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Abstract Glutamate excitotoxicity is a hypothesis that
states excessive glutamate causes neuronal dysfunction
and degeneration. As glutamate is a major excitatory
neurotransmitter in the central nervous system (CNS), the
implications of glutamate excitotoxicity are many and far-
reaching. Acute CNS insults such as ischaemia and
traumatic brain injury have traditionally been the focus of
excitotoxicity research. However, glutamate excitotoxicity
has also been linked to chronic neurodegenerative disorders
such as amyotrophic lateral sclerosis, multiple sclerosis,
Parkinson’s disease and others. Despite the continued
research into the mechanisms of excitotoxicity, there are
currently no pharmacological interventions capable of
providing significant neuroprotection in the clinical setting
of brain ischaemia or injury. This review addresses the
current state of excitotoxic research, focusing on the
structure and physiology of glutamate receptors; molecular
mechanisms underlying excitotoxic cell death pathways and
their interactions with each other; the evidence for
glutamate excitotoxicity in acute neurologic diseases;
laboratory and clinical attempts at modulating excitotox-
icity; and emerging targets for excitotoxicity research.
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Overview

Glutamate excitotoxicity is a hypothesis that states exces-
sive glutamate causes neuronal dysfunction and degenera-
tion. As glutamate is a major excitatory neurotransmitter in
the central nervous system (CNS), the implications of
glutamate excitotoxicity are many and far-reaching. Acute
CNS insults such as ischaemia and traumatic brain injury
have traditionally been the focus of excitotoxicity research.
However, glutamate excitotoxicity has also been linked to
chronic neurodegenerative disorders including amyotrophic
lateral sclerosis (ALS), multiple sclerosis, Parkinson’s
disease, and others. The focus of this review, however, will
be the mechanisms of excitotoxicity, the role of excitotox-
icity in acute CNS insults and developing areas of
excitotoxic research.

The mechanisms underlying glutamate excitotoxicity are
complex. However, especially in the acute pathologies,
glutamate excitotoxicity is not thought to be the result of a
genetic mutation or structural deficit in the channel. Unlike
most of the other topics in this chapter, glutamate
excitotoxicity is not considered a channelopathy. Instead,
glutamate excitotoxicity can be thought of as a normal
physiological response to a CNS insult.

Historical context

The toxic effects of glutamate was first observed by Lucas
and Newhouse [123] who described degeneration of the
inner layers of the retina following subcutaneous injections
of glutamate in infant mice. Olney [153] later coined the
term “glutamate excitotoxicity” in a landmark paper
describing intracranial brain lesions in response to subcu-
taneous injections of glutamate in infant and adult mice.
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Olney and Sharpe [154] were able to repeat these findings
in a primate model shortly thereafter, albeit requiring higher
doses of glutamate. In these studies, it was also noted that
the hypothalamus and periventricular areas of the brain
were particularly sensitive to systemic glutamate. A similar
neuroanatomical pattern of degeneration was observed
following cerebral anoxia [100], which led some to believe
that glutamate excitotoxicity may play a role in ischaemic
neuronal death. Supporting evidence was provided by
Rothman [172] who demonstrated reduced susceptibility
to anoxic insult in hippocampal cell cultures using gamma-
D-glutamyglycine, a non-specific postsynaptic excitatory
amino acid (EAA) inhibitor. Glutamate excitotoxicity has
since been inextricably linked to ischaemic CNS injury and
other CNS pathologies thought to have similar mechanisms,
such as secondary injury following traumatic brain injury.
Chronic over-excitation of neurons elicited by glutamate is
newer concept, but has linked glutamate excitoxicity to
neurodegenerative processes in ALS, Huntington’s disease,
Parkinson’s disease and Alzheimer’s dementia. Chronic
excitotoxicity is beyond the scope of this review, which will
focus primarily on the mechanisms underlying acute
excitotoxicity.

Glutamate receptors

NMDA receptor

Of the glutamate receptor types currently known, none have
received more attention than the N-methyl-D-aspartate
receptor (NMDAR). Named for its affinity for N-methyl-
D-aspartate, the NMDAR has been implicated in various
processes across the neurosciences, from learning and
memory to neurodegeneration. The NMDAR channel is
made up of a combination of three different subunits, NR1–
3. When activated, the NMDAR allows the influx of
cations, though most notably calcium. Excessive intracel-
lular calcium concentrations cause the activation of intra-
cellular pathways leading to both physiological (i.e.
learning and memory) and pathological processes (i.e.
excitotoxic injury). The NMDAR exhibits a complex gating
mechanism, requiring not only binding of various ligands
but also cellular depolarisation.

The traditional NMDAR is heterotetramer composed of
two NR1 subunits and two NR2 subunits. The NR1 subunit
is made up of ∼938 amino acids and has eight splice
variants. Together, two NR1 subunits form the ion channel
proper and exhibit all the classical properties attributed to
NMDARs, including glutamate activation, magnesium
block, zinc inactivation, glycine activation, interactions with
polyamines and pH sensitivity. In addition to glutamate
binding, Mayer et al. [131] showed that depolarisation of the

NMDAR-expressing neuron is necessary to electrostatically
remove a magnesium ion normally blocking current entry at
the level of the ion channel pore. Zinc can alternatively
inhibit the NMDAR-mediated currents elicited by gluta-
mate [130]. Physiologically, magnesium is removed by
the activation of other ionotropic glutamate channels
(AMPA and kainate, to be discussed later). Glycine was
shown by Johnson and Ascher [99] as a mandatory
cofactor with glutamate necessary for NMDAR channel
opening. The role of polyamines in NMDAR modulation
is less clear and may participate in both cell growth and
cell death. Spermine, a polyamine, can potentiate
NMDAR currents at low concentrations, but also reduce
currents in a voltage-dependent manner at higher concen-
trations [171]. Spermine has also been shown to increase
the frequency of channel opening and glycine affinity
whilst acting as a voltage-gated NMDAR channel blocker
when applied extracellularly [15]. To add to the complex-
ity of the polyamine/NMDAR interaction, many of these
effects are dependent on the subunit constituents of the
NMDAR channel [221]. As such, the physiological
significance of these interactions is still under investiga-
tion. Protons inhibit NMDAR current via a direct
interaction with the NR1 subunit on a single lysine residue
[208] which may be alleviated by spermidine and other
polyamines [168]. Physiologically, alterations in pH
common after acute neurological insults (such as stroke
and traumatic brain injuries) can modulate NMDAR
function, but also other acid-sensing ion channels (ASICs,
to be discussed later).

NR2 subunits have more of a regulatory and refining
role in NMDAR function. Currently, four NR2 subtypes
exist (NR2A–D), with NR2A widely distributed in the
brain, NR2B expressed primarily in the forebrain, NR2C
found predominantly in the cerebellum and NR2D
localised to the thalamus [29]. Within the NMDAR
complex, NR2 subunits modulate the characteristics of
the NR1 ion channel pore mentioned above, though
recently, NR2 subunits have been ascribed another role in
postsynaptic architecture. Specifically, NR2B subunits
have been shown to bind and link postsynaptic proteins,
creating specialised postsynaptic microenvironments
[177]. This close association is accomplished by postsyn-
aptic densities comprising scaffolding proteins which
allow the spatial approximation of intracellular enzymes
(e.g. neuronal nitric oxide synthase) with ionic second
messengers (e.g. Ca2+ influx from NMDARs). The
physiological effect of this spatial relation can be dramatic
and has been shown in animal studies to reduce histolog-
ical damage as well as neurological dysfunction after
stroke [2].

Recent studies have shown a third subunit associated
with the NMDA receptor gene family [33]. The NR3
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subunit is expressed in two isoforms: NR3A, which is
expressed throughout the CNS, and NR3B, which is
expressed primarily in motor neurons. Preliminary evidence
suggests that NR1/NR3A and NR1/NR3B complexes are
not activated by NMDA or glutamate, but rather elicit an
excitatory Ca2+-impermeant response via glycine.

AMPA/kainate receptors

The AMPA and kainate classes of glutamate receptors
belong to the same superfamily as the NMDARs and share
approximately 25% homology. AMPA receptors (AMPARs)
are made up of a combination of four subunits (GluR1–4)
and require only glutamate application for activation. The
specificity of cation influx of AMPARs is variable, however,
and is governed primarily by subunit composition. GluR1,
GluR3 and GluR4 all display strong inwardly rectifying
current–voltage and calcium permeability, whereas the
GluR2 subunit removes calcium permeability [30, 73, 88].
Physiologically, AMPARs are thought to regulate the fast
excitation required to remove the magnesium block of
nearby NMDARs.

Kainate receptors are made up of subunits from GluR5–
7 (also known as GluK5–7) and KA1–2 (also known as
GluK1–2). The properties of kainate channels are similar to
AMPARs in that they allow ion flux directly following
glutamate application, though they are mostly impermeant
to calcium ions. Although AMPARs are localised mostly in
the postsynaptic membrane, studies have shown that
kainate receptors may be localised in both the pre-
synapse [36] and post-synapse [32, 213]. Some studies
have shown that the application of kainate can stimulate
glutamate release [179], whereas others have shown that
kainate application inhibits presynaptic glutamate release
[68]. Postsynaptically, kainate channels serve a similar
purpose as AMPARs in alleviating magnesium block in
NMDARs.

Metabotropic glutamate receptors

Metabotropic glutamate receptors (mGluRs) are single-
peptide seven-transmembrane spanning proteins linked to
intracellular G-proteins. It was originally believed that all
metabotropic glutamate receptors used G-proteins as a
transduction molecule, though recent evidence suggests
that G-protein-independent signalling can occur [85].
Currently, eight different mGluRs (mGluR1–8) are known
and are classified into three groups (groups I, II and III)
based on sequence homology and their intracellular effects.

Group I metabotropic glutamate receptors include
mGluR1s and mGluR5s. Activation of group I mGluRs
are linked via G-proteins to the activation of phospholipase
C whose downstream effects include inositol triphosphate

production and subsequent intracellular calcium mobilisa-
tion [3, 9]. This group of mGluRs also modulates excitatory
postsynaptic potentials at hippocampal synapses via tyro-
sine kinases in a G-protein-independent fashion [85]. Group
II mGluRs include mGluR2s and mGluR3s. These mGluRs
cause a decrease in adenylyl cyclase signalling, resulting in
downstream inhibition of voltage-dependent calcium chan-
nels [34, 202]. These receptors are found at both the pre-
synapse and the post-synapse [152]. Since presynaptic
calcium is integral to neurotransmission, group II mGluRs
modulate neurotransmission via their action on voltage-
gated calcium channels. Group III mGluRs include
mGluR4s, mGluR6s, mGluR7s and mGluR8s. These
mGluRs have similar properties to the group II mGluRs
and are also associated with a decrease in adenylyl cyclase
signalling, resulting in downstream inhibition of voltage-
dependent calcium channels [202]. These mGluRs are also
found in both the presynaptic and postsynaptic terminals
[22], and similar to group II receptors, these mGluRs
modulate neurotransmission by functioning as autorecep-
tors and modulating calcium channel influxes.

With respect to excitotoxicity, the group I family of
mGluRs is associated with the post-synapse and appear to
potentiate NMDAR-mediated Ca2+ influx [26]. The remain-
ing metabotropic glutamate receptor heterodimers compris-
ing mGluR2,3 and mGluR4,6,7,8 subunits are linked to the
inhibition of cAMP formation. These receptors are primar-
ily found in the pre-synapse and reduce Ca2+ influx via
NMDARs [25].

The above evidence shows that alterations in the amino
acid sequences of glutamate receptor subunits could alter
calcium permeability or other properties which could lead
to worsening excitotoxicity. However, whilst there are
currently no known channelopathies attributable to gluta-
mate receptor mutations directly, some recent evidence has
suggested that mutations in postsynaptic proteins bound to
AMPARs may exert a channelopathy-like effect in epilepsy
[69]. Improved knowledge of the pharmacology and
distribution of glutamate receptors may also lead to the
development of improved receptor antagonists for the
treatment of neurologic disease. Finally, the linkage of
ionotropic receptors to intracellular enzymes may provide
alternative targets for pharmacological neuroprotection
following excitotoxic insults.

Mechanisms of excitotoxicity

Despite intense research into the mechanisms of excitotox-
icity, the actual intracellular mechanisms responsible for
neuronal death are still being elucidated. One major
obstacle is in the heterogeneity of neurodegeneration
following glutamate application. In neuronal cultures, both
apoptosis-like and necrosis-like cell death is seen depend-
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ing on the severity of NMDA insult [20]. In vivo, the
morphology of cell death may be dependent on the receptor
subunit composition of neurons [163]. This heterogenous
population of cell death is also apparent in whole animal
models of stroke [192] and traumatic brain injury [191].

