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Abstract. Stroke and neurotrauma mediate neuronal death
through a series of events that involve multiple interde-
pendent molecular pathways. It has been suggested that
these pathways are triggered following elevations in ex-
tracellular excitatory amino acids, primarily glutamate [1].
This report outlines mechanisms involving glutamate-me-
diated excitotoxicity with specific focus on (i) the role of
Ca2+ in neurotoxicity, (ii) The concept of ‘source speci-
ficity’ of neurotoxicity, (iii) the role of the ionotropic N-
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methyl-D-aspartate (NMDA)-subtype glutamate receptor
and its associated submembrane molecules that may give
rise to signaling specificity in excitotoxicity and (iv) the
role of glutamate-mediated free-radical generation and as-
sociated cell death pathways. We also highlight a novel,
peptide-based approach for uncoupling NMDA receptors
from excitotoxicity in the rat central nervous system sub-
jected to focal ischemia, thereby reducing stroke infarct
volume and improving neurological functioning.

Glutamate-mediated neurotoxicity

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system (CNS). Following
glutamate release, postsynaptic responses occur through
both metabotropic and ionotropic receptors. Metabotropic
receptors mediate their actions through GTP-binding-pro-
tein-dependent mechanisms that cause mobilization of
Ca2+ from internal stores. Activation of ionotropic recep-
tors leads to permeability to sodium, potassium and/or
calcium in associated ion channels. There are three types
of ionotropic glutamate receptors: N-methyl-D-aspartate
receptor (NMDAR), 2-amino-3-(3-hydroxy-5-methylisox-
azol-4-yl) proprionate receptor (AMPAR) and kainate re-
ceptor subtypes [2, 3]. Although current research suggests
the involvement of multiple members of the glutamatergic

receptor superfamily in mediating excitotoxicity [4–6], the
ionotropic receptors are recognized as being key players
[7, 8].
In 1957, Lucas and Newhouse [9] found that L-glutamate
injections could destroy the inner layers of the mouse
retina, implicating glutamate as a putative neurotoxin. Ap-
proximately 2 decades later, Olney [10] indicated that
kainate, a compound structurally related to glutamate,
produced brain lesions in immature animals lacking a ma-
ture blood-brain barrier. Olney also found that the gluta-
mate-induced retinotoxicity was accompanied by rapid
cellular swelling. These morphological findings were
most pronounced near dendrosomal components now
known to express excitatory amino acid (EAA) receptors.
In 1969, he coined the term ‘excitotoxicity’ to represent
EAA-mediated degeneration of neurons [11]. 
In the early 80s, Kass and Lipton [12] and Rothman [13]
investigated the role of excitotoxicity during hypoxia.* Corresponding author.
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They found that attenuating synaptic transmission by
magnesium also leads to a concomitant reduction in hy-
poxic/anoxic neuronal death. Based on these observations,
investigations incorporating glutamate receptor antago-
nists were conducted to further assess whether glutamate
receptors were genuinely involved in propagating neu-
ronal death following hypoxia. Experiments using g-D-
glutamylglycine, 2-amino-7-phosphnohepatonic acid and
MK-801 to block glutamate receptors demonstrated that
blocking excitotoxicity was neuroprotective in vitro [14]
and in vivo. 

