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Recent studies have revealed that activation of extracellular
signal-regulated kinase (ERK) may contribute to apoptosis, a
cell death process involved in oxidative stress. We examined
phosphorylation of ERK1/2 and oxidative stress after transient
focal cerebral ischemia (FCI) using transgenic (Tg) mice that
overexpress copper/zinc superoxide dismutase (SOD1). The
mice were subjected to 60 min of middle cerebral artery (MCA)
occlusion by intraluminal suture blockade followed by 1, 4, and
24 hr of reperfusion. Immunohistochemistry and Western blot
analysis showed that phospho-ERK1 was markedly increased
in the cortex within the MCA territory at 1 hr of reperfusion ( p �
0.01), followed by a decrease at 24 hr in wild-type mice. Double
staining with phospho-ERK1/2 and neuron-specific nuclear
protein showed that phospho-ERK1/2 was primarily expressed

in neurons. In SOD1 Tg mice, phospho-ERK1/2 was promi-
nently reduced compared with nonischemic controls, shown by
immunohistochemistry. Western blot analysis confirmed a sig-
nificant decrease in phospho-ERK1/2 1 hr after FCI in the
ischemic cortex ( p � 0.005). Apoptotic-related DNA fragmen-
tation was reduced in the ischemic cortex of SOD1 Tg mice
compared with wild-type mice using a cell death assay. These
results suggest that phosphorylation of ERK1/2 may be in-
volved in apoptosis or cell death after transient FCI and that
SOD1 may attenuate apoptotic cell death mediated by the
mitogen-activated protein kinase/ERK pathway.
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Members of the mitogen-activated protein kinase (MAPK) fam-
ily, which include extracellular signal-regulated kinase (ERK),
c-Jun N-terminal kinase (JNK), and p38 MAPK, are known to
play a critical role in the regulation of cell growth and differen-
tiation (Boulton et al., 1991; Segal and Greenberg, 1996) and the
control of cellular responses to cytokines and stress (Rouse et al.,
1994; Raingeaud et al., 1995). They are activated by phosphory-
lation on threonine and tyrosine residues (Davis, 1993; Seger and
Krebs, 1995). After activation by phosphorylation, MAPK phos-
phorylates other intracellular enzymes and transcription factors.
ERK has two isoforms (ERK1/2), which are constitutively ex-
pressed in the normal brain (Boulton et al., 1991), and they are
activated by MAPK/ERK kinase 1/2 (MEK1/2). Upstream of the
MEK/ERK pathway, Raf-1 is the main effector recruited by Ras
to activate MEK1/2 (Avruch et al., 1994). After activation,
ERK1/2 phosphorylates several downstream elements that relate
to transcription, such as Elk-1 (Sgambato et al., 1998a) or 90 kDa
ribosomal S6 kinases (Frodin and Gammeltoft, 1999). ERK1/2
can be activated by various stimuli, such as growth factors (Boul-
ton et al., 1991), oxidative stress (Aikawa et al., 1997), intracel-
lular calcium influx (Rosen et al., 1994), or stimulation of gluta-

mate receptors (Fiore et al., 1993; Kurino et al., 1995; Sgambato
et al., 1998b). However, whether activation of ERK is protective
or detrimental to neurons is controversial. Although an in vitro
study suggests neuroprotective effects of ERK activation after
ischemia (Hetman et al., 1999), recent in vivo studies reveal that
inhibition of ERK could reduce infarct volume after focal cere-
bral ischemia (FCI), suggesting a deleterious effect of ERK acti-
vation (Alessandrini et al., 1999; Namura et al., 2001).

Apoptosis after FCI has been reported in a number of studies.
The antioxidant enzyme is one of the major mechanisms by which
cells counteract the deleterious effects of reactive oxygen species
(ROS), and recent studies have revealed a protective effect of the
antioxidant enzyme against apoptosis after cerebral ischemia and
reperfusion. We have shown that superoxide dismutase (SOD)
plays a protective role against FCI (Kinouchi et al., 1991; Chan,
1996; Kondo et al., 1997; Murakami et al., 1998; Fujimura et al.,
1999a, 2000) as well as global ischemia (Murakami et al., 1997;
Chan et al., 1998). We have also demonstrated that overexpres-
sion of cytosolic copper/zinc SOD (SOD1) in transgenic (Tg)
mice could attenuate cytochrome c release from mitochondria
(Fujimura et al., 2000) and subsequent DNA fragmentation after
FCI (Kondo et al., 1997; Fujimura et al., 2000). These reports
show that SOD1 is involved in cellular damage after ischemia and
reperfusion. The MEK/ERK pathway is known to be activated
by ROS and reactive nitrogen species (Baas and Berk, 1995;
Guyton et al., 1996; Yun et al., 1998). However, whether an
antioxidant like SOD1 can affect the MEK/ERK pathway after
FCI has not yet been demonstrated. In the present study, we
address this issue by studying MEK and ERK expression before
and after transient FCI, using both wild-type and SOD1 Tg mice.
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MATERIALS AND METHODS
SOD1 Tg mice. Heterozygous SOD1 Tg mice of the SOD1 TGHS/SF-
218-3 strain with a CD-1 background, carrying human SOD1 genes with
a threefold increase in SOD1, were derived from the founder stock
described previously (Epstein et al., 1987). They were further bred with
CD-1 wild-type mice to generate heterozygous mice. The SOD1 Tg mice
were identified by quantitative demonstration of SOD1 using nondena-
turing gel electrophoresis, followed by nitroblue tetrazolium staining
(Epstein et al., 1987). There were no differences in the phenotypes,
including the anatomy of the circle of Willis, between the SOD1 Tg mice
and their wild-type littermates (Yang et al., 1994). There was no differ-
ence in the regional cerebral blood flow before and after FCI between
the SOD1 Tg and wild-type mice (Chan et al., 1993).

