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The pro-survival pathways of mTOR and protein kinase B
target glycogen synthase kinase-38 and nuclear factor-xB
to foster endogenous microglial cell protection

ZHAO ZHONG CHONG', FAQILI' and KENNETH MAIESE'23#

IDivision of Cellular and Molecular Cerebral Ischemia, 2Depalrtments of Neurology and Anatomy and Cell Biology,

3Center for Molecular Medicine and Genetics, “Institute of Environmental Health Sciences,
Wayne State University School of Medicine, Detroit, MI 48201, USA

Received August 1,2006; Accepted September 6, 2006

Abstract. Microglia of the central nervous system serve a
variety of functions that may ultimately lead to the develop-
ment or detriment of neighboring neuronal and vascular cells.
These scavengers of the nervous system have been associated
with a variety of neurodegenerative disorders, but the toxic
potential of microglia is equally balanced by the protective
nature of these cells to exclude foreign microorganisms and
promote new tissue proliferation and reorganization. To this
extent, our work outlines a series of endogenous microglial
cellular pathways that can constitute protection for microglia
against during oxygen-glucose deprivation (OGD). We
demonstrate in both primary microglia and the microglial cell
line EOC 2 that endogenous microglial protection against OGD
relies upon the activation and expression of the phosphatidyl-
inositol 3-kinase pathways of mammalian target of rapamycin
(mTOR) and protein kinase B (Aktl), since pharmacological
inhibition of mTOR or Aktl as well as the gene silencing
of Aktl protein expression leads to significantly increased
microglial apoptotic cell injury, DNA fragmentation, and
membrane phosphatidylserine exposure. The mTOR pathway
may offer endogenous protection through mechanisms that do
not entirely rely upon inhibition of glycogen synthase kinase-3
(GSK-3B) activity while Aktl appears to converge upon the
necessary blockade of GSK-30. Closely aligned to these endo-
genous protective mechanisms is the subcellular presence
and nuclear translocation of nuclear factor-xB p65 (NF-kB
p65), since microglial cell injury is significantly increased
during the gene silencing of NF-kB p65. Elucidating the
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underlying pathways that can afford endogenous protection
and maintain functional integrity of microglia should offer
new prospects for the treatment of a broad range of nervous
system disorders.

Introduction

Microglia are monocyte derived cells in the central nervous
system that are usually maintained in a quiescent state, but
can become activated during a variety of pathological insults
(1-5) and lead to the removal of injured as well as non-injured
cells (6,7). Through this process, microglia can generate
reactive oxygen species and cytokines that have been
associated with several neurodegeneration disorders, such as
Alzheimer's disease and Huntington's disease (8-11). Further-
more, during periods of acute ischemic cell injury, activation
of microglia can parallel the induction of cellular apoptosis
and correlate well with the severity of the ischemic insult
(12,13).

Yet, the toxic potential of microglia is equally balanced by
the protective nature of microglia to exclude foreign micro-
organisms from the central nervous system and promote
cellular repair that serves as a basis for new tissue proliferation
and reorganization (4,14,15). In light of beneficial attributes
of microglia, recent investigations have emphasized the
importance of protecting the integrity and function of glial
cells with exogenous agents (16). For example, work involving
the trophic factor erythropoietin has demonstrated that
excessive microglial cell activation can be modulated through
the control of cellular membrane phosphatidylserine (PS)
exposure (17,18), protein kinase B (12), and the regulation of
caspases (19,20). Interestingly, erythropoietin also has the
capacity to independently maintain microglial cell integrity
during paradigms that would otherwise lead to microglial cell
death (21). In this regard, other studies have focused upon the
use of low concentrations of free radical exposure to prevent
injury to glial cells during oxidative stress (22,23).

With our present studies, we have forged upon an altern-
ative investigative approach to elucidate intrinsic cellular
pathways that are endogenously controlled by microglia and
can maintain microglial cell integrity during oxidative stress. In
particular, cellular mechanisms that may be closely integrated
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with endogenous microglial protection are the phosphatidyl-
inositol 3-kinase (PI 3-K) pathways of the mammalian target
of rapamycin (mTOR) and protein kinase B, or Aktl. mTOR
is a pro-survival factor that leads to enhanced survival in
neurons and astrocytes (24,25) and may be necessary for the
control of cellular metabolism (26). Aktl, which has been
associated with microglial cell proliferation (27-29), plays a
central role during nervous system injury to enhance cell
survival during oxidative stress (12,13,30-33) and specifically
modulate the inflammatory activity of microglia (13,31,34).
Although mTOR is controlled by the PI 3-K and Aktl path-
ways and possesses the reciprocal ability to enhance Aktl
activity (35,36), these cellular mechanisms do not function in
isolation to promote cell survival. In fact, Aktl is tied to the
inhibition of glycogen synthase kinase-33 (GSK-38) activity
to increase cell survival during oxidative stress and, as a
result, GSK-38 is considered to be a therapeutic target for
some neurodegenerative disorders (37-40). GSK-38 also may
control monocyte chemoattractant protein 1 (MCP-1) trans-
cription through nuclear factor-xB (NF-xB) (41) to influence
inflammatory cell activation (42). In addition, some injury
models suggest that microglia also can upregulate NF-xB
(43) and may require NF-kB for tissue repair (44). Although
NF-kB has not consistently been found to enhance cell survival
in all cell systems (45,46), NF-kB does represent a critical
pathway that is responsible for the activation of inhibitors of
apoptotic proteins (IAPs), the maintenance of Bcl-x; expression
(4748), and the induction of cytoprotection by trophic factors
(49-51).