At one end of the spectrum, neurons displaying necrotic
morphology are seen following intense glutamatergic insult
[20]. The mechanisms underlying neuronal necrosis are
similar to those governing other cell types and include
loss of cellular homeostasis with acute mitochondrial
dysfunction leading to massive energy failure. Milder
glutamatergic insults, however, have been shown to cause
cell death ascribed to various cell death pathways. Though
these cell death pathways include a gamut of molecular
players including cysteine proteases, mitochondrial endo-
nucleases, peroxynitrite, PARP-1 and GAPDH in excito-
toxic neurodegeneration, no single pathway has emerged
dominant.

Calcium: a key to excitotoxicity

Calcium influx was shown to be essential to glutamate
excitotoxicity in a paper by Choi [37]. In this study,
glutamate excitotoxicity in neuronal cultures was potentiat-
ed in a calcium-rich extracellular solution, whereas a
calcium-free extracellular solution markedly reduced neuro-
degeneration. Subsequent studies by Choi [38] proposed
that NMDARs may be primarily responsible for this
calcium entry, but it was Tymianski et al. [210] who
demonstrated that the path of calcium influx, and not the
calcium load, was important in the NMDAR-mediated
neurodegenerative process. Sattler et al. [176] later demon-
strated higher lethality with lower calcium influxes via
NMDARs compared to higher calcium influxes via other
calcium-permeant channels. Subsequent work by the same
group showed that NMDARs are spatially linked to
neuronal nitric oxide synthase (nNOS) which can produce
toxic levels of nitric oxide (NO) [177].

Other lines of evidence suggest that the majority of
intracellular calcium is sequestered into mitochondria in
glutamate excitotoxicity [205, 218]. In these studies, it was
demonstrated that the calcium-buffering capacity of neu-
rons was dramatically reduced using a mitochondrial
protonophore or removal of sodium from the extracellular
solution. These studies also suggested a low affinity, high
capacity sodium/calcium exchanger buffering calcium into
mitochondrial stores. In this scenario, calcium sequestration
can lead to metabolic acidosis and free radical generation
via mitochondrial toxicity.

The timing of calcium entry following glutamate
application was elucidated by Randall and Thayer [167]
who showed three phases of intracellular calcium concen-
tration changes in cultured hippocampal neurons: an initial

phase of increased intracellular calcium lasting 5–10 min, a
2-h latent phase with normal calcium concentrations and
finally a gradual sustained rise in intracellular calcium
associated with cell death. Taken together, increased
intracellular calcium causing cell death may involve several
mechanisms including activation of nitric oxide synthase,
calcium-sensitive proteases and mitochondrial damage.

Nitric oxide: intricately linked to NMDAR-mediated
calcium influx

One of the hallmarks of excitotoxic neurodegeneration is
the production of nitric oxide. Early work by Dawson et al.
[48] supported the role of NO in glutamate-mediated
neurodegeneration by preventing cell death in vitro with
nitric oxide synthase (NOS) inhibitors. In nNOS knockout
mice studies, NMDA-mediated excitotoxicity was marked-
ly reduced, demonstrating that nNOS is the NOS isoform
primarily responsible for excitotoxic neurodegeneration
[49]. NMDARs and nNOS were eventually connected by
a study by Sattler et al. [177] who determined that the
postsynaptic density protein of 95 kDa (PSD-95) provided
a structural link between nNOS and NMDARs. In these
experiments, it was shown that NMDARs are bound to
nNOS via a postsynaptic density protein of molecular
weight 95 kDa (PSD-95). PSD-95 binds to the C-terminus
of the NR2B subunit via a PDZ1 domain and the N-
terminus of nNOS via a PDZ2 domain. In this model, a
microenvironment is formed in the post-synapse whereby
Ca2+ entering the neuron preferentially activates nNOS via
calmodulin.

Once formed, NO has a number of intracellular targets
[193]. However, nitric oxide can also interact with the free
radical superoxide to form peroxynitrite, a potent oxidant
that can cause protein nitration, protein oxidation, lipid
peroxidation and direct DNA damage [164, 165] leading to
cell death. More recently, NO has been shown to be directly
neurotoxic through an interaction with GAPDH [83].

Free radicals: a mitochondrial contribution to excitotoxicity

The first indirect evidence for the role of free radicals in
glutamate excitotoxicity was provided by Dykens [56] who
showed that cerebellar neurons cultured in mannitol- or
superoxide dismutase-rich medium were resistant to
kainate-induced excitotoxicity. Subsequently, cultured cor-
tical neurons overexpressing superoxide dismutase were
shown to be resistant to glutamate and ischaemia-induced
neurotoxicity [76]. Various groups other have shown
neuroprotection against glutamate excitotoxicity in cultures
using various antioxidant compounds including nitrone-based
scavengers, free radical spin traps and 21-aminosteroids/
lazaroids (to be discussed later).
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Direct detection of free radical production following
excitotoxicity was demonstrated in cerebellar granule cells
[110] and cortical cultures [54, 170]. Using paramagnetic
resonance imaging, Lafon-Cazal et al. [110] demonstrated a
dose-dependent increase in superoxide production following
increasing concentration of NMDA application. Reynolds
and Hastings [170] further provided cell culture evidence
that free radicals were generated in mitochondria by
attenuating free radical production with mitochondrial
uncouplers.

The mechanism of free radical production was linked to
calcium in by Dykens [55], demonstrating that isolated
mitochondria exposed to increasing calcium and sodium
concentrations result in a feed-forward system of increasing
free radical production. In cortical cultures, Dugan et al.
[54] showed that the removal of extracellular calcium
attenuated free radical production following NMDA appli-
cation, but was unaffected by nitric oxide synthase
inhibitors. Reynolds and Hastings [170] demonstrated a
similar reliance on calcium entry.

Taken together, the evidence supports free radical
generation in mitochondria secondary to calcium influx
via NMDARs. Cytoplasmic free radicals, especially super-
oxide, can interact with other radicals, such as nitric oxide,
to form powerful oxidants [90].

Zinc: another divalent ion in glutamate excitotoxicity

Within neurons, Frederickson [66] proposed dividing zinc
into three distinct pools: protein-associated zinc, vesicle-
associated zinc and free intracellular zinc. Normally, the
majority (∼80%) of zinc is protein-bound, with very low
levels of free intracellular zinc [155]. Vesicle-associated
zinc is largely associated with glutamatergic neurons
[128], which can contain up to 300 μM concentrations
of zinc [228].

Initial in vivo evidence for zinc involvement in CNS
neurodegeneration was demonstrated in kainate-treated
rodents [67] where depletion of zinc at presynaptic
terminals with simultaneous zinc accumulation at cell soma
of degenerating neurons was observed. Following cerebral
ischaemia in rats, Tonder et al. [207] reported dentate hilar
degeneration in the hippocampus with a similar depletion of
presynaptic terminal zinc in mossy fibres coupled with the
accumulation in postsynaptic neurons. In addition, zinc
accumulation in degenerating neuronal soma was noted in a
forebrain ischaemia rodent model where neuroprotection
was observed with zinc chelators [107]. Similar histological
evidence was provided in rodent models of traumatic brain
injury, which also demonstrated neuroprotection with pre-
injury zinc chelation [196].

Although the evidence for zinc involvement in acute
excitotoxic pathologies is strong, the exact mechanism by

which zinc causes neurodegeneration occurs remains
elusive. Direct evidence for zinc neurotoxicity was provid-
ed by extracellular exposure of cortical cultures to zinc
which led to concentration- and time-dependent modes of
apoptotic or necrotic neuronal death [39, 228]. Based on the
histological changes observed in vivo, it was initially
thought that the majority of the postsynaptic neurotoxic
zinc was derived from the presynaptic terminals [107].
However, later studies demonstrated zinc accumulation in
the postsynaptic soma following insults even without
presynaptic zinc stores [118]. Currently, the evidence
supports multiple mechanisms of postsynaptic zinc
accumulation including presynaptic zinc translocation, extra-
cellular zinc influx, mobilisation of zinc from the protein-
bound pool (especially from metallothioneins) via oxidative
mechanisms [4] and release from mitochondrial pools [186].
Zinc entry into neurons has been linked to voltage-gated
calcium channels, sodium exchangers, NMDARs and
AMPA/kainate receptors [185], but most recently, TRMP7
channels have been implicated as a novel route of zinc entry
[95].

Increasing intracellular zinc levels have been associated
with a number of deleterious effects. Firstly, direct
glycolytic dysfunction as a result GAPDH inhibition has
been described, resulting in energy failure in mouse cortical
neurons [189]. Within mitochondria, zinc has long been
known to interfere with the electron transport chain in
isolated mitochondria [146] and more recently has been
shown to directly inhibit the citric acid cycle [24].
Increasing levels of reactive oxygen species are also a
result of increasing zinc levels which can occur through
mitochondrial dysfunction directly [187] or overactivation
of superoxide-generating enzymes such as NADPH oxidase
[148] or LOX-12 [235]. Increasing levels of zinc also cause
signalling changes intracellularly, including p38 phosphor-
ylation or ERK 1/2 activation. p38 MAPK phosphorylation
leads to increased potassium influx and caspase-mediated
cell death [134], whereas ERK 1/2-mediated cell death is
caspase-independent [52].

The relationship of zinc to the NMDA/nitric oxide
excitotoxic cascade was demonstrated by Bossy-Wetzel et
al. [21] who showed zinc accumulation downstream of NO
or NMDA application, requiring reactive nitrogen species
such as peroxynitrite to release intracellular zinc stores.
Under physiological conditions, zinc inhibits neuronal
nitric oxide synthase [159], but can increase nNOS activity
under pathological conditions [104], possibly potentiating
neuronal damage. More recent studies have shown that zinc
accumulation following glutamate application is almost
completely dependent on calcium entry and subsequent
ROS generation [51].

Taken together, the evidence strongly supports the role
of zinc in excitotoxic injury in animal and cell culture
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models. However, the significance of modulating zinc
pathways to human diseases remains to be seen.

Caspases: a classical cell apoptotic pathway

Caspases, a set of cysteine proteases implicated in classical
apoptotic death, were initially shown to play a role in
delayed excitotoxic injury in cerebrocortical [203] and
cerebellar cultures [53]. In these studies, the pre-application
of various caspase inhibitors provided neuroprotection from
NMDA-mediated neurodegeneration. These studies also
suggested that caspase activation occurs downstream of
calcium influx and mitochondrial dysfunction as caspase
inhibitors did not affect these events. Subsequent studies by
Tenneti and Lipton [204] further elucidated on the down-
stream effects of caspases by demonstrating cytosolic
activation of caspases at 20 min post-NMDA application
with caspase activity in the nucleus at 18–24 h post-insult.
Nuclear caspase activity is indicative of cleaved ICAD, a
protein inhibiting the activity of caspase-3-activated DNase
(CAD) and results in DNA fragmentation and cell death [57].

Peroxynitrite: simple, but powerful

Nitric oxide can interact with a huge number of proteins
[194], but is also capable of forming highly oxidative
molecules when combined with superoxide. Superoxide, an
oxygen molecule with a free electron, is produced physi-
ologically during normal cellular respiration, which is then
catalysed by superoxide dismutase into oxygen and
hydrogen peroxide. In glutamate excitotoxicity, this buffer-
ing system is overwhelmed (see above), and superoxide
spills into the cytoplasm possibly via a number of anion
channels including the voltage-dependent anion channel in
the mitochondria [81]. The reaction between NO and
superoxide is essentially diffusion-limited [90] and, like
nitric oxide, can cause protein nitrosylation via direct [211]
and indirect [180] mechanisms. However, peroxynitrite is
also a powerful oxidative molecule additionally capable of
causing lipid peroxidation, direct DNA damage and protein
dysfunction. Specific interactions of peroxynitrite with
proteins include protein oxidation [164] and protein
nitration of tyrosine residues [14, 96], though protein
oxidation occurs at higher rates than nitrosylation [8].
Peroxynitrite has also been demonstrated to directly oxidise
and damage genetic material in plasmids [175] and in cells
[174], leading to either to modified bases or DNA strand
cleavage. Finally, peroxynitrite can induce lipid peroxida-
tion [165], directly damaging the plasma membrane or
causing the production of damaging aldehydes.

Physiologically, peroxynitrite has been reported to
inhibit the mitochondrial electron transport chain at

complex I and complex II [166]. Moreover, peroxynitrite
can inhibit the normal function of cytochrome c in the
electron transport chain [145] as well as manganese and
iron superoxide dismutase in scavenging superoxide [96]
via protein nitration [227]. This interaction can potentiate
caspase-mediated cell death and an eventual apoptotic cell
death. Peroxynitrite-mediated DNA damage can cause
overactivation of poly(ADP)-ribose polymerase (PARP-1),
a nuclear repairing enzyme requiring NAD [237], leading to
energy failure and necrotic cell death. Peroxynitrite can also
interact with proteases in other cell death pathways [115, 137]
(to be discussed later).

Similar to NMDA application, the intensity of perox-
ynitrite insult dictates the observed neurodegenerative
morphology [20]. Thus, peroxynitrite is an intriguing
candidate to simply and eloquently explain the heterogene-
ity of neurodegeneration observed in excitotoxicity.

