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Major depression, one of the most prevalent mental illnesses, is thought to be a multifactorial disease
related to both genetic and environmental factors. However, the genes responsible for and the patho-
genesis of major depression at the molecular level remain unclear. Recently, we reported that stressed
mice with elevated plasma corticosterone levels show upregulation and activation of serum
glucocorticoid-regulated kinase (Sgk1) in oligodendrocytes. Active Sgk1 causes phosphorylation of N-
myc downstream-regulated gene 1 (Ndrg1), and phospho-Ndrg1 increases the expression of N-cadherin,
a-catenin, and B-catenin in oligodendrocytes. This activation of the Sgkl cascade results in morpho-
logical changes in the oligodendrocytes of nerve fiber bundles, such as those present in the corpus
callosum. However, little is known about the molecular functions of the traditional and/or desmosomal
cadherin superfamily in oligodendrocytes. Therefore, in this study, we aimed to elucidate the functions of
the desmosomal cadherin superfamily in oligodendrocytes. Desmoglein (Dsg) 1, Dsg2, and desmocollin 1
(Dsc1) were found to be expressed in the corpus callosum of mouse brain, and the expression of a
subtype of Dsg1, Dsg1c, was upregulated in oligodendrocytes after chronic stress exposure. Furthermore,
Dsg1 proteins were localized around the plasma membrane regions of oligodendrocytes. A study in
primary oligodendrocyte cultures also revealed that chronic upregulation of Sgki by dexamethasone
administration is involved in upregulation of Dsg1c mRNA. These results may indicate that chronic stress
induced Sgk1 activation in oligodendrocytes, which increases Dsg1 expression near the plasma mem-
brane. Thus, Dsgl upregulation may be implicated in the molecular mechanisms underlying the
morphological changes in oligodendrocytes in response to chronic stress exposure.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Major depression is one of the most prevalent mental illnesses
and is a severe psychiatric condition; it imposes a substantial
burden on patients and society, such as morbidity, mortality, and
economic liability [1—4]. Studies of the etiology and pathophysi-
ology of major depression have been conducted for several de-
cades; however, the genes responsible for and the molecular
pathogenesis of major depression remain unclear. Furthermore,
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both genetic and environmental factors, such as repeated exposure
to stress, are involved in the etiology of major depression [5—8].
Despite intensive research in these areas during recent years, the
relationship between the molecular basis of chronic stress and the
onset of depression is largely unknown.

Previously, we found that repeated water-immersion and re-
straint stress (WIRS) induces the activation of the serum gluco-
corticoid regulated kinase (Sgkl) in oligodendrocytes via an
increase in plasma corticosterone levels [9]. We further demon-
strated that Sgk1 is activated by 3-phosphoinositide-dependent
protein kinase (Pdk1) and activates N-myc downstream-regulated
gene 1 (Ndrgl), causing the increased expression of cadherin
family proteins that are involved in the formation of adherens
junctions (N-cadherin, a-catenin, and f-catenin). Thus, expression
of specific adhesion molecules increases in the oligodendrocytes
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after repeated exposure to WIRS, but the reason for this remains
unclear.

Desmoglein (Dsg) and desmocollin (Dsc) are calcium-binding
transmembrane glycoprotein components of desmosomes
[10—12]. Desmoplakin (Dsp) is a component of the attachment
plaque of desmosomes, and binds to Dsc and keratin fibers [13]. Dsg
and Dsc families are composed of 4 (Dsg1—4) and 3 (Dsc1-3)
members, respectively. Furthermore, Dsg1 has three isoforms, viz.,
Dsgla, b, and c [10,12]. Dsg1 belongs to the desmosomal cadherin
family, and is expressed in epidermal keratinocytes as a calcium-
dependent cell adhesion molecule [10—12]. However, little is
known about the function of Dsg1 in the brain.

In this study, we examined the effects of WIRS on desmosomal
cadherin superfamily members, such as Dsg and Dsc, as well as Dsp,
in oligodendrocytes.