Here we show that primary cerebral microglia and the
microglial cell line EOC 2 have the novel capacity to provide
endogenous cellular protection, albeit to a limited extent, to
prevent eventual cellular demise during oxygen-glucose
deprivation (OGD)-induced oxidative stress. This endogenous
microglial protection against OGD relies upon the activation
and expression of the PI 3-K pathways mTOR and Aktl,
since pharmacological inhibition of mTOR or Aktl as well
as the gene silencing of Aktl protein expression leads to
significantly increased apoptotic cell injury, DNA fragment-
ation, and membrane PS exposure. mTOR provides endo-
genous protection through pathways that do not entirely rely
upon inhibition of GSK-38 activity while Aktl appears to
converge upon the required blockade of GSK-3. Microglia
also employ an additional level of endogenous protection
through the presence of NF-«xB p65 with its nuclear trans-
location to initiate anti-apoptotic programs.

Materials and methods

Primary microglial cultures. Per our prior protocols (12,13,31),
microglia were obtained from the cerebral cortex of E-19
Sprague-Dawley rat pup, mechanically dissociated, and seeded
in 75 cm? plastic flasks at a density of 8.5x10° cells per flask.
Microglia were purified from mixed cultures with reciprocal
shaking at 180 rpm for 15 h and then re-seeded at 10° cells/
ml for cell adhesion of 3-h duration to yield an almost pure
preparation of microglia (>98%). Microglial cells were
identified by a-naphthyl acetate esterase, OX-42, and isolectin
B4 from griffonia simplicifolia (Sigma, St. Louis, MO). The
cells did not stain for glial fibrillary acidic protein (GFAP).
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Microglia cell line cultures. The microglial cell line EOC 2
was obtained from American Type Culture Collection (ATTC,
Manassas, VA). Cells were maintained in Dulbecco's modified
Eagle's medium (ATTC), supplemented with 10% fetal bovine
serum (Sigma), 50 pg/ml penicillin and streptomycin and 20%
media from the LADMAC cell line (ATCC) which contains
colony stimulating factor-1 (CSF-1) secreted by LADMAC
cells. Cells were seeded onto 24-well plates or 35 mm culture
dishes at a density of 1.5x10° cells per well or 4x10° cells per
dish.

Experimental treatments

Oxygen-glucose deprivation (OGD). OGD in microglial
cultures was performed by replacing media with glucose-
free HBSS containing 116 mmol/l NaCl, 5.4 mmol/l KCI,
0.8 mmol/l MgSO,, 1 mmol/l NaH,PO,, 0.9 mmol/l CaCl,,
and 10 mg/1 phenol red (pH 7.4) and cultures were maintained
in an anoxic environment (95% N, and 5% CO,) at 37°C for
6 h or per the experimental paradigm. For mammalian target
of rapamycin (mTOR) inhibition, rapamycin (Sigma) at 1, 10,
and 20 nM was applied to cultures 1 h prior to OGD. To
inhibit Akt activation (phosphorylation), the Akt selective
inhibitor D-2,3-dieoxy-myo inositol 1-(R)-2-methoxy-3-(octa-
decyloxy) propyl hydrogen phosphate (SH-6) (Alexis, San
Diego, CA) was applied to microglial cultures 1 h prior to
OGD. The glycogen synthase kinase (GSK)-38 inhibitors
SB216763 [3-(2,4-Dichlorophenyl)-4-(1-methyl-/H-indol-3-
yl)-1H-pyrrole-2,5-dione] (SB21) or SB415286 [3-[(3-Chloro-
4-hydroxyphenyl)amino]-4-(2-nitrophenyl)-/H-pyrrole-
2,5-dione] (SB41) (Tocris, Ellisville, MO) were applied
continuously to the microglial cultures 1 h prior to OGD.

Assessment of primary microglia and EOC 2 cell survival.
Cell injury was determined by bright field microscopy using
a 0.4% trypan blue dye exclusion method 24 h following
treatment with OGD per our previous protocols (49). The
mean survival was determined by counting eight randomly
selected non-overlapping fields with each containing
approximately 10-20 cells (viable + non-viable). Each
experiment was replicated 6 times independently with different
cultures.

Assessment of DNA fragmentation. Genomic DNA fragment-
ation was determined by the terminal deoxynucleotidyl trans-
ferase nick end labeling (TUNEL) assay (13,30). Briefly,
microglial cells were fixed in 4% paraformaldehyde/0.2%
picric acid/0.05% glutaraldehyde and the 3'-hydroxy ends
of cut DNA were labeled with biotinylated dUTP using the
enzyme terminal deoxytransferase (Promega, Madison, WI)
followed by streptavidin-peroxidase and visualized with 3,3'-
diaminobenzidine (Vector Laboratories, Burlingame, CA).

