Mol Neurobiol (2013) 47:757-769
DOI 10.1007/s12035-012-8382-6

The Early Activation of PI3K Strongly Enhances

the Resistance of Cortical Neurons to Hypoxic Injury
via the Activation of Downstream Targets of the PI3K
Pathway and the Normalization of the Levels of PARP

Activity, ATP, and NAD"

Min Young Noh : Young Seo Kim - Kyu-Yong Lee -
Young Joo Lee - Seung H. Kim - Hyun-Jeung Yu -
Seong-Ho Koh

Received: 11 September 2012 /Accepted: 29 November 2012 /Published online: 20 December 2012

© Springer SciencetBusiness Media New York 2012

Abstract Phosphatidylinositol 3-kinase (PI3K) plays several
important roles in neuronal survival. Activation of the path-
way is essential for the neuroprotective mechanisms of mate-
rials that shield neuronal cells from many stressful conditions.
However, there have been no reports to date about the effect of
the direct activation of the pathway in hypoxic injury of
neuronal cells. We investigated whether the direct activation
of the PI3K pathway inhibits neuronal cell death induced by
hypoxia. Primary cultured cortical neurons (PCCNs) were
exposed to hypoxic conditions (less than 1 mol% O,) and/or
treated with PI3K activator. Hypoxia reduced the viability of
PCCNs in a time-dependent manner, but treatment with PI3K
significantly restored viability in a concentration-dependent
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manner. Among the signaling proteins involved in the PI3K
pathway, those associated with survival, including Akt and
glycogen synthase kinase-3f3, were decreased shortly after
exposure to hypoxia and those associated with cell death,
including BAX, apoptosis-induced factor, cytochrome c,
caspase-9, caspase-3, and poly(ADP-ribose) polymerase
(PARP), were increased. However, treatment with PI3K acti-
vator normalized the expression levels of those signaling
proteins. PARP activity and levels of ATP and NAD" altered
by hypoxia were also normalized with direct PI3K activation.
All these findings suggest that direct and early activation is
important for protecting neuronal cells from hypoxic injury.

Keywords Hypoxia - Neuron - Phosphatidylinositol
3-kinase - Akt - Poly(ADP-ribose) polymerase

Introduction

Cerebral infarction is one of the most common causes of
death and permanent disability and is the result of a distur-
bance in blood flow to the brain, which causes hypoxic or
anoxic conditions in neurons. Cerebral hypoxia is a patho-
logical condition caused by a reduced supply of oxygen to
the brain. Prolonged hypoxia has been shown to induce
apoptosis in neuronal cells, resulting in hypoxic brain injury
[1, 2]. Although hypoxia-induced cell death mechanisms
still remain unclear, they include oxidative stress, excitotox-
icity, inflammation, and the activation of several different
cell death pathways [3]. However, recent studies have
shown that transient hypoxia might enhance neuronal cell
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survival via the activation of the phosphatidylinositol 3-
kinase (PI3K) pathway [4, 5].

The PI3K pathway is one of the most important survival
pathways in neuronal cells [6-8]. In the PI3K pathway,
activated PI3K phosphorylates Akt (protein kinase B) which
is the direct effector of PI3K [9]. Phosphorylated Akt affects
numerous downstream signaling proteins and then promotes
neuronal cell survival [10]. There have been many reports
showing that activation of the PI3K pathway increases neu-
ronal cell survival in various stressful conditions [11-13].
Therefore, many studies have been performed to develop
and/or to identify materials activating PI3K for the preven-
tion of neuronal cell death [14-16].

Although several papers confirm that transient hypoxia
activates the PI3K pathway [4, 5], there have been no reports
showing the expression patterns of phosphorylated Akt in
neuronal cells after more prolonged exposure to hypoxia.
Considering the above findings about the role of the PI3K
pathway in neuroprotective mechanisms of diverse materials,
which might also have other protective mechanisms, we won-
dered whether early and direct activation of the PI3K pathway
in neuronal cells in the beginning of a hypoxic insult could
enhance the resistance of neuronal cells against prolonged
hypoxia. Therefore, in this study, we confirmed the serial
expression pattern of phosphorylated Akt in neuronal cells
after exposure to hypoxia and investigated whether direct
activation of PI3K at the beginning of hypoxia could protect
neuronal cells against prolonged hypoxia.

Materials and Methods
Materials

To induce hypoxia, we used an anaerobic chamber (Anaerobic
System Model 1025, Thermo Forma, Marietta, OH, USA).
Protein protease inhibitor cocktail, tryptan blue solution, in-
sulin, and DNase | were obtained from Sigma-Aldrich (St.
Louis, MO, USA). A PI3K activator was purchased from
Santa Cruz Biotech (Santa Cruz, CA, USA). It is a peptide
with the sequence KKHTDDGYMPMSPGVA and a molec-
ular weight of 1,732.8 Da. The tyrosine phosphorylated ver-
sion of this peptide binds to the PI3Kinase SH2 domain
activating the enzyme [17—19]. Before use in the experiments,
the drugs were dissolved in distilled water and further diluted
with culture medium to yield the desired final concentrations.
LY294002, a PI3K inhibitor, was purchased from Sigma
(St. Louis, MO, USA) to directly block PI3K.

