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Ischemic preconditioning can provide protection to neurons from subsequent lethal ischemia.
The molecular mechanisms of neuronal ischemic tolerance, however, are still not well-known.
The present study, therefore, examined the role of MAPK and PI3K/Akt pathways in ischemic
tolerance induced by preconditioning with sublethal oxygen-glucose deprivation (OGD) in cul-
tured rat cortical neurons. Ischemic tolerance was simulated by preconditioning of the neurons
with sublethal 1-h OGD imposed 12 h before lethal 3-h OGD. The time-course studies of relative
phosphorylation and expression levels of ERK1/2, JNK and p38 MAPK showed lack of their
involvement in ischemic tolerance. However, there were significant increases in Akt phosphory-
lation levels during the reperfusion period following preconditioned lethal OGD. In addition, Bel-
2 associated death promoter (Bad) and GSK-3p were also found to be inactivated during that
reperfusion period. Finally, treatment with an inhibitor of PI3K, wortmannin, applied from 15
min before and during lethal OGD abolished not only the preconditioning-induced neuroprotec-
tion but also the Akt activation. Concomitant with blockade of the Akt activation, PI3K inhibi-
tion also resulted in activation of Bad and GSK-3p. The results suggest that ischemic tolerance
induced by sublethal OGD preconditioning is primarily mediated through activation of the
PI3K/Akt pathway, but not the MAPK pathway, in rat cortical neurons.
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then this phenomenon has been confirmed in animal
models of global and focal ischemia, brain slice
preparations and primary cultured neurons, and has
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INTRODUCTION

Sublethal ischemic insult(s), known as ischemic
preconditioning, can induce tolerance against sub-
sequent lethal ischemic insult. Although the pre-
conditioning phenomenon in relation to ischemia was
first described in 1964, it drew attention in the late
1980s (Dahl and Balfour, 1964; Kapinya, 2005). Since
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also been observed in human beings in the form of
short episodes of ischemia without infarction (Gidday,
2006). Although few previous reports have linked
neuroprotective event of preconditioning with tran-
scriptional and/or posttranslational modulation of
different signaling molecules, the role of these signal-
ing pathways in induction and transduction of endo-
genous neuroprotection has yet to be revealed pre-
cisely to translate this phenomenon into application
(Kapinya, 2005).

The mitogen-activated protein kinase (MAPK) fami-
ly is thought to play an important role in the cellular
adaptation to various stimuli including ischemia. The
c-Jun N-terminal kinase (JNK) is activated by many
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stress stimuli and plays a key role in ischemic cell
death (Borsello et al., 2003), but the beneficial role of
JNK in ischemic tolerance has also been reported
(Sato et al., 2000). Although p38 MAPK inhibition has
been shown to provide neuroprotection in cerebral
ischemia (Sugino et al., 2000), its activation has also
been positively implicated in ischemic tolerance
(Nishimura et al., 2003). The extracellular signal-
regulated kinase 1 and 2 (ERK1/2) pathway is activated
by growth factors and preconditioning treatments to
stimulate cell growth and survival (Hetman et al.,
1999). The harmful role of ERK1/2 in neuronal cell
survival was also reported (Luo et al., 2007). Therefore,
the roles of MAPK signaling cascades are complex in
neuronal death and survival paradigm, and remain to
be elucidated.

Another type of signaling pathways, the phospha-
tidylinositol 3-kinase (PISK)/Akt pathway is believed
to mediate survival signals in a wide range of
neuronal cell types. The serine-threonine kinase Akt
is activated by a variety of stimuli, including growth
factors, traumatic brain injury and ischemia (Ouyang
et al., 1999; Noshita et al., 2002). The activated Akt
exerts cell survival action by phosphorylating its
many cytoplasmic targets such as Bcl-2 associated
death promoter (Bad), glycogen synthase kinase-3
(GSK-3), procaspase-9 and cAMP response element-
binding protein (Datta et al., 1999).