Calpains/PARP-1/AIF: still under investigation

As described above, evidence suggests that calcium is
sequestered relatively quickly following glutamate applica-
tion. However, transient increases in cytoplasmic calcium
do occur, and as such, calpains, cytoplasmic calcium-
sensitive cysteine proteases have been implicated in the
pathogenesis of excitotoxicity. Brorson et al. [23] demon-
strated modest neuroprotection in hippocampal cell cultures
from NMDA insults with calpain inhibitors even when
treated as late as 1 h post-insult. However, unlike the
caspase family of proteases, the role of calpains remains
less clear and may actually play a reparative role in axons
with low, sublethal doses of NMDA [60].

Recently, mu-calpain proteolytic activity has been shown
to be necessary in the cleavage and release of apoptosis-
inducing factor (AIF) from mitochondria in a cell-free
system [162]. Further support for the calpain/AIF pathway
in excitotoxicity comes from studies in neuronal cultures
subjected to oxygen–glucose deprivation which showed
that calpain inhibition prevented AIF translocation and
subsequent neuronal death [31]. AIF release from the
mitochondria and translocation into the nucleus causes
chromatin condensation, DNA fragmentation and cell death
[199]. An alternative excitotoxic mechanism proposes that
the activation of PARP-1, a nuclear DNA repair enzyme,
causes the release of AIF in excitotoxicity. In these studies,
cortical cultures derived from PARP-1 knockout mice
demonstrated markedly reduced AIF translocation and
neurodegeneration after NMDA treatment [230]. Moreover,
the PAR polymer generated by overactivation of PARP-1 is
required to release AIF [229]. PARP-1 itself appears to
require NO formation to become overactivated [233],
perhaps through an intermediate like peroxynitrite. Recent-
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ly, a potential link between the calpain/AIF and PARP-1/
AIF pathways has been proposed. In these studies, it was
shown that PARP-1 activation is essential for calpain
activation in cells treated with a DNA alkylating agent
[141], but the mechanism by which calpains are activated
remains unclear. However, more recent studies have
suggested that calpains cause the release of an inactive
form of AIF and may not be required at all PAR-mediated
cell death [219]. These studies showed that the inhibition of
calpains does not prevent AIF translocation following
NMDA application.

Taken together, these studies suggest a model in which
glutamate excitotoxicity causes calcium-mediated NO
production and mitochondrial failure. The superoxide
produced by mitochondrial dysfunction interacts with NO
to produce peroxynitrite, a highly oxidant molecule capable
of directly damaging DNA. DNA damage causes the
overactivation of PARP-1 which releases PAR polymers
into the cytoplasm. The PAR polymers activate calpains by
some unclear mechanism, leading to AIF release from
mitochondria and subsequent cell death. Although the
PARP-1/AIF/calpain is a tantalising model, more research
is needed to clarify the role of calpains in AIF-mediated cell
death.

GAPDH/Siah1 pathway: a novel apoptotic pathway

The GAPDH/Siah1 pathway is a novel pathway linking
nitric oxide to a form of apoptotic-like death [83]. GAPDH
is a ubiquitous housekeeping enzyme that, under normal
conditions, participates in glycolysis. However, with in-
creasing intracellular concentrations, NO can nitrosylate
GAPDH and bind Siah1, an ubiquitin ligase. The newly
formed heterodimer translocates to the nucleus by virtue of
the Siah1 nuclear translocation domain and enhances p300/
CBP-associated acetylation of nuclear proteins within
[184]. The downstream activation of nuclear proteins such
as p53 leads to pyknotic nuclei and morphological
characteristics indicative of apoptosis. To complicate
matters, a novel cytosolic protein named GOSPEL has
recently been shown to provide neuroprotection by com-
peting with Siah1 binding to GAPDH. However, the
GAPDH-GOSPEL binding is also mediated by NO [183].
Currently, it is unclear whether NO is capable of (and how
if it is) selectively targeting GAPDH or GOSPEL.

Finally, it is interesting to note that the interaction of
GAPDH with nitric oxide also causes a functional loss
[212]. As GAPDH is an active participant in glycolysis, it is
possible that this same mechanism can result in necrotic
morphology via energy failure. Like peroxynitrite, the
GAPDH-Siah1 cascade remains an interesting candidate to
explain some degree of the heterogeneity observed in
glutamate excitotoxicity.

Excitotoxicity in neurologic disease

Various lines of evidence have supported the role of
NMDARs and excitotoxicity in ischaemia Initial evidence
supporting the role of excitotoxicity in ischaemia comes
from Jorgensen and Diemer [100] who recognised a similar
pattern of neuroanatomical degeneration compared to rats
treated systemically with monosodium glutamate [153].
Subsequent studies demonstrated increased extracellular
glutamate concentrations in response to ischaemia as
measured by microdialysis [74], whereas still other studies
demonstrated an association in regional sensitivity to
ischaemic damage with NMDAR distribution in developing
rats [91]. The increase in glutamate concentrations were
observed in the striatum, hippocampus, cortex and thala-
mus, though interestingly, only the hippocampus was
significantly damaged by the 10-min global ischaemia
[75]. Focal ischaemic models demonstrated similar patterns
of elevated extracellular glutamate [87].

Perhaps the most clinically significant evidence comes
from studies showing neuroprotection from ischaemic
injury by antagonising glutamate receptors. Both compet-
itive and non-competitive NMDA antagonists are effective
in focal models of ischaemia, but show little effect in
global models of ischaemia where non-NMDA antago-
nists appear more effective. Metabotropic glutamate
receptors have also been implicated in the pathogenesis
of global ischaemia; group I antagonists and group II
agonists have been shown to be neuroprotective in
gerbils subjected to transient global ischaemia [105]. A
different line of evidence was provided by Aarts et al. [2]
who showed direct evidence of excitotoxic involvement in
ischaemic injury with disruption of the NMDAR-PSD-95-
nNOS complex. Rats subjected ischaemic stroke were
treated with a polypeptide designed to disrupt the
NMDAR-nNOS interaction, and marked neuroprotection
was observed. Other indirect evidence comes from the
neuroprotection observed using various effectors of gluta-
mate excitotoxicity in ischaemia, including caspase inhibi-
tion [58], calpain inhibition [89], free radical scavengers
and others.

The role of excitotoxicity in traumatic brain injuries has
also received considerable experimental support. Concus-
sive brain injury results in marked increases in extracellular
glutamate concentrations in animals [61, 147] and in
humans [11, 108], directly demonstrating excessive gluta-
mate levels in vivo. Glutamate receptor inhibition studies
have also demonstrated neuroprotection from traumatic
injuries, further supporting the role of excitotoxicity in
traumatic brain injuries. MK-801, a NMDAR channel
blocker, reduced edema following fluid percussion brain
injury in rats [133], whereas Riluzole, a sodium channel
blocker and glutamate release inhibitor, also provided
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histological benefits [232]. Treatments aimed at down-
stream mechanisms of excitotoxicity were also shown to be
beneficial in animals. Kynurenate and indole-2-carboxylic
acid reduce cerebral edema and improve cognitive and
motor dysfunction induced by trauma whilst protecting
against hippocampal cell loss induced by fluid percussion
injury [86]. Other indirect lines of evidence include the
detection of caspases and their characteristic proteolytic
fragments [82, 225], calpain activation and their fragments
[101], AIF translocation into the nucleus [31, 234], protein
nitration [78] and other effectors implicated in excitotox-
icity. These studies demonstrating the neuroprotective
efficacy of glutamate receptor antagonists directly, and
effector inhibition indirectly, support the role of excitotox-
icity in traumatic brain injury.

Modulating excitotoxicity

NMDAR antagonists

Since the association of glutamate excitotoxicity with
stroke and trauma, various attempts have been made to
attenuate neuronal damage by glutamate receptor function.
The NMDAR in particular has a number of sites to exploit
pharmacologically, including the ion channel pore, the
glutamate-binding site, the glycine-binding site and the
polyamine interaction site as described above.

MK-801 (dizolcipine), Memantine, Cerestat, dextrome-
thorphan and its metabolite dextrorphan are all drugs that
block the NMDAR at the level of the channel pore, thereby
reducing calcium entry. Each of these drugs has been
shown in animal models to provide histological and
behavioural neuroprotection following focal ischaemia
[18, 156, 182, 195]. Many other studies exist expounding
upon the effect of these drugs on cell death pathways in
various animal models, but it would be cumbersome to
outline all the evidence to supporting their use in stroke. In
the end, most of the clinical development was abandoned
for safety concerns, except Memantine. Dizocilpine pro-
vided marked reductions in infarct volumes in cat models of
ischaemia [156], but subsequent work in rats showed that
subcutaneous injections of >5 mg/kg showed retrosplenial
cortical vacuolisation and necrosis [64]. Koek et al. [106]
showed in three different animal species (pigeons, rats and
rhesus monkeys) that MK-801 induced PCP-like effects,
including cataplexy, locomotor disturbances and reduced
spatial learning. Moreover, they estimated the potency of
MK-801 at about two to ten times stronger than PCP.
Transient hypotension [157] and decreased level of con-
sciousness [27] were also concerns with Dizocilpine, which

eventually resulted in the discontinuation of clinical
development. Similarly, an initial small trial using dextro-
rphan demonstrated a variety of symptoms in patients
including nystagmus, nausea, vomiting, somnolence, hallu-
cinations and agitation. High rates of infusion loading in the
200-mg/h range resulted in severe hypotension, and high
rates of maintenance infusion caused apnea and stupor in 3
of 22 subjects [5]. The clinical development of dextrorphan
has since been abandoned. More recently, the efficacy of
Cerestat (CNS 1102) was tested in a multicentre trial
involving 628 patients with low-dose, high-dose, and
placebo treatments. No neurological benefits were observed
at 90 days post-treatment, but was stopped because of a
lack of effect as well as a potential imbalance in mortality
with high-dose Cerestat compared to placebo [7]. Mem-
antine, a low-affinity drug, has shown a much better side
effect profile in humans [10], but has yet to be clinically
developed for stroke and is currently approved for use only
in moderate to severe Alzheimer’s disease [169].

Competitive NMDA antagonists include Selfotel (CGS
19755) and D-CPP-ene. Both compounds have been shown
to reduce hippocampal damage in gerbil models of
ischaemia, though CGS 19755 exhibited more neuropro-
tection even with longer delays in administration [19].
Although promising at first, two phase III trials were
abandoned after showing increased rates of mortality in
patients with severe stroke [44]. Clinical trials in severe
head injury were similarly abandoned when no difference
in mortality between treatment arms was observed [140].

Other non-competitive NMDAR blockers fared no
better. Clinical development on ACEA 1021, a compound
aimed at inhibiting glycine binding to the NMDAR, was
halted on phase I in 1997, citing “crystals of ACEA 1021 in
the urine of some subjects” despite an otherwise well-
tolerated drug [6]. Another glycine antagonist, Gavestinel,
followed through to phase III clinical trials, only to
demonstrate no difference in morbidity or mortality rates
following treatment [119]. Ifenprodil and eliprodel, drugs
aimed at the NMDAR polyamine site, were abandoned
after phase III clinical trials in 1997 for similar reasons
[92].

Taken together, the clinical experience with glutamate
receptor manipulation has been poor. Toxicity remains a
large obstacle with the ion channel and competitive
antagonists, though low-affinity ion channel blockers (i.e.
Memantine) appear more tolerable. The same applies to the
non-competitive inhibitors as they are generally tolerated
well. Unfortunately, even though animal models demon-
strate dramatic histological and behavioural neuroprotec-
tion, no pharmacological intervention has yet been shown
to provide benefit in humans [142].
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AMPAR and kainate receptor antagonists

Other research has focused on the non-NMDA glutamate
receptors. In contrast to NMDAR antagonists, AMPA recep-
tor antagonists, such as NBQX, initially appeared more
effective in preventing neuronal loss in animal models of
global ischaemia [188]. Specific for AMPARs, NBQX was
later to shown to be effective in reducing histological dam-
age in focal ischaemia models as well by approximately
30% [28]. YM872, another AMPAR antagonist, demon-
strated similar neuroprotective effects in animal models of
focal ischaemia [200] and traumatic brain injury models
[70]. However, tolerability trials in humans showed
sedation and euphoria in the elderly, with phase III trials
in ischaemic stroke abandoned due to a lack of efficacy in
2006.

Glutamate release blockers

After the failure of several NMDAR antagonists, com-
pounds aimed at inhibiting presynaptic release of glutamate
were developed. Lamotrigine is a sodium channel blocker
currently approved for use in bipolar disorder and epilepsy.
Its proposed mechanism of action suggests inhibiting
presynaptic voltage-dependent sodium channels, reducing
overall excitability and neurotransmitter release [117]. This
study also demonstrated reduced glutamate, GABA, and
acetylcholine release in cortical slices with lamotrigine,
though glutamate release inhibition was two and five times
more potent, respectively. In animal models, lamotrigine
failed to provide neuroprotection in focal ischaemia [209],
but showed a reduction of CA1 hippocampal loss of 50%
following global ischaemia [42]. BW619C89, a derivative
of lamotrigine, underwent phase II trials that showed
various neuropsychiatric effects (reduced consciousness,
agitation, confusion, visual perceptual disturbance or frank
hallucinations) in 16 of 21 stroke patients [143]. Clinical
development was halted in 2001. Riluzole is another drug
in the same class that has been shown to reduce infarct
volumes and improve behavioural outcomes in ischaemic
injury [124, 216] and traumatic brain injury [217, 232].
Riluzole is currently indicated for use in ALS [136], but no
clinical trials for stroke or traumatic brain injury are
currently underway.

