000166~nucleotide binding 1.23 5.63E-06
G0:0003676~nucleic acid binding 1.34 6.27E-06
GO:0006351 ~transcription, DNA-templated 1.25 7.73E-06
GO0:0022625~cytosolic large ribosomal subunit 1.98 1.29E-05
GO:0004386~helicase activity 1.93 2.42E-05
GO:0006397~mRNA processing 1.50 2.63E-04
GO:0016569~covalent chromatin modification 1.53 6.65E-04
GO:0005681~spliceosomal complex 1.66 9.81E-04
GO:0005524~ATP binding 1.22 3.82E-03
GO0:0004004~ATP-dependent RNA helicase activity 2.16 4.16E-03
GO:0071013~catalytic step 2 spliceosome 1.75 7.91E-03
GO:0006355~regulation of transcription, DNA-templated 1.18 1.04E-02
GO:0006364~rRNA processing 1.71 1.91E-02
GO:0008380~RNA splicing 1.48 1.96E-02
GO:0003677~DNA binding 1.19 2.90E-02
G0:0006260~DNA replication 1.78 3.30E-02
G0:0022627~cytosolic small ribosomal subunit 1.86 3.87E-02
GO0:0042254~ribosome biogenesis 1.83 4.01E-02
GO:0015030~Cajal body 2.08 4.70E-02

The GO terms were determined by DAVID (ver. 6.8) analysis. GO terms with a Bonferroni P-value less than 0.05 were considered

statistically significant. GO terms shown in boldface indicate the overlap between the two tissues (see Table 2). FE: Fold enrichment.

data from patients’ BCs (Higuchi et al., 2011; Hori et al., 2016; Iga et al., 2005;
Rocc et al., 2002); it is also noteworthy that these suggestions are based on
published evidence that the genes (or proteins) of interest show alterations similar
to those observed in the post-mortem brains of MDD patients. As the second aim
of this study, we evaluated the concurrency of GEAs between the mPFC and the

BCs in the mouse model.
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We first cross-matched the probe names of the expressed genes and found a total of
11,210 probes (84.1% of the probes expressed in the BCs) that overlapped between
the two tissues (Fig. 2A, Supplementary Table 14). For the 11,210 overlapping
probes, the PCA scores were calculated and plotted (Fig. 2B). The PCA scores
revealed that the first principal component (x-axis) explained 78.73%, the second
principal component (y-axis) explained 7.54%, and the third principal component
(z-axis) explained 4.72% of the gene expression. As shown, there was a distinct
separation between the mPFC and the BCs.

A

BCs
(13,332 probes)

mPFC
(24,496 probes)

B Y-Axis
°
BC °
. mPFC
oot :
) 4 A @ A Q@
° , i " bl
A
i A
/
XAxiS
Z-Axis
A

Fig. 2. Gene expression profiles in the mPFC and the BCs of the mice. (A) The number of genes
expressed in the mPFC and the BCs is described in a Venn diagram. (B) The PCA scores of genes
expressed in both the mPFC and the BCs. Each plot corresponds to the individual PCA score, is colored
according to the operation (blue: sham-operated group, red: OVX group) and is shaped according to the
stress treatment (circle: non-stressed group, triangle: CMS-treated group). The dashed circle indicates

the tissues that the genes extracted.
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mPFC WB mPFC wWB
5,453 3,504 2,763 4,451
|_> overlapping |_> overlapping 4_|
1,232
Odds ratio Odds ratio
1.82* 3.16*
95%CI 95%Cl
1.64 -2.01 2.82-3.54
mPFC WB mPFC WB
797 2,509 497 4,047
|_> overlapping |_' overlapping
48 52
Odds ratio Odds ratio
0.69 0.75
95%ClI 95%Cl
0.48 -1.00 0.52-1.08

Fig. 3. Comparisons of the GEAs of the mPFC and BCs in the model mice. The OVX-induced up-
regulated genes (A) and down-regulated genes (B) of the mPFC and the BCs were compared. The CMS-
induced up-regulated genes (C) and down-regulated genes (D) of the mPFC and BCs were also
compared. The significance of the actual matches compared with the theoretical matches was
determined by calculating the odds ratios and 95% Cls, as shown in each panel of the figure. *P < 0.001

vs. the theoretical matching rates (Fisher’s exact test).