In our previous study (Bhuiyan et al., 2010), we
have shown that ceramide plays an important role in
induction of ischemic tolerance in primary cultured
cortical neurons. To gain further insight into signaling
mechanisms of endogenous neuroprotection, the pre-
sent study examined the roles of the MAPK and the
PI3K/Akt pathways in in vitro ischemic tolerance
paradigm. In this study, we provide evidence that the
PI3BK/Akt pathway, but not the MAPK pathway, is
primarily involved in ischemic tolerance induced by
sublethal oxygen-glucose deprivation (OGD) pre-
conditioning in primary cultured cortical neurons of
rats.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle medium, Neurobasal
medium, supplement B27, supplement B27 without
antioxidant, glutamine, penicillin/streptomycin, fetal
bovine serum and trypsin were purchased from
GIBCO BRL. Wortmannin from Cell Signaling Techno-
logy and L-glutamic acid from Tocris Bioscience were
purchased. All other reagents were obtained from
Sigma-Aldrich unless indicated otherwise.
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Primary culture of cortical neurons of rats

Primary cultures of cortical neurons were prepared
from Sprague-Dawley rats at approximately 17-18
embryonic days according to the method of Brewer
(1995) with some modifications. Briefly, neuronal cells
dissociated from cerebral cortices of fetal rats were
plated on 100-mm dishes (pre-coated with 10 pug/mL
poly-L-lysine) at a density of 7.5x10° cells/dish in
seeding medium consisting of Neurobasal medium
supplemented with 2% B27, 0.5 mM glutamine, 25
uM glutamate, 100 U/mL penicillin and 100 pg/mL
streptomycin. Cultures were maintained at 37°C in a
humidified incubator containing 5% CO; and 95% air
(normoxia). One day after plating, the seeding medium
was removed and replaced with maintenance medium
(seeding medium without glutamate) and refreshed
twice a week. This serum-free culture condition allowed
us to maintain cultures with a very low percentage
(< 5%) of glia.

Preconditioning experiments with oxygen-glu-
cose deprivation

To simulate ischemic injury in vitro, cultured cortical
neurons were exposed to OGD according to the method
described by Goldberg and Choi (1993) with little
modifications. Briefly, at 6-7 days in vitro, culture
medium was replaced with glucose-free N-[2-hydroxy-
ethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES)-
buffered saline (5.4 mM KCl, 51.3 mM NaCl, 20 mM
HEPES, 1.8 mM CaCl,;, 0.01 mM glycine, pH 7.3,
bubbled with a gas mixture of 95% N, and 5% CO, for
30 min) and dishes were immediately transferred to
an anaerobic chamber which was previously rinsed
with an anaerobic gas mixture (5% CO,, 5% H, and
90% Nj). Cells were maintained at 37°C during
appropriate time periods to produce either sublethal
(1-h) or lethal (3-h) OGD. At the end of the appropriate
periods, OGD was terminated by changing the deoxy-
genated HEPES buffer to ordinary pre-warmed Neuro-
basal media containing B27 supplements without
antioxidant and returned the cells to normoxic condi-
tions (reperfusion). Ischemic neuronal injury was
assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay after 24-h
simulated reperfusion.

There were five different treatment groups in the
OGD preconditioning experiments as shown in Fig. 1:

Control (sham-wash): cultured neuronal cells were
incubated with HEPES buffer supplemented with 25
mM glucose for 1 h in normoxia, and then reperfused
for 12 h. After 12-h reperfusion, cells were subjected to
3-h sham OGD, and then reperfused for particular
periods.
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Fig. 1. Experimental protocol of in vitro ischemic tolerance in primary cultured cortical neurons of rats. PC, precondi-
tioning; OGD, oxygen-glucose deprivation; R, reperfusion; WM, 1 uM of wortmannin applied from 15 min before and during

3-h OGD

Preconditioning: cells were subjected to 1-h OGD,
and then reperfused for 12 h to induce resistance
mechanism.

Lethal OGD: cells were subjected to 1-h normoxia in
HEPES buffer supplemented with 25 mM glucose,
reperfused for 12 h, and then subjected to 3-h OGD
and reperfused for particular periods.

Preconditioning + lethal OGD: cells were precondi-
tioned with sublethal 1-h OGD and reperfused for 12
h, and then subjected to lethal 3-h OGD and reper-
fused for particular periods.

Wortmannin + preconditioning + lethal OGD: it was
the preconditioning + lethal OGD group additionally
treated with 1 uM of wortmannin, a potent PI3K
inhibitor, in 0.05% dimethylsulfoxide (DMSO) applied
from 15 min before and during lethal OGD.

Assessment of cell injury

Neuronal cell injury was observed by phase contrast
microscopy and quantified by the MTT assay. In brief,
fresh medium containing the MTT salt at a final
concentration of 0.5 mg/mL was added to cultures and
incubated for 2 h at 37°C in a humidified 5% CO,
incubator with 95% air. After incubation, the medium
was aspirated and DMSO was added to dissolve the
insoluble purple formazan product into a colored
solution which was read at 570 nm using a microplate
reader. The absorbance of the formazan formed in the
sham-washed control cells was taken as 100% viability.