Free radical scavengers and antioxidants

Other approaches to neuroprotection moved intracellularly
to the generation of free radicals. There are three major
classes of free radical scavengers under development: free
radical spin traps (nitrone-based), the 21-aminosteroids

(also known of lazaroids) and glutathione peroxidase
mimics. Unfortunately, like the compounds described
above, despite promising animal studies, these drugs have
not yet been proven efficacious in humans.

Alpha-phenyl-N-tert-butyl-nitrone (PBN) and N-tert-bu-
tyl-alpha-(2-sulfophenyl)-nitrone) (S-PBN) are related spin
trap scavengers, with S-PBN being less permeable through
the blood–brain barrier. PBN was shown early on to be
effective in preventing hippocampal damage following
global ischaemia [41, 231]. Moreover, studies in traumatic
brain injury demonstrated histological and behavioural
neuroprotection with the cortical contusion model, though
interestingly, no difference in effect was seen between S-
PBN and PBN, suggesting that its effect may be extracere-
bral [126]. Subsequent studies in the weight-drop model
[71] and fluid percussion injury models [125] demonstrated
similar neuroprotective effects. PBN treatment also appears
to have a wider therapeutic window than glutamate
antagonists, with efficacy in cell cultures even 6 h post-
insult [181]. Of the nitrone-based antioxidants, none of the
blood–brain barrier-permeant scavengers were tested in
stroke. However, there has been considerable research
around NXY-059 (also known as Cerovive), a nitrone-
based antioxidant that does not permeate the blood–brain
barrier. Although this property suggests that NXY-059 does
not act directly on intracellular neuronal oxidants, animal
studies have shown neuroprotective efficacy in trauma [40]
and stroke [109]. In clinical trials, the SAINT1 trial
examining the efficacy of NXY-059 in clinical stroke was
promising [120], but a subsequent SAINT2 trial showed no
clinical benefit with treatment [190].

Another group of compounds which held promise as a
free radical scavenger are the 21-aminosteroids or lazaroids.
Although these compounds demonstrated cell culture [63]
and animal [80, 132] neuroprotection in traumatic brain
injury models, human clinical trials with Tirilazad in head
injury resulted in decreased mortality only in males with
severe head injury patients and subarachnoid haemorrhages
[127]. Subsequent trials with Tirilazad in the treatment of
subarachnoid haemorrhages [113, 114] showed a reduction
in mortality only with the highest grades on arrival. Recent
meta-analysis of Tirilazad in the treatment of subarachnoid
aneurysmal haemorrhage demonstrated no clinical outcome
differences, but reduced symptomatic vasospasm [97]. A
similar story exists with ischaemic strokes and Tirilazad.
Despite efficacy in many animal models [79, 224], a
Cochrane Review demonstrated increased death or disability
in stroke victims treated with Tirilazad compared to placebo
in a review of six clinical trials without any statistically
significant difference in overall mortality [13]. Studies in
ischaemic stroke using Tirilazad have since been abandoned.
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A final class of antioxidants is derived from a family of
enzymes called glutathione peroxidase which rely on a
selenocysteine moiety to reduce hydrogen peroxide into
water. Ebselen is a glutathione peroxidase mimic also capable
of interacting with peroxynitrite and inhibiting enzymes
involved in inflammation [178]. In animal studies, Ebselen
has been shown to reduce cortical infarct size in a number of
rodent models of focal ischaemia [47, 93, 201]. However,
clinical trials in Japan demonstrated no significant differ-
ences in 3-month clinical outcome in patients with complete
middle cerebral artery occlusion [226] and no significant
improvement in clinical outcome despite a reduction in
infarct size [150]. Phase III clinical trials in Japan focused on
patients with cortical infarctions are currently underway.

Nitric oxide synthase inhibitors

Initial studies examining general NOS inhibitors in animal
models were complicated by the opposing effects of the
different isoforms of NOS. These studies showed that
general NOS inhibition using L-NAME at high doses of
30 mg/kg resulted in no reduction in cortical infarcts
following focal ischaemia [46], but later reported histolog-
ical neuroprotection with 3 mg/kg L-NAME [45]. Other
groups showed that the intravenous application of L-
arginine, a nitric oxide precursor, was neuroprotective
following focal ischaemia [138], which was later explained
by its effect on the eNOS isoform [139]. Attempts to
localise NOS inhibition led to the development of nNOS-
specific inhibitors such as 7-nitroindazole (7-NI). Animal
studies with 7-NI has shown neuroprotection in global
[149] and focal ischaemia [59]. 7-NI has also been shown
to reduce neurological deficits in animals following
traumatic brain injuries [215], though currently, there are
no attempts at clinical development.

A novel class of drugs named membrane-associated
guanylate kinase (MAGUK) inhibitors has recently been
proposed in the treatment of excitotoxicity. These peptides
are competitive antagonists designed to bind postsynaptic
scaffolding proteins. Specifically, the MAGUK inhibitor
NA1, aimed at dissociating the spatial relationship between
nNOS and NMDARs, has demonstrated neuroprotection in
various animal models of stroke [2, 197]. In theory, NA-1
can reduce NO production from nNOS specifically without
otherwise affecting NMDAR or nNOS function which may
avoid much of the toxicity observed previously. NA1 is
currently undergoing phase II clinical trials.

Future directions of excitotoxicity

Despite the intensive research into excitotoxic mechanisms,
very few pharmacologic treatments have been shown to be

successful in related disorders. This failure has been
recently suggested to be a result of an overly simplistic
NMDA-AMPA model of excitotoxicity [16]. As such,
alternative targets for attenuating excitotoxic injury have
recently been the focus of considerable attention.

Sodium–calcium exchangers

The sodium–calcium exchanger (NCX) is a transmembrane
protein that exchanges one calcium ion per three sodium ions.
The direction of ion flux is dependent on a number of factors
including pH, sodium concentrations, Ca2+ concentrations
and ATP levels. Under physiological conditions, the major
driving force of these exchangers is the Na+ gradient created
by the Na+/K+ ATPase. However, the direction of ion flux is
reversible, and high intracellular Na+ levels can cause Ca2+

influx with Na+ extrusion. Increasing intracellular Ca2+ can
lead to cell death through mechanisms described above. In
cells, the NCX is found in the plasma membrane, mitochon-
dria and the endoplasmic reticulum. Various isoforms of
NCX exist, including NCX1, NCX2, NCX3 and NCX4.
These isoforms present with different expression profiles in
neurons, with forebrain neurons expressing NCX1 and
cerebellar neurons expressing NCX3 [103].

In excitotoxic insults, NMDAR-mediated Na+ influx
may be sufficient to reverse NCX function, causing calcium
accumulation in neurons. However, this phenomenon
occurs only in the presence of Na+/K+ ATPase dysfunction
[43]. These results suggest that the NCX plays a dual role
in ischaemia. In severe insults, where the Na+/K+ ATPase is
dysfunctional, inhibition of the NCX may prevent Ca2+

entry into the cell as a result of excessive depolarisation.
However, in milder insults, the NCX may be necessary to
maintain calcium homeostasis so long as the Na+/K+

ATPase continues to maintain the Na+ gradient. Accord-
ingly, animal studies employing NCX inhibitors have
shown both neuroprotection [129] and worsening of the
infarct area after stroke [161]. Whether dissociating the
neuroprotective and neurodegenerative effects of NCX are
possible remains to be determined.

Hemichannels and gap junctions

Gap junctions are ubiquitously expressed in neurons and
glia and are formed by the binding of hemichannels to one
another. Hemichannels themselves are made up of connex-
ins. Gap junctions also appear to have a dual role in both
neuroprotection and neurodegeneration following excito-
toxic insults [62]. In the neuroprotective model (or the
Good Samaritan effect), opening of gap junctions allows
astrocytes to remove toxic extracellular substances. In the
neurodegenerative model (or the bystander effect), opening
of gap junctions causes the dissipation of ionic accumula-
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tion and/or cytotoxic substances from compromised cells
into otherwise unaffected cells, leading to neurodegenera-
tive spreading [122].

Although gap junctions have been shown to open in
response to ischaemia [206], their overall role in excitotoxic
injury remains controversial. Animal models of focal and
global ischaemia have shown neuroprotection with con-
nexin knockdown animals [65] and gap junction inhibitors
[50]. However, consistent with its proposed dual role,
connexin 43 knockout mice demonstrated increased focal
and global ischaemia damage [151]. Similar to the NCX,
the net effect of gap junction inhibition is still unclear and
requires further investigation.

Acid-sensing ion channels

ASICs are found in the plasma membrane of neurons and
open in response to low pH, mechanical stretch, lactate,
arachidonic acid and decreased extracellular calcium [16].
ASIC3, a calcium-impermeant isoform, binds Ca2+ at an
extracellular site which can be removed by H+ binding or
lactate-induced decreases in extracellular calcium [94].
Although most isoforms are sodium channels, some iso-
forms (i.e. ASIC1a) are also Ca2+-permeant [223].

NMDAR activation has been shown to increase Ca2+

influx via ASIC1a channels [72]. This Ca2+ influx and
subsequent cell death in hippocampal cultures was pre-
vented with NMDAR antagonists and CaMKII inhibitors.
Animal models of stroke have shown that inhibiting ASICs
can provide significant neuroprotection for up to 7 days
post-middle cerebral artery occlusion [160]. Inhibition of
ASICs also increased the therapeutic window for NMDA
inhibition in rodent models of stroke. These results suggest
that ASIC inhibition may be beneficial in neuroprotection
following stroke or as an adjunct to other pharmacological
interventions.

Transient receptor potential channels

Transient receptor potential (TRP) family of channels is
ubiquitously expressed in a variety of tissues. TRP channels
are generally permeant to sodium, calcium and magnesium.
Of particular importance in excitotoxicity are the TRPM
(melastatin) and TRPC (canonical) subfamilies. TRPM7 [1]
and TRPM2 [35] have both been implicated in the third
phase of excitotoxic calcium influx observed by Randall
and Thayer [167]. TRPM7 currents are increased by free
radicals, PIP2 hydrolysis [173] and MgATP levels [144]
intracellularly, whereas TRPM2 currents are enhanced by
reactive oxygen [220] and nitrogen species [84]. Recently,
TRPM7 has also been implicated in zinc-mediated neuro-
toxicity [95].

Both TRPM7 and TRPM2 knockdown have been shown
to be neuroprotective in cell cultures. TRPM7 knockdown
using siRNAs in cortical cultures provides neuroprotection
following oxygen–glucose deprivation [1], whereas
TRPM2 siRNA knockdown demonstrated neuroprotection
in cortical cell cultures treated with hydrogen peroxide
[102]. Conversely, TRPC channels have been shown to be
neuroprotective in cerebellar granule cell cultures possibly
via BDNF and CREB [98]. Most recently, virally mediated
TRPM7 knockdown in adult animals subjected to global
ischaemia was shown to provide both hippocampal and
behavioural neuroprotection [198]. However, the role of
TRP channels in clinical stroke remains to be determined.

Cross talk cell death mechanisms

Certain groups have demonstrated conflicting data with
respect to which cell death pathway takes precedence in cell
cultures and in vivo. Despite the readily available evidence
for the importance of various effectors in excitotoxicity, it is
becoming increasingly evident that cell death pathways do
not exist independently of each other. Cell death pathway
interactions may be either synergistic or competitive, and
these interactions may play a large role not only in
determining the efficacy of neuroprotective drugs but also
in the development of successful drug therapeutics to
attenuate damage mediated by excitotoxins.

Calpains cause an inhibition of caspase-3 activation via
the proteolytic cleavage of procaspase-9, rendering it
inactive [214]. Similar evidence exists using a Huntington’s
disease model of neurodegeneration in rats [17]. In this
model using 3-nitroproprionic acid, it was determined that
mu-calpains could proteolytically cleave and inactivate
caspase-9 and caspase-3. Calpains can also convert cells
otherwise committed to classical apoptosis to a caspase-
independent form of cell death [112]. NO-mediated nitro-
sylation of caspases [137] and calpains [135] cause their
inhibition, though peroxynitrite appears to be a more potent
inhibitor. Li et al. [121] expanded these initial findings into
six other members of the caspase family. However, the
overall effect of oxidative inhibition of caspases in neurons
still results in neuronal death [236]. Caspases can inhibit
PARP-1 [116] and inactivate its DNA repairing ability and
thus its role in PARP-1/AIF-mediated cell death. Calpain-
mediated cleavage and inactivation of nNOS [111] and
NMDARs [77] can also occur. Cleavage of NMDARs by
calpains causes reduced NMDAR-mediated currents [222].
Calpain activation may thus reduce NO and peroxynitrite
levels. Some of the novel targets of neuroprotection have
also been shown to interact with the effectors of excitotox-
icity outlined above. TRPM channels have been shown to be
sensitive to reactive oxygen and nitrogen species, and
TRPM2 can be activated by ADP-ribose, a substrate of
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PARP [158]. Finally, calpains have been shown to inactivate
NCX, leading to further calcium dysregulation [12].

