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Oxidative neuronal injury
The dark side of ERK1/2
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The extracellular signal regulated protein kinases (ERK1/2)
are essential for normal development and functional plasti-
city of the central nervous system. However, a growing
number of recent studies in models of cerebral ischemia,
brain trauma and neurodegenerative diseases implicate a
detrimental role for ERK1/2 signaling during oxidative
neuronal injury. Neurons undergoing oxidative stress-rela-
ted injuries typically display a biphasic or sustained pattern
of ERK1/2 activation. A variety of potential targets of
reactive oxygen species and reactive nitrogen species could
contribute to ERK1/2 activation. These include cell surface
receptors, G proteins, upstream kinases, protein phospha-
tases and proteasome components, each of which could be
direct or indirect targets of reactive oxygen or nitrogen
species, thereby modulating the duration and magnitude of

ERK1/2 activation. Neuronal oxidative stress also appears
to influence the subcellular trafficking and/or localization of
activated ERK1/2. Differences in compartmentalization of
phosphorylated ERK1/2 have been observed in diseased or
injured human neurons and in their respective animal and
cell culture model systems. We propose that differential
accessibility of ERK1/2 to downstream targets, which is
dictated by the persistent activation of ERK1/2 within dis-
tinct subcellular compartments, underlies the neurotoxic
responses that are driven by this kinase.
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ERK1/2 activation in central nervous system
diseases: Promoters of cell death?

The mitogen activated protein kinases (MAPK) comprise a
ubiquitous group of signaling proteins that play a promin-
ent role in regulating cell proliferation, differentiation and
adaptation. Members of each major MAPK subfamily, the
extracellular signal regulated protein kinases (ERK), c-Jun
N-terminal kinases and p38 MAPK, have been implicated
in neuronal injury and disease (reviewed in [1,2]). The
MAPK signaling module is defined by a three-tiered kinase
cascade, resulting in phosphorylation of a conserved Thr-

X-Tyr activation motif by an upstream dual specificity
MAPK kinase (Fig. 1). In particular, ERK1 and ERK2,
which are activated by the MAPK/ERK kinase-1/2
(MEK1/2), are emerging as important regulators of neur-
onal responses to both functional (learning and memory)
and pathologic (regulated cell death) stimuli. While ERK
signaling plays a beneficial, neuroprotective role in many
systems (see companion reviews [2a,2b]), there is growing
evidence implicating these kinases in the promotion of cell
death in both neurons and other cell types.

Initial indications that ERK1/2 activation may contribute
to central nervous system (CNS) disease pathogenesis were
noted in studies of diseased human brain tissues using
antibodies that recognize the active, phosphorylated form of
both ERK1 and ERK2. For example, Smith and colleagues
noted aberrant neuronal expression of phosphorylated
ERK1/2 and other MAPKs in Alzheimer’s disease patients’
brains in association with markers of oxidative stress
(reviewed in [2]). MAPK phosphorylation was also noted
in a variety of sporadic and familial neurodegenerative
diseases characterized by tau deposits [3]. Phospho-ERK1/2
is increased in substantia nigra neurons of patients with
Parkinson’s disease and other Lewy body diseases, and the
midbrains of these patients show elevated ERK activity [4].
In addition to chronic neurodegenerative diseases, increased
ERK1/2 phosphorylation has been noted in the vulnerable
penumbra following acute ischemic stroke in humans [5].
While the association between ERK1/2 phosphorylation
and vulnerable neurons in human CNS diseases seems
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compelling, it is difficult to ascribe functionality from
expression analysis alone, as kinase activation may simply
reflect a cellular response to stress and not necessarily
contribute to ensuing mobilization of cell death or survival
pathways.