Western blot analysis

Twenty ug of protein samples were boiled in 1%
SDS and 1% B-mercaptoethanol for 5 min, resolved
by 10-12% SDS polyacrylamide gel electrophoresis
and electrotransferred onto a polyvinylidene fluoride
membrane. The membrane was first blocked with
TBST (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1%
Tween-20) containing 5% skim milk for 1 h at room
temperature, and then hybridized with primary anti-

body by incubating overnight at 4°C. The following
primary antibodies purchased from Cell Signaling
Technology were used: anti-phospho-ERK1/2 (Thr202/
Tyr204), anti-phospho-SAPK/JNK (Thr183/Tyr185),
anti-phospho-p38 (Thr180/Tyr182), anti-phospho-Akt
(Ser473), anti-phospho-Bad (Ser136), anti-phospho-
GSK-3B (Ser9), anti-ERK1/2, anti-JNK, anti-p38, anti-
Akt and anti-Bad antibodies. After incubation with
the primary antibody, the membrane was washed with
TBST and incubated with an appropriate secondary
antibody conjugated with horseradish peroxidase (anti-
rabbit antibody, Molecular Probes; anti-mouse antibody,
Pierce) for 1 h at room temperature. The resulting
immune complex was visualized using an enhanced
chemiluminescence Western blotting detection system
(ECL, Amersham Biosciences). Protein bands were
scanned and digitized with the help of image analysis
software (Optimas). Antigens of interest were normalized
to the p-actin measured in the same sample.

Statistical analysis

Data were expressed as mean + S.E.M. All statistical
analyses were performed using SPSS and SigmaPlot
software (SPSS Inc.). Statistical significance was
assessed by the one-way analysis of variance test
followed by the Duncan’s post-hoc test, and p <0.05
was considered statistically significant. Each experi-
ment was performed at least three times with different
batches of cultures.

RESULTS

Neuroprotection induced by sublethal OGD
preconditioning

To examine neuroprotective effect induced by ischemic
preconditioning, an in vitro ischemic tolerance model
system was established using primary cultured cortical
neurons of rats maintained for 6-8 days in 100-mm
culture dishes. Neuronal cell viability was observed
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with a phase contrast microscope (Fig. 2A-2D) and
quantified by the MTT assay (Fig. 2E) at 24 h of
reperfusion following each treatment. The morpho-
logical analysis of cortical neurons subjected to lethal
3-h OGD showed extensive neuronal cell damage with
most of the neuronal processes degenerated at 24 h of
reperfusion following 3-h OGD treatment (Fig. 2C).
Neurons preconditioned with 1-h OGD were more
resistant to subsequent lethal 3-h OGD, showing most
of the neuronal processes intact (Fig. 2D). Quantita-
tive analysis showed that approximately 46% of the
neurons survived in the only lethal 3-h OGD-treated
group when measured at 24 h of reperfusion following
the treatment. On the other hand, preconditioning of
the neurons with 1-h OGD produced robust neuro-

100

Viability (% of control)
2

=

Fig. 2. Morphological photographs and cell viability mea-
surement showing ischemic tolerance induced by sublethal
OGD preconditioning (PC) in cultured rat cortical neurons.
Phase contrast microscopic photographs of neurons sub-
jected to sham-wash (control, A), PC (B), OGD (C), and
PC+0OGD (D) treatments, were taken following 24-h
reperfusion after each treatment. The scale bar is 50 um.
Quantitative cell viability was also measured by the MTT
assay following 24-h reperfusion after each treatment (E).
Values are given as mean + S.E.M. of at least four independent
experiments. *p <0.01 compared with the control group.
*p <0.01 compared with the OGD group. Control, 24 h after
sham-wash; PC, 1-h OGD and 24-h reperfusion; OGD, 3-h
OGD and 24-h reperfusion; PC + OGD, 1-h OGD and 12-h
reperfusion and then 3-h OGD and 24-h reperfusion
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protection against cell death caused by lethal 3-h
OGD imposed 12 h after sublethal OGD, significantly
increasing cell viability to 81% compared with that of
the only lethal 3-h OGD-treated group (Fig. 2E). No
significant loss of cell viability was observed in the 1-h
OGD treatment group. Morphological observation of
cell viability by a phase contrast microscope was well
agreed with the quantitative biochemical MTT assay
in our in vitro ischemic tolerance model.

