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Overexpression of Copper/Zinc Superoxide Dismutase in
Transgenic Mice Protects against Neuronal Cell Death after
Transient Focal Ischemia by Blocking Activation of the Bad
Cell Death Signaling Pathway
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The Bad signaling pathway contributes to the regulation of apoptosis after a variety of cell death stimuli, and Bad plays a key role in
determining cell death or survival. We have reported that overexpression of copper/zinc superoxide dismutase (SOD1) reduces apoptotic
cell death after transient focal cerebral ischemia (tFCI). However, both the role of the Bad pathway after tFCI and the role of oxygen free
radicals in the regulation of apoptosis remain unknown. To clarify these issues, we used an in vivo tFCI model of SOD1 transgenic mice
and wild-type mice. Moreover, to examine the role of protein kinase A (PKA) in the Bad pathway after tFCI, we administered the PKA
inhibitor, H89, into the mouse brain after tFCI. Immunohistochemistry and Western blot analysis showed that dephosphorylation and
translocation of Bad were detected early after tFCI and that they were promoted by H89 treatment but prevented by SOD1. Coimmuno-
precipitation revealed that the dimerization of Bad progressed with 14-3-3 (Bad/14-3-3) and with Bcl-x; (Bad/Bcl-x; ) after tFCI. More-
over, Bad/14-3-3 was prevented by H89 treatment but promoted by SOD1. Bad/Bcl-x; was prevented by SOD1 but promoted by H89
treatment. A cell death assay revealed that apoptotic-related DNA fragmentation was aggravated by H89 treatment but reduced by SOD1.
These results suggest that the Bad pathway mediated by PKA is involved in apoptotic cell death after tFCI and that overexpression of SOD1

may attenuate this apoptotic cell death.
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Introduction

The cell survival pathway has been the focus in clarifying the
machinery of apoptotic neuronal cell death after cerebral isch-
emia. The Bcl-2 family of proteins and many kinase-signaling
pathways play pivotal roles in regulation of the balance between
cell death and survival (Adachi et al., 1997; Datta et al., 2000). The
Bcl-2 family comprises proapoptotic and anti-apoptotic pro-
teins; some proteins within this family, such as Bcl-2, Bcl-x;, and
Bcl-w, inhibit apoptosis, whereas others, including Bad, Bax, Bid,
and Bcl-xg, promote apoptosis (Yang and Korsmeyer, 1996;
Kroemer, 1997). Dimerization of Bcl-2 family members involves
interactions between amino acid sequences, known as Bcl-2 ho-
mology domains (Yang and Korsmeyer, 1996; Kroemer, 1997;
Reed, 1997; Kelekar and Thompson, 1998). Bad, an important
proapoptotic member of the Bcl-2 family, links signal transduc-
tion events to this family (Yang et al., 1995; Zha et al., 1996). Via
the phosphorylation of four serine residues (Ser-112, 136, 155,
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170) Bad resides in an inactive complex with the molecular chap-
erone 14-3-3 in in vitro studies (Zha et al., 1996; Datta et al., 2000;
Lizcano et al., 2000; Dramsi et al., 2002). In the presence of apo-
ptotic stimuli Bad is dephosphorylated, dissociated from 14-3-3,
and translocated to the outer membrane of mitochondria, where
it subsequently dimerizes with Bcl-x; (Zha et al., 1996; Hsu et al.,
1997; Zhang et al., 1999). Ser-155 residue is critical to the direct
interaction of Bad with Bcl-x, after apoptotic stimuli in many in
vitro studies (Tan et al., 1999, 2000; Datta et al., 2000). Ser-155
phosphorylation is regulated by protein kinase A (PKA) or
mitogen-activated protein kinase-activated protein kinase 1 (also
called RSK) (Tan et al., 1999; Lizcano et al., 2000). However, Bad
prophosphorylation and dephosphorylation after apoptotic
stimuli remain unclear in vivo. Intraventricular injection of H89,
a specific inhibitor of PKA, effectively suppresses the activity of
PKA (Cervo et al,, 1997; Kimura et al.,, 1998). To clarify the Bad
signaling pathway and the role of PKA in vivo, we used a mouse
transient focal cerebral ischemia (tFCI) model and administered
H89 after tFCI.

Reactive oxygen species (ROS) has been implicated in the ma-
chinery of reperfusion injury after cerebral ischemia (Chan, 1994;
Fujimura et al., 1999). The electron flow in isolated brain mito-
chondria produces superoxide anions, which are scavenged by
superoxide dismutase (SOD) (Boveris and Chance, 1973). We
have shown that copper/zinc-SOD (SOD1), a cytosolic antioxi-
dant isoenzyme, is highly protective against ischemia and reper-
fusion injury after cerebral ischemia (Kinouchi et al., 1991; Chan,
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1996; Kondo et al., 1997). In examining the mechanism of the
proapoptotic pathway, our studies have demonstrated that SOD1
affected the early release of cytochrome ¢ (Fujimura et al., 2000)
and the second mitochondria-derived activator of caspases (Sug-
awara et al., 2002) from mitochondria to the cytosol after cerebral
ischemia. However, whether SOD1 could affect the balance be-
tween cell survival and the apoptotic pathway has not been dem-
onstrated. The present study was designed to clarify the role of
SOD1, an endogenous antioxidant, in the Bad signaling pathway
after tFCIL

Materials and Methods

SODI transgenic mice. Heterozygous SOD1 transgenic (Tg) mice of
the SOD1 TGHS/SF-218-3 strain with a CD-1 background, carrying
human SOD1 genes with a threefold increase in copper/zinc-SOD, were
derived from the founder stock described previously (Chan, 1994). They
were bred further with CD-1 wild-type mice to generate heterozygous
mice. The SOD1 Tg mice were identified by quantitative demonstration
of SOD1 with the use of nondenaturing gel electrophoresis, followed by
nitroblue tetrazolium staining. There were no differences in the pheno-
types, including the anatomy of the circle of Willis, between the SOD1 Tg
mice and their wild-type littermates. There was no difference in the re-
gional cerebral blood flow before and after FCI between the SOD1 Tg and
wild-type mice.