Assessment of membrane phosphatidylserine (PS) residue
externalization. Phosphatidylserine (PS) exposure was assessed
through the established use of Annexin-V. Per our prior
protocols (12,13), a 30-pg/ml stock solution of Annexin-V
conjugated to phycoerythrin (PE) (R&D Systems, Minneapolis,
MN) was diluted to 3 yg/ml in warmed calcium containing
binding buffer (10 mmol/l HEPES, pH 7.5, 150 mmol/l NaCl,
5 mmol/l KCI, 1 mmol/l MgCl,, 1.8 mmol/l CaCl,). Plates



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 19: 263-272, 2007

were incubated with 500 p1 of diluted Annexin-V for 10 min.
Images were acquired with ‘blinded’ assessment with a Leitz
DMIRB microscope (Leica, McHenry, IL) and a Fuji/Nikon
Super CCD (6.1 megapixels) using transmitted light and
fluorescent single excitation light at 490 nm and detected
emission at 585 nm.

Small interfering RNA (siRNA) transfection

Aktl siRNA. Primary rat microglia were plated into 35 mm
dishes or 24-well plates. To silence Aktl gene expression,
commercial reagents using the SMARTpool Aktl siRNA kit
(Upstate, Lake Placid, NY) were used. Transfection of siRNA
duplexes were performed with Oligofectamine reagent
according to manufacturer's guidelines (Invitrogen, Carlsbad,
CA).

NF-kB p65 siRNA. NF-xB p65 siRNA was selected by
targeting the sequence 5'-AACATCCCTCAGCACCATCAA-
3" and was designed by using Silencer® siRNA construction
kit synthesized by Ambion (Austin, TX). Primary rat microglia
were seeded into 35 mm dishes and transfection of siRNA
duplexes was performed in cells using the siPORT™ Amine
transfection agent (Ambion) according to the guidelines
provided by the manufacturer. For both Aktl siRNA and
NF-kB p65 siRNA, experimental assays were performed 72 h
post-transfection and for each siRNA assay, negative controls
contained multiple siRNAs including the target siRNA and
positive controls were absent of the target siRNA.

Expression of phosphorylated Aktl, phosphorylated f3-catenin,
phosphorylated glycogen synthase kinase, and NF-xB p65.
Cells were homogenized and following protein determination,
each sample (50 pg/lane) was then subjected to 7.5% SDS-
polyacrylamide gel electrophoresis. After transfer, the
membranes were incubated with a rabbit polyclonal antibody
against a mouse monoclonal antibody against phosphorylated
Aktl (p-Aktl, Ser*’?, 1:1000, Active Motif, Carlsbad, CA), a
rabbit antibody against phosphorylated-8-catenin (1:1000)
(p-B-catenin, Ser**3” Thr*!, Cell Signaling, Beverly, MA), a
rabbit antibody against phosphorylated GSK-38 (p-GSK-38,
Ser®), or a primary rabbit antibody against NF-xB p65 (1:200)
(Santa Cruz Biotechnologies, Santa Cruz, CA). Following
washing, the membranes were incubated with a horseradish
peroxidase (HRP) conjugated secondary antibody (goat anti-
mouse IgG, 1:2000 (p-Aktl) or goat anti-rabbit IgG, 1:15000
(p-B-catenin, p-GSK-363, NF-kB p65). The antibody-reactive
bands were revealed by chemiluminescence (Amersham
Pharmacia Biotech, NJ) and band density was performed using
the public domain NIH Image program (developed at the
U.S. National Institutes of Health and available at http://rsb.
info.nih.gov/nih-image/).

NF-xB p65 immunocytochemistry. For immunocytochemical
staining of NF-«B p65, microglial cells were fixed with 4%
paraformaldehyde and permeabilized using 0.2% Triton X-100.
Cells were then incubated with rabbit anti-NF-xB p65 anti-
body (1:150, Santa Cruz Biotechnology) overnight at 4°C
and then with biotinylated anti-rabbit IgG (1:50, Vector
Laboratories) for 2 h followed by Texas Red streptavidin
(1:50, Vector Laboratories) for 1 h followed by incubation
with Texas Red streptavidin (1:50, Vector Laboratories) for
1 h. Cells are washed in PBS and then stained with DAPI
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(Sigma) for nuclear identification. Protein for NF-xB p65 was
imaged with fluorescence at the wavelengths of 565 nm (red)
and 400 nm (DAPI nuclear staining).

Statistical analysis. For each experiment, the mean and
standard error were determined. Statistical differences between
groups were assessed by means of analysis of variance
(ANOVA) from 6 replicate experiments with the post-hoc
Student's t-test. Statistical significance was considered at
P<0.05.

Results

OGD leads to progressive cell injury, DNA fragmentation, and
membrane PS exposure. In Fig. 1A, microglial survival was
significantly reduced over a 12-h course following OGD
application to 61+4% (4 h), 36+3% (6 h), 33+2% (8 h), and
28+3% (12 h) when compared with untreated control cultures
(91+3%, P<0.01). Since an OGD exposure period of 6 h
resulted in survival rate of approximately 40% (60% microglial
cell loss), this duration of OGD toxicity was employed for
the remainder of the experimental paradigms.