No involvement of MAPKSs in neuroprotection
induced by sublethal OGD preconditioning

To examine whether MAPKs were involved in
ischemic tolerance, their phosphorylation levels were
measured using a Western blotting method at 12 h of
reperfusion following sublethal 1-h OGD, and at 1 h
and 24 h of reperfusion following lethal 3-h OGD with
or without preconditioning. Our preliminary experi-
ments showed that there were no significant alterations
in the phosphorylation and expression levels of pro-
teins of interest in the control and the 1-h OGD-
treated group at 1, 12 or 24 h of reperfusion after
treatment. Therefore, we chose one relevant time
point for each group. In the case of the control group,
we chose a time point of 1-h reperfusion after sham
OGD to compare with other groups because some
proteins of interest were altered at this time point in
the OGD and the PC + OGD groups. In the case of the
PC group, we chose a time point of 12-h reperfusion
after 1-h OGD because preconditioned neurons at this
time point showed the highest protection to lethal
OGD, although no changes in protein activity or
expression levels occurred in this group. Moreover, it
was found that it took minimum 1-h reperfusion time
after the lethal OGD treatment to observe significant
phosphorylation or dephosphorylation of proteins of
interest, and those altered levels returned to the basal
levels at about 24 h of reperfusion (data not shown).
Therefore, those two time points after the lethal OGD
treatment were chosen to study the regulation of
signaling proteins involved in tolerance induced by
ischemic preconditioning. Phosphorylation levels of
ERK1/2 were significantly increased at 1 h of re-
perfusion following lethal 3-h OGD regardless of
preconditioning compared with the sham-washed
control group and then returned to the basal level at
24 h of reperfusion (Fig. 3A and 3B). In contrast to
phospho-ERK1/2 levels, phospho-JNK levels were
significantly decreased at 1 h of reperfusion following
lethal 3-h OGD regardless of preconditioning com-
pared with the sham-washed control group and then
returned to the basal level at 24 h of reperfusion (Fig.
3C and 3D). When phosphorylation levels of p38
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Fig. 3. Temporal profile of phosphorylation levels of ERK1/2 (A, B), JNK (C, D) and p38 MAPK (E, F) during reperfusion
period following OGD in cultured rat cortical neurons. Densitometry analyses showed no significant differences in relative
phospho-ERK1/2, phospho-JNK or phospho-p38 MAPK levels between OGD and PC + OGD groups. Data are expressed as
mean = S.EM. of three independent experiments. #p <0.05 compared with the control group. Control, sham-wash; PC,
preconditioning, 1-h OGD; OGD, 3-h OGD; PC + OGD, 1-h OGD and 12-h reperfusion and then 3-h OGD; R, reperfusion

MAPK were measured at 1 h and 24 h of reperfusion
following lethal 3-h OGD with or without precondition-
ing, there were no significant differences between the
groups (Fig. 3E and 3F). The finding that precondition-
ing of the neurons with sublethal 1-h OGD did not
produce any significant effects on subsequent lethal 3-
h OGD treatment in phosphorylation levels of ERK1/
2, JNK or p38 MAPK at the time points tested sug-
gests that the MAPK pathway is not involved in
ischemic tolerance induced by preconditioning with
sublethal 1-h OGD in the present experimental
paradigm.

Increased phosphorylation of Akt induced by
sublethal OGD preconditioning

To examine involvement of Akt in ischemic tolerance
paradigm, the phosphorylated form of Akt (serine-
473) and total Akt protein in the whole cell fraction

were immunoblotted (Fig. 4A). Akt was constitutively
phosphorylated in the sham-washed control group.
Sublethal 1-h OGD treatment did not cause any signi-
ficant change in phospho-Akt level when measured at
12 h of reperfusion following sublethal 1-h OGD (Fig.
4B). However, the phospho-Akt level in the lethal 3-h
OGD group was significantly decreased at 1 h of
reperfusion compared with the sham-washed control
group and the decreased level did not completely
return to the basal level even at 24 h of reperfusion. In
contrast, preconditioning of the neurons with sublethal
1-h OGD imposed 12 h before lethal 3-h OGD caused
significant increase in the Akt phosphorylation level
at 1 h of reperfusion following lethal 3-h OGD, which
returned to the basal level at 24 h of reperfusion.
Total Akt protein expression levels were similar in all
groups. These data indicate that sublethal OGD pre-
conditioning induces phosphorylation of Akt during
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Fig. 4. Temporal profile of phosphorylation levels of Akt (A, B), Bad (C, D) and GSK-3p (E, F) during reperfusion period
following OGD in cultured rat cortical neurons. Data are expressed as mean + S.E.M. of three independent experiments.
#p < 0.05 and #p < 0.01 compared with the control group. **p < 0.01 and * p < 0.05 compared with the OGD groups at 1-h
and 24-h reperfusion times, respectively. Control, sham-wash; PC, preconditioning, 1-h OGD; OGD, 3-h OGD; PC + OGD, 1-

h OGD and 12-h reperfusion and then 3-h OGD; R, reperfusion

subsequent lethal OGD/reperfusion stress.