Focal cerebral ischemia. Adult male mice (3 months old, 35-40 gm)
were subjected to tFCI by intraluminal middle cerebral artery (MCA)
blockade with a nylon suture as described previously. The mice were
anesthetized with 1.5% isoflurane in 30% oxygen and 70% nitrous oxide,
using a face mask. The rectal temperature was controlled at 37°C with a
homeothermic blanket. Cannulation of a femoral artery allowed for the
monitoring of blood pressure and arterial blood gases, samples for anal-
ysis being taken immediately after cannulation, 10 min after occlusion,
and 10 min after reperfusion. Blood gas was analyzed with a pH/blood
gas analyzer (Chiron Diagnostics, Essex, UK). After a midline skin inci-
sion the left external carotid artery was exposed, and its branches were
electrocoagulated. A 11.0 mm 5-0 surgical monofilament nylon suture,
blunted at the end, was introduced into the left internal carotid artery
through the external carotid artery stump. After 60 min of MCA occlu-
sion the blood flow was restored by the withdrawal of the nylon suture.
To examine the role of PKA in the Bad signaling pathway, we intra-
ventricularly injected a PKA inhibitor, H89, after tFCI. H89 [N-(2-
[p-bromocinnamylamino]ethyl)-5-isoquinolinesulfonamide-2HCl] was
purchased from Sigma (St. Louis, MO) and dissolved in MilliQ H,O
(Millipore, Bedford, MA). The dose of the drug was decided by referring
to a previous intraventricular injection study (Cervo et al., 1997). The
scalp was incised on the midline, and the skull was exposed. H89 (4 ug/ul
in MilliQ H,0) and the vehicle (MilliQ H,O alone) were injected intra-
ventricularly (2 ul, bregma; 1.0 mm lateral, 0.2 mm posterior, 3.1 mm
deep). H89 and the vehicle were injected 1 hr before MCA occlusion.

Immunohistochemistry. Anesthetized animals, as well as normal con-
trols (n = 4 each), were perfused with 10 U/ml heparin and subsequently
with 4% paraformaldehyde in 0.1 M PBS, pH 7.4, at 1, 2, 4, 8, and 24 hr of
reperfusion. The brains were removed, postfixed for 12 hr, sectioned at
50 wm on a vibratome, and processed for immunohistochemistry. The
sections were incubated with blocking solution and reacted with rabbit
polyclonal anti-Bad antibody, which detects total (phosphorylation
state-independent) Bad levels (Cell Signaling Technology, Beverly, MA)
at a dilution of 1:400, and rabbit polyclonal anti-phosphorylated Bad
(Ser-155) antibody, which detects Bad only when phosphorylated at Ser-
155 (Cell Signaling Technology) at a dilution of 1:400, plus rabbit poly-
clonal anti-Bcl-x; antibody (Cell Signaling Technology) at a dilution of
1:1000, rabbit polyclonal anti-14-3-3 antibody (Cell Signaling Technol-
ogy) at a dilution of 1:400, and heat shock protein (HSP) 60 (Chemicon,
Temecula, CA) at a dilution of 1:400. Immunohistochemistry was per-
formed via the avidin—biotin technique, and then the nuclei were coun-
terstained with methyl green solution for 2 min. For histological assess-
ment alternate slices from each brain section were stained with cresyl
violet.

J. Neurosci., March 1, 2003 - 23(5):1710-1718 = 1711

Terminal deoxynucleotidyl transferase-mediated uridine 5'-triphos-
phate-biotin nick end labeling staining. To clarify the spatial distribution
of DNA fragmentation, we performed terminal deoxynucleotidyl
transferase-mediated uridine 5’-triphosphate-biotin nick end labeling
(TUNEL; n = 4 each). The sections fixed by 4% paraformaldehyde were
prepared as described above and were incubated with NeuroPore (Trevi-
gen, Gaithersburg, MD) for 30 min. They were placed in 1X terminal
deoxynucleotidyl transferase (TdT) buffer (Invitrogen, Carlsbad, CA)
for 30 min, followed by reaction with TdT enzyme (Invitrogen) and
biotinylated 16-dUTP (Roche Diagnostics, Indianapolis, IN) at 37°C for
90 min. The sections were washed two times in saline-sodium citrate (150
mM sodium chloride, 15 mm sodium citrate, pH 7.4) for 15 min, followed
by washing in PBS two times for 15 min. The avidin—biotin technique
was applied, and then the nuclei were counterstained with methyl green
solution for 2 min.

Immunofluorescent double-labeling staining. To evaluate colocalization
of Bad and neuron-specific nuclear protein (NeuN) and Bad and HSP 60,
we performed double immunofluorescent staining for these proteins
(n = 4 each). The sections fixed by 4% paraformaldehyde were immu-
nostained with anti-Bad antibody as described above, with biotinylated
goat anti-rabbit immunoglobulin G (IgG; Vector Laboratories, Burlin-
game, CA), followed by fluorescein avidin DCS (Vector Laboratories).
Then the sections were incubated with a blocking solution and reacted
with anti-NeuN or HSP 60 antibody (Cell Signaling Technology) as de-
scribed above, followed by Texas Red-conjugated donkey anti-mouse
IgG antibody (Jackson ImmunoResearch, West Grove, PA) at a dilution
of 1:400. The sections were placed on slides, which then were covered
with Vectashield mounting medium with 4',6-diamidino-2-phenyl-
indole (DAPI; Vector Laboratories). Fluorescence of fluorescein was ob-
served at excitation (Ex) of 495 nm and emission (Em) of >515 nm,
and fluorescence of Texas Red was observed at Ex of 510 nm and Em of
>580 nm. Fluorescence of DAPI also was observed at Ex of 360 nm and
Em of >460 nm.

Immunofluorescent double labeling with phosphorylated Bad immuno-
histochemistry and TUNEL. To clarify the spatial relationship between
phosphorylated Bad at Ser-155 (pBad) expression and DNA fragmenta-
tion, we performed double staining for pBad and TUNEL, using a fluo-
rescent method (n = 4 each). The sections fixed by 4% paraformalde-
hyde were immunostained with the pBad antibody as described above
with biotinylated goat anti-rabbit IgG (Vector Laboratories), followed by
fluorescein avidin DCS (Vector Laboratories). Then the sections were
incubated with NeuroPore (Trevigen) for 30 min and placed in 1 X TdT
buffer (Invitrogen) for 30 min, followed by reaction with TdT enzyme
(Invitrogen) and biotinylated 16-dUTP (Roche Diagnostics) at 37°C for
90 min. The sections were washed two times in saline-sodium citrate (150
mM sodium chloride, 15 mm sodium citrate, pH 7.4) for 15 min, followed
by washing in PBS two times for 15 min. Texas Red avidin DCS (Vector
Laboratories) was applied to the sections for 30 min. Subsequently, the
slides were covered with Vectashield mounting medium with DAPI (Vec-
tor Laboratories). Fluorescence was assessed as described previously.