We also assessed early apoptotic membrane PS exposure
and late apoptotic DNA fragmentation in microglia during
progressive OGD exposure. Primary cultured microglia were
exposed to a series of time periods (2, 4, 6, 8, and 12 h) of
OGD. Cellular genomic DNA fragmentation was determined
with the TUNEL assay and cell membrane PS exposure was
assessed by Annexin-V labeling 24 h after OGD exposure. In
Fig. 1B, a significant increase in DNA fragmentation was
present in primary microglia following a 2-h (25+4%), 4-h
(43+3%), 6-h (66+5%), 8-h (68+3%), and 12-h (70+3%)
period of OGD when compared with untreated controls
(9+£3%). Similarly, as shown in Fig. 1C, a significant increase
in membrane PS exposure was observed in microglia 24
following a 2-h (33+3%), 4-h (48+4%), 6-h (68+3%), 8-h
(70+3%) and 12-h (72+5%) period of OGD when compared
with untreated control (15+3%).

Loss of mTOR activity enhances microglial cell injury during
OGD. mTOR is a pro-survival factor that leads to enhanced
survival of cells (24,25) and may modulate intracellular
energy reserves (26). As a result, we examined the effects of
loss of mTOR activity during its inhibition with a series of
concentrations of rapamycin that have been shown to block
mTOR activity (35,36). Rapamycin falls under the macrolide
group of antibiotics and is believed to form an inhibitory
complex with the FKBP-rapamycin-binding domain of
mTOR which may destabilize mTOR and prevent
phosphorylation of downstream pathways involving cytosolic
phosphorylated 70 kDa ribosomal protein kinase (p70s6) and
4E-BP1 (52,53). Although rapamycin 1 nM led to a less than
significant reduction in microglial survival, further increases
in rapamycin concentration with 10 and 20 nM significantly
reduced microglial survival during OGD, demonstrating that
the mTOR pathway can provide endogenous protection to
microglia during oxidative stress (Fig. 1D).

Aktl offers endogenous protection to microglia during OGD
exposure. Western blot assay was performed for phospho-
rylated Aktl (p-Aktl) (activated form of Aktl) (Fig. 2A)
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Figure 1. OGD leads to progressive primary microglial cell apoptotic injury that is reduced by mTOR activation. (A), Primary microglia were exposed to OGD
for 2,4, 6,8, and 12 h and cell survival was determined 24 h after OGD. The cell survival was progressively decreased over a period of 2, 4, 6, 8, and 12 h of
OGD ("P<0.01 vs. untreated control). (B), Primary microglia were exposed to OGD for 2,4, 6, 8, and 12 h and DNA fragmentation with TUNEL was determined
24 h after OGD. Apoptotic DNA fragmentation was progressively increased over a period of 2, 4, 6, 8, and 12 h of OGD ("P<0.01 vs. untreated control). (C),
Primary microglia were exposed to OGD for 2, 4, 6, 8, and 12 h and membrane PS exposure with Annexin-V was determined 24 h after OGD. Early apoptotic PS
externalization was progressively increased over a period of 2, 4, 6, 8, and 12 h of OGD ("P<0.01 vs. untreated control). (D), The mTOR inhibitor rapamycin at
concentrations of 1.0-20.0 nM was applied to the EOC 2 microglial cell line 1 h prior to a 6-h period of OGD and cell survival was assessed 24 h later. Increased
microglial cell injury by rapamycin administration during OGD was evident in microglial when compared with cultures exposed to OGD alone ("P<0.01 vs.
control; 'P<0.01 vs. OGD). In all cases, each data point represents the mean and SEM. Control indicates untreated cultures.

12 h following OGD. For Aktl phosphorylation, Ser”* was
examined since phosphorylation of Ser*’® is a primary
component for the activation of Aktl (54). During OGD,
the expression of p-Aktl was slightly increased, suggesting
that this mild up-regulation of Aktl activity may offer some
endogenous level of protection during OGD. This increased
expression of p-Aktl by OGD was blocked by application of
the specific Aktl inhibitor SH-6 (20 gmol/l) (55).

In Fig. 2B, application of SH-6 (20 ymol/l) at a concen-
tration that blocks activation of Aktl through phosphorylation
(Fig. 2A) during OGD resulted in enhanced cell injury during
OGD, illustrating that microglia require some level of Aktl
activation for endogenous protection. Green arrows indicate
trypan blue uptake into microglia while white arrows illustrate
lack of trypan blue uptake. In a similar manner for analysis
with DNA fragmentation and membrane PS exposure, SH-6
(20 ymol/l) administration resulted in a significant increased
DNA fragmentation (Fig. 2C) and increased membrane PS
exposure (Fig. 2D) in microglia, further supporting the premise
that primary microglia employ activation of Aktl to maintain
cell integrity and prevent apoptotic demise. Green arrows
indicate DNA fragmentation in microglia while white arrows
illustrate lack of genomic DNA injury. SH-6 (20 ugmol/l)
administered in the absence of OGD was not toxic to microglia
(data not shown).