Primary Cultures and Treatment of Cortical Neurons

All procedures using animals were consistent with Hanyang
University’s guidelines for the care and use of laboratory
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animals. We made every effort to minimize the number of
animals used and all animal suffering. Each animal was
utilized only once.

Primary cultures of cortical neurons were acquired from the
cerebral cortices of fetal Sprague—Dawley rats (16 days gesta-
tion) [20]. Briefly, rat embryos were decapitated, and their
brains were isolated and put in a Petri dish half-filled with
ice-cold Hank’s balanced salt solution (137 mM NaCl, 5.4 mM
KCl, 0.3 mM Na,HPO,, 0.4 mM KH,PO,, 5.6 mM glucose,
and 2.5 mM HEPES; Gibco BRL, NY, USA). Single cells
separated from whole cerebral cortices were seeded on
100 mm Corning dishes (5% 10° cells/cm?) coated with poly-
L-lysine (Sigma, Saint Louis, MO, USA) or glass cover slips
placed in 6- or 24-well Nunc plates (5% 10° and 2.5x 10° cells/
cm?) and were suspended in 10 % fetal bovine serum/modified
Eagle’s medium. After 24 h, the medium was changed to
serum-free, neurobasal medium (NBM) supplemented with
B27. Cultures were kept at 37 °C under a humidified 5 %
CO, atmosphere. After being incubated for 6 days, the cells
were fixed with 4 % paraformaldehyde/PBS for anti-MAP-2
immunohistochemical staining. The neurite outgrowths were
analyzed under a microscope. Only mature cultures (7 days in
vitro) were used for experiments. The percentage of neuronal
cells in the primary cultures was approximately 80 % [20].

To determine the best hypoxic conditions for conducting
our experiments, primary cultured cortical neurons (PCCN5s)
were exposed to in vitro hypoxia in an anaerobic chamber
(Anaerobic System Model 1025, Forma Scientific, Marietta,
OH, USA) equipped with a humidified, temperature-controlled
incubator. A gas mixture containing CO, (5 mol%), O,
(1 mol%), and N, (94 mol%) was flushed through the chamber.
This procedure maintained a non-fluctuating hypoxic environ-
ment below 1 mol% O, [21]. Cell viability was assessed after
several hours of hypoxia using the lactate dehydrogenase
(LDH) and MTT assays [22].

To examine the effects of PI3K activation on the viability
of PCCNs, we treated cortical neurons for 24 h with several
concentrations of the PI3K activator (0, 0.001, 0.01, 0.1, 1,
and 10 uM) and washed them several times with phosphate-
buffered saline (PBS). On the basis of our data indicating
the effects of PI3K activation and hypoxia on neuronal cell
viability, cortical neurons were treated with several concen-
trations of PI3K activator (0, 0.001, 0.01, 0.1, 1, and 10 uM)
and simultaneously exposed to hypoxic conditions for 6, 24,
and 48 h, respectively. The cells were then gently washed,
and cell viability was evaluated immediately. Cells har-
vested 2 h after hypoxia were used for immunodetection
of hypoxia-inducible factor-alpha (HIF-1c), Akt, glycogen
synthase kinase (GSK)-33, BAX, cytoplasmic apoptosis-
induced factor (AIF), and cytoplasmic cytochrome ¢ and
those 6 h after hypoxia, caspase-9, cleaved caspase-9,
caspase-3, cleaved caspase-3, poly(ADP-ribose) polymerase
(PARP), and cleaved PARP [22].
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Finally, to confirm the direct neuroprotective effects of
PI3K activation against hypoxia, we also treated cortical
neurons with 10 uM LY294002, a PI3K inhibitor, prior to
treatment with the PI3K activator and hypoxia. The cortical
neurons were divided into the following six groups: control
(group 1), hypoxia for 24 h (group 2), hypoxia+10 uM
PI3K activator for 24 h (group 3), 10 uM LY294002 for
24 h+hypoxia and 10 uM PI3K activator for 24 hrs (group
4), 10 uM LY294002 for 24 h+hypoxia for 24 h (group 5),
and 10 uM LY?294002 for 24 h (group 6). Cell viability was
assessed by the LDH and MTT assays as described previously
[22].