Western blot analysis. Protein extraction of the cytosol fraction was
performed as described previously with some modification (Fujimura et
al., 1999). Samples were obtained from the MCA territory brain tissue on
the ischemic sides and from nonischemic controls (n = 4 each). Fresh
brain tissue was removed after 1, 2, 4, 8, and 24 hr (n = 4 each) of
reperfusion and homogenized by gently douncing 35 times in a glass
tissue grinder (Wheaton, Millville, NJ) in 7 vol of cold suspension buffer
[containing (in mm) 20 HEPES-KOH, pH 7.5, 250 sucrose, 10 KCI, 1.5
MgCl,, 1 EDTA, and 1 EGTA plus 0.7% protease and phosphatase inhib-
itor mixtures (Sigma)]. The homogenate was centrifuged at 750 X g for
10 min at4°C and then at 8000 X g for 20 min at4°C. The 8000 X gpellets
were used to obtain the mitochondrial fraction. The supernatant was
centrifuged further at 100,000 X g for 60 min at 4°C. This supernatant
was used for the cytosolic analysis. After adding the same volume of
Tris-glycine sodium dodecyl sulfate sample buffer (Invitrogen) to the
supernatant, we loaded equal amounts of the samples per lane. The pri-
mary antibodies were 1:600 dilution of rabbit polyclonal antibody
against Bad (Cell Signaling Technology), 1:1000 dilution of mouse poly-
clonal antibody against Bcl-x; (Cell Signaling Technology), 1:1000 dilu-
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tion of mouse polyclonal antibody against 14-3-3 (Cell Signaling Tech-
nology), 1:10,000 dilution of anti-3-actin monoclonal antibody (Sigma),
and 1:2000 dilution of anti-cytochrome oxidase IV monoclonal antibody
(Molecular Probes, Eugene, OR). Western blots were performed with
horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signaling Tech-
nology) or anti-mouse IgG (Chemicon) by using enhanced chemilumi-
nescence Western blotting detection reagents (Amersham Biosciences,
Buckinghamshire, UK). The film was scanned with a GS-700 imaging
densitometer (Bio-Rad Laboratories, Hercules, CA) and the results were
quantified with Multi-Analyst software (Bio-Rad).

Coimmunoprecipitation. The protein extraction of the cytosol and the
mitochondrial fraction was performed as described previously with some
modification (Fujimuraetal., 1999). The procedure for precipitation was
performed as described previously with some modification (Springer et
al., 2000). Samples were obtained from the MCA territory brain tissue on
the ischemic side and from nonischemic controls (n = 4 each). Fresh
brain tissue was removed after 1, 2, 4, 8, and 24 hr (n = 4 each) of
reperfusion and was prepared for collection of the cytosolic fraction and
the mitochondrial fraction in the same manner as for Western blotting.
Protein concentrations were determined by the Bradford method (Bio-
Rad). Three hundred micrograms of protein from the cytosol fraction
and 15 pg from the mitochondrial fraction were used for coimmunopre-
cipitation. Whole brain extract was included as a positive control. The
protein sample was incubated with 50% slurry of protein G-Sepharose
(Amersham Biosciences, Uppsala, Sweden) for 1 hr at 4°C, and this
mixed sample was centrifuged at 12,000 X g for 1 min. The supernatant
was incubated with 2 ug of polyclonal rabbit anti-Bcl-x; antibody (Cell
Signaling Technology) or polyclonal mouse anti-14-3-3 antibody (Cell
Signaling Technology) and 15 ul of protein G-Sepharose (50% slurry)
for 1 hr at 4°C. The negative control was prepared with protein
G-Sepharose without antibody. The 14,000 X g pellets were washed three
times and used as the samples bound to each antibody. After adding the
same volume of Tris-glycine sodium dodecyl sulfate sample buffer (In-
vitrogen) to the sample, we boiled these samples to remove Sepharose
beads. After centrifugation at 14,000 X g for 1 min, the supernatant was
immunoblotted with a 1:600 dilution of anti-Bad antibody (Cell Signal-
ing Technology) as described in the Western blotting method.

In situ detection of superoxide anion production. The early production
of superoxide anions (O, ) in cerebral ischemia was investigated by us-
ing hydroethidine (HEt) via a previously described method. HEt is dif-
fusible into the CNS parenchyma after an intravenous injection and is
oxidized to ethidium selectively by O, 7, but not by other ROS such as
hydrogen peroxide, hydroxyl radical, or peroxynitrite. HEt solution (200
ul; 1 mg/ml in PBS) was administered intravenously 15 min before isch-
emia induction as described. In the brains of the animals intravenously
injected with HE, fluorescence was assessed microscopically at Ex = 355
nm and Em > 415 nm for HEt detection or at Ex = 510-550 nm and
Em > 580 nm for ethidium detection. Animals were killed 1 hr after tFCI
by transcardial perfusion as described (n = 4 each). After fixation with
4% paraformaldehyde for 12 hr the brains were sectioned at 50 wm on a
vibratome. Subsequently, the slides were covered with Vectashield
mounting medium with DAPI (Vector Laboratories). These sections
were observed with a microscope under fluorescent light.

Cell death assay. For quantification of apoptotic-related DNA frag-
mentation we used a commercial enzyme immunoassay to determine
cytoplasmic histone-associated DNA fragments (Roche Molecular Bio-
chemicals, Mannheim, Germany), which detect apoptotic but not ne-
crotic cell death (Leist et al., 1998). Samples were obtained from the
entire MCA territory on the ischemic side and from nonischemic con-
trols (n = 4 each). Fresh brain tissue was cut into pieces after 1, 2, 4, 8, and
24 hr of reperfusion and homogenized with a Teflon homogenizer in 5
vol of ice-cold buffer (50 mm KH,PO,, 0.1 mm EDTA, pH 7.8) and spun
for 10 min at 750 X g. The supernatant was collected and spun for 20 min
at 10,000 X g and was centrifuged further at 100,000 X g for 60 min at
4°C. The resulting supernatant was collected, and the protein concentra-
tion was determined. A cytosolic volume containing 20 ug of protein was
used for the enzyme-linked immunosorbent assay by following the man-
ufacturer’s protocol.

Quantification and statistical analysis. The data are expressed as
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mean = SD. Comparisons among multiple groups were performed with
a one-way ANOVA with appropriate post hoc tests (SigmaStat software,
Jandel, San Rafael, CA). Comparisons between two groups were achieved
with Student’s ¢ test. Significance was accepted with p < 0.05.