Role of calcium in glutamate-mediated 
excitotoxicity

Glutamate receptor activation induces alterations in the
concentration of intracellular ions, especially Ca2+ and
Na+. Investigators have shown that elevations of intracel-
lular Na+ can be damaging to neuronal survival. Hip-
pocampal cultures [15] and retina [16] exposed to gluta-
mate exhibit irreversible, Na-mediated toxic swelling even
in the absence of extracellular Ca2+. However, based on the
initial proposal by Berdichevski et al. [17], Choi and col-
leagues [5, 18] suggested that glutamate toxicity is pri-
marily dependent on Ca influx. Using ion substitution ex-
periments, they found that the removal of extracellular
Na+ eliminates the acute neuronal swelling in cortical cell
cultures exposed to glutamate. However, the absence of
extracellular Na failed to prevent long-term (delayed) neu-
ronal degeneration within this model. Furthermore, neu-
ronal degeneration could only be fully attenuated follow-
ing the concomitant removal of extracellular Ca2+. These
observations suggested that excitotoxicity is made up of
two components. The first is an acute, Na+ and Cl– depen-
dent component which is marked by immediate cell
swelling. The second component is Ca-dependent delayed
cell degeneration, reproducible by the Ca2+ ionophore
A23187. 
It is now well established that a strong relationship exists
between excessive Ca2+ influx and glutamate-triggered
neuronal injury (reviewed in [7, 8, 19]. Glutamate-medi-
ated pathological increases in intracellular Ca are thought
to be mediated by either (i) prolonged activation of gluta-
mate receptors, or by (ii) injury-induced alterations in re-
ceptor functioning leading to increased Ca2+ influx. Ca2+

overload can trigger many downstream neurotoxic cas-
cades, including the uncoupling mitochondrial electron
transfer from ATP synthesis, and the activation and over-
stimulation of enzymes such as calpains and other pro-
teases, protein kinases, nitric oxide synthase (NOS), cal-
cineurins and endonucleases. Alterations in activity of
these enzymes can lead to (i) increased production of toxic
reactive oxygen species (ROS) such as nitric oxide (NO),
superoxide (O2

–) and hydrogen peroxide, (ii) alterations in
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the organization of the cytoskeleton, (iii) activation of ge-
netic signals leading to cell death (apoptosis) and (iv) mi-
tochondrial dysfunction.
Although elevations in extracellular glutamate plays a
central role in mediating both ischemic brain damage and
traumatic brain injury [20, 21], altered glutamate receptor
functioning has also been implicated as a potential mech-
anism mediating toxicity to neurons. For example, in vitro
studies have shown that mechanical deformation of cells
can alter the properties of glutamate receptors [22], lead-
ing to pathological increases in glutamate-induced intra-
cellular Ca2+ concentrations. Ellis and colleagues (1995)
used an in vitro cell injury model to demonstrate a reduc-
tion in voltage-dependent Mg2+ blockade of NMDA
channels in mechanically injured neurons, leading to ele-
vated intracellular Ca2+ levels in response to glutamate ex-
posure. They also reported that stretch applied to neurons
caused enhanced AMPA-mediated currents that appeared
to be induced by a reduction in AMPA receptor desensiti-
zation [23].
As illustrated in the aforementioned examples, it is not
surprising that many cytoprotective approaches have thus
far been focused on antagonizing glutamate receptors in
an attempt to block EAA-mediated pathological eleva-
tions of Ca2+. Although it is intuitive to block Ca2+ influx
at the level of the receptor, it is now apparent that block-
ing glutamate receptors is not the best approach. Specifi-
cally, glutamate receptor blockade has recently been doc-
umented to impair normal brain function and produce
adverse side effects [24] (for details on clinical trials with
glutamate antagonists, see www.stroketrials.org). Ac-
cordingly, current research has switched gears, and is now
focused on preventing the intracellular signaling and reg-
ulatory pathways triggered by glutamate receptor overac-
tivation in addition to reducing Ca2+ overload. 

The ‘source-specificity’ hypothesis 

It is now established that activation of distinct biochemi-
cal signaling pathways mediating independent physiolog-
ical responses [25] is dependent on both the route of Ca2+

entry and the intracellular localization of Ca2+ micro-
domains [26]. Similarly, Ca-triggered neurotoxicity de-
pends on the activation of distinct signaling pathways.
These pathways are triggered more efficiently when neu-
ronal Ca2+ influx occurs at specialized entry points-par-
ticularly at Ca-permeable glutamate receptors [27, 28].
This concept has been termed the ‘source-specificity’ hy-
pothesis of Ca2+ neurotoxicity. 
The source-specificity theory was developed following
experiments indicating that Ca2+ loading through L-type
voltage-sensitive channels were nontoxic to cells, whereas
similar Ca2+ loads produced via NMDA receptors were
highly neurotoxic [27]. These results suggested that al-