MTT and LDH Assays to Measure Cell Viability

Cells were plated at a density of 1x10* cells/well in a 96-
well plate, cultured, differentiated, and treated according to
the methods described above. A total of 50 ul of MTT
(Sigma) was added at a concentration of 2 mg/ml after
medium (200 pl) was added to each well. MTT is absorbed
into the cell, and formazan is then made by the action of
mitochondrial succinate dehydrogenase. Accumulation of
formazan directly reflects the activity of the mitochondria
and indirectly reflects cell viability. An aliquot (220 pl) of
solution was removed from each well, and 150 pl of di-
methyl sulfoxide (DMSO) was then added to each well. The
optical density (OD) at 540 nm was measured on the
enzyme-linked immunosorbent assay plate reader after all
precipitate in the wells was dissolved on the microplate
mixer for 10 min. All results were calibrated for an OD
measured in the same conditioned well without cell culture
[22]. An LDH assay kit (Promega, Madison, WI, USA) was
used to evaluate the viability of PCCNs, and the assay was
performed according to the manufacturer’s protocol.

TUNEL and DAPI Staining to Evaluate Apoptosis

To evaluate apoptosis, air-dried cells were fixed with 4 %
paraformaldehyde in PBS for 1 h at room temperature, and
apoptotic cell death was assessed by terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling (TUNEL) according to the manufacturer’s pro-
tocol (Roche Boehringer—-Mannheim, IN, USA). To stain all
nuclei and to visualize intact, condensed, and fragmented
nuclei, TUNEL-stained cells were counterstained with 4',6-
diamidino-2-phenylindole (DAPI; Sigma, Saint Louis, MO,
USA). The percentage of TUNEL-positive cells was deter-
mined relative to the total number of cells [22].

Western Blot Analysis

For the western blot analyses, five groups were treated (1)
without hypoxia or PI3K activator for 2 or 6 h, (2) with

hypoxia for 2 or 6 h, (3) with hypoxia and 0.1 uM PI3K
activator for 2 or 6 h, (4) with hypoxia and 1 uM PI3K
activator for 2 or 6 h, and (5) with hypoxia and 10 uM PI3K
activator for 2 or 6 h. We used western blot analysis to assay
for pAkt (Ser473), Akt, pGSK-3f3 (Ser9), GSK-3(3, BAX,
cytosolic AIF, cytosolic cytochrome ¢, caspase-9, cleaved
caspase-9, caspase-3, cleaved caspase-3, PARP, and cleaved
PARP in each group. Briefly, 5x10° cells were washed
twice in cold PBS and incubated for 10 min on ice in lysis
buffer [SO mM Tris (pHS8.0), 150 mM NacCl, 0.02 % sodium
azide, 0.2 % SDS, 100 pg/ml phenylmethylsulfonylfluoride
(PMSF), 50 pl/ml aprotinin, 1 % Igepal 630, 100 mM NaF,
0.5 % sodium deoxy choate, 0.5 mM EDTA, 0.1 mM
EGTA]. We centrifuged the cell lysates at 10,000xg and
then evaluated the levels of pAkt (Ser473), Akt, pGSK-3f3
(Ser9), GSK-33, BAX, caspase-9, cleaved caspase-9,
caspase-3, cleaved caspase-3, PARP, and cleaved PARP in
each cell lysate. To evaluate cytoplasmic AIF and cytosolic
cytochrome c¢ levels, cells were suspended in sucrose-
supplemented cell extract buffer (300 mM sucrose, 10 mM
HEPES at pH7.4, 50 mM KCI, 5 mM EGTA, 5 mM MgCl,,
1 mM DTT, 10 uM cytochalasin B, and 1 mM PMSF) after
washing, left on ice for 30 min, and then homogenized with
50 strokes in an ice-cold Dounce homogenizer. Unbroken
cells and nuclei were pelleted by centrifugation for 10 min at
2,000xg. Mitochondria were collected by centrifugation of
the resulting supernatant at 13,000xg for 10 min. The post-
mitochondrial fraction, namely the supernatant in the above
step, was immunoblotted for AIF and cytochrome c. Protein
concentrations of cell lysates and postmitochondrial frac-
tions were determined using a Bio-Rad protein assay kit
(Hercules, CA, USA). Samples containing equal amounts
(20 pg) of protein were resolved by 10 % sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes (Amersham Pharmacia Biotech,
Buckinghamshire, UK). The membranes were blocked with
5 % skim milk and then incubated with specific primary
antibodies. We used antibodies against HIF-1 (1:1,000, Cell
Signaling, Beverly, MA, USA), pAkt (Ser473) (1:1,000, Cell
Signaling), Akt (1:1,000, Cell Signaling), pGSK-33 (Ser9)
(1:1,000, Santa Cruz Biotech, Santa Cruz, CA, USA),
GSK-3f3 (1:1,000, Santa Cruz Biotech), BAX (1:1,000,
Santa Cruz Biotech), cytosolic AIF (1:500, Cell Signaling),
cytosolic cytochrome ¢ (1:500, Santa Cruz Biotech),
caspase-9 (1:1,000, Cell Signaling), cleaved caspase-9
(1:1,000, Cell Signaling), caspase-3 (1:1,000, Cell Signal-
ing), cleaved caspase-3 (Asp 175) (1:1000, Cell Signaling),
PARP (1:500, Cell Signaling), and cleaved PARP (Asp
214) (1:500, Cell Signaling). The membranes were washed
with Tris-buffered saline containing 0.05 % Tween-20
(TBST) and then processed using an HRP-conjugated
anti-rabbit antibody or anti-mouse antibody (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) followed by
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ECL detection (Amersham Pharmacia Biotech, Piscataway,
NJ, USA) [22]. The western blot results were quantified
with an image analyzer (Bio-Rad, Quantity One-4,2,0)
(Bio-Rad, Hercules, CA) and were normalized to GAPDH
immunostaining [22].