Results

Physiological data and cerebral infarction

Physiological data demonstrated no significant differences in
body temperature, mean arterial blood pressure, and arterial
blood gas analysis between the groups. The preischemic physio-
logical values were as follows (in mmHg): 36.4 = 0.3°C body
temperature, 83 * 3.1 mean arterial blood pressure, 7.3 * 0.1
pH, 164.9 = 19 PaO,, 30 = 10 PaCO, (values are mean = SD;n =
4). There was no deviation from these values over the period of
assessment. An ischemic lesion of the core of the caudate—puta-
men was visible as a pale, slightly stained area in the ischemic
hemisphere as early as 1 hr after reperfusion and extended to the
entire MCA territory at 4 hr by cresyl violet staining (data not
shown). The time-dependent increase in infarction in the mouse
brains with the intraluminal suture blockade is consistent with
previous reports that used the same FCI model in mice (Yang et
al., 1994; Kondo et al., 1997).

14-3-3 protein and Bcl-x; expression were not different
among the time courses and between SOD1 Tg mice and wild-
type mice after tFCI

14-3-3 protein immunoreactivity was evident as bands with a
molecular mass of 30 and 33 kDa in the cytosolic fraction from
the MCA territory (Fig. 1A). 14-3-3 expression showed no differ-
ence among all time courses after tFCI (Fig. 1A). 14-3-3 protein-
immunopositive cells were seen in the cortex and the caudate—
putamen of both the nonischemic and ischemic hemispheres,
and there was no conspicuous difference in the reactivity between
the hemispheres (data not shown). Double immunofluorescent
staining for 14-3-3 and NeuN demonstrated that 14-3-3 protein
expression colocalized with neurons in the ischemic cortex 24 hr
after reperfusion (Fig. 1 B). Bcl-x; was expressed as a single band
with a molecular mass of 30 kDa in the cytosolic fraction (Fig.
1A). Bcl-x; expression did not change time dependently (Fig.
1A). Bcl-x; -immunopositive cells were seen in the cortex and the
caudate—putamen of both the nonischemic and the ischemic
sides, and there was no difference in the reactivity between the
hemispheres (data not shown). Double immunofluorescent
staining for Bcl-x; and NeuN demonstrated that Bcl-x; expres-
sion colocalized with neurons in the ischemic cortex 24 hr after
reperfusion (Fig. 1B). Western blot analysis demonstrated that
neither 14-3-3 protein nor Bcl-x; immunoreactivity was different
between the SOD1 Tg mice and the wild-type mice 24 hr after
reperfusion (Fig. 1C). These results suggest that the expression of
both 14-3-3 and Bcl-x; was neither increased nor reduced after
tFCI and that it also was not affected by intrinsic SOD1.

Phosphorylated Bad at Ser-155 was diminished after tFCI and
did not colocalize with TUNEL-positive cells

pBad immunoreactivity was evident as a single band with a mo-
lecular mass of 23 kDa (Fig. 2A). pBad expression decreased 1 hr
after reperfusion and was diminished significantly 8 hr after
reperfusion (Fig.2A) ( p <0.05). TUNEL-positive cells were seen
in the caudate-putamen and the cortex of the MCA territory
surrounding the ischemic core, most obviously 24 hr after reper-
fusion (data not shown). These results are consistent with previ-
ous reports that used the same FCI model in mice (Fujimura et
al,, 1999). The pBad-positive cells were seen in the nonischemic
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Figure 1. A, Western blot analysis of 14-3-3, Bcl-x,, and B-actin after tFCl. Shown are
14-3-3, Bdl-x, , and B-actin from the cytosolic fraction samples in the nonischemic control
brains (cont. lane) and ischemic brains (lanes 1-24 hr; n = 4 each). 14-3-3 immunoreactivity is
evident as bands with a molecular mass of 30 and 33 kDa in the cytosolic fraction from the MCA
territory in mouse brains (top row). Bcl-x, immunoreactivity is evident as a band with a molec-
ular mass of 30 kDa (middle row). Both 14-3-3 and Bcl-x, were expressed constitutively in the
control brain (top, middle rows, cont. lane) and showed no prominent increase or decrease after
ischemia (top, middle rows, lanes 1-24 hr). The results of the 3-actin analysis are shown as an
internal control (bottom row). B, Representative photomicrographs show double immunofluo-
rescent staining for 14-3-3, Bcl-x,, and NeuN 4 hr after tFCl (n = 4 each). Expression of 14-3-3
was observed in the ischemic cortex (top left panel, green) and showed no prominent change in
any of the time courses. NeuN immunoreactivity (red) showed the distribution of neuronsin the
same view (top middle panel). Overlapped image of 14-3-3 and NeuN immunoreactivity dem-
onstrated that 14-3-3 expression colocalized with neurons in the same view (top right panel,
yellow). Expression of Bcl-x, was observed in the ischemic cortex (bottom left panel, green) and
showed no prominent change in any of the time courses. NeuN immunoreactivity (red) showed
the distribution of neurons in the same view (bottom middle panel ). Overlapped image of Bcl-x,
and NeuN immunoreactivity demonstrated that Bcl-x, expression colocalized with neurons in
the same view (bottom right panel, yellow). Scale bars, 4 um. C, Western blot analysis of 14-3-3,
Bcl-x,, and B-actin 24 hr after tFCl in SOD1 Tg mice and wild-type mice (n = 4 each). No
difference was observed between the SOD1 Tg mice and the wild-type mice in either 14-3-3 or
Bcl-x, expression (top, middle rows). 3-Actin was used as an internal control, and no difference
was observed between the samples (bottom row).

hemisphere, and fewer positive cells were seen in the ischemic
cortex (data not shown). In the area in which TUNEL-positive
cells were observed, many fewer pBad-positive cells were seen,
and most TUNEL-positive cells did not colocalize with pBad im-
munoreactivity (Fig. 2 B). These results suggest that the dephos-
phorylation of Bad at Ser-155 progressed during the very early
period after tFCI and that the decrease in pBad might be related to
the beginning of apoptotic cell death after tFCI.
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Western blot analysis and immunofluorescent double
staining demonstrated translocated Bad after tFCI

Bad expression was detected as a band with a molecular mass of
23 kDa (Fig. 2C,D). Bad expression decreased as early as 2 hr after
reperfusion, and at 8 hr after reperfusion a significant decrease
was seen (Fig. 2C). In contrast, mitochondrial Bad expression
gradually increased after tFCI (Fig. 2 D). One hour after reperfu-
sion the band was barely visible, but after 4 hr of reperfusion it
was obvious (Fig. 2D). A significant increase was observed 8 hr
after reperfusion (Fig. 2 D). Double immunofluorescent staining
for Bad and NeuN demonstrated that Bad immunoreactivity co-
localized with neurons in the cortex of the ischemic hemisphere
24 hr after reperfusion (Fig. 2 E). The immunohistochemical ex-
pression of HSP 60 is reported to be an effective marker for the
localization of mitochondria and is used to examine the colocal-
ization or the translocation related to mitochondria (Springer et
al., 2000). Double immunofluorescence for Bad and HSP 60
demonstrated that the punctate Bad immunoreactivity was obvi-
ous in the cortex surrounding the ischemic core after 8 hr of
reperfusion and that the particle-like immunoreactivity colocal-
ized with mitochondrial expression (Fig. 2F). These results sug-
gest that Bad translocated from the cytosol to mitochondria dur-
ing the early period after tFCI and that the timing of Bad
translocation was consistent with that of the dephosphorylation of
Bad. We could not find the relationship between Bad expression and
glial fibrillary acidic protein in the mouse brains after transient focal
ischemia (data not shown). However, we cannot exclude completely
the possibility that such a relationship exists between the Bad signal-
ing reaction and astrocytes after ischemic damage.