Increased phosphorylation of Akt downstream
targets, Bad and GSK-38, induced by sublethal
OGD preconditioning

To examine regulations of Akt downstream targets,
Bad and GSK-3p, by the increased levels of phospho-
Akt induced by preconditioning, the levels of phospho-
Bad and phospho-GSK-3 were measured. Phospho-
Bad and phospho-GSK-3f were observed at detectable
levels in the sham-washed control group that might be
due to the presence of constitutive phospho-Akt in the
sham-washed control neurons (Fig. 4C and 4E, respec-
tively). Although the phosphorylated levels of Bad and

GSK-3f in the lethal 3-h OGD group was significantly
decreased at 1h of reperfusion compared with the
sham-washed control group, preconditioning treatment
significantly increased the phosphorylated levels of
Bad and GSK-3f at 1 h of reperfusion following lethal
3-h OGD (Fig. 4D and 4F, respectively). The increased
levels of phospho-Bad were sustained until 24 h of
reperfusion (Fig. 4D). These phosphorylation patterns
of Bad and GSK-3p were well paralleled with the
pattern of phospho-Akt (Fig. 4). These data imply that
increased Akt activity induced by preconditioning
inactivates its downstream death-inducing targets
through phosphorylation. However, expression levels
of total GSK-33 protein were not measured in this
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Fig. 5. Morphological photographs and cell viability
measurement showing blockade of ischemic tolerance by
wortmannin in cultured rat cortical neurons. Phase contrast
microscopic photographs of cultured neurons subjected to
vehicle (A), WM (B), OGD (C), PC + OGD (D) and WM + PC
+0OGD (E) treatments, were taken following 24-h reper-
fusion after each treatment. The scale bar is 50 um. Quan-
titative cell viability was also measured by the MTT assay
following 24-h reperfusion after each treatment (F). Values
are given as mean+ S.E.M. of at least four independent
experiments. #p <0.01 compared with the vehicle-treated
control group. *p <0.01 compared with the OGD group.
*p <0.01 compared with the PC + OGD group. Vehicle, 0.05%
dimethylsulfoxide for 24 h; OGD, 3-h OGD and 24-h reper-
fusion; PC + OGD, 1-h OGD and 12-h reperfusion and then
3-h OGD and 24-h reperfusion; WM, 1 uM of wortmannin

study since it was reported that this protein levels
were not changed under ischemic stress (Endo et al.,
2006).

Abolishment of ischemic tolerance induced by
sublethal OGD preconditioning by pharmaco-
logical blockade of PISK

To investigate roles of PI3K, an upstream kinase of
Akt, in ischemic tolerance, effect of a potent inhibitor
of PI3K, wortmannin, on ischemic tolerance induced
by sublethal OGD preconditioning was examined. At 1
uM concentration, wortmannin itself did not signifi-
cantly affect viability of primary cultured cortical
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neurons (Fig. 5B and 5F). However, treatment of the
neurons with wortmannin applied from 15 min before
and during lethal OGD completely abolished the
neuroprotection produced by sublethal OGD precondi-
tioning against cell death caused by lethal 3-h OGD
(Fig. 5E and 5F). In addition, treatment of the neurons
with wortmannin during lethal OGD paradigm also
completely blocked increased phosphorylation of Akt
(Fig. 6A and 6B) and its downstream targets, Bad and
GSK-3p (Fig. 6C-6F), which were induced during the
reperfusion period following lethal 3-h OGD after
preconditioning. However, some variability in Western
blotting for total Bad expression levels was observed.

