
Introduction

Stresses on cells activate intracellular second-
messenger systems, including several protein
kinases and phosphatases. Mitogen-activated
protein kinases (MAPKs), which are character-
ized as Pro-directed Ser-Thr-protein kinases,
have recently been a focus of intensive study,

because they are evolutionarily well-conserved
across all eukaryotes, and are proven to play
several important roles on signal transduction
from the cell surface to the nucleus (1–4; Fig. 1).
The fundamental property of MAPKs is to
require the simultaneous phosphorylation of
both Thr and Tyr residues to be active. MAPKs
are divided in three families, and are distin-
guished by the nature of the amino acid located
between the two phosphorylated residues in the
activation loop: the extracellular signal regu-
lated kinases (ERKs) contain the sequence Thr-
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Glu-Tyr, and the c-Jun-N-terminal kinases
(JNKs) and p38 MAPKs contain the sequence
Thr-Pro-Tyr and the sequence Thr-Gly-Tyr,
respectively. On activation by phosphorylation
on Thr and Tyr residues, MAPKs phosphorylate
several important intracellular enzymes and
transcription factors.

The ERKs are activated in response to
growth factors, such as nerve growth factor
(NGF), brain-derived neurotrophic factor
(BDNF), NT-3–5, basic fibroblast growth factor,
and epidermal growth factor, and also to
oxidative stress, intracellular calcium increase,
and glutamate receptor stimulation. The acti-
vation of ERKs links to immediate-early gene

induction and hyperphosphorylation of Elk-1
and cyclic adenosine monophosphate
(cAMP)/Cal-responsive element-binding pro-
tein (CREB). The role of ERKs in cell growth
and proliferation is well-established. On the
other hand, JNKs and p38 MAPKs are acti-
vated in response to a variety of cellular
stresses, such as changes in osmolarity and
metabolism, DNA damage, heat shock, or
inflammatory cytokines, and modulate several
transcriptional factors, such as transcriptional
factor activator protein-1 and nuclear factor-κ
B. Phosphorylation of JNKs results in c-Jun
induction, and phosphorylation of p38 MAPKs
results in MAPK-activated protein 2 and acti-
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Fig. 1. Signal transductions in MAPK cascades.



vating transcription factor 2 (ATF-2) activation.
Because JNKs and p38 MAPKs are generally
activated by the same stress signals, they have
been referred to as the “stress kinases,” and the
role of these kinases in regulation of cytokine
release and apoptosis are implicated.

Cerebral ischemia induces the increase in
intracellular Ca concentration via the activa-
tion of glutamate receptors, and the robust
activation of a large number of transcription
factors and immediate-early genes and late-
response genes occurs in neuronal and non-
neuronal cells (5–7). Although the molecular
mechanisms of neuronal injury and recovery
after cerebral ischemia have been intensively
investigated using various ischemic animal
models (particularly, rodent models), the key
molecules that determine the fate of neurons
remain to be determined, and any therapeutic
strategy based on molecular mechanisms have
not been proven to be effective in clinical situa-
tion by now. In the central nervous system,
MAPKs are relatively highly expressed (8–10),
and several recent papers have reported that
the expression or phosphorylation levels of
MAPKs drastically change in postischemic
brain tissues, and that the inhibition of MAPK
cascades can alter the outcome of ischemic
brain injury in animal models. The regulation
or modulation of gene expression through
MAPK cascades may be a novel avenue for the
prevention of ischemic neuronal damage and
the induction of neuronal functional recovery.

In the current paper, the authors have exten-
sively reviewed the literature, in order to eluci-
date the role of MAPK cascade in neuronal
survival and death in vitro, and in neuronal
injury in cerebral ischemia in vivo.

MAPK and Neuronal Death 
and Survival In Vitro

Many reports have demonstrated that apop-
tosis significantly contributes to neuronal
death and brain tissue damage after cerebral
ischemia, although the precise molecular

mechanisms that regulate neuronal survival
and death have not been well defined in
ischemic brain (11). The fact that the inhibition
of transcription or protein synthesis can pre-
vent neuronal death induced by NGF with-
drawal, suggests that de novo gene expression
may be required for the process to neuronal
death (12). Caspases comprise a family of cys-
teine proteases and cytochrome c release from
mitochondria, and, following activation of cas-
pase cascades, produce apoptosis in neuronal
cells. MAPK superfamily seems to regulate the
expression and activity of genes that are
involved in the apoptotic pathway and play
important roles in neuronal apoptosis.
Although the involvement of MAPK cascades
in apoptosis and antiapoptosis is implicated in
various cells, including neurons, the relation-
ship or crosstalk between caspase cascades and
MAPK cascades has not yet been fully eluci-
dated (see Table 1).