Coimmunoprecipitation demonstrated the direct binding of
Bad to 14-3-3 and Bcl-x;.

To investigate the direct interaction of Bad with 14-3-3 and Bcl-
xp, we performed coimmunoprecipitation. In the cytosolic frac-
tion a robust band of Bad precipitated by 14-3-3 protein (Bad/
14-3-3) was detected in the sham control, and the bands
gradually decreased by 24 hr after reperfusion (Fig. 3A,B). In
contrast, Bad expression precipitated by Bcl-x; (Bad/Bcl-x;) in
the mitochondrial fraction increased time dependently, and a
significant increase was observed 8 hr after reperfusion (Fig.
3A,B). These results suggest that with a nonischemic stimulus
Bad sequestered with 14-3-3 in the cytosol, but it dissociated
from 14-3-3 after tFCI and that the translocated Bad dimerized
with Bcl-x; concomitant with the dissociation from 14-3-3.

Cell death assay demonstrated that DNA fragmentation after
tFCI significantly decreased in SOD1 Tg mice compared with
wild-type mice and that it increased with intraventricular
administration of H89

Apoptotic-related DNA fragmentation after tFCI was analyzed
with a commercial cell death assay kit. As shown in Figure 4 A,
DNA fragmentation was increased significantly in the ischemic
MCA territory 24 hr after reperfusion. It was reduced signifi-
cantly in the SOD1 Tg mice compared with the wild-type mice 24
hr after tFCI (Fig. 4B) (p < 0.05). However, it was increased
significantly in the H89-treated mice compared with the vehicle-
treated mice at the same time point (Fig. 4C) (p < 0.05). We
performed the intraventricular injection of H89 in the mouse
brains as reported previously and confirmed that the administra-
tion of H89 effectively reduced PKA activity (Cervo et al., 1997;
Kimura et al., 1998). TUNEL-positive cells were seen in the cau-
date—putamen and in the cortex of the MCA territory surround-
ing the ischemic core and were observed most obviously 24 hr
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Figure2. A, Western blot analysis of phosphorylated Bad at serine-155 residue ( pBAD) after tFCl. The expression of pBad was detected as a band with a molecular mass of 23 kDa (n = 4 each).

Theimmunoreactivity of pBad decreased gradually in a time-dependent manner (top row). The quantitative analysis showed that pBad expression was decreased significantly 8 hr after tFCl (bottom
panel; *p < 0.05). B-Actin was used as an internal control, and no difference was observed between the samples (middle row). B, Representative photomicrographs show double immunofluores-
centstaining for pBad and TUNEL 24 hr after tFCl (n = 4 each). The pBad was expressed strongly in the nonischemic control area and expressed weakly in the ischemic cortex of the MCA territory and
the partial caudate—putamen surrounding the ischemic core (left panel, red). TUNEL-positive cells were observed in the ischemic cortex of the MCA territory in the same view (middle panel, green).
Overlapped image of pBad and TUNEL demonstrated that most pBad-immunopositive cells were not colocalized with TUNEL-positive cells (right panel ). Scale bar, 10 um. ¢, D, Western blot analyses
of Bad in the cytosolic fraction ( () and in the mitochondrial fraction (D) after tFCl (n = 4 each). The expression of Bad was detected as a band with a molecular mass of 23 kDa (G, D, top row). The
cytosolic Badimmunoreactivity decreased inatime-dependent manner ( (). In particular, Bad expression 8 and 24 hrafter tFCl decreased significantly compared with the nonischemic control sample
(cont.) (C, top row, 8 hr, p > 0.05; 24 hr, p > 0.05). Mitochondrial Bad immunoreactivity gradually increased after 1 hrof tFCl (D, top row). At 8 hr after tFCl the Bad expression decreased significantly
(D, tap row; *p < 0.05). B-Actin was used as an internal control for the cytosolic fraction, and cytochrome oxidase (COX ) was used as an internal control for the mitochondrial fraction (C, D, middle
rows). No difference was observed between the fraction samples (C, D, middle rows). E, Representative photomicrographs show double immunofluorescent staining for Bad and NeuN 4 hr after tFCI
(n = 4 each). Expression of Bad was observed in the ischemic cortex (left panel, green) and showed no prominent change in any of the time courses. NeuN immunoreactivity (red) showed the
distribution of neurons in the same view (middle panel, red). Overlapped image of Bad and NeuN immunoreactivity demonstrated that Bad expression colocalized with neurons in the same view
(right panel, yellow). Scale bar, 15 um. F, Representative photomicrographs show double immunofluorescent staining for Bad and heat shock protein 60 (HSP60) at 8 hr after tFCl (n = 4 each). HSP
60 expression was used as a marker for the distribution of mitochondria. Expression of Bad was observed in the ischemic cortex and showed particle-like punctate stains in the cell body (left panel,
green). This particle-like immunoreactivity was observed in the HSP 60 immunoreactivity (middle panel, red). Overlapped image of Bad and HSP 60 immunoreactivity demonstrated that punctate

Bad expression colocalized with the distribution in mitochondria in the same view (right panel, yellow). Scale bar, 10 m. 0D, Optical density.

after reperfusion (data not shown). TUNEL-positive cells were
reduced in the SOD1 Tg mice compared with the wild-type mice
24 hr after tFCI (Fig. 4 D, top panels). However, TUNEL-positive
cells were increased in the H89-treated mice compared with the
vehicle-treated mice at the same time point (Fig. 4D, bottom
panels). To confirm whether free radical induction after reperfu-
sion was promoted by H89, we examined O, production by
using the H89-treated mice and the vehicle-treated mice 1 hr after
reperfusion. Production of O, was determined by using HEt as
described previously (Murakami et al., 1997). Oxidized HEt sig-
nals were observed most strongly in the ischemic cortex 1 hr after
reperfusion and were reduced in the SOD1 Tg mice compared
with the wild-type mice (Fig. 4E, top panels). These results are
consistent with previous reports that used the same tFCI model in
mice (Murakami et al., 1997; Fujimura et al., 2000; Noshita et al.,
2002). There was no conspicuous difference in the oxidized HEt
signals between the H89-treated mice and the vehicle-treated
mice (Fig. 4E, bottom panels). These results suggest that overex-
pression of SOD1 attenuates apoptotic cell death after tFCI and
that inhibition of PKA activity aggravated apoptotic cell death
after tFCI. Moreover, data on the detection of O, show that
SOD1 prevented the early production of O, after tFCI and that
inhibition of PKA did not affect O, production after tFCI, sug-
gesting that ROS might be upstream of activation of the Bad
signaling pathway, which may be mediated by PKA.

