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Abstract

Microglia are derived from myelogenous cells and contribute to immunological and inflammatory
responses in central nervous system. They play important roles not only in infectious diseases and
inflammation after stroke, but also in psychiatric diseases such as schizophrenia. While recent
studies suggest the significances of serum- and glucocorticoid-inducible kinases (SGKSs) in other
immune cells such as macrophages, T cells and dendritic cells, their role in microglia remains
unknown. Here we, for the first time, report that SGK1 and SGK3 are expressed in multiple
microglial cell lines. An SGK inhibitor, gsk650394, inhibits cell viability. In addition,
lipopolysaccharide-induced expression of inflammatory regulators iNOS and TNFa was enhanced
by gsk650394. Furthermore, translocation of NF-xB was enhanced by gsk650394. Taken together,
these findings suggest that SGKs may play an important role in regulating microglial viability and
inflammatory responses.
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1. Introduction

Brain inflammation has been suggested to be associated with various neurological disorders.
The inflammatory responses are mediated mainly by non-neuronal cells such as microglia
and astrocytes. Microglial cells are derived from myelogenous cells and they have many
characters of immune cells [1,2]. They work to maintain brain homeostasis, for example, by
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removing dead cells under resting condition. When brain receives severe stresses such as
bacterial infection, stroke and tramatic injury, microglial cells are activated. Once activated,
they release inflammatory cytokines such as tumor necrosis factor a (TNFa) and produce
reactive oxygen species via inducible nitric oxide synthase (iNOS) [3,4]. As these events
promote neuronal dysfunction, anti-inflammatory reagents appear to be beneficial for those
disorders mentioned above [5,6].

In addition to disorders that have apparent acute stressful causes, anti-inflammation therapy
can also be applied to neuropsychiatric disorders such as schizophrenia and chronic
neurodegenerative disorders such as amyotrophic lateral sclerosis [7,8]. Therefore, further
studies of microglial inflammatory responses and their modulators sheds light on
comprehensive understanding and future therapeutic strategy of neurological disorders.

Serum- and glucocorticoid-inducible kinase 1 (SGK1) is a member of SGK family. Its
expression is rapidly induced by serum and glucocorticoid [9]. Increasing evidence suggests
that SGKs including SGK1 contribute to various physiological and pathophysiological
processes [9,10]. In particular, SGKs, especially SGK1, have recently been shown to play a
role in immune cells. For example, pathogenic IL-17-producing T cells are induced under
high salt condition in an SGK1-dependent manner, and the induction is anticipated to
exacerbate autoimmune encephalomyelitis [11]. Also, inhibition of SGK1 affects neutrophil
chemotaxis [12]. In addition, recent studies have found SGK1 to be implicated in NF-xB
activity, and that the regulated NF-xB signaling is associated with immunological
significances such as inflammatory responses in monocytes and differentiation of dendritic
cells [13,14].

Although all of the SGK family members are expressed in brain [15], the detailed
distribution and function are not clear. There have been reports that describe apparent
existence of SGK1 in neurons, astrocytes and oligodendrocytes [16,17,18]. In addition, the
existence of SGK1 in a minor proportion of microglia in brain has been demonstrated by
Warntges et al [18]. However, the presence of other SGKs and the roles of SGKs in
microglial cells remain to be elucidated. This study examines the expression of SGK
isoforms and explores the effects of SGK inhibition in multiple microglial cell lines.

2. Materials and Methods

2.1 Reagents and antibodies

The following reagents and antibodies were used: Isogen (Nippon Gene); lipopolysaccharide
(LPS Escherichia coli 111:B4, Sigma); gsk650394 (Selleckchem); protease inhibitor
cocktail (Sigma); 2,3-diaminonaphthalene, tetracycline (Dojindo); 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide (MTT, Wako); fluorescein diacetate (FDA, Wako);
propidium iodide (Pl, Wako); Cytoplasmic & Nuclear Protein Extraction Kit (101Bio);
rabbit polyclonal antibody against actin (Sigma); mouse monoclonal antibody against iNOS
(BD Biosciences); rabbit polyclonal antibody against NF-xB p65 (Cell Signaling), rabbit
polyclonal antibody against lamin B1 (MBL).
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2.2 Cell culture

2.3 RT-PCR

A microglial cell line BV-2 was grown in Dulbecco's modified eagle medium (DMEM) with
5% fetal bovine serum (FBS) and antibiotics. Another microglial cell line N9 was grown in
DMEM with 10% FBS and antibiotics.

Total RNASs of BV-2, N9 and mouse brain cortex (9 months old male BL57/C6) were
extracted with Isogen. cDNAs were synthesized from 500 ng total RNA in 20-pl reactions
using oligo(dT)15 and reverse transcriptase (Funakoshi).