Immunocytochemistry for the Evaluation of the Location
of AIF

Immunocytochemistry was used to assess the translocation
of AIF into the nucleus during apoptosis, as described
previously [23]. Briefly, the cells were fixed on slides using
4 % paraformaldehyde in PBS, pH7.4, for 15 min at room
temperature. The specimens were washed twice with ice-
cold PBS, incubated for 10 min with PBS containing 0.25 %
Triton X-100 (or 100 uM digitonin or 0.5 % saponin), and
then washed in PBS three times for 5 min. Then, the sam-
ples were blocked with 1 % BSA in PBST for 30 min and
incubated with an anti-AIF polyclonal antibody (1:100, Cell
Signaling) in PBST containing 1 % BSA in a humidified
chamber overnight at 4 °C. After the cells were washed, an
Alexa 488 anti-rabbit secondary antibody (1:100, Molecular
Probes, Eugene, OR) was applied for 1 h at room tempera-
ture in the dark. The medium containing the secondary
antibody was removed, and then the cells were washed three
times with PBS for 5 min each in the dark. A coverslip was
mounted with a drop of mounting medium containing DAPI.
Cells without the anti-AIF antibody served as negative
controls.

PARP-1 Activity

PARP activity was assessed using an enzymatic activity
assay (Universal Colorimetric PARP assay kit, Trevigen
Inc, Gaithersburg, MD, USA). The assay measures the
incorporation of biotinylated poly(ADP-ribose) onto histone
proteins in cell homogenates according to manufacturer
instructions. The amount of PARP-1 activity assayed on
cellular samples (50 pg) was determined by comparison to
a standard curve.

Determination of Intracellular NAD" and ATP Levels

The level of intracellular ATP was measured by using a
colorimetric assay kit (Abcam, Cambridge, MA, USA).
Briefly, cells were lysed in ATP assay buffer and centrifuged
at 15,000xg for 2 min to pellet insoluble materials. The
supernatant was added to a 96-well plate and followed by
addition of ATP assay buffer to a final volume of 50 pl/well.
The absorbance was read at 550 nm using a micro-plate
reader from Molecular Devices. The NAD" and NADH
levels were determined using a NAD/NADH assay kit
(Abcam, Cambridge, MA, USA). Briefly, cells were lysed

@ Springer

in NADH/NAD extraction buffer and centrifuged at
14,000xg for 5 min to pellet insoluble materials. The super-
natant was added to the NAD Cycling Mixture. The absor-
bance was read at 450 nm using a microplate reader from
Molecular Devices. The ATP content and NAD" were cal-
culated based on a standard curve. Both ATP and NAD"
levels were normalized to total protein concentrations of cell
lysates determined using Bio-Rad protein assay kit.

Statistical Analysis

All data are presented as the mean+SD of five or more
independent experiments. Statistical comparisons between
different treatment groups were performed with Tukey’s test
after one-way ANOVA. P values less than 0.05 were consid-
ered statistically significant.

Results

Expression of HIF-1« and phosphorylated Akt (Ser473)
under hypoxic conditions

To confirm that primary cultured cortical neurons (PCCN5)
were affected by hypoxic injury, we measured levels of HIF-
1«, a key regulator of the hypoxic response, and phosphory-
lated Akt (Ser473) by western blotting. HIF-1o expression
rapidly increased in response to hypoxia after 2 h (Fig. 1a).
However, phosphorylated Akt at Ser473 slightly decreased
2 h after the exposure to hypoxia and then significantly
increased after that (Fig. 1b).

Effect of Hypoxia and PI3K Activation on the Viability
of Primary Cultured Cortical Neurons

To confirm the effect of the hypoxic condition used in the
present study on PCCN viability, we incubated PCCNs in
the anaerobic chamber with different exposure times. Cell
viability was measured with MTT assay and LDH assay.
Under hypoxic conditions, cell viability was significantly
reduced in a time-dependent manner (Fig. 2a).