DISCUSSION

Three classical members of MAPK family such as
ERK1/2, JNK and p38 MAPK have often been im-
plicated in neuronal cell survival and death mechanisms.
In the present study, it was found that at the early
stage of reperfusion after lethal OGD, the phosphor-
ylation levels of ERK1/2 were significantly increased
compared with the sham-washed control group, whereas
those of JNK were decreased. However, precondition-
ing treatment of the neurons with sublethal OGD did
not produce any significant effects on the phosphorylation
or protein expression levels of ERK1/2, JNK and p38
MAPK in comparison with the lethal OGD groups.
The results suggest that MAPKSs are not involved, at
least, in ischemic tolerance induced by sublethal OGD
preconditioning in primary cultured cortical neurons
of rats, which is consistent with several previous reports
(Tauskela et al., 1999; Mocanu et al., 2002; Zhou et
al., 2007). For example, it was shown that MAPK was
not changed following OGD preconditioning and
pharmacological inhibition of MAPK by PD98059 did
not block preconditioning-induced neuroprotection in
cultured rat cortical neurons, suggesting lack of
involvement of MAPK in ischemic tolerance (Tauskela
et al.,, 1999). Moreover, it was demonstrated that,
although there were some regulations in phosphorylation
levels of ERK1/2, JNK and p38 MAPK, these MAPKs
were not functionally implicated in the OGD/reper-
fusion paradigm in rat hippocampal slices (Zhou et al.,
2007). In contrast, Gonzalez-Zulueta et al. (2000)
demonstrated that 5-min OGD preconditioning induced
ERK1/2 phosphorylation, which was required for the
development of ischemic tolerance to subsequent 1-h
OGD in cultured cortical neurons. Moreover, they
showed that treatment with a NMDA receptor anta-
gonist, MK801, during OGD preconditioning completely
blocked preconditioning-induced ERK1/2 phosphor-
ylation and also blocked subsequent ischemic tolerance.
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Fig. 6. Blockade of phosphorylation of Akt (A, B), Bad (C, D) and GSK-3f (E, F) induced by sublethal OGD preconditioning
(PC) by wortmannin in cultured rat cortical neurons. Data are expressed as mean+ S.E.M. of three independent
experiments. *p <0.05 and #p <0.01 compared with the control group. *p <0.05 and **p <0.01 compared with their
respective OGD groups at 1-h and 24-h reperfusion times. *p <0.05 and **p <0.01 compared with their respective
PC + OGD groups at 1-h and 24-h reperfusion times. Control, sham-wash; OGD, 3-h OGD; PC + OGD, 1-h OGD and 12-h
reperfusion and then 3-h OGD; WM, 1 uM of wortmannin; R, reperfusion

In contrast, it has also been reported that precondi-
tioning treatment with MK801 induces tolerance
against subsequent lethal OGD in near-pure primary
cultured cortical neurons (Meloni et al., 2002). Although
we observed that MK801 provided neuroprotection
against lethal 3-h OGD-induced cell death dose-
dependently, application of MK801 during OGD pre-
conditioning did not block ischemic tolerance in our
study (data not shown). In addition, we could not
observe increased activation/phosphorylation of ERK1/2
after sublethal OGD preconditioning in cultured
cortical neurons. Instead, increases in ERK1/2 phos-
phorylation were observed only after lethal OGD
regardless of preconditioning, suggesting that strong
ischemic insult is required to induce ERK1/2 activation

and ERK1/2 activity is not functionally involved in
OGD preconditioning-induced neuroprotection in our
ischemic preconditioning paradigm. It is noteworthy
to mention that the primary cultured cortical neurons
used in this study were young (6-8 days in vitro) with
near-pure neuronal population (<5% glia), whereas
Gonzalez-Zulueta et al. (2000) utilized mature cultured
neurons (14 days in vitro) with more glial population
(10-30%), which might be one of possible reasons for
the difference in the signaling mechanisms between
these two studies. Interestingly, it was reported that
the mechanisms underlying OGD-induced cell death
were different in the hippocampal slices from neonatal
and adult rats (Zhou and Baudry, 2006). Involvement
of JNK was also reported in in vivo ischemic and
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chemical preconditioning studies where JNK was
shown to be negatively regulated by Akt (Zhang et al.,
2006). Interestingly, p38 MAPK was reported to play
a positive role in ischemic tolerance (Nishimura et al.,
2003) or a negative role in hypoxic preconditioning of
cortical neurons (Ma et al., 2005). The discrepancies
regarding the roles of different MAPKs in ischemia
and ischemic tolerance might result from the differ-
ences in experimental models (Tauskela et al., 1999;
Zhang et al., 2006; Kim et al., 2007), types of insult
(Hetman et al., 1999) and age of neurons (Zhou and
Baudry, 2006). For example, Hetman et al. (1999)
demonstrated that types of cellular injury dictated
which kind of neuronal survival pathways, such as
ERK1/2 or PI3K/Akt, would be activated to counteract
death signals. Although involvement of MAPKs has
been reported in some in vitro and in vivo models of
brain ischemia and ischemic tolerance, the differential
regulation of MAPKs observed only after lethal OGD
in the present study remains to be elucidated.