PCR reactions were performed using 1 pl of cDNAs as templates in 1 x PCR reaction buffer,
1 mM each dNTP, 0.04 ul Tag DNA polymerase, and 1 UM each primer in 20-pl reactions.
The PCR amplification cycles consisted of denaturation at 94°C for 2 min, 35 cycles of
denaturation at 94°C for 45 sec, annealing at 61°C to for 45 sec, and extension at 72°C for 1
min. PCR products were separated by electrophoresis on a 2% agarose gel, detected using
ethidium bromide.

The primers used for PCR were described in Supplementary Table 1. Primer pairs were
designed to bracket at least an intron for each gene to rule out amplification of genomic
DNA.

2.4 Quantitative Real-time PCR

Quantitative real-time PCR was performed to validate the expression changes of selected
genes using SYBR® Premix Ex Taq (TaKaRa) and the Thermal Cycler Dice Real Time
System (Takara) in accordance with the manufacturer’s protocols. The PCR amplification
cycles consisted of denaturation at 95°C for 30 sec, 40 cycles of denaturation at 95°C for 5
sec, and annealing/extension at 60°C to for 30 sec, followed by the detection of melt curve,
65°C to 95°C. Real-time PCR reactions were carried out in duplicate for each sample and
the average values were applied to the AACt method for data analysis. Primer sets were
described in the “Supplementary Table 2”.

2.5 MTT assay

MTT solution was solved in phosphate-buffered saline (PBS) at a concentration of 5 mg/ml.
Cells were seeded at 5 x 10% in 24-well plates. On the following day cells were incubated
with media (450 pl) in the absence or presence of gsk650394. Twenty four h later, 50 pl of
MTT solution was added into each well and incubated for 3 h. Media was then removed and
200 pl of 0.04 N HCI/2-propanol was added. They were transferred into 96-well plates and
absorbance was measured at 570 nm with 690 nm as reference using a microplate reader
(Molecular Devices).

2.6 FDA and PI staining

Cells were seeded at 5 x 10* per well in 24-well plates. On the following day cells were
incubated with media in the absence or presence of gsk650394. For staining of live and dead
neurons, cultures were incubated with PBS containing FDA (3 pg/ml) and PI (5 pg/ml) for 5
min, followed by washing with PBS. Live (FDA-positive) and dead (PI-positive) cells were
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viewed and counted with a fluorescent microscope (Axio Observer Z1, Zeiss) at excitation/
emission wavelengths of 470 nm/505-535 nm for FDA and 585 nm/615 nm for PI.

2.7 Immunoblotting

Immunoblotting was performed as described [19,20]. Cells cultured on 35 mm dishes or 6-
well plates were lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1% Triton
X-100, and protease inhibitor). After centrifugation at 15,000 x g at 4°C for 30 min, the
lysates were collected. For the extraction of nuclear protein, Cytoplasmic & Nuclear Protein
Extraction Kit was used according to the manufacturer’s instruction. The aliquots were then
mixed with Laemmli sample buffer and boiled at 95°C for 10 min. The samples were
resolved by 7.5% SDS-PAGE, followed by electrotransfer to polyvinylidene difluoride
membranes. For visualization, blots were probed with antibodies against iNOS (1:2000),
NF-xB p65 (1:1000), lamin B1 (1:1000) or actin (1:2000), and detected using horseradish
peroxidase-conjugated secondary antibodies (1:2000; Promega) and an ECL kit (Bio-RAD).

2.8 Measurement of nitric oxide (NO) metabolite

The production of NO was determined by measurement of nitrite, a stable product of NO,
using fluorometric reagent 2,3-diaminonaphthalene [21,22]. 100 ul of samples were
transferred to 96-well plate, and incubated with 10 pl fresh 2,3-diaminonaphthalene solution
(50 pg/ml in 0.62 N HCI) for 10 min at room temperature. The reactions were terminated
with 5 ul of 2.8 N NaOH. Formation of 2,3-diaminonaphthotriazole was measured using
fluorescent multi-well plate reader (SpectraMax Gemini, Molecular Devices) with
excitation/emission at 365/450 nm. The fluorescence signal was digitized and analyzed
using SoftMax Pro software.

2.9 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde in PBS, followed by permeabilization in PBS
containing 0.2% Triton X-100. The cells were first incubated with NF-xB p65 antibodies
(1:100), and then with the Alexa488-conjugated secondary antibodies (Invitrogen). For DNA
staining, coverslips were incubated with DAPI. Fluorescent images were analyzed using an
Axio Observer Z1 (Zeiss).