Neuroprotective effects of ERK1/2 inhibition in vivo

A series of reports by Alessandrini and colleagues in models
of cerebral ischemia-reperfusion injury provided the first
in vivo evidence that activation of the MEK-ERK1/2
signaling pathway may contribute to acute brain injuries
(for example [6]). In these studies, ERK1/2 activation was
blocked using pharmacologic inhibitors of MEK1/2 and led
to reduced neuronal injury and loss of function in mice and
gerbils. These findings have been confirmed by similar
studies from other groups [7,8]. Prominent ERK1/2 activa-
tion is also observed after neonatal hypoxic-ischemic injury
[9]. In addition, ERK1/2 activation may contribute to
traumatic brain injury, possibly through activation of
matrix metalloproteinases [10]. It is interesting to note that
different regions of the hippocampus show preferential
susceptibility to ischemic vs. traumatic injuries, and that
neuronal ERK1/2 phosphorylation occurs in regions that
subsequently undergo neuronal cell death [11]. Although
the MEK1/2 inhibitor studies offer compelling evidence

supporting a detrimental role for ERK signaling in acute
brain injuries, other studies indicate that ERK may promote
functional recovery following mild trauma [12]. The
accompanying review by Hetman discusses studies using
MEK1/2 inhibitors to implicate a neuroprotective effect for
ERK1/2 [2a].

What accounts for the seemingly contradictory effects of
MEK1/2 inhibition on neuronal cell survival following
acute injury? Differences in outcome resulting from MEK1/
2 inhibition may depend not only upon the nature and
severity of injury, but also upon drug dosing regimens or the
cell type expressing activated ERK1/2. Although most acute
neuronal injury studies focus upon neuronal expression of
phospho-ERK1/2, activation of this kinase in surrounding
glial or endothelial cells could also impact on neuronal
survival. For example, persistent astroglial expression of
phosphorylated ERK1/2 is observed after stab injuries to
the mouse brain [13]. Moreover, ERK1/2 activation in
microglia results in release of inflammatory mediators
detrimental to substantia nigra neurons [14]. Until cell
type-specific inhibition of ERK1/2 activation can be
attained, the mechanism responsible for the neuroprotective
in vivo effects of MEK1/2 inhibition will remain unresolved.

Neuroprotective effects of ERK1/2 inhibition in vitro

The activation of MAPKs including ERK1/2 has been
extensively studied with regard to cellular proliferation and
responses to growth factors or prosurvival hormones.
Seminal experiments by the Greenberg group in the PC12
pheochromocytoma cell line established protective effects of
activated ERK1/2 against apoptosis induced by neuro-
trophic factor withdrawal (reviewed in [15] and accom-
panying reviews by Hetman and Cavanaugh [2a,2b]). Many
studies ensued that further substantiated the neuroprotec-
tive effect of ERK1/2 in neuronal cell lines and primary
neuron cultures [2a]. However, even in the PC12 neuro-
trophic factor withdrawal model, a MEK1/2 inhibitor could
exert a partial protective effect [16]. More compelling results
indicating neuroprotective effects from inhibiting ERK1/2
activation were subsequently obtained in hippocampal slice
cultures where protein phosphatase inhibition was used to
induce cell death [17,18].

In subsequent years, a number of groups have used
similar approaches to reveal protective effects of blocking
ERK1/2 activation in both established cell lines and primary
neurons subjected to a variety of insults. These include
toxicity induced by peroxynitrite [19], mechanical trauma
[20], glutathione depletion [21–23], zinc [24,25], amyloid
beta peptide plus iron [26], the parkinsonian neurotoxins
MPP+ [27] and 6-hydroxydopamine [28,29] and other
miscellaneous insults [30,31]. The potential positive contri-
bution of ERK1/2 activation to cell death is not limited to
neurons as MEK1/2 inhibitors have been found to block
cell death in astrocytes [32], oligodendroglia-like cells [33],
vascular smooth muscle [34], fibroblasts [35] and renal
epithelial cells [36]. It is interesting to note that oxidative
stress often plays a role in both neuronal and non-neuronal
model systems in which ERK1/2 contributes to injury.
Indeed, redox mechanisms have also been implicated in cell
death models elicited by nonoxidative stimuli, such as those
based on altered growth factor levels [31,37].

Fig. 1. Schematic diagram illustrating potential redox-sensitive ERK

regulatory components. The three-tiered ERK signaling module,

involving sequential activation of Raf (MAPK kinase kinase), MEK

(MAPK kinase) and ERK (MAPK) is shown in the shaded rectangle.

