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Bcl-2-associated death protein (Bad), a member of the
Bcl family, directs astrocytes in primary cultures to enter
or resist apoptosis during ischemia in vitro. Under isch-
emia, Bad was the only Bcl family member whose ex-
pression was upregulated significantly during the early
stages of an ischemic insult. Increased endogenous Bad
was translocated from the cytoplasm to mitochondria to
induce apoptosis in astrocytes. Concurrently, ischemia
also induced Bad phosphorylation specifically on Ser112
to promote survival. This site-specific phosphorylation of
Bad was mediated by an early activation of the mitogen-
activated protein kinase/extracellular signal-regulated
protein kinase (MAPK/ERK) intracellular signaling path-
way. This study demonstrates that ischemia-induced
Bad plays a dual role in determining whether astrocytes
enter or resist apoptosis after an ischemic insult.
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Bad, Bcl-2-associated death protein, is a member of
the Bcl-2 protein family that plays a critical role in apo-
ptosis. A prevailing hypothesis is that the balance of pro-
apoptotic (e.g., Bad and Bcl-associated X (Bax)) and an-
tiapoptotic  (e.g. Bcl-2 and Bcl-X;) members in
mitochondria may determine the control of apoptosis
(Desagher and Martinou, 2000; Gross, 2001). Originally
identified as a binding partner of Bcl-2 (Yang et al., 1995),
Bad promotes apoptosis by binding with Bcl-2 or Bel-X;
located in the mitochondrial membrane (Yang et al., 1995;
Zha et al., 1996). In the FL5.12 cell line, however, over-
expressing Bad does not result in cell death after
interleukin-3 (IL-3) withdrawal (Yang et al., 1995),
whereas under certain conditions, overexpression of Bad
even promotes growth as in chicken embryo fibroblasts
(Maslyar et al., 2001). Bad may thus play a dual role, one
in cell apoptosis and the other in cell survival.

© 2005 Wiley-Liss, Inc.

The function of Bad depends on site-specific phos-
phorylation on Ser112, 136, and 155 by factors such as
nerve growth factor (NGF), stem cell factor, granulocyte/
macrophage colony-stimulating factor, IL-3, and insulin
(Zha et al., 1996, Hinton and Welham, 1999; Harada et
al., 1999; Datta et al., 2000). There are limited studies on
Bad expression and phosphorylation under ischemia and
previous results have been contradictory (Friguls et al.,
2001; Simakajornboon et al., 2001). Bad has been reported
to be uninvolved in the protective role of estradiol after
ischemia (Dubal et al., 1999), whereas Zhu et al. (2002)
observed that transforming growth factor -1 prevented
ischemic damage by increasing phosphorylated (p)-Bad
112. The activation of the mitogen-activated protein kinase/
extracellular signal-regulated protein kinase (MAPK/ERK)
and phosphatidylinositol-3-kinase/protein kinase B (PI-3/
Akt) pathways after ischemia also varies among different
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models (Wu et al., 2000; Friguls et al., 2001; Shibata et al.,
2002; Zhu et al., 2002). Although many studies support the
protective role of activated MAPK/ERK and PI-3/Akt
pathways, the damaging effect of such activation has also been
reported (Hinton and Welham, 1999; Datta et al., 2000; Aki
et al., 2001; Namura et al., 2001; Zhu et al., 2002). Some
reports indicate increased levels of p-Bad 136 after ischemia
whereas others show that levels of p-Bad are not affected by
PI-3/Akt pathway activation (Friguls et al., 2001; Simaka-
jornboon et al., 2001).

Elucidating possible roles of MAPK/ERK and PI-
3/Akt pathways under ischemia would reveal the impor-
tance of site-specific Bad phosphorylation, and the mech-
anisms involved in ischemia-induced cell death of neural
cells. Our laboratory used an in vitro ischemia model in
which primary cultures of cerebral cortical astrocytes were
incubated in an anaerobic chamber to investigate various
aspects of ischemia-induced cell death in the nervous
system (Ho et al., 2001; Yu et al., 2001, 2002; Chen and
Yu, 2002; Jiang et al., 2002, 2003; Chen et al., 2003).
Using this model, we demonstrated that ischemia induced
apoptosis in astrocytes (Yu et al., 2001). We have also
studied the responses of the PI-3/Akt and MAPK/ERK
pathways in astrocytes under ischemia (Jiang et al., 2002,
2003).

In this report, we demonstrate that Bad is activated
and site-specifically phosphorylated during ischemia, indi-
cating that Bad plays a critical role in ischemia-induced
activation of survival signal pathways as well as in
ischemia-induced apoptosis in astrocytes. Moreover, we
identified a discrepancy between the responses of the
MAPK/ERK and PI-3/Akt pathways in astrocytes and
neurons during ischemia, which might be one of the
reasons why astrocytes seem more resistant than neurons
to ischemic insult (Nawashiro et al., 2000; Xu et al.,

2001).