Focal cerebral ischemia. Adult male SOD1 Tg mice and non-Tg litter-
mates (3-month-old males; 35–40 gm) were subjected to transient FCI by
intraluminal middle cerebral artery (MCA) blockade with a nylon suture
as described previously (Yang et al., 1994). 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 homeother-
mic blanket. Cannulation of a femoral artery allowed the monitoring of
blood pressure and arterial blood gases, with samples for analysis being
taken immediately after cannulation, 10 min after occlusion, and 10 min
after reperfusion. Blood gas was analyzed with a pH/Blood Gas Ana-
lyzer (Chiron Diagnostics, Ltd., Essex, UK). After a midline skin inci-
sion, the left external carotid artery was exposed, and its branches were
electrocoagulated. An 11 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, blood flow was restored by withdrawal of the nylon suture. To
examine the role of the MEK/ERK pathway after FCI, injection of a
MEK1/2 inhibitor was performed. The MEK1/2 inhibitor 1,4-diamino-
2,3-dicyano-1,4-bis(2-aminophenylthio) butadiene (U0126) was pur-
chased from Cell Signaling (Beverly, MA) and dissolved in dimethylsulf-
oxide (DMSO) and PBS. The dose of the drug was decided by referring
to a previous intravenous injection study (Namura et al., 2001). The scalp
was incised on the midline, and the skull was exposed. U0126 (20 nmol
in 20% DMSO in PBS) and the vehicle (20% DMSO in PBS) were
injected intracerebroventricularly (2 �l, bregma; 1 mm lateral, 0.2 mm
posterior, and 3.1 mm deep). U0126 and the vehicle were injected 1 hr
before MCA occlusion.

Immunohistochemistry. Anesthetized animals were perfused with 10
U/ml heparin and subsequently with 4% paraformaldehyde in 0.1 M PBS
(pH 7.4) at 1, 4, and 24 hr of reperfusion, as well as normal controls (n �
3 each). The brains were removed, postfixed for 12 hr, sectioned at 50 �m
on a vibratome, and processed for immunohistochemistry. The sections
were incubated with blocking solution and reacted with rabbit polyclonal
anti-phospho-ERK1/2 antibody (Cell Signaling) at a dilution of 1:100.
Immunohistochemistry was performed using the avidin–biotin tech-
nique, and then the nuclei were counterstained with methyl green solu-
tion for 5 min. For histological assessment, alternate slices from each
brain section were stained with cresyl violet.

Immunofluorescent double labeling with phospho-ERK1/2 and neuron-
specific nuclear protein. To evaluate neuronal expression of phospho-
ERK1/2, we performed double immunofluorescent staining for phospho-
ERK1/2 and neuron-specific nuclear protein (NeuN). The sections fixed
by 4% paraformaldehyde were immunostained with the phospho-
ERK1/2 antibody as described above, with biotinylated goat anti-rabbit
IgG (Vector Laboratories, Burlingame, CA), followed by fluorescein
avidin DCS (Vector Laboratories). Next, the sections were incubated
with blocking solution and reacted with mouse monoclonal anti-NeuN
antibody (Chemicon International, Temecula, CA) at a dilution of 1:200,
followed by Texas Red-conjugated donkey anti-mouse IgG antibody
(Jackson ImmunoResearch, West Grove, PA) at a dilution of 1:500.
Subsequently, the slides were covered with Vectashield mounting me-
dium with 4�,6�-diamidino-2-phenylindole (DAPI; Vector Laboratories).
Fluorescence of fluorescein was observed 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
was also observed at Ex of 360 nm and Em of �460 nm.