ERK activation during oxidative neuronal injury could result through

redox cysteine switch mechanisms at several different levels including

growth factor receptors, adapter proteins (Shc), G proteins (Ras) or

upstream kinases (e.g. protein kinase C; PKC). Protein tyrosine

phosphatases (PTP) and dual specificity MAPK phosphatases (MKP)

contain an active site cysteine that is susceptible to oxidative inacti-

vation. While PKC is regulated by redox mediated Zn release in

hippocampal preparations, it is unknown whether Zn release may

contribute to inactivation of serine/threonine protein phosphatases

(PP) as well. Likewise, ubiquitin-proteasome (Ub-P) mediated degra-

dation of phospho-ERKs may become impaired. Several of these

mechanisms may coexist, mediating the sustained ERK signaling

observed during oxidative neuronal injury.
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It is important to recognize that in cultured cell lines
and enriched primary neuron cultures, direct effects of
pharmacological inhibitors of ERK1/2 activation can be
established, as contributions of glial cell derived cytokines
or vascular effects of the inhibitors are not a factor.
However, the possibility of other kinases also being
affected by the inhibitors cannot be excluded. Molecular
manipulation of select components of the ERK1/2 signaling
pathway will be required to definitively establish specific
effects of ERK1/2 on neurotoxicity. Indeed, a recent study
used siRNA to demonstrate a specific role for ERK2, but
not ERK1, in a non-apoptotic form of regulated cell death
[37a].

Redox regulation of ERK1/2 activation kinetics

Divergent effects of the ERK1/2 signaling pathway on
neuronal cell survival are not surprising, as previous studies
have demonstrated diverse biological effects of ERK1/2
even within a single cell type (reviewed in [38]). In fact,
understanding the underlying mechanisms responsible for
generating unique cellular responses by a limited set of
signaling molecules (i.e. the MAPKs) has been the goal of
many studies in neuronal and non-neuronal cells alike [38].
One important component of the ERK1/2 signaling
network that appears to play a critical role in dictating
cellular response is the precise kinetics of ERK1/2 activa-
tion. It is interesting to note that many model systems that
implicate ERK1/2 in a detrimental role are associated with a
delayed, sustained phase of ERK1/2 activation [4,21,29,
34,37]. As the impact of ERK1/2 activation kinetics on
neurodegeneration has been discussed in a recent review
[15]), we will focus our discussion on the role of redox-
sensitive mechanisms in ERK1/2 activation.

It is well accepted that neurodegenerative diseases and
ischemia-reperfusion injury to most organs share a common
dependence upon generation of reactive oxygen species
(ROS)/reactive nitrogen species (RNS). Therefore, it is
probable that in vitro studies that examine ERK1/2
activation in response to oxidative stress will reveal import-
ant details relevant to neuronal cell injury in vivo. Indeed,
ERK1/2 activation appears to be mediated by redox
mechanisms in both acute neuronal injuries [21] and in
models of neurodegeneration [4,26], including transmissible
spongiform encephalopathies [39]. Both transgenic animal
studies [40] and cell culture studies [4,29] suggest that
inhibition of ERK1/2 signaling comprises an important
mechanism by which antioxidants confer protection.

Redox sensitivity of upstream activators of ERK1/2

Classic receptor-regulated activation of ERK1/2 signaling
occurs through recruitment of cytoplasmic adaptor proteins
and the small G protein Ras to the membrane (Fig. 1).
GTP-loaded Ras promotes activation of the MAPK kinase
kinase Raf-1. Raf-1 then activates the MAPK kinase
MEK1/2, leading to ERK1/2 phosphorylation. In addition,
MEK1/2 can be activated by B-Raf, a neuron-enriched
isoform of Raf, which is in turn activated by a cAMP-
responsive Ras homologue called Rap-1 [41]. Heterotri-
meric G proteins are also involved in regulating ERK1/2
signaling through effects on scaffolding functions of

b-arrestins, or by modulating the activity of protein
kinase C, which can activate Raf isoforms at the apex of
the ERK1/2 module (reviewed in [42]).