We next compared the names of the GEA-associated probes of the two tissues.
There was an overlap of 1,137 OVX-up-regulated probes between the two tissues
(Fig. 3A). In addition, 1,232 OVX-down-regulated probes overlapped (Fig. 3B).
Similarly, 48CMS-up-regulated probes overlapped (Fig. 3C), and 52 CMS-down-
regulated probes overlapped (Fig. 3D).

It is possible that the matching of the probes was coincidental. To evaluate this
possibility, the odds ratio and 95% CI were determined for the actual and theoretical
matches. The theoretical number of matches of the OVX-induced up-regulated
probes in the two tissues was 656. The odds ratio of the actual and theoretical
matches for the OVX-induced up-regulated probes was 1.82 (95% CI: 1.64-2.01).
Therefore, the number of actual matches of the OVX-induced up-regulated probes
of the two tissues was statistically and significantly larger than the theoretical
number of matches. Similarly, we compared the actual and theoretical matches for
the OVX-induced down-regulated probes, the CMS-induced up-regulated probes,
and the CMS-induced down-regulated probes between the two tissues; these results
are summarized in Fig. 3A-D. Overall, the OVX-induced GEAs overlapped
substantially between the mPFC and the WB in mice. However, the overlap between
the GEAs induced by CMS in the two tissues was small, which indicated that the

overlap between these GEAs might have been coincidental.
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4. Discussion

In the mPFC, approximately 8,000 GEAs were observed as a response to OVX.
The current IPA indicated that OVX affects EIF2 signaling, mitochondrial
dysfunction, regulation of elF4 and p70S6K signaling, mTOR signaling, and
oxidative phosphorylation in the mPFC as the top-ranked canonical pathways.
These pathways are associated with the regulation of protein biosynthesis and
energy production. Given that the current GO analysis also indicated ribosomal and
mitochondrial functions as over-represented terms in the OVX-induced up-
regulated genes, it is likely that OVX affects the regulating pathways of protein
biosynthesis and energy production in the mPFC. It is well established that elFs
(eukaryotic initiation factors) and p70S6K play critical roles in translational
regulation. eIF2 is a GTP-binding protein that transports met-tRNA onto the 40S
ribosome and promotes a new round of translation initiation by exchanging GDP
for GTP (Kimball, 1999). elF4 is involved in the recognition of the mRNA
structure, delivery of RNA helicase and bridging of mRNA and ribosomes
(Gingras et al., 1999). p70S6K is a serine/threonine protein kinase that
phosphorylates the 40S ribosomal protein S6, which is involved in the translation
of mRNAs (Ferrari and Thomas, 1994). The pathways of mitochondrial
dysfunction and oxidative phosphorylation are related to the regulation of ATP
production in mitochondria. Mechanistic (mammalian) target of rapamycin
(mTOR) is a serine/threonine protein kinase that integrates various environmental
cues, such as the signals from hormones, growth factors, nutrients, energy and
stress, and regulates growth and homeostasis (Laplante and Sabatini, 2012). It has
been reported that the expression levels of genes associated with protein
biosynthesis and energy production are altered in the prefrontal cortex of the
post-mortem brains of MDD patients (Klempan et al., 2009; Sibille et al., 2004). It
has also been reported that OVX induces vulnerability to stress in female rodents
(Lagunas et al., 2010; Miyata et al., 2016; Nakagawasai et al., 2009). Therefore,
the dysregulated pathways associated with protein biosynthesis and energy
production that were observed in the mPFC in the mice in the current study may
be associated with the development of stress vulnerability. In the frontal cortex of
ovariectomized rats, 17p-estradiol treatment regulated gene expression associated
with transcriptional and metabolic functions (Sarvari et al., 2010a and 2010b).
These biological pathways were also observed in the mPFC of the current OVX
models. Estrogen stimulates estrogen receptors, thereby directly regulating
transcription and translation in many cell types (Mueller et al., 1961; Hamilton,
1963; Bronson et al., 2010). This regulation is likely mediated by ribosome
biogenesis (Ray et al., 2013). Therefore, estrogen deficiency induced by OVX may
disrupt ribosomal function in many cell types. We assessed the upstream regulators
causing the OVX-induced GEAs. Among them, RICTOR was found to be the top-
ranked regulator associated with the production of OVX-induced GEAs in both
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tissues. RICTOR 1is an essential component of target of rapamycin complex 2
(TORC?2), in which it performs an important scaffolding function (Gaubitz et al.,
2016; Wullschleger et al., 2005). The activity of TORC2 is regulated by lipid
messengers, metabolic cues, membrane tension, and small GTPases (Chen et al.,
2011; Dibble et al., 2009; Gan et al., 2011; Glidden et al., 2012; Saci et al., 2011).
TORC?2 phosphorylates AKT, SGK1, and PKCa and regulates their activities
(Garcia-Martinez and Alessi, 2008, Guertin et al., 2006; Ikenoue et al., 2008;
Sarbassov et al., 2005). In the central nervous system, RICTOR deletion affects the
size, morphology, and function of neurons (Thomanetz et al., 2013). There is
increasing evidence that the mTOR pathway plays a pivotal role in a rapid
antidepressant action of ketamine (Abdallah et al., 2015; Abelaira et al., 2014;
Carrier and Kabbaj, 2013; Miller et al., 2014). Although the biological effects of
OVX on RICTOR activity remain unclear, the current IPA indicated that the
induction of some of the GEAs by OVX was mediated by the inhibition of
RICTOR in the mPFC. The current GO analysis indicates that the olfactory
functions are associated with the OVX-induced down-regulated genes in the
mPFC. Although the details of mechanisms remain unclear, ovarian hormones are
necessary for both the production of and responsiveness to olfactory cues (Jechura
and Lee, 2004).