To evaluate the effect of PI3K activator itself on PCCNs,
we treated PCCNs for 24 h with several different concen-
trations of PI3K activator. Cell viability was decreased with
more than 100 uM PI3K activator treatment in MTT and
LDH assays (Fig. 2b).

To evaluate the effect of PI3K activation on PCCNs
under hypoxic conditions, PCCNs were exposed to hypoxia
for several hours and were treated simultaneously with
several different concentrations of PI3K activator. Cell via-
bility was measured by LDH assay. Compared to PCCNs
under hypoxic conditions without treatment, the viability of
PCCNss treated with PI3K activator under hypoxic condition
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Fig. 1 Expression of HIF-1«
and phosphorylated Akt
(Ser473) in PCCNs in response
to hypoxia. Expression of
HIF-1¢ in PCCNs dramatically
increases from just after the
exposure to hypoxia, but it
becomes normalized over time
(a). However, expression of
phosphorylated Akt (Ser473)
slightly decreases just after the
exposure to hypoxia and then
significantly increases in a
time-dependent manner (b).
*p<0.05 by Tukey’s test after
one-way ANOVA (compared
with the control group

[no hypoxia]) (n=5)

HIF-1

B-actin

B
p-Akt (Ser473)

Akt

gradually increased in a concentration-dependent manner up
to 1 uM (Fig. 2c).

To confirm the role of PI3K activation in neurons ex-
posed to hypoxic injury, PCCNs were separated into six
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(group 5), and 10 pM LY294002 for 24 h (group 6). In this
study, pretreatment with the PI3K inhibitor in group 4
resulted in an approximately 13 % decrease in cell viability
as compared with group 3 (Fig. 2d).

Anti-apoptotic Effects of PI3K Activation Under Hypoxic
Conditions

TUNEL and DAPI staining showed that the percentage of
cells undergoing apoptosis under hypoxic conditions was
markedly increased after 24 h of hypoxia (p<0.01) but
significantly decreased when the cells were treated with a
PI3K activator (1 and 10 uM) (p<0.05) (Fig. 3). Treatment
with 1 or 10 uM PI3K activator resulted in the greatest
decrease in the percentage of apoptotic cells.

Effects of Hypoxia and PI3K Activation on the Levels
of Intracellular Signaling Proteins

To confirm the effects of PI3K activation on several intra-
cellular signaling proteins, we measured the expression
levels of Akt, phosphorylated Akt, GSK3-f3, phosphorylat-
ed GSK3-3, BAX, cytosolic AIF, cytosolic cytochrome c,
caspase-9, cleaved caspase-9, caspase-3, cleaved caspase-3,
PARP, and cleaved PARP.

The results of western blotting showed that the immunor-
eactivities (IRs) of phosphorylated Akt (Ser473) and phos-
phorylated GSK-33 (Ser9), which are survival-related
proteins, in PCCNs were significantly increased with the
treatment of PI3K activator in a concentration-dependent
manner up to 1 uM when compared with PCCNs treated
only with hypoxia (Fig. 4). In contrast, treatment with PI3K
activator significantly decreased the expression of BAX,
AIF, cytochrome ¢, cleaved caspase-9, cleaved caspase-3,
and cleaved PARP, which are pathways associated with cell
death, in a concentration-dependent manner up to 10 uM
(Fig. 4).

In addition, immunocytochemistry was performed to
evaluate the location of AIF. This assay showed that
the level of nuclear AIF increased after hypoxia for 2 h
but that treatment with the PI3K activator decreased the
level of nuclear AIF in a concentration-dependent manner

(Fig. 5).

Effects of Hypoxia and PI3K Activation
on Poly(ADP-ribose) Polymerase Activity

To confirm the effect of PI3K activation on cells under
hypoxic conditions, we used the poly(ADP-ribose) poly-
merase assay kit. The results showed that PARP activity
increased in PCCNs under hypoxic conditions. In contrast,
treatment with PI3K activator significantly decreased the
PARP activity (Fig. 6a).

@ Springer

Effects of Hypoxia and PI3K Activation on ATP and NAD"
Level

To investigate the effects of hypoxia and PI3K activation on
the level of intracellular ATP and NAD" of PCCNs, we
treated PCCNs with hypoxia and/or diverse concentrations
of PI3K activator (0.1, 1, and 10 uM), and then ATP and
NAD" levels were measured. As shown in Figs. 6b and c,
hypoxia significantly decreased the level of intracellular
ATP and NAD", respectively. However, treatment with
PI3K activator increased those levels (p<0.05).