The JNK/p38 MAPKs pathways and the
ERK pathway seem to have opposing effects
on neuronal apoptosis in vitro. In pheochro-
mocytoma 12 (PC12) cells, withdrawal of NGF
causes apoptosis via the activation of p38
MAPK pathway (13). Xia et al. (14) showed
that NGF withdrawal led to sustained activa-
tion of the JNK and p38 enzymes, and sus-
tained inhibition of ERKs in PC12 cells, and
also showed that the activation of JNK and
p38, and concurrent inhibition of ERK, were
critical for induction of apoptosis in these cells,
by dominantly interfering with constitutively
activated forms of various components in the
JNK/p38 and ERK signaling pathways. In
their experiments, apoptosis of PC12 cells was
reduced by inhibiting p38 MAPK activity. They
suggested that a balance between ERK and
JNK/p38 might determine cell survival or
death, under a given condition.

Deshmukh et al. (15) showed that a broad-
spectrum caspase inhibitor, bocaspartyl-
(OMe)-fluoromethylketone, which protects
sympathetic neurons against apoptosis after
NGF withdrawal, did not prevent the induc-
tion of c-jun mRNA. Park et al. (16) demon-
strated, in neuronal apoptosis by NGF
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withdrawal of PC12 cells, that bcl-2 and a
number of survival-promoting agents, such as
aurintricarboxylic acid, N-acetylcysteine, the
nitric oxide (NO) generator diethylenetriamine
NO, 8-bromo-cyclic guanosine monophos-
phate, and 8-(4-chlorophenylthio)-cAMP, pre-
vented apoptosis with inhibition of JNK
activation, and that zVAD-fluoromethylketone
(a permeant ICE family inhibitor), actinomycin
D, and the G1/S cell cycle inhibitor, deferox-
amine, prevented apoptosis without JNK inhi-
bition. These data suggest that the induction in
PC12 cells of c-Jun mRNA, after NGF with-
drawal, does not necessarily require caspase
activation, and that a signal pathway that reg-
ulates c-Jun expression may be located in an
upstream or independent pathway of caspase
activation in neuronal cells.

Although there is controversy whether the
JNK pathway is a requisite in the process of
neuronal apoptosis induced by caspase activa-
tion, several reports suggest that the activation
of JNK pathway is involved in neuronal apopto-
sis induced by several insults. Bazenet et al. (17)
demonstrated that apoptosis, by NGF with-
drawal of rat sympathetic neuron, required the
activity of the small guanosine triphosphate-
binding protein, Cdc42, and the overexpression
of an active form of Cdc42 was sufficient to
mediate neuronal apoptosis via the activation of
c-Jun pathway. Luo et al. (18) showed, by using
293 cell line and primary neonatal rat post-
mitotic striatal neuron cultures, that dopamine
induced apoptosis in a time- and concentration-
dependent manner, and that, concomitant with
apoptosis, dopamine induced the activation of
JNK pathway, including increases in JNK activ-
ity, phosphorylation of c-Jun, and subsequent
increases in c-Jun. They also showed that
transient expression of a dominant-negative
mutant, SEK1, an upstream kinase of JNK, and
of a dominant-negative c-Jun mutant, pre-
vented dopamine-induced apoptotic cell death.
Eilers et al. (19) also showed in sympathetic
neurons that activation of Jun kinase and
increases in c-Jun phosphorylation and c-Jun
levels occurred at the same time after NGF
withdrawal, and that c-Jun levels and phospho-

rylation were regulated by an SEK1-indepen-
dent pathway.