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle medium (DMEM) and Opti-
MEM were from Gibco-BRL, Life Technologies, Inc., fetal calf
serum (FCS) was from HyClone (Logan, UT), and Hoechst
33342 and MitoTracker Red CMXRos were from Molecular
Probes (Eugene, OR). Terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end-labeling (TUNEL) reagents
were from Boehringer Mannheim (Germany); p-EBG-mBad,
antibodies to Bad, p-Bad 112, p-Bad 136, p-Bad 155,
LY294002, and U0126 were from Cell Signaling Technology
(Beverly, MA). Antibodies to ERK, phosphorylated ERK at
Tyr204 (p-ERK), Akt, phosphorylated Akt at Ser473 (p-Akt),
Bax, Bcl-2, Bcl-X;, and actin were from Santa Cruz Biotech-
nology (Santa Cruz, CA). LipofectAMINE 2000 (LF2000) was
from Invitrogen Life Technology (Carlsbad, CA), and p-
EGFP-NT1 and pDsRed1-NT1 vectors were from Clontech (Palo
Alto, CA).

Primary Cultures of Cerebral Cortical Astrocytes

Astrocyte cultures were prepared from cerebral cortices of
newborn ICR mice, as reported previously (Ho et al., 2001; Yu
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et al., 2001; Chen and Yu, 2002; Jiang et al., 2003), and 10 ml
of cell suspension was plated on each 100-mm Falcon tissue
culture dish (Becton-Dickinson, Franklin Lakes, NJ). All cul-
tures were incubated in a Napco CO, incubator (Precision
Scientific Inc.) at 37°C with 95% air/5% CO, (vol/vol) and
95% humidity. The culture medium was changed after 2 days
and subsequently twice per week with DMEM containing 10%
(vol/vol) FCS for the first 2 weeks and 7% (vol/vol) FCS
afterwards. Cultures of at least 4 weeks old were used for
experiments.

Primary Cultures of Cerebral Cortical Neurons

Neuron cultures were prepared from cerebral cortices of
ICR mice of embryonic Day 16 as reported previously (Yu et
al., 1984, 1986; Li et al., 2001, 2002). All cultures were incu-
bated in a Napco CO, incubator at 37°C with 95% air/5% CO,
(vol/vol) and 95% humidity. Cultures 7 days old were used for
experiments.

Anaerobic Chamber-Induced Ischemia and
Inhibitor Treatment

The in vitro ischemic model mimics an in vivo ischemic
insult by incubating the cultures in a limited amount of anoxic
glucose-free medium inside an anaerobic chamber (Yu and Lau,
2000; Ho et al., 2001; Yu et al., 2001; Chen and Yu, 2002; Jiang
et al., 2003). Briefly, ischemia media (free of glucose and serum)
was degassed for 30 min with N, and regassed with N,:CO,:H,
(85:5:10) for 20 min before use. The ischemia media and cul-
tures were transferred to an anaerobic chamber (Forma Scientific
Inc.) saturated with N,:CO,:H, (85:5:10). The oxygen concen-
tration in the ischemia media and the anaerobic chamber was
0.1 parts per million (ppm) as measured by a dissolved oxygen
meter (HI9142; Hanna Instruments, Italy) and 0.1% (vol/vol) as
detected by gas meter (MSA; Passport Personal Alarm, USA).
All culture dishes were wrapped with Parafilm to prevent evap-
oration during incubation. The cultures were washed three
times with ischemia media and then cells were covered with
6.4ml or 0.78 ml ischemia media for 100-mm or 35-mm
culture dishes, respectively. LY294002 at a final concentration
of 20 uM, or U0126 at a final concentration of 10 M, was
added to the ischemia media in the chamber just before ischemia
was carried out. Dimethylsulfoxide (DMSO) was added to some
cultures as the vehicle control for inhibitors.

Immunostaining and TUNEL Staining

All procedures for immunostaining were carried out at
room temperature (RT) (Chen and Yu, 2002; Chen et al.,
2003). Before staining, cultures of astrocytes were washed twice
with phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde for 15 min. After washing twice with PBS, cells
were permeabilized with 0.2% Triton X-100 for 15 min and
blocked with 3% bovine serum albumin (BSA) for 2 hr. After
incubation with primary antibody for 2 hr and washing three
times with PBS, cells were incubated with fluorescein isothio-
cyanate (FITC)-conjugated secondary antibody for 1 hr. After
washing five times with PBS, nuclei were stained using Hoechst
33342 (2 wg/ml) for 5 min before the coverslip was mounted.
TUNEL staining was carried out as described previously (Yu et
al., 2001) before Hoechst 33342 staining.
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Western Blot Analysis