Discussion

In the present study, PI3K activator itself did not affect the
viability of PCCNs up to 10 uM (Fig. 2a), but hypoxia for
more than 24 h significantly decreased viability (Figs. 2b
and 3). Co-treatment with PI3K activator markedly reduced
hypoxia-induced neuronal cell death in a concentration-
dependent manner (Figs. 2c, d and 3). The neuroprotective
effect of the PI3K activator was associated with the direct
activation of PI3K as demonstrated by the fact that
LY?294002, a specific PI3K inhibitor, significantly antago-
nized the effect of the PI3K activator (Fig. 2d). Molecular
studies showed that hypoxia decreased the survival-related
signals including phosphorylated Akt (Ser473) and phos-
phorylated GSK-33 (Ser9) and increased death-associated
signals including BAX, cytosolic AIF, cytosolic cytochrome
¢, activated capase-9, activated caspase-3, and cleaved
PARP (Fig. 4). However, co-treatment with PI3K activator
significantly recovered such survival signals and inhibited
those associated with cell death in a concentration-
dependent manner (Fig. 4). Because the main purpose of
our experiment was to determine the effect of the early
activation of PI3K on hypoxic cortical neurons, western
blotting for upstream signaling proteins, such as PI3K,
Akt, and GSK-3f3, was performed after 2 h of hypoxia.
However, western blotting for downstream signaling pro-
teins, such as activated caspase-9, activated caspase-3, and
cleaved PARP, was performed after 6 h of hypoxia. These
time points were selected based on previous reports showing
that the levels of the upstream signaling proteins are
changed within a few hours of the onset of hypoxia
[24-26] and that the levels of the downstream proteins are
changed after a longer duration of hypoxia [27, 28]. In
addition, in many in vitro hypoxic/ischemic experiments,
western blotting was performed in the range of 2-8 h
[29-31], which is similar to the time range used in our
experiment. To confirm the location of AIF, we also per-
formed immunocytochemistry and found that the level of
nuclear AIF, which is known to increase during apoptosis
[23], increased after hypoxia, but treatment with the PI3K
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Fig. 3 Anti-apoptotic effect of
PI3K activation on PCCNs
during exposure to hypoxic
conditions for 24 hrs. PCCNs
were analyzed using TUNEL
and DAPI staining. The
percentage of TUNEL-positive
cells induced by hypoxia de-
creased when the cells were
treated with a PI3K activator.
The data are presented as the
percentage of TUNEL-positive
cells+SD. Each treatment
group was compared with the
other groups using Tukey’s test
after one-way ANOVA (n=5).
*p<0.05 (compared with the
control group) and #p<0.05
(compared with PCCNs ex-
posed to hypoxia alone). The
scale bar is 50 wm, and the
magnification is 200x
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activator decreased the level of nuclear AIF in a concentration-
dependent manner (Fig. 5). It was also found that PARP
activity was dramatically increased after exposure to hypoxia
for 2 h, but treatment with PI3K activator significantly re-
duced it (Fig. 6a). Although the levels of ATP and NAD"

were markedly decreased in PCCNs exposed to hypoxia for
2 h, treatment with PI3K activator effectively recovered those
levels (Fig. 6b and c).

The PI3K pathway is well known to be crucial in neuro-
nal cell survival. It has been confirmed that the activation of
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Fig. 4 Immunoreactivities (IRs) of pAkt (Ser473), pGSK-3f3 (Ser9),
BAX, AIF, cytochrome c, caspase-9, caspase-3, and PARP in PCCNs.
Immunoreactivities (IRs) were assessed by western blotting. Data were
expressed as a ratio of the simultaneously assayed control group’s
value and were compared using Tukey’s test after a one-way ANOVA
(n=5). Representative ECL radiographs of the immunoblots demon-
strate that combined treatment with 10 pM PI3K activator increased

the PI3K pathway is critically associated with the neuro-
protective mechanisms of uncountable neurotrophic factors,
chemicals, and medicines against several neurotoxic condi-
tions [14, 16, 32, 33]. It has also been reported that the
activation of the pathway is involved in the neuroprotective
effects of many materials enhancing neuronal cell survival
under hypoxic/ischemic conditions [34-36]. However, to
the best of our knowledge, there have been no reports to
date about the effect of direct activation of the PI3K pathway
in neuronal cells injured by hypoxia. Therefore, we aimed to
confirm the direct role of the PI3K pathway for the protection
ofneuronal cells from hypoxic injury and a few novel findings
were demonstrated by this study.