Western blot analysis. Whole-cell protein extraction was performed.
Samples were obtained from the MCA territory cortex on the ischemic
sides and from nonischemic controls (n � 4 each). Fresh brain tissue was
cut into pieces after 1, 4, and 24 hr (n � 4 each) of reperfusion and
homogenized in 7 vol of cold suspension buffer (in mM): 20 HEPES-
KOH, pH 7.5, 250 sucrose, 10 KCl, 1.5 MgCl2, 1 EDTA, 1 EGTA, 0.7%

protease, and phosphatase inhibitor cocktails (Sigma, St. Louis, MO).
The homogenate was centrifuged at 10,000 � g for 20 min at 4°C, and the
supernatant was used for the analysis. After adding the same volume of
Tris-glycine SDS sample buffer (Invitrogen, Carlsbad, CA) to the super-
natant, equal amounts of the samples were loaded per lane. The primary
antibodies were a 1:1000 dilution of rabbit polyclonal antibody against
phospho-MEK1/2 (Ser217/221), phospho-stress-activated protein kinase/
JNK (Thr183/Tyr185), MEK, and ERK1/2 (Cell Signaling); a 1:1000
dilution of mouse monoclonal phospho-ERK1/2 (Thr202/Tyr204) E10
monoclonal antibody (Cell Signaling); or a 1:10,000 dilution of anti-�-
actin monoclonal antibody (Sigma). Western blots were performed with
horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signaling) or
anti-mouse IgG (Chemicon International) using enhanced chemilumi-
nescence Western blotting detection reagents (Amersham Biosciences,
Buckinghamshire, UK). The film was scanned with a GS-700 imaging
densitometer (Bio-Rad, Hercules, CA), and the results were quantified
using Multi-Analyst software (Bio-Rad).

In situ detection of superoxide anion production. The early production of
superoxide anion (O2

�) in cerebral ischemia was investigated using
hydroethidine (HEt) by a method described previously (Murakami et al.,
1998). HEt is diffusible into the CNS parenchyma after an intravenous
injection and is selectively oxidized to ethidium by O2

� but not by other
ROS, such as hydrogen peroxide, hydroxyl radical, or peroxynitrite
(Bindokas et al., 1996; Murakami et al., 1998). HEt solution (200 �l; 1
mg/ml in PBS) was administered intravenously 15 min before induction
of ischemia as described previously (Murakami et al., 1998). In the brains
of animals intravenously injected with HEt, fluorescence was assessed
microscopically at Ex of 355 nm and Em of �415 nm for HEt detection
or at Ex of 510–550 nm and Em of �580 nm for ethidium detection.
Animals were killed 1 hr after transient FCI by transcardial perfusion as
described. After fixation with 4% paraformaldehyde for 12 hr, the brains
were sectioned at 50 �m on a vibratome. These sections were observed
with a microscope under fluorescent light. Immunofluorescent staining
with phospho-ERK1/2 was also performed on some of these sections as
described above.

Cell death assay. For quantification of apoptotic-related DNA fragmen-
tation, we used a commercial enzyme immunoassay to determine cyto-
plasmic histone-associated DNA fragments (Roche Molecular Biochemi-
cals, Mannheim, Germany); this assay detects apoptotic but not necrotic
cell death (Leist et al., 1998). Samples were obtained from the entire
MCA territory or the MCA territory cortex on the ischemic sides and
from nonischemic controls (n � 4 each). Fresh brain tissue was cut into
pieces after 1, 4, and 24 hr of reperfusion, homogenized with a Teflon
homogenizer in 5 vol of ice-cold buffer (in mM: 50 KH2PO4 and 0.1
EDTA, pH 7.8), and spun for 10 min at 750 � g. The supernatant was
collected and spun for 20 min at 10,000 � g. The supernatant was further
centrifuged at 100,000 � g for 60 min at 4°C. The resulting supernatant
was collected, and the protein concentration was determined. A cytosolic
volume containing 20 �g of protein was used for the ELISA according to
the manufacturer’s protocol.

Quantification and statistical analysis. The data are expressed as
mean � SD. Comparisons among multiple groups were performed using
an ANOVA (Fisher’s protected least-significant difference test), whereas
comparisons between two groups were achieved using Student’s t test.
p � 0.05 was considered statistically significant.

RESULTS
Physiological data and cerebral infarction
Physiological parameters showed no significant differences in
mean arterial blood pressure and arterial blood gas analysis
between the groups. The preischemic physiological values were as
follows (wild-type and SOD1 Tg mice, respectively) (in mmHg):
89 � 8.8 and 91 � 10.7 mean arterial blood pressure, 151 � 31
and 141 � 19 PaO2

, 33 � 3.2 and 33 � 5 PaCO2
, pH of 7.3 � 0.07

and 7.3 � 0.05 (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 putamen 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 mouse brain using the intralu-
minal suture blockade is consistent with previous reports that
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used the same focal stroke model in mice (Yang et al., 1994;
Kondo et al., 1997).