Although JNK inhibitors are not widely
available, Maroney et al. (20) demonstrated
that a novel selective inhibitor of the JNK sig-
naling pathway, CEP-1347, rescued sympa-
thetic neurons and neuronally differentiated
PC12 cells from death induced by NGF with-
drawal, exposure to ultraviolet irradiation, and
subjection to oxidative stress. Moreover,
Behrens et al. (21) demonstrated that mutant
Jun-expressing mice were resistant to neuronal
apoptosis induced by the excitatory amino
acid, kainate, and that primary, mutant Jun-
expressing neurons were also protected from
apoptosis and exhibited unaltered JNK activ-
ity. They suggested that c-Jun was the essential
substrate of JNK signaling during kainate-
induced neuronal apoptosis. JNK pathway
seems to be involved not only in mature neu-
rons, but also in neurons from developing
brains. Chihab et al. (22) showed, in cultured
neurons isolated from the fetal rat forebrain,
that transient hypoxia of 6 h might trigger
apoptosis, through the activation of JNK sig-
naling pathway, and Maroney et al. (23)
demonstrated, in cultured embryonic
motoneurons, that CEP-1347 blocked apopto-
sis induced by withdrawal of trophic factors.

The phosphatidylinositol 3-kinase (PI3K)-
Akt pathway has been reported to inhibit
apoptosis and promote cell survival, through
the inactivation of Bad and caspase-9 (24).
Shimoke et al. (25) demonstrated that apopto-
sis was induced by inhibition of PI3K activity
with LY294002, an inhibitor of PI3K in cerebel-
lar granule neurons, and that PI3K inhibition
induced the suppression of Akt activity and
elevation of the JNK activity in these cells, and
suggested that the PI3K-Akt pathway pre-
vented neuronal cell death by suppressing the
activation of JNK and c-Jun expression.

The overstimulation of glutamate receptors
are supposed to be involved in ischemic neu-
ronal cell death. Recent reports have suggested
that the p38 pathway is activated through glu-
tamate receptors in neuronal cells. Kawasaki et
al. (26) showed, in cerebellar granule cells, that
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glutamate-induced apoptosis activates the p38
pathway, through the activation of N-methyl-
D-aspartate (NMDA) receptor and Ca influx,
and that SB203580, a specific inhibitor for p38,
inhibited glutamate-induced apoptosis. They
concluded that p38 might be involved in gluta-
mate-induced apoptosis in cerebellar granule
cells. Mukherjee et al. (27) showed that the
stimulation of NMDA receptor and kainate
receptor activated JNK, p38, and ERK via
platelet-activating factor, and brought cell
death in primary cultures of hippocampal
(HC) neurons.

The activation of p38 pathway seems to
induce caspase activation. Ghatan et al. (28)
reported, using the model of NO-mediated cell
death in human neuroblastoma cells and in
primary cultures of cortical neurons, that a p38
inhibitor, SB203580, blocked intracellular Bax
translocation, diminished caspase induction,
and significantly enhanced neuronal survival,
and suggested that p38 activity might play a
critical role in NO-mediated neuronal cell
death, by stimulating Bax translocation to the
mitochondria, thereby activating the cell death
pathway.

There are some specific inhibitors for p38
pathway, and Horstmann et al. (29) tested the
effects of two selective p38 inhibitors, the
pyridinyl imidazole compounds, SB203580
and SB202190, on the in vitro survival of sen-
sory, sympathetic, ciliary, and motor embry-
onic neurons, after withdrawal of growth
factors, and showed that these inhibitors pro-
moted cell survival in a dose-dependent fash-
ion. Heidenreich and Kummer (30) showed
that insulin promoted the survival of cultured
forebrain neurons, concomitant with inhibi-
tion of p38, in the absence of the effects on
ERK and JNK activity. Kummer et al. (13) also
demonstrated in PC12 cells that neuronal cell
death, by NGF withdrawal accompanied p38
activation, that p38 inhibition blocked cell
death, and that insulin promoted cell survival
by inhibiting the p38 pathway, and not by
stimulating ERK.

Recently, a new MAPK kinase kinase, apop-
tosis signal-regulating kinase 1 (ASK1), which

activates both the JNK and p38 pathways, and
plays pivotal roles in tumor necrosis factor
(TNF)- and Fas-induced apoptosis, has been
identified. Kanamoto et al. (31) demonstrated
that overexpression of ASK1-DeltaN, a consti-
tutively active mutant of ASK1, activated JNK
and induced apoptosis in differentiated PC12
cells and primary rat sympathetic neurons.
Moreover, they showed that, in differentiated
PC12 cells, NGF withdrawal induced a
increase in the activity of endogenous ASK1,
and the expression of a kinase-inactive ASK1
significantly blocked both NGF withdrawal-
and Cdc42-induced neuronal death and c-jun
activation. Since JNK and p38 pathways are
activated by ASK1, ASK1 can be a key mole-
cule for controlling neuronal apoptosis.