Since pharmacological inhibition with SH-6 can have
limitations in modulating the specific activity of a protein,
we have incorporated into our studies siRNA gene silencing
of Aktl to specifically knockdown Aktl activity. Microglia
were transfected with Aktl siRNA and the expression of total
Aktl and p-Aktl was observed through Western blot analysis.
Gene silencing of Aktl during OGD exposure prevents
phosphorylation of Aktl (Fig. 2A). As shown in Fig. 2B,
loss of Aktl expression during Aktl gene silencing further
decreased microglial cell survival from 38+3% during OGD
alone to 11+2% with Aktl siRNA administration. Results
with Aktl gene silencing during DNA fragmentation (Fig. 2C)
and PS exposure (Fig. 2D) also demonstrated that the absence
of Aktl expression led to increased DNA fragmentation and
membrane PS exposure during OGD. Transfection with Aktl
siRNA alone did not significantly alter cell survival, DNA
fragmentation, or membrane PS exposure when compared to
controls (data not shown).

GSK-3f3 inhibition confers protection to microglia downstream
from mTOR and Aktl against apoptotic DNA fragmentation
and membrane PS exposure. In our studies that examine the
effects of GSK-38 inhibition, we used the agents SB216763
and SB415286 that are selective for inhibition of GSK and
do not block the activity of Akt, mitogen-activated protein
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Figure 2. Aktl confers endogenous protection to microglial during OGD. (A), Equal amounts of primary microglial protein extracts (50 pg/lane) were
immunoblotted with anti-phospho-Akt1 (p-Aktl, active form) antibody 12 h following a 6-h period of OGD exposure. Application of the specific Aktl inhibitor
SH6 (20 uM) or transient transfection of Aktl siRNA in primary microglia for 72 h prior to OGD blocked the expression of p-Aktl ("P<0.01 vs. control;
P<0.01 vs. OGD). (B), Representative images and quantification of data are illustrated for trypan blue staining in primary microglial cells 24 h following a 6-h
period of OGD. SH6 (20 M) application or transfection with Akt1 siRNA significantly decreased cell survival during OGD ("P<0.01 vs. control; 'P<0.01 vs.
OGD). Green arrows indicate trypan blue uptake into microglia while white arrows illustrate absence of trypan blue uptake. (C), Representative images and
quantification of data are illustrated for DNA fragmentation with TUNEL in primary microglial cells 24 h following a 6-h period of OGD. SH6 (20 M) application
or transfection with Aktl siRNA for 72 h prior to OGD significantly increased DNA fragmentation during OGD ("P<0.01 vs. control; 'P<0.01 vs. OGD). Green
arrows indicate DNA fragmentation in microglia while white arrows illustrate absence of genomic DNA injury. (D), Representative images and quantification of
data are illustrated for early apoptotic PS exposure with Annexin-V in primary microglial cells 24 h following a 6-h period of OGD. SH6 (20 M) application or
transfection with Aktl siRNA for 72 h prior to OGD significantly increased membrane PS externalization during OGD ("P<0.01 vs. control; "P<0.01 vs.

OGD). In all cases, each data point represents the mean and SEM. Control indicates untreated cultures.

kinases, p70s6, or pyruvate dehydrogenase kinase, isozyme 1
(PDK1) (56). Twenty-four hours following OGD exposure,
cellular injury and microglial trypan blue uptake is evident in
primary microglia (Fig. 3A). In contrast, administration of the
GSK-38 inhibitors [SB216763, (SB21), 5 uM or SB415286,
(SB41), 25 puM] 1 h prior to OGD in concentrations consistent
with the current literature (57) increase microglial cell survival
and prevent trypan blue uptake. Green arrows indicate trypan
blue uptake into microglia while white arrows illustrate the
absence of trypan blue uptake. Quantification of these results
reveals that inhibition of GSK-38 activity with SB21 or SB41
1 h prior to OGD significantly increases microglial survival
when compared to OGD alone, suggesting that inhibition of
GSK-38 activity also can confer endogenous protection to
microglia.

Similarly in Fig. 3B, administration of the GSK-38
inhibitors [SB216763, (SB21), 5 uM or SB415286, (SB41),
25 uM] 1 h prior to OGD significantly reduced microglial
apoptotic DNA fragmentation. Green arrows indicate DNA

fragmentation in microglia while white arrows illustrate the
absence of genomic DNA injury. Furthermore, inhibition of
GSK-38 also was able to reduce early apoptotic membrane PS
exposure (Fig. 3C), suggesting that the GSK-3f is a central
mediator of endogenous protection for microglia during OGD
injury.