Lethal ischemia has been implicated in neuronal
cell death in a variety of ways such as necrosis,
apoptosis, and necroptosis (Wei et al., 2004; Mehta et
al., 2007). However, preconditioning has been known
to exert robust neuroprotection against every form of
cell death during severe ischemic insult (Kapinya,
2005; Gidday, 2006). Therefore, it can be hypothesized
that preconditioning acts on both suppression of cell
death pathways and activation of cell survival path-
ways to reduce ischemic cell death. The serine-threo-
nine kinase Akt has been shown to play a vital role in
promoting cell survival and inhibiting both apoptotic
and non-apoptotic programmed cell death (Datta et
al., 1999; Mochizuki et al., 2002). Our results showed
that sublethal OGD preconditioning induced activation
of Akt through increment of Akt phosphorylation
during subsequent lethal OGD/reperfusion stress,
which coincided well with cell survival. The results
suggest that increased Akt activity induced by
preconditioning is related to ischemic tolerance in
primary cultured cortical neurons of rats which is in
agreement with several in vivo ischemic tolerance
studies in the brain (Yano et al., 2001; Zhang et al.,
2006; Miyawaki et al., 2008). In contrast, no relation-
ship between Akt activity and in vivo ischemic
tolerance was reported either (Namura et al., 2000).
Moreover, it was reported that downregulation of Akt
was beneficial in the induction of OGD tolerance in
PC12 cells (Hillion et al., 2006). The discrepancies
might be due to the differences in experimental
models (Tauskela et al., 1999; Hillion et al., 2006),
stress stimuli (Hetman et al., 1999), and stress severity
(Noshita et al., 2002).
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Ample evidence indicates that active Akt exerts cyto-
protective effect by counteracting apoptosis, regulating
metabolism and activating pro-survival transcription
factors (Datta et al., 1999). Therefore, to further eluci-
date the roles of Akt in OGD tolerance, effects of
sublethal OGD preconditioning on two direct down-
stream targets of Akt, (1) pro-apoptotic Bad and (2)
metabolism-regulatory and pro-apoptotic GSK-3p,
were examined in the present study. It was found that
these death mediators were phosphorylated and
inactivated by increased Akt activity induced by OGD
preconditioning. Firstly, Bad is a pro-apoptotic member
of the Bcl-2 family that can heterodimerise with, and
inhibit the survival activity of Bel-2 and Bel-X;, pro-
teins (Yang et al., 1995). Phospho-Akt has been shown
to promote cell survival via its ability to phosphorylate
and inactivate Bad (Datta et al., 1999). Phosphorylation
of Bad results in its binding to the adaptor protein
14-3-3 and sequestration into the cytoplasm. Our
result showed that phosphorylation of Bad was
increased during the reperfusion period in the ischemic
tolerant group with increased Akt activity. Although
phosphorylation of Bad through the ERK1/2 pathway
was also reported (Jin et al., 2002), we found that the
ERK1/2 pathway was not involved in the precondi-
tioning-induced neuroprotection. Therefore, it is conclud-
ed that active Akt phosphorylates and inactivates Bad
to prevent it from binding to Bel-2 or Bel-Xp, leading
to protection of mitochondrial integrity and neuronal
survival in ischemic tolerance paradigm. In fact, it has
been reported that the PI3BK/Akt signaling pathway is
implicated in maintenance of the integrity of the mito-
chondrial outer membrane (Miyawaki et al., 2008).
Secondly, the phosphorylation pattern of GSK-3f, a
multifaceted target of Akt, was similar to that of Bad
in our OGD tolerant model. GSK-3s are known as pro-
apoptotic (Loberg et al., 2002), pro-inflammatory (Guha
and Mackman, 2002), and metabolism-regulatory
kinases (Parker et al., 1983). There are two highly
homologous forms of GSK-3s in the mammals, GSK-
3a and GSK-3p. Between these two forms, GSK-3[ is
particularly abundant in the central nervous system
and neuron-specific (Leroy and Brion, 1999). There is
growing evidence that GSK-3p is involved in the
pathogenesis of neurodegenerative diseases includ-
ing cerebral ischemia (Sasaki et al., 2001). It has been
reported that Akt inactivates GSK-3f through phos-
phorylation of a serine residue in the amino terminus
(Cohen and Frame, 2001). Therefore, effects of sub-
lethal OGD preconditioning on GSK-33 as a crucial
downstream target of Akt was also examined. It can
be expected that under the conditions where Akt
activity is increased, GSK-3f activity is inhibited and
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unable to exert its multiple detrimental effects on cell
viability through increased phosphorylation. In fact,
our findings showed concomitant increases in both
Akt activity and GSK-3f phosphorylation in the OGD
tolerant model. It was reported that GSK-3 might
exert a detrimental apoptotic role through the JNK
pathway (Mishra et al., 2007) or the p53 pathway
(Turenne and Price, 2001). Since a role of the JNK
pathway can be excluded in our model system, p53
may be a putative downstream pathway in harmful
action of GSK-3f, which remains to be elucidated.