2.10 Statistical Analysis

3. Results

Data are presented as means + SEM. Differences between groups were compared using one-
way ANOVA, or unpaired Student’s t-test as appropriate. Bonferroni’s test was used to
compensate for multiple experimental procedures. p < 0.05 was regarded as statistically
significant.

3.1 Expression of SGK isoforms in microglial cells

SGK family members, including SGK1, SGK2, and SGKS, are expressed in brain [15].
Recent studies have disclosed their potential functions [9,23]. For example, their roles in
neuronal cells and oligodendrocytes have been documented [17,24,25,26]. A study by
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Waérntges et al. also reported the presence of SGK1 in microglia in a minor proportion in
brain [18]. However, their function in microglial cells remains unknown. In this study, we
first examined the presence of SGK isoforms in a microglial cell line, BV-2, with RT-PCR.
As shown in Fig. 1, bands of the expected size for SGK1 and SGK3, but not SGK2, were
detected in BV-2 cells. In contrast, all subunits were expressed in brain, as shown in a
previous report [15]. Similar result was also observed from another microglial cell line, N9
(Supplementary Fig. 1).

3.2 The effect of an SGK inhibitor on cell viability in microglial cells

Next we assessed the effect of SGKs on the basal viability of microglial cells by MTT assay,
a colorimetric assay for cell numbers. An SGK inhibitor, gsk650394, diminished MTT
values in BV-2 cells at 1 uM, but not at 0.1 uM. Interestingly, a higher dose of gsk650394
was needed to exhibit the effect in N9 cells; a treatment of cells with 10 uM gsk650394
decreased MTT values, while 1 pM gsk650394 did not (Fig. 2A and Supplementary Fig.
2A). In any cases, SGK activity influences viability of microglia.

To determine whether this reduction of viability is due to cellular injury or delayed
proliferation, we stained cells with FDA and PI since proportion of Pl-positive cells
represents cellular toxicity [27,28]. As shown in Fig. 2B and Supplementary Fig. 2B, PI-
positive cells were increased in the presence of gsk650394 for both BV-2 and N9 cells.
Together, these results suggest that SGK activity plays a role in maintaining the viability of
microglia.

3.3 The effect of an SGK inhibitor on inflammatory responses

Since SGKs are implicated in inflammatory responses in some immune cells [13,14], we
tested whether they play a role in microglial activation and inflammatory responses. In BV-2
cells stimulated with LPS, we found that the levels of gene expression of inflammatory
mediators, iINOS and TNFa,, were upregulated (Fig. 3A). The level of SGK1 was not altered
(data not shown). Correspondingly, iNOS protein and the product of iINOS, NO, were
recognized (Figs. 3B and C). When gsk650394 was applied 30 min before LPS treatment,
those increases were enhanced (Figs. 3A-C). Consistent with the findings in BV-2 cells,
enhanced NO production was also found by administration of gsk650394 in N9 cells
(Supplementary Fig. 3). Together, these results are consistent with an enhancing effect of
SGK inhibition on microglial inflammation. Thus, SGK activity is suggested to suppress
inflammatory responses in microglial cells.

3.4 Enhancement of NF-xB signaling by SGK inhibitor

Given the fact that inflammatory factors are facilitated by SGK inhibition and that NF-xB
signaling is regulated by SGK1 in other immune cells [13,14], we inspected the effect of
SGK inhibition on NF-xB signaling. First, we probed nuclear translocation of NF-xB by
LPS application and found that fluorescent signals of NF-xB seemed to be more intensive in
nuclei in the presence of gsk650394 (Fig. 4A). To provide a quantitative analysis, nuclear
components were extracted and immunoblotting was carried out. As a result, higher amount
of NF-xB was detected in nuclei in the presence of gsk650394, suggesting an enhanced
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translocation of NF-xB (Fig. 4B). Taken together, these findings support the view that SGKs
are fundamental regulators for microglial viability and inflammatory activity.