2. Materials and methods
2.1. Ethics statement

All animal care and handling procedures were approved by the
Institutional Animal Care and Use Committee of Kinki University
(No. KAME-24-021), and the Guiding Principles for the Care and
Use of Laboratory Animals and the United States National Institutes
of Health Guide for the Care and Use of Laboratory Animals were
followed.

2.2. Animals

Adult male C57/BL6 mice weighing 25—35 g were obtained at 11
weeks of age from Japan SLC, Inc. (Hamamatsu, Japan). Three mice
per cage were housed in a temperature- (22 °C + 2 °C), humidity-
(55% + 10%), and light- (12:12-h light/dark schedule; lights on at
07:00) controlled environment and had free access to laboratory
food and water. Mice were allowed to adapt to the experimental
environment for 1 week before experiments were performed.

2.3. Chronic stress exposure

Mice were exposed to chronic stress as previously described [9].
Additional details are provided in the Supplementary Information.

2.4. Immunohistochemistry

Immunohistochemical analysis was performed as previously
described [9,14]. Briefly, sections were immersed in pre-warmed
0.1 M citrate buffer (pH 6.0) and boiled for 5 min at
95 °C—100 °C, then allowed to cool for 20 min. The sections were
then rinsed with phosphate-buffered saline (PBS) for 30 min and
incubated at 4 °C for 24 h with anti-Dsg1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-Olig2 antibody (Mil-
lipore, Billerica, MA, USA) diluted 1:500 in PBS. The sections were
subsequently rinsed with phosphate-buffered saline (PBS) for
30 min and incubated at room temperature for 1 h with Alexa Fluor
488-conjugated goat anti-mouse IgG and 568-conjugated goat
anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA), diluted 1:500
in PBS. After a 1 h wash in PBS, sections were mounted on slides
using PermaFluor (Thermo Scientific, Waltham, MA, USA) and
visualized by confocal microscopy (LSM-510; Carl Zeiss, Oberko-
chen, Germany) under 20x and 40x objectives.

2.5. Immunoelectron microscopy

Immunoelectron microscopy was performed as previously
described [15]. Briefly, mice were deeply anesthetized with sodium

pentobarbital and perfused transcardially with 0.85% physiological
saline followed by 0.05% glutaraldehyde and 4% paraformaldehyde
in a 0.1 M phosphate buffer (pH 7.4). Brains were removed and
post-fixed in the same fixative for 4 h at 4 °C, followed by im-
mersion in 30% sucrose in 0.1 M phosphate buffer overnight at 4 °C.
Brains sections (20 um-thick) were then cut on a cryostat. Immu-
nohistochemistry was performed using free-floating sections ac-
cording to the ABC method. The anti-Dsg antibodies were used at a
dilution of 1:100. Biotinylated anti-rabbit IgG (Vectastain Elite) was
used as a secondary antibody. Immunoreactivity was visualized
with 0.05% diaminobenzidine and 0.01% hydrogen peroxide in
50 mM Tris, pH 7.6. These sections were washed several times in
0.1 M phosphate buffer (pH 7.4) and after post-fixation with 1%
0SO4 for 1 h and dehydration, the sections were flat-embedded in
Epon 812. Ultrathin sections were viewed without uranyl acetate or
lead citrate staining, using an H-7000 electron microscope
(Hitachi).

2.6. Cell culture

Primary oligodendroglial cultures were prepared from P1 Wis-
tar rat cortex using a previously described method [14,16]. Briefly,
the cortex was placed in a poly-L-lysine-coated flask in a-Minimal
Essential Medium containing 10% heat-inactivated fetal bovine
serum at 37 °C in an atmosphere of 95% air/5% CO- for 14 days with
shaking at 200 rpm. Cells were then spread in poly-i-lysine-coated
flasks at a density of 1 x 10* cells/cm? in Neurobasal Medium (Life
Technologies, Inc.) containing B27 supplement, platelet-derived
growth factor (PDGF), neurotrophin 3, and insulin for 3 days, af-
ter which the medium was replaced with PDGF-free Neurobasal
Medium. Cells were transfected using Lipofectamine LTX, com-
bined with Plus reagent, or Lipofectamine RNAIMAX (Life Tech-
nologies, Inc.), according to the manufacturer's instructions.