First, we found that the direct activation of the PI3K
pathway with a specific and direct PI3K activator efficiently
protected neuronal cells from hypoxic injury. PI3K has been
shown to be involved in cell growth, proliferation, differen-
tiation, and motility of neural stem cells [37] and in survival
of neuronal cells [6—8]. Various survival factors, including
insulin-like growth factor 1 [38], vascular endothelial
growth factor [39], nerve growth factor [40], epidermal
growth factor [40], and erythropoietin [41], activate PI3K.
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Activated PI3K produces diverse 3-phosphorylated phos-
phoinositides. Two are phosphatidylinositol(3,4,5)P3 and
phosphatidylinositol(3,4)P2 [42]. These 3-phosphorylated
phosphoinositides directly bind and activate Akt [42]. Acti-
vated AKT phosphorylates a group of molecules, including
GSK-3(3 [43] and Bax [44], thereby blocking mitochondrial
cytochrome c release and caspase activity as also confirmed
in the present study. This sequential process inhibits neuro-
nal cell death, especially apoptosis. Based on many previous
reports showing that the activation of the PI3K pathway
plays an important role in the neuroprotective mechanism
of numerous neurotrophic factors, chemicals, and medicines
protecting neuronal cells from hypoxia [14, 16, 32, 33], the
hypothesis that the direct activation of the PI3K pathway
could protect neuronal cells against hypoxic injury seems
reasonable. However, there has been no report about the
effect of the direct activation of the PI3K pathway on
hypoxia-induced neuronal cell injury. In addition, we also
know that the above-described materials can have other
neuroprotective mechanisms besides the activation of the
PI3K pathway which may contribute to their neuroprotec-
tive effect. So, we studied the role of the direct activation of
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Fig. 5 Location of AIF in
PCCNs after hypoxia and/or
PI3K activator treatment.
Immunocytochemistry was
performed to evaluate the
location of AIF after hypoxia
and/or PI3K activator
treatment. The nuclear AIF
level increased after hypoxia
for 2 h, but treatment with the
PI3K activator led to a decrease
in the nuclear AIF level in a
concentration-dependent
manner. The scale bar is 50 pum,
and the magnification is x400

Control

Hypoxia (2 hrs)+ PI3K-activator 10 pM (24 hrs)

the pathway for the prevention of neuronal cell death in-
duced by hypoxia. Treatment with a specific and direct
PI3K activator effectively restored neuronal cell survival
under hypoxic stress and pretreatment with a specific PI3K
inhibitor completely blocked the effect of PI3K activator.
These findings strongly support the hypothesis that the
direct and specific activation of the PI3K pathway effectively
prevents hypoxia-induced neuronal cell death.

The second novel finding is the expression pattern of
phosphorylated Akt after the exposure to hypoxia, namely
expression of phosphorylated Akt (Ser473) could differ
depending on the type of cell exposed to hypoxia. It is well
known that phosphorylated Akt (Ser473) increases after
exposure to hypoxia to enhance the resistance of neuronal
cells against hypoxic injury [45]. However, the expression
pattern of phosphorylated Akt (Ser473) after a hypoxic
insult has not yet been well established. In the present study,
we found that phosphorylated Akt decreased slightly in

X 400

PCCNss for a short period after hypoxia and then significant-
ly increased after that (Fig. 1b). This finding is contrary to
the general concept that phosphorylated Akt increases after
exposure to hypoxia. We propose that phosphorylated Akt
(Ser473) slightly decreases in neuronal cells just after hyp-
oxia and the dying process begins in some of the vulnerable
neuronal cells during this period, and that the phosphoryla-
tion of Akt at Ser473 increases in other neuronal cells
resistant to hypoxia to enhance their survival. We also
propose that the early expression of HIF-1 after hypoxia
might involve this increase of phosphorylated Akt consid-
ering their expression patterns after hypoxia, namely HIF-1
significantly increased 2 h after hypoxia when the amount of
phosphorylated Akt (Ser473) was slightly decreased. These
findings suggest that phosphorylated Akt (Ser473) does not
always increase after hypoxia, but its expression differs
depending on the duration of hypoxia. In addition, our previ-
ous study and a report by Zhang et al. showed that
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Fig. 6 Effects of hypoxia and
PI3K activation on PARP 300
activity and levels of ATP

and NAD" in PCCNs. PARP
activity in PCCNss is increased
by hypoxia but is normalized
with PI3K activation (a).
Treatment of PI3K activator

>

increases intracellular ATP
level in PCCNs which is
decreased by hypoxia (b).

% of control

PCCNs which is decreased by
hypoxia is restored with the
treatment of PI3K activator (c).
*p<0.05 (when compared with
the control group) and #p<0.05
(compared with PCCNs under 150
hypoxic condition without
PI3K activator) by Tukey’s test
after one-way ANOVA, (n=5).
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phosphorylated Akt (Ser473) increased continuously in pri-
mary cultured neural stem cells and in the RN46 cell line
which is an immortalized neuronal cell line derived from E13
brainstem raphe [5] after hypoxia. Therefore, the expression of
phosphorylated Akt (Ser473) might be different depending on
the cell type. All of these findings are novel.