Neuronal expression of phospho-ERK1/2 is temporally
increased in the ischemic cortex after transient FCI
Phospho-ERK1/2 was predominantly expressed in the surface
layer of the normal mouse brain cortex (Fig. 1A). One hour after
transient FCI, expression of phospho-ERK1/2 was markedly in-
creased in the ischemic cortex of the MCA territory (Fig. 1B,C)
but not in the caudate putamen (ischemic core). At 24 hr of
reperfusion, the expression of phospho-ERK1/2 was reduced in
the ischemic cortex and was primarily accumulated around nuclei
(Fig. 1D). In the caudate putamen, phospho-ERK1/2 was hardly
seen after 1–24 hr of transient FCI (data not shown). Phospho-
ERK1/2 expression in the contralateral hemisphere after reper-
fusion was not different from that in the normal brain (data not
shown). Double immunofluorescence for phospho-ERK1/2 (Fig.
2A) and NeuN (Fig. 2B) demonstrated that phospho-ERK1/2
expression colocalized with neurons in the ischemic cortex 1 hr
after reperfusion (Fig. 2C, overlapped image). The results sug-
gest that phospho-ERK1/2 is expressed primarily in neurons of
the ischemic cortex after FCI.

Western blot analysis demonstrates significant
increase in phospho-MEK and phospho-ERK1 after
transient FCI
As shown in Figure 1E, phospho-MEK and MEK immunoreac-
tivity were evident as a band with a molecular mass of 45 kDa in
the whole-cell fraction from the MCA territory cortex in the
mouse brains. Phospho-MEK and MEK were constitutively ex-
pressed in the nonischemic control brains. One hour after reper-
fusion, phospho-MEK was significantly increased compared with
the nonischemic controls ( p � 0.005), whereas it was decreased
by 4 hr. There was no prominent MEK increase or decrease after
reperfusion in the ischemic cortex. The bands of phospho-
ERK1/2 and ERK1/2 were observed at 44 kDa (ERK1) and 42
kDa (ERK2) in the whole-cell fraction from the MCA territory
cortex (Fig. 1F). Phospho-ERK1 was significantly increased 1 hr
after transient FCI ( p � 0.005), whereas it returned to the control
level by 4 hr. In contrast, phospho-ERK2 was decreased after
FCI, and the decrease was significant at 24 hr ( p � 0.01). ERK1/2
did not show prominent changes before or after FCI. �-actin was

Figure 1. A–D, Phospho-ERK1/2 immunostaining with methyl green
counterstaining in coronal brain sections from wild-type mice after tran-
sient FCI. Phospho-ERK1/2 was predominantly expressed in the surface
layer of the normal mouse brain cortex (A) and was prominently in-
creased 1 hr after reperfusion in the ischemic cortex of the MCA territory
(B) but not in the caudate putamen (ischemic core). C, D, Representative
photomicrographs of higher magnification in the MCA territory cortex
after ischemia. In the ischemic cortex of the MCA territory, homogeneous
cytoplasmic and nuclear immunoreactivity of phospho-ERK1/2 was mark-
edly increased 1 hr after reperfusion (C). At 24 hr of reperfusion, the
expression of phospho-ERK1/2 was reduced in the ischemic cortex and
was primarily accumulated around nuclei (D, arrowheads). In the caudate
putamen, phospho-ERK1/2 was hardly seen after 1–24 hr of transient FCI
(data not shown). Phospho-ERK1/2 expression in the contralateral hemi-
sphere after reperfusion was not different from that in the normal brain
(data not shown). Scale bars: A, B, 400 �m; C, D, 50 �m. E, F, Western
blot analysis of phospho-MEK, MEK, phospho-ERK1/2, and ERK1/2
after transient FCI. E, Phospho-MEK, MEK, and �-actin from the
whole-cell samples in the nonischemic control brains (lane C) and isch-
emic brains (lanes 1h–24h). Phospho-MEK and MEK immunoreactivity
were evident as a band with a molecular mass of 45 kDa in the whole-cell
fraction from the MCA territory cortex of the mouse brains. Phospho-