Redox regulation at each of these steps has been
demonstrated, predominantly in non-neuronal systems
(reviewed in [43]). Receptor tyrosine kinases can be activa-
ted through hydrogen peroxide mediated oxidation of
cysteine residues or through covalent oxidative stabilization
of receptor dimers [44]. Adaptor proteins such as Shc can be
activated in a monoamine oxidase dependent manner [45].
The small GTP-binding protein Ras contains a surface
redox-sensitive cysteine residue whose oxidation results in
activation of the ERK1/2 pathway [43]. Heterotrimeric
GTP-binding proteins contain redox-sensitive cysteine resi-
dues that when modified result in ERK1/2 activation [46].
Members of the protein kinase C family, which are capable
of activating Raf, can be activated or inactivated by redox
modification of thiol residues in different domains of the
enzyme [43,47]. While reversible cysteine switches appear to
form a general facet of normal trophic factor induced
ERK1/2 activation, mechanisms underlying patterns of
activation observed in pathologic situations remain to be
elucidated.

Redox sensitivity of downstream inactivators of ERK1/2

The pathologically sustained ERK1/2 activity observed in
injured neuronal cells probably reflects impairment of
negative feedback regulators that normally function to
terminate signaling responses (Fig. 1). Regulation of kinase
signaling involves coordinated input from both upstream
activators and inactivating phosphatases [48,49]. In addi-
tion, alterations in cellular degradation pathways may
contribute to injury. Alterations in both the ubiquitin-
proteasome and autophagolysosome systems have been
implicated in neurodegenerative diseases [50,51]. In degen-
erating neurons, phosphorylated ERK1/2 is observed in
autophagocytosed mitochondria [52]. Moreover, ERK1/2
can be targeted for proteasomal degradation [53], and
delayed sustained patterns of ERK1/2 phosphorylation can
be elicited by proteasome inhibitors [54].

Phosphatases capable of inactivating ERK1/2 include
serine/threonine directed protein phosphatases (PPs), pro-
tein tyrosine phosphatases (PTPs) and dual-specificity
phosphatases (DSPs; which include the MKPs – MAP
kinase phosphatases) [55]. PTPs and DSPs share a
HC(X)5R motif that is critical for enzymatic activity, and
this catalytic cysteine residue is particularly susceptible to
oxidation (Fig. 1). Indeed, transient oxidative inactivation
of PTPs represents an important normal mechanism of
signal transduction, involving conversion of the active-site
cysteine into a metastable sulfenic acid (Cys-SOH) that is
reversed by reaction with glutathione (reviewed in [56]).
Progression to irreversible sulfinic acid (Cys-SO2H) or
sulfonic acid (Cys-SO3H) forms may underlie pathologically
sustained ERK1/2 responses. Although redox regulation of
metallophosphatases have not been as intensively studied,
oxidative modification of the metal binding residues could
hypothetically affect serine/threonine PP activity as well.

While oxidative stress in neurons during reperfusion
injury results in induction of several ERK-directed pho-
phatases [57], ERK1/2 phosphorylation is increased, not

2062 C. T. Chu et al. (Eur. J. Biochem. 271) � FEBS 2004



decreased [9,40]. This apparent dissociation suggests that
either the phosphatases are inactivated or they are unable to
access their target, perhaps due to altered trafficking or
sequestration of the phosphorylated ERK1/2. Many ERK-
directed phosphatases, especially those in the MKP family,
share a docking domain with high affinity for binding
ERK1/2 [58]. Several of these phosphatases are restricted
either to the cytoplasm (e.g. MKP3) or to the nucleus (e.g.
MKP1). Transfection studies with mutated MKPs suggest
that inactivated phosphatases can serve as passive anchors
for ERK1/2 (reviewed in [49]). Such a mechanism may
explain divergent patterns of sustained cytoplasmic vs.
nuclear localization of phospho-ERK1/2 under neuro-
pathological conditions that involve oxidative stress.