Given the significance of GSK-38 inhibition for endo-
genous microglial protection, we subsequently examined
whether blockade of the mTOR and Aktl pathways in
conjunction with GSK-38 inhibition could alter survival in
the microglial EOC 2 cell line (Fig. 3D). Using a series of
rapamycin concentrations to inhibit mTOR as in Fig. 1D,
concurrent administration of rapamycin 10 and 20 nM with
SB21 reduced the beneficial effects of GSK-38 inhibition and
worsened microglial EOC 2 survival to levels slightly greater
than during OGD alone, suggesting that endogenous microglial
protection with mTOR activation does not entirely rely upon
the GSK-36 pathway. In contrast, concurrent administration
of SH6 (20 ymol/l) with SB21 did not alter protection during
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Figure 3. Inhibition of glycogen synthase kinase-38 (GSK-38) activity enhances microglia integrity during OGD. The GSK-38 inhibitors SB216763 (SB21, 5 uM)
or SB415286 (SB41, 25 uM) were applied to primary microglia 1 h prior to a 6-h period of OGD. Cell survival, DNA fragmentation, and membrane PS exposure
were determined 24 h following OGD using the trypan blue dye exclusion method, TUNEL assay, or Annexin-V labeling respectively. (A), Representative
images and quantification of data illustrate trypan blue staining in microglia following OGD. Application of SB216763 (SB21, 5 uM) or SB415286 (SB41, 25 uM)
significantly decreased cell staining and increased microglial survival during OGD ("P<0.01 vs. control; 'P<0.01 vs. OGD). Green arrows indicate trypan blue
uptake into microglia while white arrows illustrate absence of trypan blue uptake. (B), Representative images and quantification of data illustrate DNA
fragmentation with TUNEL in microglia following OGD. Application of SB216763 (SB21, 5 uM) or SB415286 (SB41, 25 yM) significantly decreased
TUNEL staining and decreased microglial DNA fragmentation during OGD ("P<0.01 vs. control; 'P<0.01 vs. OGD). Green arrows indicate DNA fragmentation
in microglia while white arrows illustrate absence of genomic DNA injury. (C), Representative images and quantification of data illustrate membrane PS exposure
with Annexin-V in microglia following OGD. Application of SB216763 (SB21, 5 uM) or SB415286 (SB41, 25 uM) significantly decreased Annexin-V
staining and decreased microglial PS externalization during OGD ("P<0.01 vs. control; 'P<0.01 vs. OGD). (D), The mTOR inhibitor rapamycin (Rapa) at
concentrations of 1.0-20.0 nM in conjunction with SB216763 (SB21, 5 pM) or SH6 (20 uM) was applied to the EOC 2 microglial cell line 1 h prior to a 6-h
period of OGD and cell survival was assessed 24 h later. Concurrent inhibition of mTOR activity with rapamycin during SB21 administration reduced the
beneficial effects of GSK-38 inhibition and worsened microglial survival to levels slightly greater than during OGD alone. In contrast, concurrent inhibition
of Aktl activity did not alter protection during GSK-38 inhibition or lead to a synergistic benefit ("P<0.01 vs. OGD; "P<0.01 vs. OGD/SB21). In all cases, each
data point represents the mean and SEM. Control or CON indicates untreated cultures.

GSK-38 inhibition, suggesting that endogenous Aktl micro-
glial cell protection may be primarily mediated by blockade
of GSK-38 activity.

NF-xB p65 is sequestered in the cytoplasm of microglia during
OGD. Each of the family members of NF-kB [p65 (RelA),
RelB, and c-Rel] contains a C-terminal transactivation domain
that can lead to gene transcription. Yet, primary gene activation
is controlled by the p65 member that consists of two potent
transactivation domains within its C terminus (58). As a
result, we chose to examine whether OGD altered subcellular
localization of NF-xB p65 in microglia. In Fig. 4A, we
determined the expression of NF-kB p65 in the cytoplasmic
and nuclear fractions separately by Western blot analysis 6 h
following OGD. In untreated control cells, NF-kB p65 was

present in both cytoplasmic and nuclear fractions. However,
in the presence of OGD, significant expression of NF-kB p65
was present in the cytoplasmic fraction with loss of NF-xB
p65 expression in the nucleus (Fig. 4A), suggesting that
OGD may lead to microglial cell injury through the prevention
of NF-xB p65 translocation to the nucleus blocking the
transcription of ‘anti-apoptotic’ programs. In addition, the
expression of total NF-kB p65 in whole cell extracts was
slightly reduced during OGD exposure which may be
indicative of the loss of NF-kB p65 in nuclear fractions during
OGD injury.

We also examined the subcellular translocation of NF-kB
p65 in microglia during OGD with immunofluorescent staining
for NF-kB p65 and DAPI at 6 h following OGD (Fig. 4B).
With OGD exposure, significant immunofluorescent staining
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Figure 4. OGD prevents the nuclear translocation of NF-kB in microglia and gene silencing of NF-xB enhances microglial cell injury. (A), Equal amounts of
protein extracts (50 pg/lane) from whole cells, the cytoplasm, and the nucleus were immunoblotted with anti-NF-xB p65 antibody 6 h following a 6-h period of
OGD. Expression of NF-kB p65 was significantly diminished in whole and nuclear fractions during OGD exposure ("P<0.01 vs. CON). CON, untreated cultures.
(B), Subcellular location of NF-kB p65 was followed at 6 h following OGD with immunofluorescent staining with anti-NF-xB p65 antibody and visualized with
Texas-Red streptavidin. Microglial cell nuclei were stained with DAPI. In merged images, cells with OGD with green arrows show neuronal nuclei with strong
NF-xB p65 staining (pink) and white arrows show neuronal cytoplasm with decreased NF-xB p65 staining (purple), illustrating OGD prevent nuclear
translocation of NF-xB p65 in primary microglia. Control, untreated microglia. (C), Equal amounts of microglial protein extracts (50 pg/lane) were immuno-
blotted with anti-NF-kB p65 antibody 6 h following a 6-h period of OGD exposure. Transfection of NF-xB p65 siRNA in microglia for 72 h significantly
blocked the expression of NF-kB p65 in control cell and during OGD ("P<0.01 vs. control). (D), Transient transfection of NF-kB p65 siRNA in primary
microglia for 72 h prior to OGD was performed and cell survival was determined 24 h following OGD using trypan blue dye exclusion method. Transfection
of NF-kB p65 siRNA in microglia prior to a 6-h period of OGD resulted in increased cell injury when compared to OGD alone ("P<0.01 vs. control; 'P<0.01
vs. OGD). NF-kB p65 siRNA alone was not toxic to cells. Green arrows indicate trypan blue uptake into microglia while white arrows illustrate absence of
trypan blue uptake. In all cases, each data point represents the mean and SEM. Control, untreated control cultures.