Cell extracts were prepared by lysing cells in ice-cold lysis
buffer (150 mM NaCl, 0.1% [wt/vol] Triton, 20 mM Tris,
pH 7.6, 0.1 mM phenylmethylsulfonyl fluoride, 0.7 pg/ml leu-
peptin, and 0.5 pg/ml pepstatin) (Chen and Yu, 2002; Chen et
al., 2003), and then 10 g of total protein were resolved on 12%
reducing SDS-PAGE gels and electrophoretically transferred to
nitrocellulose membranes. The membranes were blocked with
5% (wt/vol) nonfat dried milk in TBST bufter (0.1 M Tris-HCI,
pH 8.0, 0.9% [wt/vol] NaCl, and 0.1% [vol/vol] Tween-20)
and probed with rabbit polyclonal antibody to p-Bad 112,
p-Bad 136, p-Bad 155, p-ERK, total ERK, p-Akt 473 and total
Akt (using dilution folds recommended by the manufacturers) in
TBST for 2 hr at RT. After incubation with goat anti-rabbit IgG
with horseradish peroxidase (HRP) conjugate (1:4,000; Amer-
sham Biosciences, France) for 1 hr at RT, detection of antigens
was accomplished using a chemiluminescence kit (Amersham
Biosciences). Blots were stripped in a denaturing buffer (0.5 M
Tris-HC, pH 6.8, 10% SDS, and B-mercaptoethanol) and re-
probed with antibody to total Bad (Santa Cruz Biotechnology)
or actin. Results were quantified by normalizing to controls
(0-hr ischemia).

Coimmunoprecipitation

Coimmunoprecipitation was carried out on a rocking
platform in a cold room (Chen and Yu, 2002; Chen et al.,
2003). Total protein (0.4 ml, 1 pg/pl) from each sample was
precleaned with 10 ul of protein A/G-Agarose slurry (Boehr-
inger Mannheim, Germany) for 1 hr. After centrifugation
(5 min X 2,000) at 4°C, the supernatant was transferred to a new
tube and incubated with 1 pg of Bad protein for 2 hr. Protein
A/G-Agarose (20 wl) was added and incubated for 1 hr. After
centrifugation, the immunoprecipitate was washed twice with
lysis buffer and PBS, respectively. Finally, 20 ul of 1.5X sample
loading buffer was added to the immunoprecipitate and boiled
for 5 min before Western blot analysis. Normal rabbit IgG was
used as negative controls.

Lipofection of Primary Cultures of Astrocytes

Mouse Bad DNA fragment was inserted into p-EGFP-N1
and pDsRed1-N1 vectors. The coding region of mouse 14-
3-3y DNA was PCR amplified from primary cultures of astro-
cytes and then sequenced (Chen et al., 2003). The sequence was
identical to that registered in GenBank (GenBank Accession
number BC008129; data not shown). Plasmid DNA for trans-
fection was extracted with Wizard Plus Midipreps DNA puri-
fication kit or Wizard Plus Maxipreps DNA purification kit
(Promega, Madison, WI). For transient transfection of primary
cultures of astrocytes, 3 g of total DNA and 6 pl of LF2000
were used. DNA and LF2000 reagent were diluted in 0.15 ml
Opti-MEM for 5 min separately, then combined and incubated
for 30 min. All procedures were carried out at RT. The DNA/
LF2000 mixture was added into the cultures and incubated for
6 hr at 37°C with 95% air/5% CO, (vol/vol) and 95% humidity.
After LF2000 treatment, cultures were washed twice with
DMEM and fresh culture media added. Cultures were used for
experiments 24 or 48 hr after transfection.

Statistical Analysis

All data are presented as means * standard error of the
mean (SEM) of at least three independent experiments. Statis-
tical analysis was carried out using unpaired Student’s f-tests at a
confidence level of 95% (i.e., P = 0.05 was considered statisti-
cally significant).

RESULTS

Ischemic Astrocytes Exhibit Condensed Nuclei
and Morphologic Changes

Changes in astrocyte morphology during ischemia
were examined by phase contrast microscopy whereas
nuclear changes were visualized by Hoechst 33342 immu-
nostaining (data not shown). Morphologic changes and
cell death, typical of apoptosis, increased gradually after
1-8 hr exposure to ischemia. Condensed nuclei were
shown to result from apoptosis by coimmunostaining the
culture with Hoechst and TUNEL reagents. After 6-hr
ischemia, about 90% of the extensively condensed Hoechst-
positive nuclei were also TUNEL positive. As both
Hoechst and TUNEL staining could reveal apoptotic cells
with similar efficiency, Hoechst staining was subsequently
used to distinguish apoptotic astrocytes in all experiments.

Cytochrome c Release From Mitochondria in
Ischemic Astrocytes

The release of cytochrome ¢ from mitochondria into
the cytoplasm, a critical step for a cell to commit to
apoptosis with the activation of caspase-3 (Sims and
Anderson 2002), has never been reported in ischemic
astrocytes. Here, the release of cytochrome ¢ from mito-
chondria of ischemic astrocytes is demonstrated clearly
(Fig. 1). Cytochrome ¢, appearing filamentous in control
astrocytes under confocal microscopy, was stained with a
specific monoclonal antibody. Mitochondria stained with
a specific mitochondrion-selective dye revealed similar
filamentous structures, indicating that cytochrome c¢ is
confined within the mitochondria in astrocytes under
normal conditions. After 4-hr ischemia, cytochrome ¢ had
diffused to the cytoplasm in astrocytes exhibiting con-
densed nuclei, a hallmark of apoptosis in these cells. Fur-
thermore, mitochondria in these astrocytes seemed swol-
len and perforated and were distributed throughout the
cytoplasm. Ischemia thus induces the release of cyto-
chrome ¢ from mitochondria into the cytoplasm.