Although there is a general consensus that
JNK and p38 pathways induce neuronal death,
there are some reports which showed that the
activation of JNK and p38 pathways might be
involved in neuronal cell survival. Roulston et
al. (32) demonstrated that TNF induced
biphasic activation of JNK/p38 pathways and
multiple effects, including proliferation, differ-
entiation, and apoptosis, and that the inhibi-
tion of early TNF-induced JNK and p38
kinases activation, using MKK4/MKK6 mu-
tants or the p38 inhibitor, SB203580, increased
TNF-induced apoptosis; expression of wild-
type MKK4/MKK6 enhanced survival. They
concluded that early activation of p38 kinase,
initiated by TNF, may be necessary to protect
cells from TNF-mediated cytotoxicity, al-
though late activation of JNK/p38 pathways
was coincident with apoptosis, and was cas-
pase-dependent. These data suggest that the
roles of MAPK cascades on neuronal death and
survival depend on the timing of expression in
a given condition.

Several studies have showed that the activa-
tion of ERK pathway produces neuroprotec-
tive effects (33). Recently, Owada et al. (34)
demonstrated that neuronal apoptosis,
induced by serum deprivation, was accompa-
nied with the activation of caspase-3 in pri-
mary neuronal cultures isolated from mouse
cerebral cortex, and that midkine, a new mem-

6 Nozaki, Nishimura, and Hashimoto
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ber of the heparin-binding neurotrophic factor
family, inhibited the induction of apoptosis
and the activation of caspase-3 in a dose-
dependent manner, possibly through activat-
ing Akt and ERK. Anderson et al. (35)
demonstrated that the inhibition of ERK path-
way by PD98059 resulted in a significant
increase in the rate of apoptosis induced by
antimitotic nucleoside, cytosine arabinoside, in
rat sympathetic neurons, without affecting
NGF-maintained signaling. Yan and Greene
(36) showed that N-acetylcysteine (NAC) pro-
moted survival of PC12 cells, in the absence of
trophic factors, and that the promotion of PC12
cell survival by NAC was totally blocked by
PD98059, an inhibitor of ERK, suggesting a
required role for ERK activation in the NAC
mechanism. They also showed that NAC acti-
vated ERK pathway in these cells, and survival
induced by NAC was not promoted in serum-
deprived PC12 cells constitutively expressing a
dominant-negative form of Ras, which is
located upstream of ERK.

Mazzoni et al. (37) demonstrated, in sympa-
thetic neurons, that a Ras effector mutant,
which selectively stimulates PI3K and Akt,
rescued neuronal survival in the absence of
NGF by suppressed c-jun, BAX, and p53 lev-
els, and that the PI3-K inhibitor, LY 294002,
inhibited both Ras- and NGF-dependent sur-
vival. They also showed that another Ras
mutant, which activated MEK/MAPK, but not
PI3K/Akt, was less effective in rescuing sur-
vival, but the MEK inhibitor, PD98059, also
partially suppressed Ras-dependent survival,
suggesting that Ras-induced neuroprotective
effect was mediated by activation of both the
PI3K- and partially ERK-signaling cascades.
Hetman et al. (38) showed that BDNF pro-
tected cortical neurons against apoptosis
induced by campothecin or serum depriva-
tion, and activated the ERK and the PI3K
pathways, and that the inhibition of ERK
pathways increased neuronal apoptosis by
camptothecin, and the inhibition of PI3K path-
way increased apoptosis by serum depriva-
tion. Bonni et al. (39) reported that BDNF
activated ribosomal S6 kinase (RSK) via ERK

pathway in BDNF-induced survival of cul-
tured rat cerebellar granule neurons. They
demonstrated that the MAPK-activated
kinases, the RSKs, catalyzed the phosphoryla-
tion of the proapoptotic protein, Bad, at Ser
112, and that the Rsk-induced phosphoryla-
tion of Bad at Ser 112 suppressed Bad-medi-
ated apoptosis in neurons, and that RSKs
phosphorylated the transcription factor,
CREB, at Ser 133 and activated CREB-pro-
moted cell survival. They suggested that ERK
pathway promoted cell survival by a dual
mechanism comprising the posttranslational
modification and inactivation of a component
of the cell death machinery and the increased
transcription of prosurvival genes.