Location, location, location

Regulation of ERK1/2 subcellular localization

Subcellular localization of activated MAPKs influences
resultant cellular responses in a variety of cell types
(reviewed in [49]). For example, rapid nuclear translocation
of activated ERK1/2 following growth factor stimulation is
essential for stimulating progression through the cell cycle
[49]. Because ERK1/2 substrates are found in various
subcellular compartments (for review see [59]), the biologi-
cal outcome of ERK1/2 activation will depend in part upon
the localization of ERK1/2 and its accessibility to potential
substrates within that compartment. It is also probable that
molecular scaffolds, which direct the action of MAPK to
specific substrates [60], will have unique compositions
within distinct compartments and cell types, adding to the
flexibility of downstream signaling that results from
ERK1/2 activation. Model studies in yeast and mammalian
cells have identified regulators of ERK1/2 compartmental-
ization including �anchoring proteins� that restrict active
ERK1/2 to the cytoplasmic or nuclear compartment [49].
As mentioned above, specific MKPs may serve a dual role
in regulating ERK1/2 activity within a specific compartment
by either terminating kinase action through dephosphory-

lation or restricting the subcellular trafficking of ERK1/2
through formation of relatively stable complexes. The
observation that phosphorylated ERK1/2 displays distinct
patterns of subcellular localization in ischemic or degener-
ating human neurons provides insight into potential mech-
anisms mediating beneficial vs. detrimental effects of these
ubiquitous kinases (Fig. 2).

Sustained nuclear localization of ERK1/2 in acute
neuronal injury: Beneficial or detrimental?

Neuronal cell function is also dramatically influenced by the
subcellular localization of activated ERK1/2. Marshall and
colleagues performed classic experiments showing that
differential responses of PC12 cells to epidermal growth
factor (i.e. proliferative) vs. nerve growth factor (differen-
tiation) were triggered by alternative kinetics of ERK1/2
activation and compartmentalization, with sustained nuc-
lear localization of active ERK1/2 associated with differen-
tiation (reviewed in [15,59]). Subsequently, sustained nuclear
localization of ERK1/2 has been found to be critical for
long-term potentiation [61]. While these studies reveal
conditions where nuclear localization of active ERK1/2
promotes physiological function, this property of ERK1/2
may not strictly apply to injured neurons.

The activation of ERK1/2 and other MAPKs in cerebral
ischemia was first reported 10 years ago by Hu & Wieloch
[62]. ERK1/2 activation has since been observed in various
models of focal and global ischemia although the precise
kinetics,durationandregionaldistributionofactiveERK1/2
differs in the various models (reviewed in [63]). In some
cases, the subcellular localization of activated ERK1/2 in
ischemic tissue has also been examined. Thus, while active
ERK1/2 persists for up to 24 h within neurons in �penum-
bral-like� regions following middle cerebral artery occlusion
in adult rat, it is mainly localized to the cytoplasm,
perikarya or neuropil [63]. In contrast, chronically activated
ERK1/2 is retained in the nuclei within neurons from
various brain regions following hypoxia/ischemia in neo-
natal rats [9], and in cell culture models involving oxidative

Fig. 2. Distinct subcellular localization patterns for phosphorylated ERK1/2: Mechanistic implications. Neurons exhibiting ERK1/2 activation

typically display several general immunohistochemical patterns including diffuse labeling restricted to processes or soma and diffuse nuclear and

cytoplasmic staining, as observed in this ischemic human neuron (A). Degenerating populations of neurons may also display discrete, cytoplasmic

labeling for phospho-ERK1/2, as illustrated by these hippocampal neurons from a patient with dementia (B). Hypothetical effects related to

differences in subcellular localization of activated ERK1/2 are schematically illustrated (C). Although compartmentalization of activated ERK1/2

does not necessarily imply that downstream signaling effects are limited to these compartments, it is probable that different subsets of scaffolding

anchors, target proteins and regulatory phosphatases are involved. Cellular integration of divergent downstream effects will determine the favorable

vs. detrimental outcomes to neuronal injury involving ERK1/2 signaling pathways. In addition, the potential contribution of ERK1/2 activation in

non-neuronal CNS cell types must be considered at the organism or tissue level.
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glutamate toxicity [22]. Based upon these apparently
conflicting reports, it seems reasonable to conclude that
ERK1/2 has the capacity to promote cell death in neurons
through its effects on either cytoplasmic or nuclear targets,
depending upon the nature of the acute insult and the
affected cell types.