H89 administration affected phospho-Bad and translocated
Bad expression and dimerization with 14-3-3 and Bcl-x;

after tFCI

We examined the role of PKA in the Bad signaling pathway after
tFCI by using the tFCI model with H89-treated mice. Western
blot analysis demonstrated that pBad immunoreactivity was re-
duced significantly in the H89-treated mice compared with the
vehicle-treated mice 24 hr after reperfusion (Fig. 5A4) ( p < 0.05).
In the wild-type mice pBad expression was barely visible in the
ischemic core, and its weak expression was observed in the cau-
date—putamen and the cortex of the MCA territory surrounding
the ischemic core after 8 hr of reperfusion (data not shown).
Western blot analysis demonstrated that translocated Bad ex-
pression in the mitochondrial fraction was significantly greater in
the H89-treated mice compared with the vehicle-treated mice 24
hr after reperfusion (Fig. 5B) ( p < 0.05). Immunohistochemistry
also showed that the expression of pBad in the penumbra regions
was diminished in the H89-treated mice compared with the
vehicle-treated mice (Fig. 5C). Coimmunoprecipitation demon-
strated that Bad/14-3-3 immunoreactivity in the cytosolic frac-
tion was reduced significantly in the H89-treated mice compared
with the vehicle-treated mice 24 hr after reperfusion (Fig. 5D)
(p < 0.05), whereas Bad/Bcl-x; immunoreactivity in the mito-
chondrial fraction significantly increased in the H89-treated mice
compared with the vehicle-treated mice 24 hr after reperfusion
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panel ) after tFCl (n = 4 each). Bad/14-3-3 expression gradually decreased in a time-dependent
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(Fig. 5E) ( p < 0.05). These results suggest that the inhibition of
PKA caused progression of dephosphorylation and translocation
of Bad and that it also caused progression of the dissociation from
14-3-3 and the dimerization with Bcl-x; after tFCI.

Overexpression of SOD1 increased phospho-Bad, diminished
the translocated Bad, and affected the dimerization with
14-3-3 and Bcl-x, after tFCI

We examined the relationship between the Bad signaling path-
way after tFCI and oxidative stress by using the tFCI model with
SOD1 Tg mice. Western blot analysis demonstrated that pBad
immunoreactivity was detected as a significantly stronger band in
the SOD1 Tg mice compared with the wild-type mice 24 hr after
reperfusion (Fig. 6 A) ( p < 0.05). Western blot analysis that used
the mitochondrial fraction demonstrated that translocated Bad
immunoreactivity was diminished significantly in the SOD1 Tg
mice compared with the wild-type mice 24 hr after reperfusion
(Fig. 6 B) ( p < 0.05).In the penumbra areas of the MCA territory
surrounding the ischemic core, immunoreactivity of pBad was
also greater in the SOD1 Tg mice compared with the wild-type
mice 24 hr after reperfusion (Fig. 6C). Coimmunoprecipitation
demonstrated that the expression of Bad/14-3-3 in the cytosolic
fraction significantly increased in the SOD1 Tg mice compared
with the wild-type mice 24 hr after reperfusion (Fig. 6D) (p <
0.05) and that Bad/Bcl-x; immunoreactivity was diminished sig-
nificantly in the SOD1 Tg mice compared with the wild-type
mice (Fig. 6 E) ( p < 0.05). These results suggest that overexpres-
sion of SOD1 prevented dephosphorylation and translocation of
Bad and that it also prevented the dissociation from 14-3-3 and
the dimerization with Bcl-x; after tFCI.

Discussion

There is clear evidence that neuronal apoptotic cell death after
cerebral ischemia involves factors that determine the balance of
cell death and survival (Noshita et al., 2002; Zhu et al., 2002). In
recent studies cell survival factors have been the focus as critical
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Figure4. A, Apoptotic-related DNA fragmentation after tFCl was analyzed with a commer-
cial cell death detection kit (1 = 4 each). DNA fragmentation increased significantly in the
entire MCA territory lesion 24 hr after tFCl (**p << 0.01). B, In the SOD1 Tg mice DNA fragmen-
tation significantly decreased compared with the wild-type mice 24 hr after tFCl (*p << 0.05;
n = 4each). (, In the H89-treated mice, as a protein kinase A inhibitor sample, DNA fragmen-
tation significantly increased compared with the vehicle-treated mice 24 hr after tFCl (*p <
0.05; n = 4 each). D, Representative photomicrographs show TUNEL staining in SOD1 Tg mice
(top left panel) and in the H89-treated mice (bottom left panel) and, as a control, in the wild-
type mice (top right panel) and the vehicle-treated mice (bottom right panel ) 24 hr after tFCl
(n = 4each). TUNEL-positive cells were observed in the ischemic cortex of the MCA territory and
the partial caudate—putamen surrounding the ischemic core 24 hr after tFCl. TUNEL reactivity
was strongly observed in the wild-type mice (top right panel ), whereas in the SOD1 Tg mice
TUNEL reactivity decreased (top left panel ). TUNEL reactivity in the H89-treated mice was much
stronger compared with the vehicle-treated mice (bottom panels). Scale bar, 50 um. £, Repre-
sentative photomicrographs show superoxide production in the H89-treated mice (bottom left
panel) and the vehicle-treated mice (bottom right panel ) 1 hr after tFCl (n = 4 each). Superox-
ide production was observed by oxidized HEt signals (red), and nuclei were stained by DAPI
(blue) 1 hr after reperfusion injury. The oxidized HEt signal was reduced in the SOD1 Tg mice
compared with the wild-type mice (top panels). No conspicuous difference was observed be-
tween the H89-treated mice and the vehicle-treated mice (bottom panels). Scale bar, 25 um.