4

MEK and MEK were expressed constitutively in the nonischemic control
brain (lane C). One hour after reperfusion, phospho-MEK was increased
significantly compared with the nonischemic controls (top row, lane 1h),
whereas it was decreased by 4 hr (top row, lane 4h). MEK showed no
prominent increase or decrease after reperfusion in the ischemic cortex
(middle row). The results of the �-actin analysis are shown as an internal
control (bottom row). F, The bands of phospho-ERK1/2 and ERK1/2 were
observed at 44 kDa (ERK1) and 42 kDa (ERK2) in the whole-cell fraction
from the MCA territory cortex of the mouse brains. Phospho-ERK1 was
increased significantly 1 hr after transient FCI (top row, p44, lane 1h),
whereas it returned to the control level by 4 hr (top row, p44, lane 4h). In
contrast, phospho-ERK2 was decreased after reperfusion (top row, p42).
ERK1/2 did not show prominent changes before or after FCI (middle
row). �-actin was used as an internal control, and no difference was
observed between the samples (bottom row). Densitometric analysis
showed that phospho-MEK was increased significantly 1 hr after reper-
fusion compared with the nonischemic controls ( p � 0.005) and that
phospho-ERK1 was increased significantly 1 hr after reperfusion com-
pared with the nonischemic controls ( p � 0.005). Phospho-ERK2 was
decreased after ischemia, and the decrease was significant at 24 hr
compared with the nonischemic control ( p � 0.01).
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used as an internal control, and no difference was observed
between the samples.

SOD production was not affected by the
MEK1/2 inhibitor
As shown in Figure 3A, Western blot revealed that the injection
of U0126 actually reduced phospho-ERK1/2 expression 1 hr after
reperfusion compared with the vehicle injection. However, phos-
phorylation of JNK was not inhibited by U0126. The results show
the specificity of U0126 on inhibition of ERK1/2 phosphorylation
but not JNK phosphorylation. To confirm whether free radical
induction is inhibited by U0126, we examined O2

� production
using an injection of U0126 or the vehicle 1 hr after reperfusion.
Production of O2

� was determined using HEt, a fluorescent dye
selectively oxidized to ethidium O2

�, at 1 hr of reperfusion as
described previously (Murakami et al., 1998). O2

� production
was shown by oxidized HEt (red) as vesicular signals in the
ischemic cortex of the vehicle-treated animals (Fig. 3B) or U0126-
treated animals (Fig. 3C), and no significant difference was ob-
served between those two groups. The data show that U0126 does

not affect O2
� production after transient FCI, suggesting that

ROS may be upstream of ERK1/2 activation.

Production of O2
� after FCI is decreased by SOD1

O2
� production was shown by oxidized HEt signals (red) in the

cytosol of the contralateral cortex in both the wild-type (Fig. 4A)
and SOD1 Tg mice (Fig. 4B); however, no conspicuous difference
was observed between them. In the ischemic cortex, enhanced
vesicular signals were observed in the wild-type mice (Fig. 4C).
These vesicular signals were markedly decreased in the SOD1 Tg
mice (Fig. 4D) compared with the wild-type mice, suggesting
inhibition of O2

� production by SOD1. Nuclear staining (blue)
revealed enhanced vesicular signals that meant O2

� production
(red) was located in the perinuclear area (Fig. 4C).

Phosphorylation of ERK1/2 after transient FCI is
markedly diminished in SOD1 Tg mice
To investigate the relationship between ERK1/2 phosphorylation
and oxidative stress, immunofluorescent staining with phospho-
ERK1/2 was performed after oxidized HEt signal detection. One
hour after transient FCI, phospho-ERK1/2 was strongly ex-
pressed in the ischemic cortex (Fig. 5A). Oxidized HEt signals
were also observed in the same area at this time point (Fig. 5B).
Most phospho-ERK1/2-positive cells were highly colocalized with
oxidized HEt signals (Fig. 5C), suggesting that oxidative stress
might be involved in phosphorylation of ERK1/2 after ischemia.
To examine the effect of SOD1 on ERK1/2 phosphorylation,
phospho-ERK1/2 expression after transient FCI was analyzed by
immunohistochemistry in both the wild-type and SOD1 Tg mice.
Phospho-ERK1/2 was remarkably expressed in the ischemic cor-
tex at 1 hr of reperfusion in the wild-type animals (Fig. 6A),
whereas the immunoreactivity of phospho-ERK1/2 was markedly

Figure 2. Double immunofluorescent staining for phospho-ERK1/2 and
NeuN 1 hr after transient FCI. A, Expression of phospho-ERK1/2 was
observed in the ischemic cortex 1 hr after reperfusion. B, NeuN immu-
noreactivity shows the distribution of neurons in the same view. C,
Overlapped image of A and B demonstrates that phospho-ERK1/2 ex-
pression colocalized completely with neurons in the ischemic cortex 1 hr
after reperfusion (arrowheads). The results suggest that phospho-ERK1/2
is expressed primarily in neurons of the ischemic cortex after FCI. Scale
bar, 50 �m.