Translocation of Activated Bad Into Mitochondria
to Induce Apoptosis in Ischemic Astrocytes

Endogenous Bad protein expression and distribution
in surviving and apoptotic astrocytes under ischemia was
examined by immunostaining. Bad was almost undetect-
able in normal astrocytes (Fig. 2A). After 4-hr ischemia,
Bad staining was observed as perforated aggregates only in
astrocytes that seemed to be wundergoing apoptosis
(Fig. 2A, arrows). Costaining with anti-Bad antibodies and
a specific mitochondrion-selective dye revealed the sub-
cellular localization of Bad in these apoptotic astrocytes.
The colocalization of Bad aggregates and mitochondria



Fig. 1. Mitochondrial cytochrome ¢ re-
lease in astrocytes under ischemia. Cul-
tured astrocytes at O (top) and 4 hr
(bottom) of ischemia were stained si-
multaneously with cytochrome ¢ (left)
and MitoTracker (middle). Micrographs
show distribution of cytochrome ¢
(cyto-¢) and mitochondria (mito) and
the merged image of the same fields
(right). Scale bar = 20 wm. Figure can
be viewed in color online via www.
interscience.wiley.com.

(Fig. 2B, merge arrows) indicate the accumulation of Bad
in the mitochondria of apoptotic astrocytes under isch-
emia.

The study of Bad was facilitated by cotransfecting
cultured astrocytes with wild type Bad (75%) and green
fluorescent protein (GFP; 25%) (Fig. 3). Using fluorescent
microscopy, GFP-positive astrocytes showed a higher in-
tensity of Bad staining than did the untransfected controls,
indicating that the transfected astrocytes overexpressed
Bad. Transfected astrocytes underwent apoptosis (Fig. 3A,
arrow), in contrast to neighboring untransfected astro-
cytes. Apoptosis due to Bad overexpression was assessed by
the GFP/actin ratio in the transfected cultures. The GFP/
actin ratio represents the relative viability of the transfected
cells. As 14-3-3 proteins are considered antiapoptotic,
14-3-3y was used as a control gene for cotransfection in
this experiment (Zha et al., 1996; Masters et al., 2001).
Cotransfecting 14-3-3vy and GFP genes did not cause any
observable cell death in astrocytes (data not shown). Under
similar conditions, cotransfection of Bad and GFP resulted
in significant decreases in GFP expression in the culture,
indicating that many Bad/GFP cotranstected cells died
(Fig. 3B). The level of GFP/actin in cultures co-
transfected with Bad and GFP was only 20% of that
cotransfected with 14-3-3y and GFP, demonstrating that
overexpression of Bad leads to extensive cell death in
astrocytes.

Bad Is Selectively Upregulated During Ischemia

Western blot analysis showed that among the Bcl-2
family, only Bad increased significantly after ischemia
(Fig. 4A). In astrocytes, levels of Bad doubled after 1-hr
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ischemia and increased by fivefold after 2-hr ischemia. Bad
expression peaked after 4-hr ischemia. At 6-hr ischemia,
levels of Bad declined but remained significantly higher
than that at O-hr ischemia (Fig. 4A). In contrast, levels of
Bax, Bcl-2, and Bcl-X; did not change significantly in
astrocytes after 1- and 2-hr ischemia (Fig. 4B). Bcl-2 levels
decreased after 4- and 6-hr ischemia whereas Bax and
Bel-X, levels did not change significantly throughout the
entire ischemic treatment.

Association of Site-Specific Phosphorylation of
Bad With Cell Survival

Bad phosphorylation on Ser112 and 136 under isch-
emia has been observed in a few studies, although discrep-
ancies exist (Dubal et al.,, 1999; Friguls et al., 2001;
Simakajornboon et al., 2001; Zhu et al., 2002), but phos-
phorylation on Ser155 has not been reported previously.
The dynamics of Bad phosphorylation on Ser112, 136,
and 155 under ischemia therefore were studied using
Western blot analysis. Low levels of endogenous p-Bad
112, p-Bad 136, and p-Bad 155 in astrocytes at O-hr
ischemia were detected (Fig. 5A), although only p-Bad
112 levels increased significantly under ischemia (Fig. 5A).
In fact, p-Bad 112 levels doubled after 1-hr ischemia
(Fig. 5B), and increased more than fivefold at 2- and 4-hr
ischemia. Levels of p-Bad 112 diminished after 6-hr isch-
emia. The amounts of p-Bad 136 and p-Bad 155 did not
change significantly after 1, 2, 4, and 6 hr of ischemia
(Fig. 5B). These results demonstrate that ischemia induces
site-specific phosphorylation of Bad on Ser112 in cultured
astrocytes.
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Fig. 2. Activation of endogenous Bad in apoptotic astrocytes under
ischemia. A: Aggregation of Bad in apoptotic astrocytes. Cultured
astrocytes after 4-hr ischemia were costained with Bad antibodies and
Hoechst 33342. Micrographs show phase contrast (PC), Hoechst stain-
ing, Bad staining, and the merged image of the same field. Arrows
indicate astrocytes with Bad aggregates undergoing apoptosis. B: Trans-
location of Bad in apoptotic astrocytes. Micrographs show PC, Mito-
Tracker staining (Mito), Bad staining, and the merged image of the
same field. Scale bars = 20 wm. Figure can be viewed in color online
via www.interscience.wiley.com.