regulators of the progress of apoptosis; these include serine-
threonine kinase, the Akt cell signaling pathway, mitogen-
activated protein kinase (MAPK) and extracellular signal-
regulated kinase (ERK) kinase (MEK) and the ERK pathway
(Hetman et al., 1999; Rommel et al., 1999; Zimmermann and
Moelling, 1999). Phosphorylation of serine or threonine residues
interacts with these signaling factors and plays a pivotal role in the
regulation of the balance between cell death and cell survival
(Burgering and Coffer, 1995; Flanke et al., 1999). As an executor
downstream of these signaling factors, Bad is reported to have an
important role and act dynamically via the phosphorylation of its
four serine residues in response to different stimuli (Burgering
and Coffer, 1995; Datta et al., 2000; Lizcano et al., 2000; Dramsi et
al., 2002). As for Ser-112, one of the serine residues of Bad, it has
been demonstrated that transforming growth factor-B1 sup-
presses Bad expression and increases phosphorylation via the ac-
tivation of the MAPK/ERK pathway in both in vivo and in vitro
cerebral ischemia models (Zhu et al., 2002). An in vitro study



1716 - ). Neurosci., March 1, 2003 - 23(5):1710-1718

A

H89  vehicle _H89 vehicle
pBA . trans. BAD TS e
beta-actin “—— COX ——

Relative translocated BAD

Relative phosphorylated BAD
% of control

% of control

120 = 200
100 ]
80
OD g oD 100
40
20
0 ; 0
H89 vehicle
c H89
g B
"’i‘ '- s Tl ! ¥
b ‘ L .?rﬂ 3 :‘.‘ ’2 .
] P el 8
pBAD “ 'ﬂ‘ ‘ ,al‘l"”
£ 3o it
» o
. -~ a . o X |
B e S —

D H89 vehicle E H89 vehicle

BAD/14-3-3 S MR BAD/BC-XL (N B

Relative trans BAD/14-3-3 Relative BAD/Bcl-XL
% of control % of control

60 160 (3
100 . 100
D oD
60 60
0 0

H89 vehicle H89 vehicle

Figure5. A, Western blot analysis for pBad in the cytosolic fraction in the H89-treated mice
and the vehicle-treated mice 24 hr after tFCl. pBad expression was significantly stronger in the
vehicle-treated mice compared with the H89-treated mice at the same time course (top row,
bottom panel; *p << 0.05). B3-Actin was used as an internal control for the cytosolic fraction, and
no difference was seen between the samples (middle row). B, Western blot analysis for trans-
located Bad (trans. BAD) in the mitochondrial fraction in the H89-treated mice and the vehicle-
treated mice 24 hr after tFCl. Translocated Bad expression was significantly stronger in the
H89-treated mice compared with the vehicle-treated mice at the same time course (top row,
bottom panel; *p << 0.05). Cytochrome oxidase (COX ) expression was used as an internal control
for the mitochondrial fraction, and no difference was seen between the samples (middle row). C,
Representative photomicrographs show the immunohistochemistry for pBad in the H89-
treated mice (/eft) and the vehicle-treated mice (right) in the cortex of the MCA territory 24 hr
after tFCl. The immunoreactivity of pBad was stronger in the vehicle-treated mice compared
with the H89-treated mice at the same time course. Scale bar, 20 pm. D, Coimmunoprecipita-
tion analysis of Bad/14-3-3 in the cytosolic fraction in the H89-treated mice and the vehicle-
treated mice 24 hr after tFCl. The expression of Bad/14-3-3 was significantly stronger in the
vehicle-treated mice compared with the H89-treated mice (*p << 0.05). £, Coimmunoprecipi-
tation analysis of Bad/Bcl-x_in the mitochondrial fraction in the H89-treated mice and the
vehicle-treated mice 24 hr after tFCl. Expression of Bad/Bcl-x, was significantly stronger in the
H89-treated mice compared with the vehicle-treated mice (*p << 0.05). 0D, Optical density.

showed that phosphorylation of Bad at Ser-155 was affected by
some kinases, such as RSK and PKA, and that the ERK pathway is
upstream of RSK (Bonni et al., 1999; Pastorino et al., 1999; Tan et
al., 1999; Shimamura et al., 2000). In particular, Ser-155 residue
is known as the most critical site for the translocation of Bad and
dimerization with Bcl-x;, which is the turning point for the reg-
ulation of apoptosis (Lizcano et al., 2000; Tan et al., 2000). How-
ever, little is known about the relationship between Bad phos-
phorylation at Ser-155 and the Bad signaling pathway in vivo. In
particular, nothing is known about the link between the Bad
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Figure 6. A, Western blot analysis for pBad in the cytosolic fraction in the SOD1 Tg mice and
the wild-type mice 24 hr after tFCl. pBad expression was significantly stronger in the SOD1 Tg
mice compared with the wild-type mice at the same time course (top row, bottom panel; *p <
0.05). B-Actin was used as an internal control for the cytosolic fraction, and no difference was
seen between the samples (middle row). B, Western blot analysis for translocated Bad in the
mitochondrial fraction in SOD1 Tg mice and wild-type mice 24 hr after tFCl. Translocated Bad
(trans. BAD) expression was significantly stronger in the wild-type mice compared with the
SOD1 Tg mice at the same time course (top row, bottom panel; *p << 0.05). Cytochrome oxidase
(COX) expression was used as an internal control for the mitochondrial fraction, and no differ-
ence was seen between the samples (middle row). C, Representative photomicrographs show
immunohistochemistry for pBad in the SOD1 Tg mice (left) and the wild-type mice (right) in the
cortex of the MCA territory 24 hr after tFCl. Immunoreactivity of pBad was observed more
strongly in the SOD1 Tg mice compared with the wild-type mice at the same time course. Scale
bar, 20 wm. D, Coimmunoprecipitation analysis for Bad/14-3-3 in the cytosolic fraction in the
SOD1Tg mice and the wild-type mice 24 hrafter tFCl. Expression of Bad/14-3-3 was significantly
stronger in the SOD1 Tg mice compared with the wild-type mice (*p << 0.05). £, Coimmuno-
precipitation analysis for Bad/Bcl-x, in the mitochondrial fraction in the SOD1 Tg mice and the
wild-type mice 24 hr after tFCl. Expression of Bad/Bcl-x, was significantly stronger in the wild-
type mice compared with the SOD1 Tg mice (*p << 0.05). 0D, Optical density.