Finally, to further confirm the role of Akt in ischemic
tolerance, effect of a pharmacological inhibitor of its
upstream kinase on ischemic tolerance was examined.
It is known that Akt is phosphorylated through the
PISK or MAPK pathway (Downward, 1998). Since
MAPK was found not to be involved in our ischemic
tolerance paradigm, a PI3K inhibitor was chosen.
Cultured cortical neurons were treated with a potent
inhibitor of PISK, wortmannin, during lethal OGD
paradigm at a concentration of 1 uM known to com-
pletely inhibit PI3K (Powis et al., 1994). Treatment
with wortmannin applied from 15 min before and
during lethal OGD completely blocked not only pre-
conditioning-induced neuroprotection but also increased
Akt activation. Concomitant with Akt inactivation,
PI3SK inhibition also resulted in activation of Akt
downstream targets, Bad and GSK-3p. The blockade
of preconditioning-induced neuroprotection by wort-
mannin indicates that neuronal ischemic tolerance
induced by sublethal OGD preconditioning is primarily
mediated through the PI3K pathway.

Other than anoxia or hypoxia, ischemic tolerance
can be induced by diverse preconditioning stimuli
such as oxidative stress, hypothermia, heat shock,
anesthetics, excitotoxins, cytokines, metabolic inhibitors
(Meloni et al., 2002). However, the signaling mechanism
responsible for these diverse forms of preconditioning
remains mostly a mystery. The present study employed
a widely recognized OGD model to simulate ischemia
and ischemic tolerance in vitro and elucidated the
related signaling pathway. It is demonstrated that the
PI3K/Akt pathway is involved in ischemic tolerance
induced by sublethal OGD preconditioning in primary
cultured cortical neurons of rats. It seems that sub-
lethal OGD preconditioning sensitizes the cell survi-
val pathway to subsequent ischemic insult, whose
mechanism remains to be elucidated. Recently, we
have shown that small increases in endogenous
ceramide levels induced by sublethal OGD precondi-
tioning and their presence at the onset of lethal OGD
played an important role in neuroprotection against
subsequent lethal OGD in primary cultured cortical
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neurons of rats (Bhuiyan et al., 2010). In addition,
cell-permeable ceramide applied exogenously at a non-
cytotoxic low concentration was also found to provide
neuroprotection against lethal OGD in primary
cultured cortical neurons. Therefore, it is likely that
there is an interaction between sublethal OGD pre-
conditioning-induced increased ceramide levels and
subsequent activation of the PI3K/Akt pathway in
ischemic tolerance. In fact, it has been reported that
both exogenously added and de novo pathway-gene-
rated ceramides activate the PI3K/Akt cell survival
pathway (Song and Posse de Chaves, 2003).

In conclusion, increased phosphorylation of Akt,
Bad and GSK-3f induced by sublethal OGD precondi-
tioning and blockade of preconditioning-induced
neuroprotection by a PI3K inhibitor, indicate involve-
ment of the PI3K/Akt-mediated signaling pathways in
in vitro ischemic tolerance. Although further studies
are required to fully clarify the signaling pathways of
neuron-specific ischemic tolerance, this study presents
multiple lines of evidence to show that the PISK/Akt
pathway, but not the MAPK pathway, plays an
important role in mediating neuroprotection induced
by sublethal OGD preconditioning against lethal
ischemic damage in primary cultured cortical neurons
of rats through negative regulation of death promot-
ing Bad and GSK-3fB. Understanding the molecular
mechanisms of ischemic tolerance may provide new
insight into novel therapeutic strategies to limit neuro-
degeneration in ischemic stroke, traumatic brain
injury or other neurodegenerative diseases.
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