The site-specific phosphorylation of Bad in astro-
cytes during ischemia was confirmed further by transfect-
ing Bad into cultured astrocytes. At 24 hr after Bad trans-
fection, the cultures were subjected to 4-hr ischemia. Bad
phosphorylation on Ser112, 136, and 155 was revealed by
Western blot analysis. Ischemia increased p-Bad 112 levels
only and did not alter the levels of p-Bad 136 and p-Bad
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Fig. 3. Apoptotic effect of Bad in astrocytes. A: Immunostaining.
Primary cultures of astrocytes were cotransfected with Bad (75%) and
GFP (25%) genes. At 2 days after lipofection, cells were stained simul-
taneously for Bad and with Hoechst 33342. Micrographs show phase
contrast (PC), Hoechst staining, GFP expression, and Bad staining of
the same field. Arrows indicate transfected astrocytes. Scale bar =
20 pwm. B: Viability of transfected cells. Cultured astrocytes were
transfected with 14-3-3vy, GFP, Bad (75%) + GFP (25%), and 14-3-3vy
(75%) + GEFP (25%) genes, respectively. At 2 days after transfection,
total protein was extracted from the culture and 10 pg soluble protein
used for Western blotting. The same membrane was blotted with GFP
and actin antibodies. C: Relative viability of transfected astrocytes
calculated by the GFP/actin ratio. Data represent the mean = SEM of
results from three independent experiments. **P < 0.01 vs. control.
Figure can be viewed in color online via www.interscience.wiley.com.

155 (Fig. 5C). To confirm that phosphorylation of Bad on
Ser112 is essential for cell survival, the cellular distribution
of Bad and p-Bad 112 in Bad-transfected astrocytes was
compared. One day after transfection, the culture was
treated simultaneously with Hoechst and antibodies spe-
cific to total Bad and p-Bad 112 (Fig. 5D). In untrans-
fected astrocytes, the intensity of Bad staining was too low
to be observed. Astrocytes with increased intensity of Bad
staining indicated Bad-transfected cells. As demonstrated
above, overexpression of Bad in astrocytes led to extensive
cell death in astrocytes. In surviving astrocytes that over-
expressed Bad, however, both Bad and p-Bad 112 were
distributed throughout the cytoplasm (Fig. 5D, arrows).
The detection of p-Bad 112 in surviving astrocytes there-
fore strongly suggests that Bad site-specific phosphoryla-
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Fig. 4. Differential expression of endogenous Bad, Bax, Bcl-2 and
Bcl-X; in astrocytes under ischemia. A: Western blot analysis of Bad,
Bax, Bcl-2, and Bel-X; proteins. Total proteins were extracted from
cultured astrocytes after 1, 2, 4, and 6 hr of ischemia. Equal amounts of
soluble proteins were subjected to electrophoresis. The membranes
were probed with specific antibodies to Bad, Bax, Bcl-2, and Bel-X; .
B: Statistical analysis of quantified Western blot results. Data represent
the mean = SEM from three independent results. *P < 0.05 and
**P < 0.01 vs. controls. Figure can be viewed in color online via
www.interscience.wiley.com.

tion on Ser112 in ischemic astrocytes is required for cell
survival.

Involvement of MAPK/ERK and PI-3/Akt
Pathways in Site-Specific Phosphorylation of Bad

The involvement of MAPK/ERK and PI-3/Akt
pathways in Bad phosphorylation was investigated using
phosphorylation inhibitors, LY294002 and U0126, of
ERK and Akt, respectively. Basal amounts of p-Bad 112,
p-Bad 136, and p-Bad 155 were detected in untreated
astrocytes (Fig. 6A). Only p-Bad 112 levels increased
significantly after 4-hr ischemia in the DMSO vehicle
control, which were reduced significantly in the presence
of LY 294002 and U0126; p-Bad 136 and p-Bad 155 levels
remained unaffected (Fig. 6A). This suggests that phos-
phorylation of Bad on Ser112 in ischemic astrocytes may
be mediated by the MAPK/ERK and PI-3/Akt pathways.

Coimmunoprecipitation revealed that apoptosis in
astrocytes was mediated by the binding of Bad to Bcl-X
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but not Bcl-2 under normal or ischemic conditions
(Fig. 6B). In normoxic astrocytes, binding between Bad
and Bcl-X; indicated that a small amount of Bad might be
localized in mitochondria. After 4-hr ischemia, Bcl-X;
binding with Bad increased slightly, but LY294002 and
U0126 treatment increased the binding of Bcl-X; to Bad
significantly under ischemia (Fig. 6B).