Taken together, these studies demonstrate only some of the
known interactions of cell death pathways. A better appreci-
ation of the complexity of the intracellular effector mecha-
nisms occurring after excitotoxicity may prove useful in
further pharmacological developments for excitotoxic injury.

Conclusions

Our understanding of glutamate excitotoxicity has come a
long way since its proposal in the 1950s. Even within the
last few decades, there has been an exponential growth in
research outlining not only excitotoxic mechanisms but also
the manipulation of these pathways in animal systems.
Unfortunately, we have yet to fully understand all the
complexities involved in excitotoxicity as evidenced by our
failure to provide neuroprotection in the clinical setting.
Whether this is a problem in the animal to human
translation of stroke and brain injury models or overly
complex cell death pathway interactions remains to be
determined. Despite these setbacks, there are exciting new
avenues of research outlining new cell death pathways/
interactions laterally and new receptor targets downstream
of NMDAR activation.

References

1. Aarts M, Iihara K, Wei WL et al (2003) A key role for TRPM7
channels in anoxic neuronal death. Cell 115:863–877

2. Aarts M, Liu Y, Liu L et al (2002) Treatment of ischemic brain
damage by perturbing NMDA receptor- PSD-95 protein inter-
actions. Science 298:846–850

3. Abe T, Sugihara H, Nawa H et al (1992) Molecular character-
ization of a novel metabotropic glutamate receptor mGluR5
coupled to inositol phosphate/Ca2+ signal transduction. J Biol
Chem 267:13361–13368

4. Aizenman E, Stout AK, Hartnett KA et al (2000) Induction of
neuronal apoptosis by thiol oxidation: putative role of intracel-
lular zinc release. J Neurochem 75:1878–1888

5. Albers GW, Atkinson RP, Kelley RE et al (1995) Safety,
tolerability, and pharmacokinetics of the N-methyl-D-aspartate
antagonist dextrorphan in patients with acute stroke. Dextro-
rphan Study Group. Stroke 26:254–258

6. Albers GW, Clark WM, Atkinson RP et al (1999) Dose
escalation study of the NMDA glycine-site antagonist licostinel
in acute ischemic stroke. Stroke 30:508–513

7. Albers GW, Goldstein LB, Hall D et al (2001) Aptiganel
hydrochloride in acute ischemic stroke: a randomized controlled
trial. JAMA 286:2673–2682

8. Alvarez B, Ferrer-Sueta G, Freeman BA et al (1999) Kinetics of
peroxynitrite reaction with amino acids and human serum
albumin. J Biol Chem 274:842–848

9. Aramori I, Nakanishi S (1992) Signal transduction and pharma-
cological characteristics of a metabotropic glutamate receptor,
mGluR1, in transfected CHO cells. Neuron 8:757–765

10. SA Areosa, F Sherriff, R McShane, (2005) Memantine for
dementia. Cochrane Database Syst Rev CD003154

11. Baker AJ, Moulton RJ, MacMillan VH et al (1993) Excitatory
amino acids in cerebrospinal fluid following traumatic brain
injury in humans. J Neurosurg 79:369–372

12. Bano D, Young KW, Guerin CJ et al (2005) Cleavage of the plasma
membraneNa+/Ca2+ exchanger in excitotoxicity. Cell 120:275–285

13. PM Bath, R Iddenden, FJ Bath et al. (2001) Tirilazad for acute
ischaemic stroke. Cochrane Database Syst Rev CD002087

14. Beckman JS, Ischiropoulos H, Zhu L et al (1992) Kinetics of
superoxide dismutase- and iron-catalyzed nitration of phenolics
by peroxynitrite. Arch Biochem Biophys 298:438–445

15. Benveniste M, Mayer ML (1993) Multiple effects of spermine
on N-methyl-D-aspartic acid receptor responses of rat cultured
hippocampal neurones. J Physiol 464:131–163

16. Besancon E, Guo S, Lok J et al (2008) Beyond NMDA and AMPA
glutamate receptors: emerging mechanisms for ionic imbalance
and cell death in stroke. Trends Pharmacol Sci 29:268–275

17. Bizat N, Hermel JM, Humbert S et al (2003) In vivo calpain/
caspase cross-talk during 3-nitropropionic acid-induced striatal
degeneration: implication of a calpain-mediated cleavage of
active caspase-3. J Biol Chem 278:43245–43253

18. Block F, Schwarz M (1996) Memantine reduces functional and
morphological consequences induced by global ischemia in rats.
Neurosci Lett 208:41–44

19. Boast CA, Gerhardt SC, Pastor G et al (1988) The N-methyl-D-
aspartate antagonists CGS 19755 and CPP reduce ischemic brain
damage in gerbils. Brain Res 442:345–348

20. Bonfoco E, Krainc D, Ankarcrona M et al (1995) Apoptosis and
necrosis: two distinct events induced, respectively, by mild and
intense insults with N-methyl-D-aspartate or nitric oxide/superox-
ide in cortical cell cultures. Proc Natl Acad Sci USA 92:7162–
7166

21. Bossy-Wetzel E, Talantova MV, Lee WD et al (2004) Crosstalk
between nitric oxide and zinc pathways to neuronal cell death
involving mitochondrial dysfunction and p38-activated K+

channels. Neuron 41:351–365
22. Bradley SR, Levey AI, Hersch SM et al (1996) Immunocyto-

chemical localization of group III metabotropic glutamate
receptors in the hippocampus with subtype-specific antibodies.
J Neurosci 16:2044–2056

23. Brorson JR, Marcuccilli CJ, Miller RJ (1995) Delayed antago-
nism of calpain reduces excitotoxicity in cultured neurons.
Stroke 26:1259–1266

24. Brown AM, Kristal BS, Effron MS et al (2000) Zn2+ inhibits
alpha-ketoglutarate-stimulated mitochondrial respiration and the
isolated alpha-ketoglutarate dehydrogenase complex. J Biol
Chem 275:13441–13447

25. Bruno V, Battaglia G, Copani A et al (1995) Activation of class
II or III metabotropic glutamate receptors protects cultured
cortical neurons against excitotoxic degeneration. Eur J NeuroSci
7:1906–1913

26. Bruno V, Copani A, Knopfel T et al (1995) Activation of
metabotropic glutamate receptors coupled to inositol phospho-
lipid hydrolysis amplifies NMDA-induced neuronal degeneration
in cultured cortical cells. Neuropharmacology 34:1089–1098

27. Buchan A, Pulsinelli WA (1990) Hypothermia but not the N-
methyl-D-aspartate antagonist, MK-801, attenuates neuronal
damage in gerbils subjected to transient global ischemia. J
Neurosci 10:311–316

28. Buchan AM, Xue D, Huang ZG et al (1991) Delayed AMPA
receptor blockade reduces cerebral infarction induced by focal
ischemia. NeuroReport 2:473–476

29. Buller AL, Larson HC, Schneider BE et al (1994) The molecular
basis of NMDA receptor subtypes: native receptor diversity is
predicted by subunit composition. J Neurosci 14:5471–5484

536 Pflugers Arch - Eur J Physiol (2010) 460:525–542



30. Burnashev N, Zhou Z, Neher E et al (1995) Fractional calcium
currents through recombinant GluR channels of the NMDA,
AMPA and kainate receptor subtypes. J Physiol 485(Pt 2):403–
418

31. Cao G, Xing J, Xiao X et al (2007) Critical role of calpain I in
mitochondrial release of apoptosis-inducing factor in ischemic
neuronal injury. J Neurosci 27:9278–9293

32. Castillo PE, Malenka RC, Nicoll RA (1997) Kainate receptors
mediate a slow postsynaptic current in hippocampal CA3
neurons. Nature 388:182–186

33. Chatterton JE, Awobuluyi M, Premkumar LS et al (2002)
Excitatory glycine receptors containing the NR3 family of
NMDA receptor subunits. Nature 415:793–798

34. Chavis P, Shinozaki H, Bockaert J et al (1994) The metabotropic
glutamate receptor types 2/3 inhibit L-type calcium channels via
a pertussis toxin-sensitive G-protein in cultured cerebellar
granule cells. J Neurosci 14:7067–7076

35. Chinopoulos C, Gerencser AA, Doczi J et al (2004) Inhibition
of glutamate-induced delayed calcium deregulation by 2-APB
and La3+ in cultured cortical neurones. J Neurochem 91:471–
483

36. Chittajallu R, Vignes M, Dev KK et al (1996) Regulation of
glutamate release by presynaptic kainate receptors in the
hippocampus. Nature 379:78–81

37. Choi DW (1985) Glutamate neurotoxicity in cortical cell culture
is calcium dependent. Neurosci Lett 58:293–297

38. Choi DW (1987) Ionic dependence of glutamate neurotoxicity. J
Neurosci 7:369–379

39. Choi DW, Yokoyama M, Koh J (1988) Zinc neurotoxicity in
cortical cell culture. Neuroscience 24:67–79

40. Clausen F, Marklund N, Lewen A et al (2008) The nitrone free
radical scavenger NXY-059 is neuroprotective when adminis-
tered after traumatic brain injury in the rat. J Neurotrauma
25:1449–1457

41. Clough-Helfman C, Phillis JW (1991) The free radical trapping
agent N-tert.-butyl-alpha-phenylnitrone (PBN) attenuates cere-
bral ischaemic injury in gerbils. Free Radic Res Commun
15:177–186

42. Crumrine RC, Bergstrand K, Cooper AT et al (1997) Lamotrigine
protects hippocampal CA1 neurons from ischemic damage after
cardiac arrest. Stroke 28:2230–2236

43. Czyz A, Baranauskas G, Kiedrowski L (2002) Instrumental role
of Na+ in NMDA excitotoxicity in glucose-deprived and
depolarized cerebellar granule cells. J Neurochem 81:379–389

44. Davis SM, Lees KR, Albers GW et al (2000) Selfotel in acute
ischemic stroke: possible neurotoxic effects of an NMDA
antagonist. Stroke 31:347–354

45. Dawson DA, Graham DI, McCulloch J et al (1994) Anti-
ischaemic efficacy of a nitric oxide synthase inhibitor and a N-
methyl-D-aspartate receptor antagonist in models of transient and
permanent focal cerebral ischaemia. Br J Pharmacol 113:247–
253

46. Dawson DA, Kusumoto K, Graham DI et al (1992)
Inhibition of nitric oxide synthesis does not reduce infarct
volume in a rat model of focal cerebral ischaemia. Neurosci
Lett 142:151–154

47. Dawson DA, Masayasu H, Graham DI et al (1995) The
neuroprotective efficacy of ebselen (a glutathione peroxidase
mimic) on brain damage induced by transient focal cerebral
ischaemia in the rat. Neurosci Lett 185:65–69

48. Dawson VL, Dawson TM, London ED et al (1991) Nitric oxide
mediates glutamate neurotoxicity in primary cortical cultures.
Proc Natl Acad Sci USA 88:6368–6371

49. Dawson VL, Kizushi VM, Huang PL et al (1996) Resistance to
neurotoxicity in cortical cultures from neuronal nitric oxide
synthase-deficient mice. J Neurosci 16:2479–2487

50. de Pina-Benabou MH, Szostak V, Kyrozis A et al (2005)
Blockade of gap junctions in vivo provides neuroprotection after
perinatal global ischemia. Stroke 36:2232–2237

51. Dineley KE, Devinney MJ, Zeak JA et al (2008) Glutamate
mobilizes [Zn2+] through Ca2+-dependent reactive oxygen
species accumulation. J Neurochem 106:2184–2193

52. Du S, McLaughlin B, Pal S et al (2002) In vitro neurotoxicity of
methylisothiazolinone, a commonly used industrial and house-
hold biocide, proceeds via a zinc and extracellular signal-
regulated kinase mitogen-activated protein kinase-dependent
pathway. J Neurosci 22:7408–7416

53. Du Y, Bales KR, Dodel RC et al (1997) Activation of a caspase
3-related cysteine protease is required for glutamate-mediated
apoptosis of cultured cerebellar granule neurons. Proc Natl Acad
Sci USA 94:11657–11662

54. Dugan LL, Sensi SL, Canzoniero LM et al (1995) Mitochondrial
production of reactive oxygen species in cortical neurons
following exposure to N-methyl-D-aspartate. J Neurosci
15:6377–6388