These results suggest that the ERK pathway
is one of several neuroprotective mechanisms
that are activated by stress to counteract death
signals in central nervous system neurons. The
relative contribution of the ERK and PI3K-Akt
pathways to neuronal survival may depend on
cell types, insults, and conditions. Schmid et al.
(40) demonstrated, in rat cerebellar neurons,
that clustering of neural cell adhesion mole-
cule (NCAM) in neural plasma membrane
stimulated the phosphorylation of ERK1/2
through the activation of Ras, MAPK kinase,
and further activated CREB, and that inhibi-
tion of MAPK cascade reduced NCAM-depen-
dent neurite outgrowth.

On the other hand, there are some reports
which show that ERK pathway does not have
neuroprotective effects, but even has neuro-
toxic effects. Virdee and Tolkovsky (41)
reported that ERK activation was neither nec-
essary nor sufficient for cell survival induced
by NGF, ciliary neurotrophic factor, and
leukemia inhibitory factor and the cAMP ana-
log, and that alternative pathways existed for
effecting long-term survival of rat sympathetic
neurons. Runden et al. (42) demonstrated, in
HC slice cultures, that okadaic acid, which
caused a dose- and time-dependent selective
injury to HC pyramidal cells in the CA3 region
and granule cells in the dentate gyrus, led to a
rapid and sustained phosphorylation of the
ERK1/2, and the MAPK kinase (MEK1/2)

MAPK in Cerebral Ischemia 7
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inhibitor, PD98059, ameliorated okadaic acid-
induced cell death.

These results indicate that sustained activa-
tion of ERK pathway may be selectively harm-
ful in specific subsets of neurons. Park and
Koh (43) reported, in mouse cortical cultures,
that zinc induced neuronal death concomitant
with Egr-1 expression and ERK activation, and
that PD98059 blocked ERK activation, Egr-1
induction, and neuronal death by zinc. More
recently, Stanciu et al. (44) reported that the
delayed and persistent activation of ERK was
associated with glutamate-induced oxidative
toxicity in a neuronal cell line and primary cor-
tical neuron, and Satoh et al. (45) reported, in a
mouse HC cell line (HT22) and rat primary
cortical cultures, that a MAPK/ERK kinase-
specific inhibitor, U0126, protected HT22 cells
against oxidative stress induced by glutamate,
and also protected rat primary cultured corti-
cal neurons against glutamate or hypoxia.

Table 1 summarizes the relationship
between MAPK and neuronal death and sur-
vival in vitro. These data suggest that ERK
pathway has both protective and toxic
effects, and JNK and p38 pathways have
mainly toxic effect on neuron. The opposing
effects of ERK pathway may result from
types of cells or kinds of insults. ERK path-
way seems to be a key molecule in growth-
factor-dependent neuronal survival, but
neurotoxicity induced by glutamate, oxida-
tive stress also seems to use ERK pathway, in
a given condition. Downstream cascades
after the activation of MAPK pathway, and
crosstalks with other pathways, such as
PI3K-Akt, should be determined, to clarify
the precise roles of MAPK cascade.

MAPK and Global Ischemia In Vivo

A brief period of global cerebral ischemia
causes neuronal cell death in the region vul-
nerable to ischemia, such as CA1 pyramidal
cell layer of the HC, several days after
ischemia. The HC neurons seem to be normal

during the first 24 h after transient ischemia.
This has been called “delayed neuronal cell
death” (DND) (46), which has been suggested
to be apoptotic, based on the evidence of DNA
fragmentation, fragmentation of the nucleus,
cell shrinkage, and chromatin condensation
(47–49). The mechanism of DND has not been
fully elucidated, but there are some evidences
that DND is associated with the activation of
MAPK cascades (see Table 2).