The temporal expression profiles of ERK, Akt, and
their phosphorylation in cultured astrocytes were deter-
mined by Western blot analysis under ischemic conditions.
Levels of p-ERK increased significantly after 1, 2, 4 and
6 hr of ischemia whereas that of total ERK did not change
significantly throughout the entire ischemic treatment
(Fig. 7A). Statistical analysis demonstrated that ERK phos-
phorylation increased more than tenfold after 1-hr isch-
emia and was maintained at high levels after 2, 4, and 6 hr
of ischemia (Fig. 7B). The increase of p-ERK/ERK levels
paralleled the increase of p-Bad 112 levels at 1, 2 and 4 hr
of ischemia (Fig. 5A). Levels of p-Akt/Akt remained un-
changed until 4-hr ischemia (Fig. 7A), and a two- to
threefold increase was observed at 6-hr ischemia (Fig. 7B).
To clarity whether the activation of these signaling path-
ways was specific to astrocytes, the expression profiles of
ERK and Akt were also measured in neurons under similar
ischemic conditions. After 2-hr ischemia, however, levels
of p-ERK in neurons under ischemia decreased, whereas
p-Akt levels decreased from O-hr to undetectable levels at

- and 4-hr ischemia (Fig. 7A).

DISCUSSION

Although it is well known that both necrosis and
apoptosis occur in neurons and astrocytes after cerebral
ischemia (Li et al., 1995; Nawashiro et al., 2000; Yu et al.,
2001), the cellular mechanisms underlying ischemic death
are unclear. Increased interest in understanding the apo-
ptotic mechanisms underlying ischemia may lead to the
possibility of delaying or even preventing apoptosis. This
may enable astrocytes to survive, and perhaps influence the
recovery of neuronal functions during and after ischemia
(Rosenberg, 1991; Han et al., 2001). In this investigation,
we demonstrate a possible role for Bad in apoptotic
signaling in cultured cerebral cortical astrocytes under
ischemia.

We have shown that cytochrome c is released from
mitochondria in intact astrocytes dying from ischemia
(Fig. 1). As the release of cytochrome c is a critical event
in mitochondria-mediated apoptosis, this observation pro-
vides solid evidence for ischemia-induced apoptosis in
astrocytes via a mitochondrial cytochrome c-dependent
pathway. This observation helps explain the increase of
cytochrome ¢ in the cytosol after cerebral ischemia, as
detected by Western blot analysis (Yenari et al., 2002). We
have used previously a similar in vitro injury model using
Annexin V staining, TUNEL staining, electron microgra-
phy, and DNA laddering to demonstrate apoptosis in
astrocytes (Yu et al., 2001). The release of cytochrome ¢
that occurred within 4 hr of ischemia is consistent with the
changes in plasma membrane seen in early stages of apo-
ptosis, as detected by Annexin V staining (Yu et al., 2001).
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Fig. 5. Site-specific phosphorylation of Bad in astrocytes is associated
with cell survival under ischemia. A: Western blot analysis of p-Bad
112, p-Bad 136, and p-Bad 155. Total protein (0.2 mg) from astrocytes
at 0, 1, 2, 4 and 6 hr of ischemia was used for Western blot analysis with
specific antibodies to p-Bad 112, p-Bad 136, or p-Bad 155. After
reacting with anti-phosphorylated Bad antibodies, the same membrane
was stripped and probed with anti-Bad antibodies. It is shown clearly
that p-Bad 112 levels increased after 1, 2, and 4 hr of ischemia, whereas
those of p-Bad 136 and p-Bad 155 did not change significantly.
B: Statistical analysis of quantified Western blot results. Data represent
the means = SEM of three independent results. *P < 0.05; **P < 0.01
vs. controls. C: Ischemia-induced site-specific phosphorylation of Bad

In our system, 4 hr of ischemia is a critical point for many
cultured astrocytes to switch to apoptotic pathways. Other
critical changes, such as decreases in ADP/ATP levels,
coincide with this point as well (Yu et al., 2002).

The balance between proapoptotic (e.g., Bad and
Bax) and antiapoptotic (e.g., Bcl-2 and Bcl-X; ) members
of the Bcl-2 family is critical to control mitochondria-
induced apoptosis. Although ischemia-induced changes in
Bcl-2, Bax, or Bad have been reported in the central
nervous system (Gillardon et al., 1996; Chen et al., 1997;
Schwarz et al., 2002), the temporal expression profiles of
these proteins under ischemia have not been compared in
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in astrocytes with Bad transfection. Bad gene was transfected into
primary cultures of astrocytes and 1 day after transfection, cultures were
subjected to 4-hr ischemia. Western blot analysis was carried out as in
A. Results show specific elevation of p-Bad 112 levels after 4-hr
ischemia when compared to levels of p-Bad 136 and p-Bad 155.
D: Phosphorylation of Bad on Ser112 in surviving astrocytes. At 1 day
after Bad transfection, the culture was stained simultaneously with
Hoechst, Bad, and p-Bad antibodies. Micrographs show phase contrast
(PC), Hoechst, Bad, and p-Bad staining of the same field. Arrows
indicate surviving astrocytes with Bad overexpression. Scale bar =
20 wm. Figure can be viewed in color online via www.interscience.
wiley.com.