Figure 3. A, Western blot analysis of phospho-ERK1/2 and phospho-
stress-activated protein kinase/JNK after transient FCI in U0126- or
vehicle-injected mice. U0126 injection actually reduced phospho-ERK1/2
expression 1 hr after reperfusion compared with vehicle injection (V,
vehicle; U, U0126). In contrast, phosphorylation of JNK was not inhibited
by U0126. The results show the specificity of U0126 after inhibition for
ERK1/2 phosphorylation but not JNK phosphorylation. B, C, Represen-
tative photomicrographs show O2

� production 1 hr after transient FCI in
U0126- or vehicle-injected mice. O2

� production was shown by oxidized
HEt (red) as vesicular signals in the ischemic cortex of vehicle-treated
animals (B) or U0126-treated animals (C), and no significant difference
was observed between these two groups. The data show that U0126 does
not affect O2

� production after transient FCI, suggesting that ROS may
be upstream of ERK1/2 activation.
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decreased in the SOD1 Tg mice (Fig. 6B). Western blot analysis
showed that phosphorylation of MEK decreased 1 hr after reper-
fusion in the SOD1 Tg mice compared with the wild-type mice,
but the decrease was not significant (Fig. 6C,E; p � 0.219).
Regarding phosphorylation of ERK1/2 (Fig. 6D), both phospho-
ERK1 and phospho-ERK2 were significantly decreased 1 hr after
reperfusion in the SOD1 Tg mice compared with the wild-type
mice (Fig. 6F, phospho-ERK1, p � 0.005; Fig. 6G, phospho-
ERK2, p � 0.005). No difference was observed in MEK and
ERK1/2 levels between the SOD1 Tg mice and the wild-type mice
1 hr after transient FCI. These results demonstrate that ERK1/2
phosphorylation is inhibited by SOD1, suggesting the protective
effect of SOD1 on MEK/ERK pathway activation.

DNA fragmentation after transient FCI is significantly
decreased in the ischemic cortex of SOD1 Tg mice
compared with wild-type mice
Apoptotic-related DNA fragmentation after ischemia was ana-
lyzed with a commercial cell death detection kit. As shown in
Figure 7A, DNA fragmentation was significantly increased in the
entire MCA territory lesion 24 hr after reperfusion compared
with the nonischemic brain ( p � 0.0001). Hence, we examined
DNA fragmentation 24 hr after reperfusion in both the SOD1 Tg
mice and the wild-type mice to assess the protective effect of
SOD1 on DNA damage. In a preliminary study, no significant
difference was observed in DNA fragmentation in the entire
MCA territory region, including the caudate putamen and the
cortex, between the SOD1 Tg and wild-type mice. As shown in
Figure 7B, DNA fragmentation at 24 hr of reperfusion was
significantly reduced in the MCA territory cortex of the SOD1 Tg
mice compared with the wild-type mice at the same time point
( p � 0.005). These results suggest that SOD1 plays a role in
inhibiting DNA fragmentation in the ischemic cortex after tran-
sient FCI.

DISCUSSION
The current study demonstrates that phosphorylation of MEK
and ERK1 was temporally enhanced in the ischemic cortex 1 hr
after reperfusion, suggesting that MEK and ERK1 were acti-
vated during the early period after transient FCI (Fig. 1). In
contrast, phosphorylation of ERK2 was not increased after FCI
and was significantly decreased 24 hr after reperfusion. The
dissociation of phosphorylation between ERK1 and ERK2 after
the insult is also reported in vitro, suggesting that ERK1 and
ERK2 play differential roles in cell survival and cell death, re-
spectively (Namura et al., 2001). In that study, the authors sur-
mised that a difference in stability to insult may exist between
phospho-ERK1 and phospho-ERK2 in cortical neurons against
oxygen deprivation. In the present study, we do not mention the
exact role of each ERK after FCI. Further study is required to
clarify the difference in function between phospho-ERK1 and
phospho-ERK2.

Because activation of MEK and ERK was followed by DNA
fragmentation at 24 hr of reperfusion (Fig. 7), it might be possible
that the early enhancement of phosphorylation in these kinases is
a forewarning of apoptosis. Previous studies have revealed that
ERK1/2 was phosphorylated after FCI (Alessandrini et al., 1999;
Namura et al., 2001), whereas the current study demonstrated
MEK phosphorylation after FCI, as well as ERK1/2 phosphory-
lation. Because ERK1/2 is activated by phospho-MEK, inhibition
of MEK activation can be effective to prevent ERK1/2 activation.
A recent study using a MEK inhibitor showed that ERK1/2
activation was regulated by MEK after FCI (Namura et al., 2001).
Furthermore, ERK1/2 activation seems to have a deleterious
effect on FCI, because ERK1/2 inhibition by the MEK inhibitor
reduced infarct volume (Alessandrini et al., 1999; Namura et al.,
2001), which is consistent with our results (data not shown).