Several in vivo studies demonstrated that
JNK/p38 pathways were activated in the CA1
region after global ischemia, and the inhibition
of JNK/p38 pathways might rescue CA1 neu-
rons from DND. Walton et al. (50) reported the
effects of cerebral ischemia on MAPK cascades,
and demonstrated, in gerbil HC after 7 min
global ischemia, that activated p38 MAPK
activity and MAPKAP2, downstream of p38
pathway, activity, increased over 4 d after
ischemia. They showed that activated p38
MAPK immunoreactivity was observed in
microglia in regions adjacent to, but not in, the
dying CA1 neurons, and neither JNK 1 nor
ERK activity was altered after ischemia. Gillar-
don et al. (51) showed that nuclear phospho-c-
Jun immunoreactivity became apparent
selectively in vulnerable HC CA1 neurons at
24 h after transient global cerebral ischemia.
Recently, the authors demonstrated, in gerbil
HC after 5 min forebrain ischemia, that JNK
and p38 were activated at 15 min of reperfu-
sion, then gradually reduced and disappeared
in neurons of CA1 region (Fig. 2), and pretreat-
ment with SB203580, a p38 inhibitor, reduced
ischemic cell death in the CA1 neurons, by
inhibiting the activity of p38 (52; Fig. 3), and
also showed, in a mouse transient forebrain
ischemia model, that JNK/p38 pathway were
activated in the HC (53). Yang et al. (54)
demonstrated, in an in vivo seizure model, that
the disruption of the gene encoding JNK3 in
mice caused the mice to be resistant to the exci-
totoxic glutamate-receptor agonist kainic acid:
They showed the reduction in seizure activity
and HC neuron apoptosis by kainic acid, sug-
gesting that knockout of the JNK3 locus pre-
vents excitotoxic cell death of HC neurons.
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Ozawa et al. (55) reported that ischemia-reper-
fusion led to a strong activation of the JNK,
ERK, and p38 enzymes in the CA1 region of
the rat HC, after transient global ischemia pro-
duced by 5 min of cardiac arrest.

As for ERK pathway, ERK seems to be acti-
vated, not in CA1 region, but in CA3 and den-
tate gyrus. Hu and Wieloch (57) demonstrated,
in rat transient forebrain ischemia, that ERK
was markedly phosphorylated and activated
immediately following ischemia, particularly

in the CA3 region and dentate gyrus, but not in
the striatum, and the phosphorylation of ERK
was less intense, and decreased later, during
reperfusion in the CA1 region. The authors
demonstrated, in gerbil transient ischemia,
that ERK was activated transiently in CA3
fibers and dentate gyrus, and that an ERK
inhibitor PD98059 did not reduce ischemic cell
death in the CA1 region (53; Figs. 2 and 3). Hu
et al.(58) reported, in rat 15-min transient fore-
brain ischemia, that tyrosine phosphorylation
of Trk kinase, an ERK upstream growth factor
receptor, was elevated in the dentate gyrus
and, to a lesser extent, in the CA1 region, and
that the phosphorylation of ATF-2 and c-Jun
was selectively increased in CA1 dying neu-
rons during the late period of reperfusion.

These reports suggest that the ERK pathway
might have neuroprotective effects on the den-
tate granule cells and CA3 region, and that the
activation of JNK/p38 pathways in CA1 dying
neurons may bring damage signals in these
neurons and that the lack of protective signals,
acting in company with the presence of dam-
age signals in CA1 neurons after ischemia,
may contribute to DND after transient fore-
brain ischemia.

Some protective agents against DND are
reported to act by inhibiting JNK/p38pathway.
Shioda et al. (59) demonstrated that either
intracerebroventricular or intravenous infu-
sion of pituitary adenylate cyclase-activating
polypeptide (PACAP) prevented the ischemia-
induced apoptosis of neurons in the CA1
region of rat HC, and that PACAP inhibited the
activation of JNK after ischemic stress by secre-
tion of interleukin-6 into the cerebrospinal.
Tsuji et al. (59) showed in gerbil HC that
intraperitoneal injection of α-phenyl-N-tert-
butylnitrone, which protects HC neurons
against DND, enhanced the activation of ERK,
and suppressed the activation of JNK and p38,
with the activation of HSP27 and HSP70 at 6 h
after ischemia. These results support the
hypothesis that JNK/p38 pathways play
important roles on DND after transient global
ischemia in vivo, although which pathway
plays more important roles on DND has not

10 Nozaki, Nishimura, and Hashimoto

Fig. 2. Increased phosphorylation of JNK, p38,
and ERK after 5 min of transient forebrain ischemia.
Western immunoblots of HC homogenates of sham-
operated gerbils (lane 1) and postischemic gerbils at
0 min (lane 2) and 30 min (lane 3), after 5 min of
transient forebrain ischemia (A, upper panel: active
JNK, middle panel: active p38, lower panel: active
ERK. p-, phosphorylated). Quantitative representa-
tion of immunoblots, showing activations of JNK1
and p38 30 min after ischemia, and ERK2 immedi-
ately after ischemia in the HC extracts (B).
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been fully understood, because of lack of spe-
cific inhibitors for JNK.