a single study. We found that only Bad increased signifi-
cantly when the expression of Bad, Bax, Bcl-2, and
Bel-X, proteins were compared simultaneously in isch-
emic astrocytes (Fig. 4). It is intriguing to observe that the
elevation of proapoptotic Bad occurs significantly earlier
than mitochondrial cytochrome c¢ release and turnover of
membrane phosphatidylserine (Annexin V staining). Bad
expression during early stages of ischemic insult, therefore,
plays an important role in determining the survival of
astrocytes under ischemia. In contrast, Bcl-2 and Bax are
not likely to be key initiators of apoptosis in response to
ischemia in astrocytes, as their expression profiles re-
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Fig. 6. Role of MAPK/ERK and PI-3/Akt pathways in Bad phos-
phorylation and its binding with Bcl-X| in astrocytes under ischemia.
A: 1Y294002 and U0126 blocked Bad phosphorylation on Serl12.
Cultured astrocytes were subjected to 4-hr ischemia in the presence of
inhibitors of PI-3 kinase (LY294002 [LY], 20 wM) and MAPK (U0126
[U], 10 pM). Equal volumes of DMSO were used as vehicle control for
the inhibitors. Total protein (0.2 mg) from astrocytes after O and 4 hr
of ischemia in the presence of DMSO, LY, and U was used for Western
blot analysis. After probing with antibodies to p-Bad 112, 136, and 155,
the same membranes were reprobed with antibodies to total Bad.
Results show that LY294002 and U0126 blocked Bad phosphorylation
specifically at Ser112 but not at Ser136 or p-Bad 155. B: LY294002 and
U0126 promote the binding of Bad and Bcl-X; . Cultured astrocytes
were subjected to 4-hr ischemia in the presence of LY294002 (LY,
20 uM), U0126 (U, 10 pM) or DMSO. Total protein (0.4 mg) was
used for immunoprecipitation (IP). Total protein (10 pg) from the
supernatant (SN) of normal astrocytes was used as control in Western
blot analysis. The same membrane was probed with antibodies to Bad,
Bcl-X;, and Bcl-2, respectively. Results show that Bad bound to
Bcl-X, but not Bel-2. The binding of Bad and Bcl-X, increased in the
presence of LY294002 and U0126.

mained unaftected by the insult (Fig. 7C). The binding of
Bad to Bcl-X; but not Bax or Bcl-2 implies that Bad is also
the key factor determining the balance of pro- and anti-
apoptotic Bcl-2 members in astrocyte mitochondria. The
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early increase of Bad during 1-2 hr of ischemia upsets the
balance between pro- and antiapoptotic members of
the Bcl-2 family and influences the sensitivity of astrocytes
to ischemic insult, thus committing these cells to apoptosis
should the ischemic insult extend to 4 hr and beyond
(Fig. 7D).

Bad plays diverse and complex roles in cell death.
Overexpression of Bad in many cell lines induces apoptosis
(Zha et al., 1996; Harada et al., 1999; Hinton and Wel-
ham, 1999; Masters et al., 2001). Overexpression of Bad in
astrocytes caused extensive cell death (Fig. 3), indicating
that Bad protein in ischemic astrocytes is apoptotic. Bad
also aggregated in the mitochondria of dying astrocytes
(Fig. 2), demonstrating its proapoptotic effect in ischemic
astrocytes. It has been shown that Bad does not induce
apoptosis unless it is dephosphorylated and translocated
into mitochondria (Yang et al., 1995; Harada et al., 1999).
The translocation of Bad into mitochondria during the
later stages of ischemia is thus critical in shifting the
balance between pro- and antiapoptotic Bcl-2 family
members in the mitochondria to cause apoptosis. Bad
binds with Bcl-2 and Bcl-X; and dissociates Bax from
Bel-2/X; to exert its apoptotic effect (Yang et al., 1995).
Bad also induces apoptosis by binding to other members of
the Bcl-2 family (Bae et al., 2001). It should be noted that
aggregation of Bad in mitochondria itself might cause
mitochondrial dysfunctions and the release of mitochon-
drial cytochrome c. Interestingly, overexpression of Bad is
not always associated with cell death in some systems
(Maslyar et al., 2001).

In astrocytes, endogenous Bad binds to Bcl-X; but
not Bcl-2, indicating that Bcl-X; may play a major anti-
apoptotic role in astrocytes. In addition, the activity of the
MAPK/ERK and PI-3/Akt intracellular signaling path-
ways influence the binding of Bad to Bcl-X; (Fig. 6).
These results suggest that Bad induces apoptosis by abort-
ing the antiapoptotic effect of Bcl-X; by binding to
Bcl-X; in the later stages of ischemia. As Bad also binds to
Bel-X; in normal astrocytes (Fig. 6), however, the binding
of Bad and Bcl-X; is not simply apoptotic as proposed
previously (Yang et al., 1995; Zha et al., 1996). The
balance of endogenous Bad and Bcl-X; within the mito-
chondria may be more important in allowing apoptosis to
occur.