Cytoplasmic diversion in neurodegeneration?

In some neurodegenerative diseases such as Parkinson’s
disease, Alzheimer’s disease and Lewy body dementias,
ERK1/2 appears to be localized within discrete, cytoplas-
mic granules [4,64], a pattern that is also observed in
6-hydroxydopamine-treated cells in culture [4]. Although
the precise structural or functional interactions underlying
these punctate cytoplasmic staining patterns are not well
understood, immunofluorescence and ultrastructural stud-
ies of degenerating human substantia nigra neurons indicate
the presence of phosphorylated ERK1/2 in association with
fibrillar bundles, distended mitochondria and autophago-
somes [52]. These discrete accumulations of ERK1/2 in the
cytoplasm raise the possibility that even though it is
phosphorylated, ERK1/2 may not be available to act on
potential downstream pro-survival targets (Fig. 2).

Onepotential lossof functionpathwaythat is implicated in
Parkinson’sdiseasebybothhumantissue studies [4]andacell
culture model (E. M. Chalovich & C. T. Chu, unpublished
data) is the ERK-RSK-CREB pathway, which regulates
transcription of potentially neuroprotective genes such as
Bcl-2 and brain derived neurotrophic factor. In addition,
given the normal role of ERK1/2 signaling in regulating
synaptic plasticity, it is possible that reduced signaling in this
capacity contributes to neurodegeneration, as synaptic
dysfunction undoubtedly precedes overt cell death. Indeed,
it has recently been shown that alpha-synuclein affects
caveolar signaling, and that the resultant dysregulation of
ERK1/2 signaling adversely affects neuritic outgrowth [65].

Alternatively, accumulation of phosphorylated ERK1/2
within discrete cytoplasmic bodies may be associated with a
toxic gain of cytoplasmic function that somehow contri-
butes to neurodegeneration, perhaps through the activation
of cytoplasmic or mitochondrial cell death mediators
(Fig. 2). One potentially interesting candidate is calpain, a
cysteine protease implicated in both apoptotic and necrotic
conditions. Co-localization of phosphorylated ERK1/2
with markers of calpain activation have been observed
following neonatal hypoxic ischemic injury in rats [9].
Moreover, calpain, which is increased in Parkinson’s disease
neurons [66], appears to be a direct cytoplasmic target of
ERK1/2 [67]. Ultimately, the persistence of activated
ERK1/2 within any individual compartment (i.e. nucleus
or cytoplasm) may disrupt the intricate balance between
pro-survival and pro-death signals that are being integrated
to elicit a final cellular response.

Conclusions and caveats

As ERK1/2 is a shuttling protein that traffics between the
nuclear and cytoplasmic compartments, it may be mislead-
ing to associate its predominant localization within a single
compartment revealed in fixed cells or tissues with action
towards a restricted set of substrates. We also must keep in

mind that compartment-specific scaffolding proteins could
impact not only the activity of ERK1/2, but also its target
protein selection. Furthermore, if ERK1/2-mediated phos-
phorylation of specific target proteins is not readily reversed
by appropriate phosphatases, ERK1/2 effects within a given
compartment may persist well beyond the time that active
ERK1/2 is resident within that given compartment. Seques-
tration of ERK1/2 within discrete subcellular bodies could
also affect the accessibility of ERK1/2 to its targets. Clearly,
a detailed analysis is needed of the targets of ERK1/2 that
directly function to promote neuronal cell death in response
to various forms of both chronic and acute neuronal cell
injury. It therefore seems likely that as various signaling
pathways are mobilized in response to neuronal cell injury,
the temporal and spatial coincidence between effector
kinases (e.g. ERK1/2) and their substrates will play an
essential role in directing cells towards a survival pathway or
one that leads to their demise.
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