for NF-kB p65 in the cytoplasm of microglia with minimal  microglia in either untreated cultures or in cells exposed to

nuclear staining is present. This is evident by the ability to
detect DAPI nuclear staining (purple in color) in cells during
merged OGD images since prominent NF-kB p65 staining is
not present in the nucleus (Fig. 4B). In contrast, in untreated
control cells, NF-xB p65 is present in nuclear and cytosolic
subcellular regions as shown by the pink nuclear regions
on merged images of NF-kB p65 and DAPI (Fig. 4B).
Quantification of nuclear NF-xB p65 staining reveals minimal
NF-kB p65 in the nucleus during OGD exposure.

Gene silencing of NF-kB increases microglial cell injury.
Microglia were transfected with NF-xB p65 siRNA prior to
OGD and Western blot analysis for NF-xB p65 was per-
formed 6 h following OGD. The expression of NF-kB p65
in the nucleus of microglia was significantly reduced 6 h
following OGD (Fig. 4C). NF-xB p65 siRNA gene silencing
further reduced the nuclear expression of NF-kB p65 in

OGD.

To investigate whether loss of NF-kB contributes to
microglial injury during OGD, microglia were transfected
with NF-kB p65 siRNA prior to OGD and cell survival was
determined by trypan blue exclusion method 24 h following
OGD. As shown in Fig. 4D, representative images illustrate
that OGD exposure leads to significant trypan blue uptake in
microglia 24 h following OGD. Gene silence by NF-kB p65
siRNA transfection prior to OGD further increased the
uptake of trypan blue in microglia. NF-kB p65 siRNA
transfection alone did not change trypan blue uptake and was
not toxic. Quantification of the data illustrates that primary
microglial cell survival is significantly decreased by NF-kB
p65 gene silencing during OGD exposure (Fig. 4D),
illustrating that NF-xB p65 also forms an important com-
ponent for endogenous microglial cell protection during OGD
injury.



270

Discussion

Microglia of the central nervous system serve a variety of
functions that may ultimately lead to the development or
detriment of neighboring neuronal and vascular cells. Microglia
can lead to cell injury and removal through oxidative stress
mechanisms (2,7,18), cytokine release (38,59), and phagocytic
engulfment (13,19,34,60,61). However, microglia also serve
to protect the central nervous system from foreign organisms
and may be essential for new tissue development following
injury (4,14,15).

Since microglia may form an essential component for the
body to either prevent or at least impede the progression of
neurodegenerative disease, several studies have focused upon
the ability of extrinsic factors to modulate (16,62) and afford
protection to glial cells (21-23). Our present investigations
examine an alternative approach to elucidate intrinsic cellular
pathways that are endogenously controlled by microglia and
that have the potential to maintain microglial cell integrity
during oxidative stress. We illustrate that progressive exposure
to OGD leads to increased primary microglial cell injury, DNA
fragmentation, and membrane PS exposure 24 h following
oxidative stress (Fig. 1A-C). Microglial cell injury reaches a
plateau within a 6-h exposure of OGD. This susceptibility of
microglia to OGD paralleled prior reports of cell injury for
microglia and macrophage cell lines during administration of
free radicals or exposure to OGD (21-23).

Although PI 3-K plays a critical role for cellular survival
during oxygen deprivation and free radical generation, it is
the downstream pathways of mTOR and Akt1 that may offer
the greatest potential for endogenous microglial cytoprotective
mechanisms. mTOR is a pro-survival factor that controls
cellular energy balance (26) and leads to enhanced survival
in neuronal and non-neuronal cells (24,25). We demonstrate
that endogenous mTOR activity is necessary for microglial
survival in the EOC 2 cell line during OGD, since inhibition
of mTOR activity with the inhibitor rapamycin (35,36) results
in enhanced microglial cell injury, illustrating that mTOR
activation confers a minimal level of protection during OGD
(Fig. 1D).

In a similar vein, Aktl also appears to serve a significant
function to not only assist with microglial cell survival, but also
be required for the reduction in apoptotic DNA degradation
and membrane PS exposure. The Akt pathway has been linked
to the maintenance of microglial cell proliferation (27-29)
and in a number of cell populations, Aktl can protect cells
during oxidative stress (12,13,30-33). For our examination
of the Aktl pathway, we either inhibited the activation and
phosphorylation of Aktl with the specific Aktl inhibitor SH-6
or eliminated the expression of Aktl with the gene silencing
of Aktl (Fig. 2A). We show that loss of Aktl activity either
during SH-6 administration or during Akt siRNA trans-
fection significantly increased primary microglial cell injury,
DNA fragmentation, and membrane PS externalization,
demonstrating that microglial endogenous Aktl activation
can enhance cell survival and increase tolerance to apoptotic
DNA fragmentation and early PS exposure (Fig. 2B-D).