Post-mortem studies have suggested that retinoic acid receptor (RAR) signaling
and inflammatory cytokines (including interleukin-8) are involved in the
neurobiology of mood disorders (Bremner and McCaffery, 2008; Qi et al., 2015;
Shelton et al., 2011). In this study, approximately 1,000 GEAs were observed in
the mPFC as a response to CMS. The CMS-induced GEAs were associated with
the pathways of RAR activation and IL-8 signaling. We previously reported that
OVX mice show no behavioral abnormalities but exhibit depression-like and
anxiety-like behavior when subjected to CMS (Miyata et al., 2016). This
observation is supported by a previous study showing that a milder form of
CMS induces depression-like behavior in male mice of a stress-vulnerable strain
(Balb/c) but not in male mice of a stress-resistant stain (C57BL/6J) (Uchida et al.,
2011). Because the 5 top-ranked canonical pathways associated with the
OVX-induced GEAs were largely different from those of the CMS-induced
GEAs, OVX and CMS most likely had independent effects on the biological
pathways in the mPFC. Therefore, it is likely that OVX plays a role in the
induction of a vulnerability to stress, and CMS is a trigger for the development of a
depressive-like phenotype in female mice. The post-synaptic density was over-
represented as significant GO terms in the CMS-induced up-regulated genes. The
functional change in the post-synaptic density might be involved in the behavioral
phenotypes in CMS-treated mice. The current findings regarding biological
annotations were compared with Erburu’s study (Erburu et al., 2015) because the

CMS protocol in the study was similar to ours, e.g., it used the same strain of mice
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(C57BL/6J), the same duration of the CMS (6 weeks), and the same bioinformatics
(IPA). However, the gender of mice in the studies differed. Several pathways, such
as rho-mediated signals, were over-represented in both studies, but the other
pathways were not overlapping. Therefore, gene expression alterations induced by

CMS in the frontal cortex might differ between male and female mice.