signaling pathway and ischemic stimuli in vivo. In the present
study we demonstrated for the first time the following points. (1)
The translocation of Bad from the cytosol to the mitochondria
was detected during the early period after tFCI. The expression of
phosphorylated Bad at Ser-155 residue decreased in the cytosol,
which was related concomitantly to the translocation of Bad. This
suggests that, in the absence of ischemic stimuli, Bad localized in
the cytosol and that after reperfusion injury phosphorylated Bad
at Ser-155 residue was diminished to translocate from the cytosol
to the mitochondria. (2) The direct binding of Bad to 14-3-3 in
the cytosol and to Bcl-x; in the mitochondria was detected after
tFCI. Whereas Bad/14-3-3 binding gradually increased, in con-
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trast Bad/Bcl-x; binding decreased in a time-dependent manner
after tFCI. These results demonstrate that after reperfusion injury
Bad dissociated from 14-3-3 and the translocated Bad dimerized
with Bcl-x; in the mitochondria. (3) A PKA-specific inhibitor,
H89, decreased the phosphorylated Bad at Ser-155 and increased
the translocated Bad. Moreover, it also decreased Bad/14-3-3
binding and increased Bad/Bcl-x; binding after tFCI. Quantita-
tive analysis showed that the PKA inhibitor apparently aggra-
vated apoptotic neuronal cell death after tFCI. These results re-
veal that the inhibition of PKA accelerated the apoptotic cell
death signaling pathway after tFCI by blocking phosphorylation
of Bad at Ser-155. PKA seems to phosphorylate Bad, at least at
Ser-155, and to affect cell survival in reperfusion injury after tFCI.
There is a possibility that the PKA inhibitor is related to the
dephosphorylation of Bad not only at Ser-155 but also at Ser-112,
as reported in an in vitro study. However, in our study we did not
elucidate the exact role of Ser-112 residue on Bad after tFCL
Further study is required to clarify the difference in function
among other serine residues on Bad. PKA inhibitor is thought to
affect phosphorylation-related mechanisms globally. We cannot
exclude completely the possibility that PKA inhibition might af-
fect the cell death pathway in a manner unrelated to the Bad
reaction after ischemic insult. (4) Overexpression of intrinsic
SOD1 diminished dephosphorylation of Bad at Ser-155 and the
translocation of Bad. Moreover, it increased Bad/14-3-3 binding
and decreased Bad/Bcl-x; to protect the neurons against apopto-
tic cell death after tFCI. In an in situ superoxide detection analysis
H89 did not affect the production of superoxide after reperfusion
injury, suggesting that the increase in production of superoxide
after reperfusion injury is upstream of the Bad phosphorylation
pathway mediated by PKA.

In our mouse tFCI model such dynamic activities as dephos-
phorylation, dissociation, translocation, and dimerization of Bad
after reperfusion injury were observed, as they have been in many
in vitro studies. However, other important links between Bad and
other kinase signaling pathways, for example MEK/ERK and
phosphatidylinositol 3-kinase/Akt upstream of the Bad signaling
pathway or Bax and other Bcl-2 family member pathways down-
stream of that, remain unknown, especially in in vivo ischemia
models (Noshita et al., 2002; Zhu et al., 2002). As for Bax, it
translocates from the cytosol to the mitochondria after reperfu-
sion injury in mouse tFCI and induces mitochondrial membrane
permeabilization by interacting with proteins of the mitochon-
drial permeability transition pore complex, such as voltage-
dependent anion channel and adenine nucleotide translocator
(Cao et al.,, 2001). The translocation of Bax is suggested to result
in the release of apoptosis-promoting factors, including cyto-
chrome ¢ (Jiirgensmeier et al., 1998; Narita et al., 1998). However,
the interaction between Bax translocation and Bad remains un-
clear. It was reported that Bcl-x; resides constitutively bound to
Bax in the cytosol and that Bad displaces and releases Bax from
Bcl-x; (Yang et al., 1995). Thereafter, Bax translocates from the
cytosol to mitochondria (Li et al., 1997; Jiirgensmeier et al.,
1998). Our data show that Bad/Bcl-x; binding was detected in the
mitochondrial fraction, and expression of the binding increased
in a time-dependent manner after reperfusion injury, suggesting
that mitochondria are the main site at which Bad interacts with
Bcl-x; . Similarly, Bad/Bcl-x; binding was detected in mitochon-
dria after traumatic spinal cord injury in rats, and the binding
contrasted with Bad/14-3-3 binding in the cytosol fraction
(Springer etal., 2000). Because Bcl-x; , which could bind to Bax in
mitochondria, decreases as Bad/Bcl-x; binding increases after
reperfusion injury, we suggest that Bcl-x; unbound to Bad is also
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important for activation downstream of the Bad signaling
pathway.

Our previous studies demonstrated that overexpression of in-
trinsic SOD1 has protective effects on ischemic damage (Kinou-
chi et al., 1991; Chan, 1996; Kondo et al., 1997; Fujimura et al.,
1999, 2000). In this study we focused on the role of the Bad
signaling pathway on the neuroprotective effect of SOD1. Our
results demonstrate that overexpression of SOD1 prevented the
Bad cell death pathway after reperfusion injury, and it shifted the
balance between survival and death to cell survival. The ERK
pathway is reported to be one of the kinase pathways for Bad
phosphorylation in in vitro studies (Pastorino et al., 1999; Liz-
cano et al., 2000). It is reported that ROS can induce MEK/ERK
cell death pathway activation in vitro (Baas and Berk, 1995; Guy-
ton et al., 1996; Seo et al., 2001). We also have demonstrated that
oxidative stress plays a crucial role in ERK cell death pathway
activation after tFCI (Noshita et al., 2002). It is not clear whether
the ERK pathway regulates phosphorylation of Bad in vivo, in-
cluding reperfusion injury after tFCI. Moreover, transforming
growth factor (TGF) also has been suggested to contribute to
activation of the MAPK/ERK pathway and PKA (Wang et al,,
1998; Zhu et al., 2002). There is also a possibility that ROS affect
TGF activation or production via reduction in oxidation-
sensitive transcription factors, such as NF-«kB and hypoxia-
inducible factor-1a after apoptotic stimuli (Haddad, 2002; Ishida
et al., 2002). It remains unclear how oxidative stress is involved
with the Bad signaling pathway after tFCI, but it is obvious that
oxidative stress plays an important role in the activation of the
Bad cell death pathway. Further study is required to clarify the
link between the Bad signaling pathway and oxidative stress after
tFCIL.

Conclusion

Our results imply that the Bad cell death signaling pathway is
activated in neurons after tFCI and that SOD1 contributes to the
inhibition of apoptosis induced by FCI by reducing the early
formation of superoxide radicals and preventing the dephos-
phorylation of Bad. We suggest that SOD1 may play a critical role
in the Bad signaling pathway.
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