Interestingly, endogenous cellular protection for microglia
does not solely rely upon the PI 3-K pathways of mTOR and
Aktl, but involves the regulation of GSK-38 activity. Prior
studies have shown that apoptotic cell injury can be prevented
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Figure 5. Endogenous microglial protection is conveyed through a series of
cellular pathways that rely upon the regulation of mTOR, Aktl, GSK-38, and
NF-«xB. During oxidative stress, endogenous protection in microglial cells
(MG) requires the activation of Aktl and the mTOR pathways. The activation
of these cellular mechanisms, especially those involving Aktl, can lead to the
inhibitory phosphorylation (p) of GSK-38 to block early and late apoptotic
pathways that involve genomic DNA degradation and membrane PS exposure.
In addition, GSK-38 activity may be linked to NF-xB gene transcription, but it
is the maintenance of NF-kB expression with its subsequent nuclear trans-
location that can offer an additional level of endogenous protection in micro-
glial cells during oxidative stress to promote anti-apoptotic pathways.

during the inhibition of GSK-36 activity while pathology in
the nervous system has been associated with increased activity
of GSK-38 (37-40). In addition, inhibition of GSK-38 through
phosphorylation can occur through a number of proteins that
include tyrosine kinases, G protein-coupled receptors, protein
kinase C, Akt, and mTOR (63). In Fig. 3A-C, we show that
blockade of GSK-38 activity with either SB216763 (SB21) or
SB415286 (SB41) is capable of reducing primary microglial
cell injury, genomic DNA fragmentation, and microglial
membrane PS exposure, illustrating that microglia rely upon
the inhibition of GSK-38 activity for cellular protection. Yet,
concurrent inhibition of mTOR activity with rapamycin during
SB21 administration reduced the beneficial effects of GSK-303
inhibition and worsened microglial survival to levels slightly
greater than during OGD alone. These results illustrate that
endogenous microglial protection with mTOR may require
pathways that are independent from GSK-38, since inhibition
of mMTOR with rapamycin in other cell systems has been
reported to not alter the phosphorylation of GSK-3 (64).
In contrast, concurrent inhibition of Aktl activity with
SB21 administration did not alter protection during GSK-3f3
inhibition or lead to a synergistic benefit, suggesting that
endogenous Aktl microglial cell protection may be primarily
mediated through the blockade of GSK-38 activity.

GSK-36 also may influence inflammatory cell activation
through MCP-1 (42) that is mediated by NF-kB transcriptional
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activity (41). This observation led us to examine the capacity
of NF-«B to provide endogenous cellular protection to micro-
glia during oxidative stress. NF-kB proteins are composed
of several homo- and heterodimer proteins that can bind to
common DNA elements. It is the phosphorylation of IkxB
proteins by the IkB kinase (IKK) and their subsequent
degradation that lead to the release of NF-kB for its trans-
location to the nucleus to initiate gene transcription (65).
Dependent upon Aktl controlled pathways, the transactivation
domain of the p65 subunit of NF-«B is activated by IkB kinase
(IKK) and the IKKa catalytic subunit and leads to the induction
of several anti-apoptotic mechanisms (66). In addition to the
potential for NF-«xB to block apoptotic injury, microglia have
been shown to increase NF-«kB expression (43) and may
independently use NF-«kB during periods of tissue repair (44).
Our present work provides another perspective for the NF-kB
pathway and shows that NF-kB p65 nuclear expression is
significantly reduced in microglia during OGD with both
Western analysis and imunocytochemistry (Fig. 4A and B).
Furthermore, NF-kB p65 appears to be a necessary constituent
for microglial endogenous protection, since gene silencing of
NF-«B p65 results in significantly increased cell injury during
OGD (Fig. 4D).

The maintenance of microglial cell integrity and survival
are critical factors for effective tissue repair and reorganization
that is intimately tied to the prevention of permanent central
nervous system injury. Although the deployment of exogenous
cytoprotective agents to prevent microglial demise is rapidly
gaining increased attention, it is the knowledge of endo-
genous microglial cellular pathways that may hold an equal
or possibly greater value for the preservation of microglial
function. To this end, our work is the first to outline a series of
endogenous microglial cellular pathways that can constitute
protection against oxidative stress (Fig. 5). In particular, we
illustrate that endogenous microglial protection against OGD
relies upon the PI 3-K pathways of mTOR and Aktl. The
mTOR pathway may offer endogenous protection through
mechanisms that do not entirely rely upon inhibition of
GSK-38 activity while Aktl appears to converge upon the
necessary blockade of GSK-38. Microglia also employ the
expression of NF-kB p65 with its nuclear translocation to
initiate anti-apoptotic programs as an additional level of
endogenous protection. Future work that targets endogenous
microglial cytoprotective pathways may open new prospects
for the treatment of both acute onset and chronic progressive
disorders of the nervous system.
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