55. Dykens JA (1994) Isolated cerebral and cerebellar mitochondria
produce free radicals when exposed to elevated CA2+ and
Na+: implications for neurodegeneration. J Neurochem 63:584–591

56. Dykens JA, Stern A, Trenkner E (1987) Mechanism of kainate
toxicity to cerebellar neurons in vitro is analogous to reperfusion
tissue injury. J Neurochem 49:1222–1228

57. Enari M, Sakahira H, Yokoyama H et al (1998) A caspase-
activated DNase that degrades DNA during apoptosis, and its
inhibitor ICAD. Nature 391:43–50

58. Endres M, Namura S, Shimizu-Sasamata M et al (1998)
Attenuation of delayed neuronal death after mild focal ischemia
in mice by inhibition of the caspase family. J Cereb Blood Flow
Metab 18:238–247

59. Escott KJ, Beech JS, Haga KK et al (1998) Cerebroprotective effect
of the nitric oxide synthase inhibitors, 1-(2-trifluoromethylphenyl)
imidazole and 7-nitro indazole, after transient focal cerebral
ischemia in the rat. J Cereb Blood Flow Metab 18:281–287

60. Faddis BT, Hasbani MJ, Goldberg MP (1997) Calpain activation
contributes to dendritic remodeling after brief excitotoxic injury
in vitro. J Neurosci 17:951–959

61. Faden AI, Demediuk P, Panter SS et al (1989) The role of
excitatory amino acids and NMDA receptors in traumatic brain
injury. Science 244:798–800

62. Farahani R, Pina-Benabou MH, Kyrozis A et al (2005)
Alterations in metabolism and gap junction expression may
determine the role of astrocytes as “Good Samaritans” or
executioners. Glia 50:351–361

63. Fici GJ, Althaus JS, VonVoigtlander PF (1997) Effects of
lazaroids and a peroxynitrite scavenger in a cell model of
peroxynitrite toxicity. Free Radic Biol Med 22:223–228

64. Fix AS, Horn JW, Wightman KA et al (1993) Neuronal
vacuolization and necrosis induced by the noncompetitive N-
methyl-D-aspartate (NMDA) antagonist MK(+)801 (dizocilpine
maleate): a light and electron microscopic evaluation of the rat
retrosplenial cortex. Exp Neurol 123:204–215

65. Frantseva MV, Kokarovtseva L, Perez Velazquez JL (2002)
Ischemia-induced brain damage depends on specific gap–
junctional coupling. J Cereb Blood Flow Metab 22:453–462

66. Frederickson CJ (1989) Neurobiology of zinc and zinc-
containing neurons. Int Rev Neurobiol 31:145–238

67. Frederickson CJ, Hernandez MD, McGinty JF (1989) Translo-
cation of zinc may contribute to seizure-induced death of
neurons. Brain Res 480:317–321

68. Frerking M, Schmitz D, Zhou Q et al (2001) Kainate receptors
depress excitatory synaptic transmission at CA3→CA1 synapses
in the hippocampus via a direct presynaptic action. J Neurosci
21:2958–2966

Pflugers Arch - Eur J Physiol (2010) 460:525–542 537



69. Fukata Y, Adesnik H, Iwanaga T et al (2006) Epilepsy-related
ligand/receptor complex LGI1 and ADAM22 regulate synaptic
transmission. Science 313:1792–1795

70. Furukawa T, Hoshino S, Kobayashi S et al (2003) The glutamate
AMPA receptor antagonist, YM872, attenuates cortical tissue
loss, regional cerebral edema, and neurological motor deficits
after experimental brain injury in rats. J Neurotrauma 20:269–
278

71. Gahm C, Danilov A, Holmin S et al (2005) Reduced neuronal
injury after treatment with NG-nitro-L-arginine methyl ester (L-
NAME) or 2-sulfo-phenyl-N-tert-butyl nitrone (S-PBN) following
experimental brain contusion. Neurosurgery 57:1272–1281

72. Gao J, Duan B, Wang DG et al (2005) Coupling between
NMDA receptor and acid-sensing ion channel contributes to
ischemic neuronal death. Neuron 48:635–646

73. Geiger JR, Melcher T, Koh DS et al (1995) Relative abundance
of subunit mRNAs determines gating and Ca2+ permeability of
AMPA receptors in principal neurons and interneurons in rat
CNS. Neuron 15:193–204

74. Globus MY, Busto R, Dietrich WD et al (1988) Intra-ischemic
extracellular release of dopamine and glutamate is associated with
striatal vulnerability to ischemia. Neurosci Lett 91:36–40

75. Globus MY, Busto R, Martinez E et al (1990) Ischemia induces
release of glutamate in regions spared from histopathologic
damage in the rat. Stroke 21:III43–III46

76. Gonzalez-Zulueta M, Ensz LM, Mukhina G et al (1998)
Manganese superoxide dismutase protects nNOS neurons from
NMDA and nitric oxide-mediated neurotoxicity. J Neurosci
18:2040–2055

77. Guttmann RP, Baker DL, Seifert KM et al (2001) Specific
proteolysis of the NR2 subunit at multiple sites by calpain. J
Neurochem 78:1083–1093

78. Hall ED, Detloff MR, Johnson K et al (2004) Peroxynitrite-
mediated protein nitration and lipid peroxidation in a mouse
model of traumatic brain injury. J Neurotrauma 21:9–20

79. Hall ED, Pazara KE, Braughler JM et al (1990) Nonsteroidal
lazaroid U78517F in models of focal and global ischemia. Stroke
21:III83–III87

80. Hall ED, Yonkers PA, McCall JM et al (1988) Effects of the 21-
aminosteroid U74006F on experimental head injury in mice. J
Neurosurg 68:456–461

81. Han D, Antunes F, Canali R et al (2003) Voltage-dependent
anion channels control the release of the superoxide anion from
mitochondria to cytosol. J Biol Chem 278:5557–5563

82. Hara H, Friedlander RM, Gagliardini V et al (1997) Inhibition of
interleukin 1beta converting enzyme family proteases reduces
ischemic and excitotoxic neuronal damage. Proc Natl Acad Sci
USA 94:2007–2012

83. Hara MR, Agrawal N, Kim SF et al (2005) S-nitrosylated
GAPDH initiates apoptotic cell death by nuclear translocation
following Siah1 binding. Nat Cell Biol 7:665–674

84. Hara Y, Wakamori M, Ishii M et al (2002) LTRPC2 Ca2+-
permeable channel activated by changes in redox status confers
susceptibility to cell death. Mol Cell 9:163–173

85. Heuss C, Scanziani M, Gahwiler BH et al (1999) G-protein-
independent signaling mediated by metabotropic glutamate
receptors. Nat Neurosci 2:1070–1077

86. Hicks RR, Smith DH, Gennarelli TA et al (1994) Kynurenate is
neuroprotective following experimental brain injury in the rat.
Brain Res 655:91–96

87. Hillered L, Hallstrom A, Segersvard S et al (1989) Dynamics of
extracellular metabolites in the striatum after middle cerebral
artery occlusion in the rat monitored by intracerebral micro-
dialysis. J Cereb Blood Flow Metab 9:607–616

88. Hollmann M, Hartley M, Heinemann S (1991) Ca2+ permeabil-
ity of KA-AMPA-gated glutamate receptor channels depends on
subunit composition. Science 252:851–853

89. Hong SC, Goto Y, Lanzino G et al (1994) Neuroprotection with
a calpain inhibitor in a model of focal cerebral ischemia. Stroke
25:663–669

90. Huie RE, Padmaja S (1993) The reaction of no with superoxide.
Free Radic Res Commun 18:195–199

91. Ikonomidou C, Mosinger JL, Salles KS et al (1989) Sensitivity
of the developing rat brain to hypobaric/ischemic damage
parallels sensitivity to N-methyl-aspartate neurotoxicity. J Neuro-
sci 9:2809–2818

92. Ikonomidou C, Turski L (2002) Why did NMDA receptor
antagonists fail clinical trials for stroke and traumatic brain
injury? Lancet Neurol 1:383–386

93. Imai H, Graham DI, Masayasu H et al (2003) Antioxidant
ebselen reduces oxidative damage in focal cerebral ischemia.
Free Radic Biol Med 34:56–63

94. Immke DC, McCleskey EW (2003) Protons open acid-sensing
ion channels by catalyzing relief of Ca2+ blockade. Neuron
37:75–84

95. Inoue K, Branigan D, Xiong ZG (2010) Zinc-induced neurotox-
icity mediated by transient receptor potential melastatin 7
channels. J Biol Chem 285:7430–7439

96. Ischiropoulos H, Zhu L, Chen J et al (1992) Peroxynitrite-
mediated tyrosine nitration catalyzed by superoxide dismutase.
Arch Biochem Biophys 298:431–437

97. Jang YG, Ilodigwe D, Macdonald RL (2009) Metaanalysis of
tirilazad mesylate in patients with aneurysmal subarachnoid
hemorrhage. Neurocrit Care 10:141–147

98. Jia Y, Zhou J, Tai Y et al (2007) TRPC channels promote
cerebellar granule neuron survival. Nat Neurosci 10:559–567

99. Johnson JW, Ascher P (1987) Glycine potentiates the NMDA
response in cultured mouse brain neurons. Nature 325:529–
531

100. Jorgensen MB, Diemer NH (1982) Selective neuron loss after
cerebral ischemia in the rat: possible role of transmitter
glutamate. Acta Neurol Scand 66:536–546

101. Kampfl A, Posmantur R, Nixon R et al (1996) mu-calpain
activation and calpain-mediated cytoskeletal proteolysis follow-
ing traumatic brain injury. J Neurochem 67:1575–1583

102. Kaneko S, Kawakami S, Hara Y et al (2006) A critical role of
TRPM2 in neuronal cell death by hydrogen peroxide. J
Pharmacol Sci 101:66–76

103. Kiedrowski L, Czyz A, Baranauskas G et al (2004) Differential
contribution of plasmalemmal Na/Ca exchange isoforms to
sodium-dependent calcium influx and NMDA excitotoxicity in
depolarized neurons. J Neurochem 90:117–128

104. Kim YH, Koh JY (2002) The role of NADPH oxidase and
neuronal nitric oxide synthase in zinc-induced poly(ADP-ribose)
polymerase activation and cell death in cortical culture. Exp
Neurol 177:407–418

105. Kingston AE, O’Neill MJ, Bond A et al (1999) Neuroprotective
actions of novel and potent ligands of group I and group II
metabotropic glutamate receptors. Ann N Y Acad Sci 890:438–
449

106. Koek W, Woods JH, Winger GD (1988) MK-801, a proposed
noncompetitive antagonist of excitatory amino acid neurotrans-
mission, produces phencyclidine-like behavioral effects in
pigeons, rats and rhesus monkeys. J Pharmacol Exp Ther
245:969–974

107. Koh JY, Suh SW, Gwag BJ et al (1996) The role of zinc in
selective neuronal death after transient global cerebral ischemia.
Science 272:1013–1016

538 Pflugers Arch - Eur J Physiol (2010) 460:525–542



108. Koura SS, Doppenberg EM, Marmarou A et al (1998)
Relationship between excitatory amino acid release and outcome
after severe human head injury. Acta Neurochir Suppl (Wien)
71:244–246

109. Kuroda S, Tsuchidate R, Smith ML et al (1999) Neuroprotective
effects of a novel nitrone, NXY-059, after transient focal cerebral
ischemia in the rat. J Cereb Blood Flow Metab 19:778–787

110. Lafon-Cazal M, Pietri S, Culcasi M et al (1993) NMDA-
dependent superoxide production and neurotoxicity. Nature
364:535–537

111. Laine R, de Montellano PR (1998) Neuronal nitric oxide
synthase isoforms alpha and mu are closely related calpain-
sensitive proteins. Mol Pharmacol 54:305–312

112. Lankiewicz S, Marc LC, Truc BN et al (2000) Activation of
calpain I converts excitotoxic neuron death into a caspase-
independent cell death. J Biol Chem 275:17064–17071

113. Lanzino G, Kassell NF (1999) Double-blind, randomized,
vehicle-controlled study of high-dose tirilazad mesylate in
women with aneurysmal subarachnoid hemorrhage. Part II. A
cooperative study in North America. J Neurosurg 90:1018–1024

114. Lanzino G, Kassell NF, Dorsch NW et al (1999) Double-blind,
randomized, vehicle-controlled study of high-dose tirilazad
mesylate in women with aneurysmal subarachnoid hemorrhage.
Part I. A cooperative study in Europe, Australia, New Zealand,
and South Africa. J Neurosurg 90:1011–1017

115. Lau A, Arundine M, Sun HS et al (2006) Inhibition of caspase-
mediated apoptosis by peroxynitrite in traumatic brain injury. J
Neurosci 26:11540–11553

116. Lazebnik YA, Kaufmann SH, Desnoyers S et al (1994) Cleavage
of poly(ADP-ribose) polymerase by a proteinase with properties
like ICE. Nature 371:346–347