4. Discussion

Early studies have revealed the pivotal function of SGK1 in renal salt reabsorption [29].
Since then, significances of SGKs in other systems such as reproduction and immunity have
been demonstrated [11,30]. Similarly, there have been some reports which propose the
relationship between SGKs and neurological diseases such as psychiatric and
neurodegenerative disorders. In the case of depression, physical stresses increase SGK1 in
neuronal progenitor cells, which plays a role in depression [31]. In support of this, samples
of human depressive patients have SGK1 expression at higher levels compared to the control
[31]. On the other hand, the latest study shows decreased expression of all of SGK isoforms
in the prefrontal cortex of patients with posttraumatic stress disorder [32]. Experimental
inhibition of SGK1 leads to abnormal behaviors in rats and compensatory expression of
SGK1 [32]. Based on these findings, SGK activity could either deteriorate or improve brain
disorders under different situations. Apart from psychiatric disorders, Zhang et al. reported
that neuronal SGK1 overexpression decreases brain injury induced by experimental
ischemic stress [26]. In another report, SGK1 in microvascular endothelial cells of brain
seemed to aggravate ischemic brain injury [25]. In line with this, we have also reported that
SGK inhibition by specific inhibitors is beneficial to ischemic brain injury [33]. Collectively,
the functional role of SGKs is complicated presumably due to multiple reasons such as
specific distribution in distinct cell types, diverse levels of expression, and presence of
different splicing variants. As the roles of SGKs may be highly diverged among different
types of cells in brain, the studies of SGKs in each type of cells are required. In this regard,
study of SGKs in microglia is valuable and will help for comprehensive understanding of the
significance of SGKs in brain.

In the present study, we have demonstrated that SGK1 and 3 are expressed in microglial
cells and that inhibition of SGK activity enhances microglial inflammatory responses. Thus,
the basal SGK activity is likely to suppress the activation of microglial cells. In addition,
clear influence of SGKs on cell viability was also observed in the present study. This pro-
survival effect is conceivable due to their effect on Akt/protein kinase B signaling, which
could prevent apoptosis [9,34]. We found that doses of gsk650394 necessary for cell
viability and inflammatory response are different between two microglial cell lines. These
results suggest that an extent of their contribution to cellular processes may be subject to
microglial appearances. Nonetheless, the trend of the effect is likely to be same; SGK
inhibition promotes inflammatory responses. We have to be cautious in considering SGK
inhibition for therapeutic intervention as the net effect of inflammation on brain function can
be either beneficial or detrimental [35,36]. However, if SGK inhibition preferentially affects
the microglia than other types of cells in brain such as neurons, the regulation of SGK
activity in microglial cells may provide a novel therapeutic approach for neuronal disorders
in which inflammatory processes are implicated.
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SGK1 and SGK3 are expressed in multiple microglial cell lines.
Inhibiting SGK activity reduces microglial viability.

SGK inhibition enhances microglial inflammatory responses via NF-xB
signaling.
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Figure 1. SGK1 and SGK3 are expressed in BV-2 cells
Total RNAs were isolated from the indicated tissues. Equal amounts of total RNA were

reverse-transcribed and PCR-amplified using specific primers for each SGK isoform or
GAPDH. Expected sizes of the fragments are: 279-bp (SGK1), 184-bp (SGK2), 204-bp
(SGK3) and 723-bp (GAPDH).
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Figure 2. SGK inhibition impairs cell viability
BV-2 cells were incubated with the indicated concentration of SGK inhibitor gsk650394 for

24 h. (A) Cell viability was measured by MTT assay. n = 4-8; ** p < 0.01 vs 0 uM, ANOVA
followed by Bonferroni’s test. (B) Cells were stained with FDA for live cells and PI for dead
cells. n=3; ** p <0.01 vs DMSO, Student’s t-test.
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Figure 3. SGK inhibition increases LPS-induced inflammatory responses
Cells were incubated in the absence or presence of gsk650394 (1 pM) for 30 min, followed

by LPS (500 ng/ml) administration for 4 h (A), 8 h (B), and 24 h (C). (A) After RNA
extraction and reverse transcription to synthesize cDNA, quantitative real-time PCR was
performed to monitor mRNA levels of iINOS and TNFa in cells treated with indicated
reagents. n = 3. (B) BV-2 cell lysates were analyzed by immunoblotting with the indicated
antibodies. n = 4. (C) Media were taken and NO was measured by assessing nitrite, a natural
metabolic product of NO. n = 6-8. ** p < 0.01 vs LPS, # p<0.05, # p < 0.01 vs DMSO (0
UM gsk650394), Student’s t-test.
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Figure 4. SGK inhibition enhances NF-xB signaling activity
(A) BV-2 cells were incubated in the absence or presence of gsk650394 (1 uM) for 30 min,

followed by LPS (500 ng/ml) administration for 30 min, and then fixed. NF-xB p65 protein
was visualized by indirect immunofluorescence staining using an antibody for NF-xB p65.

For nuclear staining, the cells were stained with DAPI. Bar = 20 um. (B) Cells were treated
as described in (A) and nuclear samples were extracted, followed by Western blotting using
anti- NF-xB p65 antibody. Protein loading was monitored by anti-lamin B1 antibody. n = 4.
** < 0.01 vs LPS, # p<0.05 vs DMSO, Student’s t-test.
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