Figure 4. Representative photomicrographs show O2
� production 1 hr

after transient FCI. O2
� production was shown by oxidized HEt signals

(red), which were observed constitutively in the cytosol of the contralat-
eral cortex in both the wild-type mice (A) and SOD1 Tg mice ( B). No
conspicuous difference was observed between them. C, In the ischemic
cortex, enhanced vesicular signals were observed in the wild-type mice. D,
These vesicular signals were markedly decreased in the SOD1 Tg mice
compared with the wild-type mice, suggesting inhibition of O2

� produc-
tion by SOD1. Nuclear staining (blue) revealed enhanced vesicular signals,
which means that O2

� production (red) was located in the perinuclear
area ( C). Scale bar, 20 �m.

Figure 5. Representative photomicrographs show immunofluorescent
staining for phospho-ERK1/2 ( green) on oxidized HEt signal detection
(red). A, Phospho-ERK1/2 was strongly expressed in the ischemic cortex
1 hr after transient FCI. B, Oxidized HEt signals were also observed in
the same area 1 hr after transient FCI. C, Overlapped image of A and B
shows that most phospho-ERK1/2-positive cells ( green) highly colocal-
ized with oxidized HEt signals (red), suggesting that oxidative stress
might be involved in phosphorylation of ERK1/2 after ischemia. D,
Nuclear staining (blue) with oxidized HEt signals in the same view. Scale
bar, 20 �m.
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Immunohistochemistry showed that although phospho-
ERK1/2 was decreased in the ischemic cortex at 24 hr of reper-
fusion, it was still expressed in and primarily accumulated around
nuclei (Fig. 1D). The mechanism of nuclear accumulation of
phospho-ERK1/2 after FCI is unclear; however, it is conceivable
that activated ERK1/2 translocated from the cytoplasm to nuclei
after FCI because phospho-ERK1/2 is known to activate tran-
scription factors, such as Elk-1, in nuclei (Sgambato et al., 1998a).
In fact, an in vitro study has shown the nuclear translocation of
active ERK1/2 from the cytoplasm (Chen et al., 1992). Regarding
spatial distribution of phospho-ERK1/2, immunohistochemistry
showed a prominent increase in phospho-ERK1/2 in the MCA
territory cortex but not in the ischemic core (Fig. 1). The distri-
bution of phospho-ERK1/2 after FCI was consistent with previ-
ous studies (Alessandrini et al., 1999; Irving et al., 2000). How-
ever, the subcellular population of phospho-ERK1/2 expression
has not yet been elucidated. Although a study showed that phos-
pho-ERK1/2 was expressed in the cortex, where neurons were still
preserved after FCI (Irving et al., 2000), neuronal expression of
phospho-ERK1/2 was not directly confirmed. In the present
study, we revealed the colocalized expression of phospho-ERK1/2
and NeuN by a double immunofluorescent method (Fig. 2), sug-
gesting neuronal expression of phospho-ERK1/2.

Our previous studies revealed that SOD1 has protective effects
on ischemic damage (Kinouchi et al., 1991; Chan, 1996; Kondo et
al., 1997; Murakami et al., 1997; Chan et al., 1998; Fujimura et al.,

Figure 6. Immunohistochemistry and Western blot analysis of phospho-
ERK1/2 after transient FCI in SOD1 Tg mice. A–D, To examine the effect
of SOD1 on ERK1/2 phosphorylation, phospho-ERK1/2 expression after
transient FCI was analyzed by immunohistochemistry in both the wild-
type (WT ) and SOD1 Tg mice. Phospho-ERK1/2 was expressed strongly
in the ischemic cortex at 1 hr of reperfusion in the wild-type mice (A),
whereas the immunoreactivity of phospho-ERK1/2 was markedly de-
creased in the SOD1 Tg mice (B). Dashed lines indicate the border of the
lesion. C, D, Western blot analysis of phospho-MEK and phospho-
ERK1/2 in the ischemic cortex 1 hr after transient FCI in both the
wild-type and SOD1 Tg mice. C, Phospho-MEK (top row) was decreased
1 hr after reperfusion in the SOD1 Tg mice compared with the wild-
type mice; however, the decrease was not significant (E; p � 0.219). D,

4

Regarding phosphorylation of ERK1/2, both phospho-ERK1 and
phospho-ERK2 (top row) were significantly decreased 1 hr after reperfu-
sion in the SOD1 Tg mice compared with the wild-type mice (F, phospho-
ERK1, �p � 0.005; G, phospho-ERK2, �p � 0.005). No difference was
observed in MEK (C, middle row) and ERK1/2 (D, middle row) levels
between the SOD1 Tg and the wild-type mice 1 hr after transient FCI.
�-actin was used as an internal control, and no difference was observed
between the samples (bottom rows). These results demonstrate that
ERK1/2 phosphorylation is inhibited by SOD1, suggesting a protective
effect of SOD1 on MEK/ERK pathway activation. Scale bar, 400 �m.