117. Leach MJ, Marden CM, Miller AA (1986) Pharmacological
studies on lamotrigine, a novel potential antiepileptic drug: II.
Neurochemical studies on the mechanism of action. Epilepsia
27:490–497

118. JY L, Cole TB, Palmiter RD et al (2000) Accumulation of zinc in
degenerating hippocampal neurons of ZnT3-null mice after seizures:
evidence against synaptic vesicle origin. J Neurosci 20:RC79

119. Lees KR, Asplund K, Carolei A et al (2000) Glycine antagonist
(gavestinel) in neuroprotection (GAIN International) in patients
with acute stroke: a randomised controlled trial. GAIN Interna-
tional Investigators. Lancet 355:1949–1954

120. Lees KR, Zivin JA, Ashwood T et al (2006) NXY-059 for acute
ischemic stroke. N Engl J Med 354:588–600

121. Li J, Billiar TR, Talanian RV et al (1997) Nitric oxide reversibly
inhibits seven members of the caspase family via S-nitrosylation.
Biochem Biophys Res Commun 240:419–424

122. Lin JH, Weigel H, Cotrina ML et al (1998) Gap-junction-
mediated propagation and amplification of cell injury. Nat
Neurosci 1:494–500

123. DR LUCAS, NEWHOUSE JP (1957) The toxic effect of sodium
L-glutamate on the inner layers of the retina. AMA Arch
Ophthalmol 58:193–201

124. Malgouris C, Bardot F, Daniel M et al (1989) Riluzole, a novel
antiglutamate, prevents memory loss and hippocampal neuronal
damage in ischemic gerbils. J Neurosci 9:3720–3727

125. Marklund N, Clausen F, McIntosh TK et al (2001) Free radical
scavenger posttreatment improves functional and morphological
outcome after fluid percussion injury in the rat. J Neurotrauma
18:821–832

126. Marklund N, Lewander T, Clausen F et al (2001) Effects of the
nitrone radical scavengers PBN and S-PBN on in vivo trapping
of reactive oxygen species after traumatic brain injury in rats. J
Cereb Blood Flow Metab 21:1259–1267

127. Marshall LF, Maas AI, Marshall SB et al (1998) A multicenter
trial on the efficacy of using tirilazad mesylate in cases of head
injury. J Neurosurg 89:519–525

128. Martinez-Guijarro FJ, Soriano E, Del Rio JA et al (1991) Zinc-
positive boutons in the cerebral cortex of lizards show glutamate
immunoreactivity. J Neurocytol 20:834–843

129. Matsuda T, Arakawa N, Takuma K et al (2001) SEA0400, a
novel and selective inhibitor of the Na+–Ca2+ exchanger,
attenuates reperfusion injury in the in vitro and in vivo cerebral
ischemic models. J Pharmacol Exp Ther 298:249–256

130. Mayer ML, Vyklicky L Jr (1989) The action of zinc on synaptic
transmission and neuronal excitability in cultures of mouse
hippocampus. J Physiol 415:351–365

131. Mayer ML, Westbrook GL, Guthrie PB (1984) Voltage-
dependent block by Mg2+ of NMDA responses in spinal cord
neurones. Nature 309:261–263

132. McIntosh TK, Thomas M, Smith D et al (1992) The novel 21-
aminosteroid U74006F attenuates cerebral edema and improves
survival after brain injury in the rat. J Neurotrauma 9:33–46

133. McIntosh TK, Vink R, Soares H et al (1989) Effects of the N-
methyl-D-aspartate receptor blocker MK-801 on neurologic
function after experimental brain injury. J Neurotrauma 6:247–
259

134. McLaughlin B, Pal S, Tran MP et al (2001) p38 activation is
required upstream of potassium current enhancement and
caspase cleavage in thiol oxidant-induced neuronal apoptosis. J
Neurosci 21:3303–3311

135. Michetti M, Salamino F, Melloni E et al (1995) Reversible
inactivation of calpain isoforms by nitric oxide. Biochem
Biophys Res Commun 207:1009–1014

136. RG Miller, JD Mitchell, M Lyon et al. (2007) Riluzole for
amyotrophic lateral sclerosis (ALS)/motor neuron disease
(MND). Cochrane Database Syst Rev CD001447

137. Mohr S, Zech B, Lapetina EG et al (1997) Inhibition of caspase-
3 by S-nitrosation and oxidation caused by nitric oxide. Biochem
Biophys Res Commun 238:387–391

138. Morikawa E, Huang Z, Moskowitz MA (1992) L-Arginine
decreases infarct size caused by middle cerebral arterial
occlusion in SHR. Am J Physiol 263:H1632–H1635

139. Morikawa E, Moskowitz MA, Huang Z et al (1994) L-Arginine
infusion promotes nitric oxide-dependent vasodilation, increases
regional cerebral blood flow, and reduces infarction volume in
the rat. Stroke 25:429–435

140. Morris GF, Bullock R, Marshall SB et al (1999) Failure of the
competitive N-methyl-D-aspartate antagonist Selfotel (CGS
19755) in the treatment of severe head injury: results of two
phase III clinical trials. The Selfotel Investigators. J Neurosurg
91:737–743

141. Moubarak RS, Yuste VJ, Artus C et al (2007) Sequential
activation of poly(ADP-ribose) polymerase 1, calpains, and
Bax is essential in apoptosis-inducing factor-mediated
programmed necrosis. Mol Cell Biol 27:4844–4862

142. Muir KW (2006) Glutamate-based therapeutic approaches:
clinical trials with NMDA antagonists. Curr Opin Pharmacol
6:53–60

143. Muir KW, Holzapfel L, Lees KR (2000) Phase II clinical trial of
sipatrigine (619C89) by continuous infusion in acute stroke.
Cerebrovasc Dis 10:431–436

144. Nadler MJ, Hermosura MC, Inabe K et al (2001) LTRPC7 is a
Mg.ATP-regulated divalent cation channel required for cell
viability. Nature 411:590–595

145. Nakagawa D, Ohshima Y, Takusagawa M et al (2001) Functional
modification of cytochrome c by peroxynitrite in an electron
transfer reaction. Chem Pharm Bull (Tokyo) 49:1547–1554

Pflugers Arch - Eur J Physiol (2010) 460:525–542 539



146. Nicholls P, Malviya AN (1968) Inhibition of nonphosphorylating
electron transfer by zinc. The problem of delineating interaction
sites. Biochemistry 7:305–310

147. Nilsson P, Hillered L, Ponten U et al (1990) Changes in cortical
extracellular levels of energy-related metabolites and amino
acids following concussive brain injury in rats. J Cereb Blood
Flow Metab 10:631–637

148. Noh KM, Koh JY (2000) Induction and activation by zinc of
NADPH oxidase in cultured cortical neurons and astrocytes. J
Neurosci 20:RC111

149. O’Neill MJ, Hicks C, Ward M (1996) Neuroprotective effects of
7-nitroindazole in the gerbil model of global cerebral ischaemia.
Eur J Pharmacol 310:115–122

150. Ogawa A, Yoshimoto T, Kikuchi H et al (1999) Ebselen in acute
middle cerebral artery occlusion: a placebo-controlled, double-
blind clinical trial. Cerebrovasc Dis 9:112–118

151. Oguro K, Jover T, Tanaka H et al (2001) Global ischemia-
induced increases in the gap junctional proteins connexin 32
(Cx32) and Cx36 in hippocampus and enhanced vulnerability of
Cx32 knock-out mice. J Neurosci 21:7534–7542

152. Ohishi H, Ogawa-Meguro R, Shigemoto R et al (1994)
Immunohistochemical localization of metabotropic glutamate
receptors, mGluR2 and mGluR3, in rat cerebellar cortex. Neuron
13:55–66

153. Olney JW (1969) Brain lesions, obesity, and other disturbances in
mice treated with monosodium glutamate. Science 164:719–721

154. Olney JW, Sharpe LG (1969) Brain lesions in an infant rhesus
monkey treated with monsodium glutamate. Science 166:386–
388

155. Outten CE, O’Halloran TV (2001) Femtomolar sensitivity of
metalloregulatory proteins controlling zinc homeostasis. Science
292:2488–2492

156. Ozyurt E, Graham DI, Woodruff GN et al (1988) Protective
effect of the glutamate antagonist, MK-801 in focal cerebral
ischemia in the cat. J Cereb Blood Flow Metab 8:138–143

157. Park CK, Nehls DG, Teasdale GM et al (1989) Effect of the
NMDA antagonist MK-801 on local cerebral blood flow in focal
cerebral ischaemia in the rat. J Cereb Blood Flow Metab 9:617–
622

158. Perraud AL, Fleig A, Dunn CA et al (2001) ADP-ribose gating
of the calcium-permeable LTRPC2 channel revealed by Nudix
motif homology. Nature 411:595–599

159. Persechini A, McMillan K, Masters BS (1995) Inhibition of
nitric oxide synthase activity by Zn2+ ion. Biochemistry
34:15091–15095

160. Pignataro G, Simon RP, Xiong ZG (2007) Prolonged activation
of ASIC1a and the time window for neuroprotection in cerebral
ischaemia. Brain 130:151–158

161. Pignataro G, Tortiglione A, Scorziello A et al (2004) Evidence
for a protective role played by the Na+/Ca2+ exchanger in
cerebral ischemia induced by middle cerebral artery occlusion in
male rats. Neuropharmacology 46:439–448

162. Polster BM, Basanez G, Etxebarria A et al (2005) Calpain I
induces cleavage and release of apoptosis-inducing factor from
isolated mitochondria. J Biol Chem 280:6447–6454

163. Portera-Cailliau C, Price DL, Martin LJ (1997) Non-NMDA and
NMDA receptor-mediated excitotoxic neuronal deaths in adult
brain are morphologically distinct: further evidence for an
apoptosis-necrosis continuum. J Comp Neurol 378:88–104

164. Radi R, Beckman JS, Bush KM et al (1991) Peroxynitrite
oxidation of sulfhydryls. The cytotoxic potential of superoxide
and nitric oxide. J Biol Chem 266:4244–4250

165. Radi R, Beckman JS, Bush KM et al (1991) Peroxynitrite-
induced membrane lipid peroxidation: the cytotoxic potential of
superoxide and nitric oxide. Arch Biochem Biophys 288:481–
487

166. Radi R, Rodriguez M, Castro L et al (1994) Inhibition of
mitochondrial electron transport by peroxynitrite. Arch Biochem
Biophys 308:89–95

167. Randall RD, Thayer SA (1992) Glutamate-induced calcium
transient triggers delayed calcium overload and neurotoxicity in
rat hippocampal neurons. J Neurosci 12:1882–1895

168. Ransom RW, Stec NL (1988) Cooperative modulation of [3H]
MK-801 binding to the N-methyl-D-aspartate receptor-ion chan-
nel complex by L-glutamate, glycine, and polyamines. J Neuro-
chem 51:830–836

169. Reisberg B, Doody R, Stoffler A et al (2003) Memantine in
moderate-to-severe Alzheimer’s disease. N Engl J Med
348:1333–1341

170. Reynolds IJ, Hastings TG (1995) Glutamate induces the
production of reactive oxygen species in cultured forebrain
neurons following NMDA receptor activation. J Neurosci
15:3318–3327

171. Rock DM, Macdonald RL (1992) The polyamine spermine
has multiple actions on N-methyl-D-aspartate receptor single-
channel currents in cultured cortical neurons. Mol Pharmacol
41:83–88

172. Rothman S (1984) Synaptic release of excitatory amino acid
neurotransmitter mediates anoxic neuronal death. J Neurosci
4:1884–1891

173. Runnels LW, Yue L, Clapham DE (2002) The TRPM7 channel is
inactivated by PIP(2) hydrolysis. Nat Cell Biol 4:329–336

174. Salgo MG, Bermudez E, Squadrito GL et al (1995) Peroxynitrite
causes DNA damage and oxidation of thiols in rat thymocytes
[corrected]. Arch Biochem Biophys 322:500–505

175. Salgo MG, Stone K, Squadrito GL et al (1995) Peroxynitrite
causes DNA nicks in plasmid pBR322. Biochem Biophys Res
Commun 210:1025–1030

176. Sattler R, Charlton MP, Hafner M et al (1998) Distinct influx
pathways, not calcium load, determine neuronal vulnerability to
calcium neurotoxicity. J Neurochem 71:2349–2364

177. Sattler R, Xiong Z, Lu WY et al (1999) Specific coupling of
NMDA receptor activation to nitric oxide neurotoxicity by PSD-
95 protein. Science 284:1845–1848

178. Schewe T (1995) Molecular actions of ebselen—an antiinflam-
matory antioxidant. Gen Pharmacol 26:1153–1169

179. Schmitz D, Mellor J, Frerking M et al (2001) Presynaptic kainate
receptors at hippocampal mossy fiber synapses. Proc Natl Acad
Sci USA 98:11003–11008

180. Schrammel A, Gorren AC, Schmidt K et al (2003) S-nitrosation
of glutathione by nitric oxide, peroxynitrite, and (*)NO/O(2)(*-).
Free Radic Biol Med 34:1078–1088