The second aim of the current study was to evaluate the concurrency of GEAs in
the mPFC and the BCs. In this experiment, we first compared the genes expressed
in the BCs and the mPFC, and we found that 84% of the probes expressed in the
BCs were also expressed in the mPFC. This finding is comparable to the results of
a previous study assessing the concordance of gene expression in post-mortem
human brains and peripheral BCs, which indicated a large overlap between the
gene expression profiles of the brain tissues and the BCs (Liew et al., 2006). We
also used PCA to investigate the expression levels of the genes in the mPFC and
the BCs and found a distinct separation in the clusters in the PCA plots as a
function of the tissues. Previous studies suggested that the expression levels of
genes are weakly correlated between BCs and brain tissue (Bosker et al., 2012; Cai
et al., 2010; Jasinska et al., 2009; Rollins et al., 2010). In accordance with previous
studies, the current findings indicated that the patterns of intensity of gene

expression were substantially different between the two tissues.

A two-way ANOVA revealed that OVX induced approximately 8,000 GEAs and
CMS induced approximately 7,500 GEAs in the BCs. Comparisons of the top 5
canonical pathways associated with the OVX-induced GEAs and the CMS-induced
GEAs (Fig. 3C and D) revealed a complete match between the two tissues, but the
activation states were opposite. The associated pathways were mitochondrial
dysfunction, oxidative phosphorylation, EIF2 signaling, the protein ubiquitination
pathway, and regulation of eIF4 and p70S6K signaling. The protein ubiquitination
system regulates the degradation of cellular proteins by proteasomes and
autophagic systems that control the half-life and expression levels of proteins
and the breakdown of misfolded and damaged proteins. The current findings
indicate that OVX and CMS may elicit opposing effects on these pathways in BCs.
The critical reason for this phenomenon remains unclear given that few studies
have assessed the effects of OVX and CMS on the gene expression levels in blood
cells, and the available information is currently minimal. However, Ivic et al.
(2016) recently reported that the expression levels of gonadal steroid receptors,
including estrogen receptor-f, were oppositely regulated by OVX and CMS in the
hypothalamus. Therefore, it could be hypothesized that estrogen receptor-f
expression levels in blood cells may also be oppositely regulated by OVX and
CMS, and the opposite regulation of a subset of genes might be elicited.

In this study, we compared the patterns of the GEAs of the two tissues. Among the
OVX-induced GEAs, the 1,137 up-regulated probes and the 1,232 down-regulated
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probes overlapped between the two tissues, and these numbers were significantly
larger than the theoretical number of matches. In addition, the major canonical
pathways associated with the OVX-induced GEAs including their activation states
were similar. These results indicate that the effects of OVX on the transcriptional
systems are likely to be mediated by a common mechanism in both tissues. We
assessed the upstream regulators causing the OVX-induced GEAs in the BCs.
Among them, RICTOR was found to be the top-ranked regulator associated with
the production of OVX-induced GEAs in the BCs. In thymocytes, RICTOR
deletion impairs differentiation into T helper 1 (Thl) and 2 (Th2) cells (Lee et al.,
2010). Although the biological effects of OVX on RICTOR activity remain
unclear, the current IPA indicated that the induction of some of the GEAs by OVX
was mediated by the inhibition of RICTOR in both the mPFC and BCs.

In contrast to the effect of OVX, the effects of CMS on the gene expression and
biological pathways differed between the mPFC and BCs. The actual matching
rates of the GEAs were not significantly different from the theoretical matching
rates. The upstream regulators of the two tissues were also different, possibly
because the major effect of CMS on the mPFC is mediated by alterations in neural
activities such as BDNF signaling, but the effect of CMS on BCs may be mediated
primarily by alterations in blood conditions, such as hormone levels and metabolic

state.

However, we acknowledge a possibility that some of the differentially expressed
genes and the pathways could be false positives. Therefore, further confirmation of
any particular gene is needed before firm conclusions.

5. Conclusion

OVX and CMS independently affect biological functions, such as protein
biosynthesis, energy production, RAR signaling and inflammatory cytokines, in
the mPFC and lead to the depression-like phenotype observed in the mice in the
current study. In addition, a subset of GEAs in the mPFC also occurred in the
corresponding BCs under specific conditions such as OVX in females.
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