MAPKs and Focal Ischemia In Vivo

Middle cerebral artery occlusion (MCAO)
leads to localized brain infarction in cerebral
hemisphere and basal ganglia. Recently, many
reports have shown that cells within the
ischemic regions die, not only by necrosis, but
also by apoptosis (60–62). Li et al. (63) demon-
strated, in transient MCAO induced by means
of an intraluminal monofilament, that the ratio
of apoptotic to necrotic cells was 1:9, 1:6, 1:13
in the ischemic core, and inner and outer
boundary zones, respectively at 46 h, after 2 h
of MCAO. The presence of apoptotic neuronal

death after focal brain ischemia implies that
MAPK cascades may activate in the focal
ischemic region in brain (see Table 3).

Herdegen et al. (64) reported that prolonged
N-terminal phosphorylation of c-Jun was
detected in affected neurons up to 5 d after
transient focal ischemia, and that the phos-
phorylation of c-Jun was linked with the
expression of Fas-ligand (APO-1, CD95-lig-
and), whose gene is a putative c-Jun/AP-1 tar-
get, and with TUNEL reactivity, a marker for
apoptosis. Martin-Villalba et al. (65) reported
that ATF-2, a main target molecule for JNK,
was suppressed in neurons within 1–4 h fol-
lowing transient focal ischemia by MCAO,
and regained basal levels between 12 and 72 h
following ischemia, suggesting that the rapid
and persistent downregulation of ATF-2 is a

MAPK in Cerebral Ischemia 11
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Fig. 3. The effects of SB203580 and PD98059 on neuronal death in CA1 region. Numbers of survival neu-
rons in CA1 region of the HC, after SB203580 and PD98059 treatments at various doses. SB203580 showed
neuroprotective effects in a dose-dependent manner, in CA1 subfield. Neuroprotective effects with 10 µM and
100 µM SB203580 were significant, compared with vehicle (1% dimethyl sulfoxide) (*p < 0.0001). PD98059
showed no neuroprotective effects in CA1 region.
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constituent of the long-term neuronal stress
response, and that the reappearance of ATF-2,
after weeks, is a marker for the normalization
of neuronal gene transcription following brain
injury. Kitagawa et al. (66) showed, in rat focal
ischemia, that robust expression of ERK was
noted at 3 and 8 h, in most neurons in the area
of ischemia, and that ERK continued to be
expressed in the ischemic penumbra, but
decreased in the ischemic core at 24 h after
ischemia, and suggested the neuroprotective
role of ERK against focal cerebral ischemia.
Irving et al. (67) reported, in rat transient and
permanent MCAO models, that phospho-p38
immunostaining was markedly increased in
cells with astrocyte-like morphology in both
core and penumbral-like regions, and phos-
pho-ERK1/2 staining was markedly increased
within the cytoplasm of neuronal perikarya in
penumbral-like regions. Recently, Wu et al.
(68) demonstrated, in a mouse permanent
MCAO model, that the transient and distinct
activation of JNK, p38, and ERK were
observed in neurons and astroglial cells in
ischemic regions.

The inhibition of MAPK cascades may be a
potential therapeutic strategy for focal cerebral
ischemia. As for JNK/p38 pathways, Barone
and Feuerstein (69) demonstrated that
SB239063, a p38 inhibitor, significantly reduced
infarct volume, and improved neurological
functions in a rat focal MCAO model. On the
other hand, ERK activation, which is generally
attributed to neuronal cell survival and prolif-

eration, might be neurotoxic in focal cerebral
ischemia. Alessandrini et al. (70) demonstrated
that treatment of mice, 30 min before ischemia,
with a MEK1-specific inhibitor, PD98059, dra-
matically reduced focal infarct volumes at 22 h
after transient MCAO, suggesting a important
role of ERK pathway in the evolution of cere-
bral ischemia.

MAPKs and Ischemic Tolerance

Preceding sublethal ischemia induces
ischemic tolerance to subsequent lethal
ischemic stress in HC CA1 pyramidal neurons
(71,72). The establishment of ischemic toler-
ance seems to require the cellular signal trans-
duction and gene expression. The molecular
basis of tolerance induction is not yet deter-
mined, but a role for stress proteins (73,74), bcl-
2 oncoprotein (75), Jun-related protein (76),
opening of K+ channels (77), and adenosine
receptor activation (78) have been suggested.
Recent papers imply that MAPK cascades have
also been involved in producing ischemic tol-
erance in the brain (see Table 4).