Figure 7. Apoptotic-related DNA fragmentation after ischemia was an-
alyzed with a commercial cell death detection kit. A, DNA fragmentation
was increased significantly in the entire MCA territory lesion 24 hr after
reperfusion compared with the nonischemic brain (�p � 0.0001). B, DNA
fragmentation was increased significantly in the ischemic cortex 24 hr
after reperfusion compared with the nonischemic brain (�p � 0.0001). In
the SOD1 Tg mice, DNA fragmentation at 24 hr of reperfusion was
reduced significantly in the ischemic cortex compared with the wild-type
(WT ) mice at the same time point (��p � 0.005). These results suggest
that SOD1 plays a role in inhibiting DNA fragmentation in the ischemic
cortex after transient FCI. C, Nonischemic control brain.
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1999b, 2000). In the present study, we focused on the role of the
MEK/ERK pathway in the neuroprotective effect of SOD1. As
seen in Figure 4, oxidized HEt signals were markedly decreased
in the SOD1 Tg mice compared with the wild-type mice, showing
inhibition of O2

� production by SOD1. Moreover, overexpressed
SOD1 significantly decreased ERK1/2 phosphorylation after FCI
(Fig. 6), suggesting that ERK1/2 activation is mediated by O2

�

production after FCI. It is also reported that ROS can induce
MEK/ERK pathway activation in vitro (Baas and Berk, 1995;
Guyton et al., 1996; Seo et al., 2001). The conjecture that ERK
activation after FCI is mediated by ROS is also supported by the
fact that phospho-ERK1/2 was expressed in the cells that pro-
duced O2

� (Fig. 5). Ras and Raf-1 are upstream of the MEK/
ERK pathway (Marshall, 1995; Pritchard and McMahon, 1997;
Downward, 1998; McNeill and Downward, 1999). The expression
of dominant-negative Ras or Raf mutants was shown to decrease
the ERK activity induced by hydrogen peroxide in cultured cells,
suggesting that oxidative stress induces ERK activation through
Ras or Raf-1 activation (Aikawa et al., 1997). Moreover, antioxi-
dants prevented both ERK activation and cell death induced by
Zn2�, which generated ROS (Seo et al., 2001). In that study, both
inhibition of ERK with PD98059, a synthetic inhibitor of
MEK1/2, and the expression of the dominant-negative Ras mu-
tant significantly prevented cell death, suggesting that ERK acti-
vation mediates cell death induced by ROS. Ras is also known to
be activated by nitric oxide induced by the NMDA receptor (Yun
et al., 1998). Although Ras and Raf-1 activation has not been
reported after FCI, it is conceivable that oxidative stress induces
MEK and ERK activation through Ras and Raf-1 activation. In
the present study, overexpressed SOD1 could have significantly
reduced ERK1/2 phosphorylation after transient FCI (Fig. 6F,G;
p � 0.005), whereas the decrease in phospho-MEK was not
significant in the SOD1 Tg mice compared with the wild-type
mice (Fig. 6E; p � 0.219). How oxidative stress contributes to
activation of the MEK/ERK pathway after FCI is still unclear;
however, it is obvious that oxidative stress plays a crucial role in
ERK1/2 activation after transient FCI.

Because the MEK/ERK pathway interacts with other elements
that determine cell survival or cell death, it is useful to investigate
the change in such elements after ischemia to understand the role
of oxidative stress on the MEK/ERK pathway. Akt is known to
play a critical role in controlling the balance between survival and
apoptosis (Burgering and Coffer, 1995; Franke et al., 1995, 1997).
One study shows that inhibition of Akt induces phosphorylation
of Raf at serine-259 and inactivates Raf, which results in ERK1/2
activation in cultured cells stimulated with insulin-like growth
factor (Zimmermann and Moelling, 1999). Another study shows
that phosphatidylinositol 3-kinase inhibitor, which inhibits Akt
activation, prevented nuclear translocation of PKC�, resulting in
ERK1/2 activation after ischemic hypoxia and reoxygenation in
cultured cells (Mizukami et al., 2000). Furthermore, we have
shown that Akt is activated in the ischemic cortex after transient
FCI (Noshita et al., 2001). All of this evidence together suggests
that Akt activation after transient FCI may interact with activa-
tion of the MEK/ERK pathway. A future study is required to
clarify the relationship between Akt activation and ERK1/2 ac-
tivation after FCI.

Our results imply that ERK1/2 is activated in neurons of the
ischemic cortex after transient FCI and that ROS production may
be critical to activation of the MEK/ERK pathway. SOD1 con-
tributes to the inhibition of apoptosis induced by FCI by reducing
the early formation of superoxide radicals and preventing the

phosphorylation of ERK1/2, showing the critical role of SOD1 on
the MEK/ERK pathway.
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