2.7. Short interfering (si)RNA knockdown

Stealth siRNA against Sgk1 (5'-GAA GCA UUC UAU GCC GUC AAA
GUU U-3') and negative control duplexes (i.e., scrambled siRNA
against Sgk1, 5'-GAA CUU AGU AUU GCC AAA CGC GUU U-3') were
purchased from Life Technologies Inc.

2.8. Reverse transcription and RT-PCR

Total RNA was prepared from the corpus callosum of stressed
and control mice using ISOGEN (NipponGene, Toyama, Japan) ac-
cording to the manufacturer's instructions. The RNA was reverse
transcribed using oligo(dT)12—18 primers and SuperScript III
RNaseH reverse transcriptase (Life Technologies, Inc.) according to
the manufacturer's instructions. RT-PCR was performed on an ABI
PRISM 7900HT Sequence Detection System using THUNDERBIRD
SYBR gPCR Mix (TOYOBO CO. LTD., Osaka, Japan) according to the
manufacturer's instructions. Desmosome family or Sgki mRNA
expression levels were normalized against GAPDH mRNA expres-
sion levels, as internal control. Data indicate the relative expression
level as compared to internal control expression levels [17]. Addi-
tional details are provided in the Supplementary Information.

2.9. Plasmid construction

Green fluorescent protein (GFP)-fused serum/glucocorticoid-
regulated kinase (Sgk1) under control of the elongation factor
(EF)-10. promoter was generated using the pENTR/D-TOPO vector
(Life Technologies, Inc., Carlsbad, CA, USA). Additional details are
provided in the Supplementary Information.
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3. Results

3.1. Dsglc mRNA expression is increased in the corpus callosum
after repeated exposure to WIRS

Real-time PCR analysis revealed that low but significant
amounts of Dsglc, Dsg2, and Dscl mRNAs were present in the
corpus callosum of mice (Fig. 1A). Among these, Dsg2 mRNA
exhibited the highest expression, followed by Dsg1c. In comparison,
expression of Dsc1 and Dsc2 mRNA was very low (Fig. 1A). mRNA
expression of other components of desmosomes, such as Dsgla,
Dsglb, Dsg3, Dsg4, Dsc3, and Dsp, were absent or only present at
control levels (Fig. 1A). Repeated exposure to WIRS resulted in a
marked increase in Dsg1c mRNA expression in the corpus callosum,
although no significant change was seen in the mRNA expression of
other desmosomal components (Fig. 1B). Therefore, subsequent
analysis focused on elucidation of the molecular mechanisms of
increased Dsg1c expression after exposure to WIRS.

3.2. Dsgl expression is upregulated in oligodendrocytes after
repeated exposure to WIRS

Next, we analyzed Dsg1 protein expression levels in the corpus
callosum after chronic stress exposure. In accordance with real-

time PCR analysis, immunohistochemical and western blotting
data displayed a marked increase in Dsg1 expression also at protein
level in the corpus callosum after repeated exposure to WIRS
(Fig. 2A, C, D). Furthermore, Dsg1 protein was almost exclusively
localized to oligodendrocytes by immunohistochemical analysis by
using Olig2, an oligodendrocyte marker (Fig. 2B, arrowheads), and
Dsg1 protein was localized to the plasma membranes of oligo-
dendrocytes by immuno-electron microscopy (Fig. 2E, arrows).
However, electron microscopic analysis failed to detect
desmosome-like structures, e.g., keratin intermediate filaments, in
oligodendrocytes (Fig. 2E).