though cells underwent similar increases in intracellular
Ca2+ concentrations, toxicity is contingent upon the loca-
tion of Ca2+ entry. Based on these observations, the
source-specificity hypothesis further proposed that rate-
limiting enzymes or substrates responsible for excitotox-
icity must also be directly associated with NMDA recep-
tors. In this regard, this report will next outline the
structure and function of NMDA receptors, and the im-
plications of NMDA receptor activation to neurotoxicity.
Because free-radical-mediated toxicity is also triggered by
NMDA receptors, free-radical toxicity and cell death
mechanisms will be examined. 

NMDA glutamate receptors and neurotoxicity

The molecular structure of the NMDA receptor
NMDA receptors exist as either heterotetramer or -pen-
tamer structures [29, 30]. Studies employing molecular
cloning techniques have identified five NMDA receptor
subunits, NR1and NR2A-D [29]. Each subunit is made up
of four membrane domains, an extracellular amino termi-
nal domain, and an intracellular C-terminal tail [29]. The
NR1subunit contains eight functional splice variants
(NR1a-h) and one nonfunctional truncated splice variant
[31]. Among NR2 subunits, only NR2D has been shown
to exhibit splice variants [32]. It has been shown that the
receptors, Ca permeability is governed by an asparagine
residue (N598) in the NR1subunit within the channel pore
loop structure of the second membrane domain. This do-
main also determines the voltage-dependent Mg2+ block
of NMDA receptors [33], control gating properties, po-
tentiation and block by polyamines, inhibition by protons
and Zn2+, and affinity to glutamate and glycine [34, 35].
Functional heteromeric NMDA receptors require the pres-
ence of the NR1 subunit. When NR1 and NR2 subunits
are coexpressed in nonneuronal cells, they form ion chan-
nels with functional and pharmacological properties sim-
ilar to neuronal NMDA receptors [36, 37]. Studies using
knockout mice have elucidated that although knocking out
NR1 had minimal changes in the structure and function of
neurons [38–40], the mice failed to survive. In contrast,
NR2A knockout mice both survived and showed normal
development [41].
The NR1 subunit has many splice variants, and accord-
ingly, a variety of NR1/NR2 combinations can be formed.
The result of such multiplicity is the availability of many
receptor complexes, with each exhibiting different ligand
affinities. For example, various NR1 splice variants ex-
hibit different sensitivity to agonists, antagonists, Ca2+,
Zn2+, polyamines and phosphorylation by protein kinase C
(reviewed in [31]). In addition to the functional divergence
offered by NR1, each NR2 subunit confers a unique set of
characteristics upon the resultant NMDAR formation;
these include sensitivity to Mg2+ block, glycine and glu-

tamate affinity, and single-channel conductance [36, 
37, 42]. 
The NR2 subunit may also produce agonist-like effects on
its own receptor function. For example, Gallagher and col-
leagues (1997) showed using HEK 293 cultures trans-
fected with NR1A/NR2B chimera that specific mutations
in the NR2B subunit sequence can both relieve proton in-
hibition and enhance polyamine stimulation of NMDA re-
ceptor complexes [42a]. Moreover, recombinant NM-
DAR1-NR2A receptors have been shown to exhibit
~10-fold lower affinity for glycine relative to NMDAR1-
NR2B receptors [42b, 42c]. This has also been observed
in developing neurons, as the presence of the NR2B sub-
unit during early development correlates with higher
glycine affinity of NMDARs [42d].
NMDA receptor subunits exhibit variations in their intra-
cellular C-terminal sequence. The C-terminal domains
have been ascribed the role of mediating NMDA receptor
interactions with multiple intracellular synaptic and cy-
toskeletal proteins. These form large receptor-linked mul-
tiprotein complexes in the postsynaptic density (PSD; 
reviewed in [43]). Interestingly, NMDA receptor inter-
actions with PSD proteins exhibit high specificity, so that
non-NMDA glutamate receptors interact with different
PSD proteins altogether. This suggests that these inter-
actions serve to link NMDA receptors to distinct down-
stream signaling molecules. Recent evidence suggests that
specific protein-protein interactions may link glutamate-
mediated Ca2+ fluxes through NMDA receptor channels to
specific downstream signaling pathways involved with
neurotoxicity (see below).