Ischemic tolerance was first described in the
heart (79), and later in rat and gerbil brains. In
the heart, it has been reported that the phos-
phorylation of Tyr 182 of p38 correlates with
the protective action of preconditioning in the
heart (80–82). Baines et al. (83) suggested that
p38 and/or JNK played important roles in
ischemic preconditioning in the rabbit heart,
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Table 4
MAP Kinases and Ischemic Tolerance

Author/year Model Upstream MAPKs Downstream Temporal distribution

Tauskela/1999 (89) Neuron culture ERK.~
Gonzalez/2000 (91) Neuron culture Ras↑ ERK↑
Shamloo/1999 (90) Rat CA1 MEK↑ ERK↑ Elevated at 30 min, 4h, 2d 

after sublethal ischemia
Gu/2000 (92) Rat CA1 ERK↑ After sublethal ischemia
Sugino/2000 (88) Gerbil CA1 JNK↑ After 3-NP administration

3-NP: 3-nitropropionic acid.



using anisomycin, a p38/JNK activator in vivo
and in vitro. Haq et al. (84) demonstrated that
activation of p38 was involved in adenosine-
mediated ischemic preconditioning in the per-
fused rat heart. These observations indicate
that JNK and p38 play important roles in
ischemic preconditioning in the heart.

In the brain, Sommer et al. (85) demon-
strated, in CA1 neurons of gerbil HC, that
sublethal ischemia caused a postischemic
expression of Jun, but not Fos, protein. Kato et
al. (86) demonstrated that prominent Jun
immunoreactivity was induced in astrocytes
in the CA1 region of the gerbils with ischemic
tolerance, and suggested that Jun might con-
tribute to the ischemic tolerance by inducing
changes in gene expression in astrocytes.
Recently, the authors demonstrated, in CA1
region of gerbil HC, that intraperitoneal
administration of 3-nitropropionic acid, a
mitochondria toxin, induced JNK activation
and a tolerant effect to subsequent lethal
ischemia, and prevented DND (87). These
data support the possible involvement of JNK
pathway in ischemic tolerance in the brain.

Although Tauskela et al. (88) showed that
ischemic preconditioning of neurons did not
require activation of PKC and ERK in rat corti-
cal cultures, some reports have shown that the
ERK pathway may be related with ischemic tol-
erance in vivo and vitro. Shamloo et al. (89)
demonstrated that increased phosphorylation
of both MEK and ERK were found in neuronal
cell bodies, particularly in the nucleus, after
preconditioning ischemia in the rat HC CA1
region, and, during the early reperfusion
period (30 min), after the second ischemic
insult, the phosphorylation levels of these two
kinases were increased in both nonconditioned
and preconditioned brains. They concluded
that the phosphorylation of the ERK cascade
after sublethal ischemia correlated with the
neuroprotection induced by preconditioning.
Gonzalez-Zulueta et al. (90) reported using cor-
tical neuron cultures that oxygen-glucose
deprivation (OGD) induced Ras activation in
an NMDA receptor- and NO-dependent man-

ner, and that Ras activity was necessary and
sufficient for OGD tolerance in neurons and
downstream of Ras-ERK cascade was required
for OGD preconditioning. Recently, Gu et al.
(91) demonstrated that ERK, but not JNK, was
activated after preconditioning ischemia, and
the increased JNK1, but not ERK, diphosphory-
lation, after lethal ischemia, was eliminated by
pretreatment with preconditioning ischemia in
rat. They suggested that the elimination of
JNK1 activation after lethal ischemia, by pre-
conditioning ischemia, may be one of the
important protective mechanisms in ischemic
tolerance, and ERK activation may be involved
in the induction of the protective responses.

Conclusions

Although MAPK cascades have been inten-
sively studied in neuronal apoptosis and cere-
bral ischemia, target molecules of MAPK
cascades are not yet defined, and the activity of
MAPK cascade is regulated by other signal
transduction pathways, and the roles of each
cascade on neuronal death and survival and
ischemic tolerance seem to be altered by the
experimental designs and models used. Further
studies are necessary before MAPK cascades
can be a potential target pathway for the regula-
tion of neuronal fate after cerebral ischemia.
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