3.3. Sgk1 regulates Dsg1c mRNA expression after repeated exposure
to WIRS

Previously, we demonstrated that repeated exposure to WIRS or
elevated plasma corticosterone levels induced the upregulation of
Sgk1 mRNA expression in oligodendrocytes [9]. We further showed
that expression of adhesion molecules involved in formation of
adherens junctions, such as N-cadherin, a-catenin, and f-catenin, is
increased via the Sgk1 signaling pathway [7,9]. Therefore, in this
study, we examined whether Sgk1 is involved in the upregulation
of Dsg1c expression in oligodendrocytes after repeated exposure to
WIRS.
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Fig. 1. Desmosomal mRNA expression in the corpus callosum and Dsglc mRNA upregulation after repeated stress exposure. (A) Real-time PCR results of the expression levels of
desmoglein (Dsg) 1a—c, 2—4, desmocollin (Dsc) 1-3, and desmoplakin (Dsp) mRNAs in the corpus callosum, showing the mean + SEM of at least four independent experiments. (B)
Real-time PCR results for Dsgic, Dsg2, and Dsc1 expression levels in the corpus callosum, showing the mean + SEM of at least four independent experiments. Cont, control mice;

Stress, chronic stress-exposed mice; *p < 0.05, Student's t-test.
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Fig. 2. Dsgl protein expression in the plasma membrane regions of oligodendrocytes in the corpus callosum. (A) Immunohistochemical analysis of Dsg1 in the corpus callosum.
Cont, control mice; Stress, chronic stress-exposed mice. Scale bar = 100 pm. (B) Immunohistochemical analysis of Dsg1 and Olig2 in the corpus callosum. Dsg1 and Olig2 merged
image is shown (Arrow heads). Scale bar = 50 pm. (C) Western blot analysis of the expression of Dsg1 in the corpus callosum of control and chronically stressed mice. Cont, control
mice; Str, chronic stress-exposed mice. (D) Quantification of protein bands from (C). Dsg1 protein expression levels were normalized against GAPDH expression levels. Cont, control
mice; Stress, chronic stress-exposed mice. Data are expressed as mean + SEM of at least three independent experiments. *P < 0.05, Student's t-test. (E) Immuno-electron
microscopic analysis of Dsg1 expression in regions of the plasma membranes of oligodendrocytes. Enlargement of the squares are shown in each upper figure. Positive grains

were concentrated in the plasma membrane regions (Arrows). Scale bar = 1 pm.

First, using a primary culture of rat oligodendrocytes, we
compared the expression pattern of Sgk1 and Dsglc mRNAs after
administration of a synthetic glucocorticoid, dexamethasone (DEX).
A marked increase in Sgk1 mRNA levels was identified immediately
after DEX administration, peaking at 5 h following administration,
and high expression levels of Sgk1 mRNA were subsequently
maintained at least 24 h after administration (Fig. 3A). On the other
hand, no marked change was seen in Dsglc mRNA until 5 h after
DEX administration (Fig. 3B). However, a notable increase in Dsgic
mRNA expression was observed at 24 h after DEX administration
(Fig. 3B).

These results indicated that Sgkl1 upregulation was prior to
upregulation of Dsglc mRNA expression after chronic DEX admin-
istration. Therefore, we further investigated whether Sgk1 expres-
sion levels are involved in regulating Dsglc mRNA expression in
oligodendrocytes. We used RNA interference (RNAi) to knockdown
endogenous Sgk1 expression in oligodendrocytes (Fig. 4A). Knock-
down of endogenous Sgkl failed to upregulate Dsglc mRNA
expression, even after DEX administration (Fig. 4B).

Furthermore, we recovered Sgkl expression in endogenous
Sgk1-knockdown oligodendrocytes by overexpressing human
SGK1-GFP (Sgk1 siRNA-resistant; Fig. 4C). Overexpression of human
SGK1 resulted in upregulation of Dsg1c mRNA in endogenous Sgk1-
knockdown oligodendrocytes (Fig. 4D). From these results, we
concluded that Sgk1 upregulation induced the upregulation of
Dsglc mRNA expression after chronic DEX administration.

4. Discussion

The present study demonstrates for the first time, both in vivo
and in vitro, that repeated exposure to WIRS upregulates Dsglc
expression in oligodendrocytes of the corpus callosum. This occurs
via increased expression of Sgk1 due to increased plasma cortico-
sterone levels.