181. Schulz JB, Matthews RT, Jenkins BG et al (1995) Improved
therapeutic window for treatment of histotoxic hypoxia with a
free radical spin trap. J Cereb Blood Flow Metab 15:948–952

182. el NM Seif, Peruche B, Rossberg C et al (1990) Neuroprotective
effect of memantine demonstrated in vivo and in vitro. Eur J
Pharmacol 185:19–24

183. Sen N, Hara MR, Ahmad AS et al (2009) GOSPEL: a
neuroprotective protein that binds to GAPDH upon S-
nitrosylation. Neuron 63:81–91

184. Sen N, Hara MR, Kornberg MD et al (2008) Nitric oxide-
induced nuclear GAPDH activates p300/CBP and mediates
apoptosis. Nat Cell Biol 10:866–873

185. Sensi SL, Canzoniero LM, Yu SP et al (1997) Measurement of
intracellular free zinc in living cortical neurons: routes of entry. J
Neurosci 17:9554–9564

186. Sensi SL, Ton-That D, Sullivan PG et al (2003) Modulation of
mitochondrial function by endogenous Zn2+ pools. Proc Natl
Acad Sci USA 100:6157–6162

187. Sensi SL, Yin HZ, Carriedo SG et al (1999) Preferential Zn2+

influx through Ca2+-permeable AMPA/kainate channels triggers

540 Pflugers Arch - Eur J Physiol (2010) 460:525–542



prolonged mitochondrial superoxide production. Proc Natl Acad
Sci USA 96:2414–2419

188. Sheardown MJ, Nielsen EO, Hansen AJ et al (1990) 2,3-
Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline: a neuro-
protectant for cerebral ischemia. Science 247:571–574

189. Sheline CT, Behrens MM, Choi DW (2000) Zinc-induced
cortical neuronal death: contribution of energy failure attribut-
able to loss of NAD(+) and inhibition of glycolysis. J Neurosci
20:3139–3146

190. Shuaib A, Lees KR, Lyden P et al (2007) NXY-059 for the
treatment of acute ischemic stroke. N Engl J Med 357:562–
571

191. Singleton RH, Povlishock JT (2004) Identification and charac-
terization of heterogeneous neuronal injury and death in regions
of diffuse brain injury: evidence for multiple independent injury
phenotypes. J Neurosci 24:3543–3553

192. Snider BJ, Gottron FJ, Choi DW (1999) Apoptosis and necro-
sis in cerebrovascular disease. Ann N Y Acad Sci 893:243–253

193. Stamler JS, Lamas S, Fang FC (2001) Nitrosylation. the
prototypic redox-based signaling mechanism. Cell 106:675–683

194. Stamler JS, Simon DI, Osborne JA et al (1992) S-nitrosylation of
proteins with nitric oxide: synthesis and characterization of bio-
logically active compounds. Proc Natl Acad Sci USA 89:444–448

195. Steinberg GK, George CP, DeLaPaz R et al (1988) Dextro-
methorphan protects against cerebral injury following transient
focal ischemia in rabbits. Stroke 19:1112–1118

196. Suh SW, Chen JW, Motamedi M et al (2000) Evidence that
synaptically-released zinc contributes to neuronal injury after
traumatic brain injury. Brain Res 852:268–273

197. Sun HS, Doucette TA, Liu Y et al (2008) Effectiveness of PSD95
inhibitors in permanent and transient focal ischemia in the rat.
Stroke 39:2544–2553

198. Sun HS, Jackson MF, Martin LJ et al (2009) Suppression of
hippocampal TRPM7 protein prevents delayed neuronal death in
brain ischemia. Nat Neurosci 12:1300–1307

199. Susin SA, Lorenzo HK, Zamzami N et al (1999) Molecular
characterization of mitochondrial apoptosis-inducing factor.
Nature 397:441–446

200. Takahashi M, Ni JW, Kawasaki-Yatsugi S et al (1998) YM872, a
novel selective alpha-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid receptor antagonist, reduces brain damage after
permanent focal cerebral ischemia in cats. J Pharmacol Exp Ther
284:467–473

201. Takasago T, Peters EE, Graham DI et al (1997) Neuroprotective
efficacy of ebselen, an anti-oxidant with anti-inflammatory
actions, in a rodent model of permanent middle cerebral artery
occlusion. Br J Pharmacol 122:1251–1256

202. Tanabe Y, Nomura A, Masu M et al (1993) Signal transduction,
pharmacological properties, and expression patterns of two rat
metabotropic glutamate receptors, mGluR3 and mGluR4. J
Neurosci 13:1372–1378

203. Tenneti L, D’Emilia DM, Troy CM et al (1998) Role of caspases
in N-methyl-D-aspartate-induced apoptosis in cerebrocortical
neurons. J Neurochem 71:946–959

204. Tenneti L, Lipton SA (2000) Involvement of activated caspase-3-
like proteases in N-methyl-D-aspartate-induced apoptosis in
cerebrocortical neurons. J Neurochem 74:134–142

205. Thayer SA, Wang GJ (1995) Glutamate-induced calcium loads:
effects on energy metabolism and neuronal viability. Clin Exp
Pharmacol Physiol 22:303–304

206. Thompson RJ, Zhou N, MacVicar BA (2006) Ischemia opens
neuronal gap junction hemichannels. Science 312:924–927

207. Tonder N, Johansen FF, Frederickson CJ et al (1990) Possible
role of zinc in the selective degeneration of dentate hilar neurons
after cerebral ischemia in the adult rat. Neurosci Lett 109:247–
252

208. Traynelis SF, Cull-Candy SG (1990) Proton inhibition ofN-methyl-
D-aspartate receptors in cerebellar neurons. Nature 345:347–350

209. Traystman RJ, Klaus JA, DeVries AC et al (2001) Anticonvul-
sant lamotrigine administered on reperfusion fails to improve
experimental stroke outcomes. Stroke 32:783–787

210. Tymianski M, Charlton MP, Carlen PL et al (1993) Source
specificity of early calcium neurotoxicity in cultured embryonic
spinal neurons. J Neurosci 13:2085–2104

211. van der Vliet A, Hoen PA, Wong PS et al (1998) Formation of S-
nitrosothiols via direct nucleophilic nitrosation of thiols by
peroxynitrite with elimination of hydrogen peroxide. J Biol
Chem 273:30255–30262

212. Vedia L, McDonald B, Reep B et al (1992) Nitric oxide-induced
S-nitrosylation of glyceraldehyde-3-phosphate dehydrogenase
inhibits enzymatic activity and increases endogenous ADP-
ribosylation. J Biol Chem 267:24929–24932

213. Vignes M, Collingridge GL (1997) The synaptic activation of
kainate receptors. Nature 388:179–182

214. Volbracht C, Chua BT, Ng CP et al (2005) The critical role of
calpain versus caspase activation in excitotoxic injury induced
by nitric oxide. J Neurochem 93:1280–1292

215. Wada K, Chatzipanteli K, Busto R, et al (1999) Effects of L-
NAME and 7-NI on NOS catalytic activity and behavioral
outcome after traumatic brain injury in the rat. J Neurotrauma
16:203–212

216. Wahl F, Allix M, Plotkine M et al (1993) Effect of riluzole
on focal cerebral ischemia in rats. Eur J Pharmacol 230:209–
214

217. Wahl F, Renou E, Mary V et al (1997) Riluzole reduces brain
lesions and improves neurological function in rats after a
traumatic brain injury. Brain Res 756:247–255

218. Wang GJ, Thayer SA (1996) Sequestration of glutamate-induced
Ca2+ loads by mitochondria in cultured rat hippocampal neurons.
J Neurophysiol 76:1611–1621

219. Wang Y, Kim NS, Li X et al (2009) Calpain activation is not
required for AIF translocation in PARP-1-dependent cell death
(parthanatos). J Neurochem 110:687–696

220. Wehage E, Eisfeld J, Heiner I et al (2002) Activation of the
cation channel long transient receptor potential channel 2
(LTRPC2) by hydrogen peroxide. A splice variant reveals a
mode of activation independent of ADP-ribose. J Biol Chem
277:23150–23156

221. Williams K (1997) Interactions of polyamines with ion channels.
Biochem J 325(Pt 2):289–297

222. Wu HY, Yuen EY, Lu YF et al (2005) Regulation of N-methyl-D-
aspartate receptors by calpain in cortical neurons. J Biol Chem
280:21588–21593

223. Xiong ZG, Zhu XM, Chu XP et al (2004) Neuroprotection in
ischemia: blocking calcium-permeable acid-sensing ion chan-
nels. Cell 118:687–698

224. Xue D, Slivka A, Buchan AM (1992) Tirilazad reduces cortical
infarction after transient but not permanent focal cerebral
ischemia in rats. Stroke 23:894–899

225. Yakovlev AG, Knoblach SM, Fan L et al (1997) Activation of
CPP32-like caspases contributes to neuronal apoptosis and
neurological dysfunction after traumatic brain injury. J Neurosci
17:7415–7424

226. Yamaguchi T, Sano K, Takakura K et al (1998) Ebselen in acute
ischemic stroke: a placebo-controlled, double-blind clinical trial.
Ebselen Study Group. Stroke 29:12–17

227. Yamakura F, Taka H, Fujimura T et al (1998) Inactivation of
human manganese-superoxide dismutase by peroxynitrite is
caused by exclusive nitration of tyrosine 34 to 3-nitrotyrosine.
J Biol Chem 273:14085–14089

228. Yokoyama M, Koh J, Choi DW (1986) Brief exposure to zinc is
toxic to cortical neurons. Neurosci Lett 71:351–355

Pflugers Arch - Eur J Physiol (2010) 460:525–542 541



229. Yu SW, Andrabi SA, Wang H et al (2006) Apoptosis-inducing
factor mediates poly(ADP-ribose) (PAR) polymer-induced cell
death. Proc Natl Acad Sci USA 103:18314–18319

230. Yu SW, Wang H, Poitras MF et al (2002) Mediation of poly
(ADP-ribose) polymerase-1-dependent cell death by apoptosis-
inducing factor. Science 297:259–263

231. Yue TL, Gu JL, Lysko PG et al (1992) Neuroprotective
effects of phenyl-t-butyl-nitrone in gerbil global brain ische-
mia and in cultured rat cerebellar neurons. Brain Res 574:
193–197

232. ZhangC, Raghupathi R, SaatmanKE et al (1998) Riluzole attenuates
cortical lesion size, but not hippocampal neuronal loss, following
traumatic brain injury in the rat. J Neurosci Res 52:342–349

233. Zhang J, Dawson VL, Dawson TM et al (1994) Nitric oxide
activation of poly(ADP-ribose) synthetase in neurotoxicity.
Science 263:687–689

234. Zhang X, Chen J, Graham SH et al (2002) Intranuclear
localization of apoptosis-inducing factor (AIF) and large scale
DNA fragmentation after traumatic brain injury in rats and in
neuronal cultures exposed to peroxynitrite. J Neurochem
82:181–191

235. Zhang Y, Wang H, Li J et al (2004) Peroxynitrite-induced
neuronal apoptosis is mediated by intracellular zinc release and
12-lipoxygenase activation. J Neurosci 24:10616–10627

236. Zhou P, Qian L, Iadecola C (2005) Nitric oxide inhibits caspase
activation and apoptotic morphology but does not rescue
neuronal death. J Cereb Blood Flow Metab 25:348–357

237. Zingarelli B, O’Connor M, Wong H et al (1996) Peroxynitrite-
mediated DNA strand breakage activates poly-adenosine diphos-
phate ribosyl synthetase and causes cellular energy depletion in
macrophages stimulated with bacterial lipopolysaccharide. J
Immunol 156:350–358

542 Pflugers Arch - Eur J Physiol (2010) 460:525–542


	Glutamate receptors, neurotoxicity and neurodegeneration
	Abstract
	Overview
	Historical context
	Glutamate receptors
	NMDA receptor
	AMPA/kainate receptors
	Metabotropic glutamate receptors
	Mechanisms of excitotoxicity
	Calcium: a key to excitotoxicity
	Nitric oxide: intricately linked to NMDAR-mediated calcium influx
	Free radicals: a mitochondrial contribution to excitotoxicity
	Zinc: another divalent ion in glutamate excitotoxicity
	Caspases: a classical cell apoptotic pathway
	Peroxynitrite: simple, but powerful
	Calpains/PARP-1/AIF: still under investigation
	GAPDH/Siah1 pathway: a novel apoptotic pathway

	Excitotoxicity in neurologic disease
	Modulating excitotoxicity
	NMDAR antagonists
	AMPAR and kainate receptor antagonists
	Glutamate release blockers
	Free radical scavengers and antioxidants
	Nitric oxide synthase inhibitors

	Future directions of excitotoxicity
	Sodium–calcium exchangers
	Hemichannels and gap junctions
	Acid-sensing ion channels
	Transient receptor potential channels
	Cross talk cell death mechanisms

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