Based on these findings, we hypothesized that early
treatment with a PI3K activator could increase phosphory-
lated Akt (Ser473) which decreases shortly after exposure to
hypoxia. To test this hypothesis, we performed molecular
studies including western blotting for the detection of up-
stream signaling proteins, such as phosphorylated GSK-33,
BAX, cytosolic AIF, and cytosolic cytochrome c, 2 h after
hypoxia. Downstream signaling proteins, such as caspase-9,
caspase-3, and PARP, were evaluated 6 h after hypoxia
based on a previous report showing that activity of
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caspase-3 was maximized 6 h after hypoxia [46]. Western
blotting data showed that survival-related signaling proteins
were decreased and those associated with cell death were
increased and that treatment with a direct and specific PI3K
activator recovered all the signaling proteins to a similar
level as the control PCCNSs. These findings also support the
hypothesis that direct and specific PI3K activation protects
neuronal cells from hypoxic injury.

The third novel finding is the effect of PI3K activation on
PARP activity, the ATP level, and the NAD" level under
ischemic conditions. PARP is involved in a variety of phys-
iological and pathological events, such as DNA replication,
DNA repair, and gene expression. In response to DNA
damage caused by events such as hypoxia, PARP is activat-
ed after only a few minutes, and it has been reported that
3 min of hypoxia can induce a threefold increase of PARP
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activity after 15 min [47]. It has also been reported that
increased PARP activity along with the depletion of NAD"
and ATP could occur without occult neuronal damage [48].
In addition, it has been reported that even 10-min hypoxia
induced significant ATP depletion [49] and that neuronal
NAD" depletion was remarkably induced 30 min after treat-
ment with N-methyl-N'-nitro-N-nitrosoguanidine causing
PARP activation [50]. Considering all these findings, we
thought that the determination of the NAD" and ATP levels
after 2 h of hypoxia was reasonable in this study, and we
found that PI3K activation directly or indirectly affected
PARP activity, the ATP level, and the NAD" level in PCCNs
under hypoxic stress (Fig. 6). Poly ADP-ribosylation of nu-
clear proteins is a post-transcriptional event that occurs in
response to DNA damage. Hypoxia is known to be an inducer
of PARP activity as shown in Fig. 6a. Over-activation of
PARP overuses ATP, which is a substrate of PARP, which
then induces neuronal cell death [51]. In addition, hyperactive
PARP is involved in inflammation [52]. Therefore, inhibition
of PARP activity after hypoxia is very critical for the preven-
tion of neuronal cell death. Our novel finding that direct and
specific PI3K activation reduced PARP activity to a similar
level to the control PCCNS led us to think that the regulation
of PARP activity by PI3K activation also contributed to the
neuroprotection of PI3K activation against hypoxia. Normal-
ized PARP activity by PI3K activation also contributed to the
normalization of the levels of ATP and NAD" (Fig. 6b, c).
Although the fact that PI3K activation can increase ATP levels
has been demonstrated previously [53], our finding that PI3K
activation affected PARP activity and then normalized the levels
of ATP and NAD" in neuronal cells under hypoxia is novel.

An additional interesting finding is the HIF-1 expression
pattern. In general, HIF-1 expression is well known to be
increased after hypoxia in various cells. However, it is also
well established that the HIF-1« protein is continuously
synthesized and rapidly degraded in normoxic cells [54].
In a previous report, HIF-1cx expression was detected in
brain and muscles cells but not in liver, kidney, heart, and
spleen cells under conditions without any stress [55]. In
addition, the expression of HIF-1o under normoxic condi-
tions has been reported in a few cell lines, such as primary
cortical neurons [26] and mesenchymal stromal cells [56].
In our repeated experiments, we continuously found that
HIF-1x was expressed in primary cortical neurons under
normoxic conditions and that the expression level of this
protein significantly increased under hypoxic conditions.
All of these findings led us hypothesize that HIF-1x can
be expressed under normoxic conditions but that its expres-
sion markedly increases under hypoxic conditions. We believe
that HIF-1 could be expressed in different cell lines under
different conditions.

There were some limitations in this study: (1) this study
was performed under in vitro conditions, and therefore, the

results could be different under in vivo conditions where more
complicated factors may be involved, (2) only a single dose of
PI3K inhibitor (10 uM) was used because our previous data
showed that treatment with LY294002 more than 10 uM
induced neurotoxicity, and (3) only a non-fluctuating hypoxic
environment below 1 mol% O, was used for the main study.
Therefore, the toxicological relevance of our findings to hyp-
oxic injury is difficult to ascertain in humans.

In conclusion, our findings suggest that direct and spe-
cific PI3K activation prevents neuronal cell death against
hypoxia via the activation of downstream targets of the
PI3K pathway and the normalization of the levels of PARP
activity, ATP, and NAD".
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