In astrocytes, ischemia induces significant phosphor-
ylation of endogenous Bad, though only on Serl12
(Fig. 5B), and Bad phosphorylation is associated with cell
survival (Fig. 5D). Some growth factors and cytokines also
phosphorylate Bad. Phosphorylation of Bad on Ser112,
136, or 155 is associated with its binding to 14-3-3 pro-
teins and disassociation from Bcl-2/X; (Yang et al., 1995;
Zha et al., 1996; Datta et al., 2000). This study is the first
to compare the phosphorylation of endogenous Bad on
Ser112, 136, and 155 in a single experiment. Bad is
phosphorylated on all three serine sites in astrocytes under
normal conditions. Only phosphorylation of endogenous
Bad on Serl12 is significantly affected by ischemia in
astrocytes (Fig. 5B). The importance of site-specific phos-
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phorylation of Bad on Ser112 for cell survival is confirmed
further by overexpressing Bad in astrocytes, and the de-
tection of elevated p-Bad 112 in surviving astrocytes by
immunostaining (Fig. 5D). These results complement pre-
vious reports of enhanced cell death in cells with mutated
Bad phosphorylation sites (Zha et al., 1996; Datta et al.,
2000; Masters et al., 2001). Although a variety of evidence
supports a survival role for Bad phosphorylation (Zha et
al., 1996; Harada et al., 1999; Datta et al., 2000; Maslyar
et al., 2001; Masters et al., 2001), this is the first study to
report the phosphorylation of Bad in surviving cells
(Fig. 5D). We speculate, however, that different site-
specific phosphorylation of Bad may lead to distinct func-
tions under various physiologic conditions besides isch-
emic insult. Phosphorylation of Bad on Ser112 may be
sufficient to inhibit its proapoptotic activity in astrocytes
through its binding to other proteins, causing p-Bad to
remain in the cytoplasm instead of entering mitochondria
to mediate apoptosis.

We investigated further whether phosphorylation of
Bad on Ser112, 136, and 155 involved the PI-3/Akt and
MAPK/ERK signaling pathways. The MAPK/ERK and
PI-3/Akt pathways are the two major cell survival signal
pathways in a variety of systems (Cantley, 2002; Irving and
Bamford, 2002). MAPK/ERK and PI3/Akt pathways
promote survival by phosphorylating Bad in the presence
of growth factors or cytokines (Zha et al., 1996; Harada et
al.,, 1999; Datta et al., 2000). LY294002 and UO0126,
specific inhibitors of the MAPK/ERK and PI3/Akt path-
ways, respectively, blocked the elevation of p-Bad 112 but
not p-Bad 136 and p-Bad 155 in astrocytes under ischemia
(Fig. 6), indicating the involvement of both pathways in
phosphorylating Bad on Ser112, specifically during isch-
emia. In ischemic astrocytes, however, MAPK/ERK
pathway activation occurred early after ischemia, whereas
PI-3/Akt pathway activation occurred after 4 hr. The
PI-3/Akt pathway may therefore not be involved directly
in Bad phosphorylation during early stages of ischemia,
although it may play a role during the later stages. In
astrocytes, p-ERXK levels increased more than tenfold after
1-hr ischemia; however, p-Akt levels increased about
two- to threefold only after 4-hr ischemia (Fig. 7B). In
addition to promoting Bad phosphorylation, the MAPK/
ERK pathway also promotes survival by inducing Bcl-2
protein in astrocytes after 4-hr ischemia (Jiang et al., 2002).
Moreover, inhibition of the MAPK/ERK pathway during
ischemia is damaging whereas inhibition of the PI-3/Akt
pathway is protective in astrocytes (Jiang et al., 2002).
Taken together, these studies suggest that rather than the
PI-3/Akt pathway, MAPK/ERK is the major survival
signal pathway in astrocytes under ischemia.

Whether activation of the MAPK/ERK and PI-3/
Akt pathways is a common survival response of neural cells
under ischemia is worth clarifying. We compared the
amounts of p-ERK and p-Akt in primary cultures of
astrocytes and neurons under similar ischemic conditions.
Interestingly, the levels of neither p-ERK nor p-Akt were
elevated in neurons after various periods of ischemic treat-
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ment (Fig. 7A). Ischemia-induced Bad is phosphorylated
on Serl112 by the early activation of the MAPK/ERK
pathway. Phosphorylated Bad 112 binds to protective
proteins, thus preventing the entry of Bad into mitochon-
dria; therefore, early and prominent activation of the
MAPK/ERK pathway is protective. This may be one
factor contributing to the relative resistance to ischemia of
astrocytes compared to that of neurons. Another factor
that may be important in protecting astrocytes from
ischemia-induced apoptosis is the significant increase in
14-3-3y proteins after 1-hr ischemia (Chen et al., 2003),
which specifically binds p-Bad 112 over other forms of
p-Bad (Chen et al., in press).

In conclusion, ischemia induces apoptosis by elevat-
ing Bad protein and promoting its translocation to mito-
chondria, where it binds Bcl-X; (Fig. 7D). In astrocytes,
ischemia induces an elevation of Bad and an early activa-
tion of the MAPK/ERK pathway, resulting in the phos-
phorylation of Bad specifically at Ser112. Bad phosphor-
ylation promotes its interaction with protective proteins,
such as 14-3-37y preventing its translocation to mitochon-
dria. Neurons do not show a comparable early activation
of the MAPK/ERK and PI-3/Akt pathways, which may
explain the higher tolerance of astrocytes to ischemic
insult than neurons.
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