However, little is known about the function of Dsg1 in the brain.
In the corpus callosum of normal rat brain, we detected the pres-
ence of Dsg1c, which was localized to the oligodendrocytes. How-
ever, since other molecules related to desmosome formation, e.g.,
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Fig. 3. Real-time PCR analysis of Sgk1 and Dsglc expression in primary cultures of oligodendrocytes after chronic stress exposure. (A) Relative mRNA expression levels were
determined by real-time PCR and normalized to that of Gapdh mRNA. Time-course dependent changes in Sgk1 mRNA levels in oligodendrocyte primary cultures analyzed after
dexamethasone (DEX) administration. Results are expressed as the mean + SEM of three independent experiments. *p < 0.05, Student's t-test. (B) Time-course dependent changes
of Dsglc mRNA levels in oligodendrocyte primary cultures analyzed after DEX administration. Results are expressed as the mean + SEM of three independent experiments.
*p < 0.05, Student's t-test.
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non-transfected control; Scr, scrambled siRNA transfection; Sgk1 siRNA, Sgk1 siRNA transfection. Results are expressed as the mean + SEM of three independent experiments.
**p < 0.01, Student's t-test. (B) Real-time PCR analysis of Dsg1c mRNA expression in primary cultures of oligodendrocytes after 24 h of dexamethasone (DEX) exposure. Results are
expressed as the mean + SEM of three independent experiments. *p < 0.05, Student's t-test. (C) Real-time PCR analysis of human SGK1 mRNA expression in primary cultures of
oligodendrocytes. GFP, GFP control construct transfection; SGK1-GFP, GFP-fused human SGK1 construct transfection. Results are expressed as the mean + SEM of three independent
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Dsp mRNA, could not be detected in the corpus callosum (Fig. 1), it
seemed unlikely that Dsg1c forms desmosomes in the corpus cal-
losum. In fact, our electron microscopic analysis failed to detect
desmosome-like structures, e.g., keratin intermediate filaments,
within the inner dense plaque in the corpus callosum (Fig. 2).
Therefore, it is likely that these molecules are involved in a weak
connection between the outer and inner surface of the oligoden-
drocyte, or between the axonal membrane and inner surface of
oligodendrocytes.

Previously, we have shown that increased SGK1 expression is
induced in oligodendrocytes by the elevation of plasma cortico-
sterone levels caused by repeated exposure to WIRS [7—9]. The
present study revealed that upregulation of Dsgic in oligodendro-
cytes after repeated exposure to WIRS depends on increased Sgk1
expression, because DEX stimulation of oligodendrocytes caused
upregulation of Dsglc expression, while reduction of Sgk1 expres-
sion inhibited this phenomenon (Fig. 4). Our previous studies
showed that exposure to chronic stress induce Sgk1 protein phos-
phorylation and activation in oligodendrocytes; thus, active Sgk1
may be able to regulate Dsgic mRNA expression levels in oligo-
dendrocytes [7,9].

Dsgl belongs to the desmosomal cadherin family, and is
expressed in epidermal keratinocytes as a calcium-dependent cell
adhesion molecule [10—12]. This calcium-dependency is well
established among classical cadherins and desmosomal proteins
[18—21]. Homophilic binding between Dsg1 molecules is affected
by the extracellular calcium concentration [22,23]. Therefore, the
difference between calcium concentrations at the outer and inner
surface of oligodendrocytes, or the axonal membrane and the inner
surface of oligodendrocytes in the corpus callosum after repeated
exposure to WIRS is of interest.

Dsgl is involved in activation of p38 mitogen-activated protein
kinase (MAPK) and Rho A GTPase [24—26]. It is well known that Rho
GTPase signaling and calcium are important cell adhesion regula-
tors in the brain [27—29]. Furthermore, a recent study has indicated
that Rho GTPase-related pathways in oligodendrocytes and neu-
rons are involved in antidepressant effects in the hippocampus
[30]. Our study suggests that Dsg1 upregulation in oligodendro-
cytes may be associated with the pathogenesis of major depression
following exposure to chronic stress, and implicates morphological
regulation of oligodendrocytes by Dsg1-Rho GTPase cascades as a
possible mechanism. However, the mechanisms underlying Sgk1-
mediated Dsglc regulation in oligodendrocytes are largely un-
known; thus, it is important to identify the functions of DSG1 that
allow protection against stressful events.
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