Involvement of NR1 and NR2 subunits in 
excitotoxicity
To date, researchers have investigated the role of the var-
ious NR1 splice variants (reviewed in [31]) in NMDA re-
ceptor function. This has been extensively observed in the
context of synaptic organization and neurotransmission
(e.g. [44–48]). Fewer, however, have addressed their role
in excitotoxicity and survival. Kreutz and colleagues [49]
studied the expression of alternatively spliced NR1 vari-
ants in the retinal ganglion cell layer following axonal
trauma of the optic nerve. They found that neuronal sur-
vival following partial axonal trauma is highly dependent
on the increased expression of NR1–4b. Reducing
NR1–4b expression levels using antisense oligonu-
cleotides resulted in significantly lower retinal ganglion
cell survival. Based on these observations, the authors
suggested that altered splicing can lead to both a different
composition of the native NMDA receptor and different
responses to glutamate activation. These variations in
NMDA receptor compositions may be fundamental for the
‘fine tuning’ of neuronal responses to extracellular gluta-
mate.
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NMDA receptors are found both within synapses [50–53]
as well as at extrasynaptic locations [54]. Interestingly, the
final localization of NMDA receptors is in part deter-
mined by the CO domain of the NR1 subunit. The CO do-
main is a membrane-proximal segment of the NR1 cyto-
plasmic tail, which has been identified to interact with
a-actinin, an actin-binding protein [55]. The anchoring of
NMDA receptors to cytoskeletal elements in the synapse
has been suggested to involve NR1 – a-actinin interac-
tions. Specifically, F-actin depolymerization results in re-
distribution of NMDA receptor clusters to extrasynaptic
sites [56–58]. Interestingly, Ca2+/calmodulin has been
identified to directly antagonize the binding of a-actinin
to the NMDA receptor [47, 59]. Ca2+/calmodulin has also
been shown to bind to both the C0 and C1 segment of
NR1. Its has been shown that binding of Ca2+/calmodulin
to NMDA receptor inhibits channel opening and reduces
mean channel open time [47, 48]. In principle, the Ca2+

ions entering through synaptic NMDA receptors can bind
to calmodulin, subsequently mediating displacement of a-
actinin. When a-actinin is uncoupled from the NMDA re-
ceptor, it effectively uncouples NMDA receptors from the
actin cytoskeleton. Accordingly, this event may not only
result in their redistribution to extrasynaptic sites, but also
play a role in optimizing synaptic function.
Actin-mediated anchoring of NMDA receptors at synap-
tic sites may also have bearing on the excitotoxic poten-
tial of synaptic NMDA receptors. Recent studies using
cultured cortical neurons have shown that F-actin cy-
toskeleton depolymerization resulted in a redistribution of
NMDA receptors away from dendritic spines. Depoly-
merizing F-actin also reduced the activity of synaptically
activated NMDA receptors [60]. Although neurons treated
with actin depolymerizing agents remained vulnerable to
exogenously applied NMDA and glutamate, they were
less vulnerable to excitotoxicity evoked by synaptic glu-
tamate release [60]. Collectively, these results imply that
the relative contributions of synaptic and extrasynaptic
NMDA receptors to excitotoxicity may vary in accordance
with the location of extracellular excitotoxin accumula-
tion. Of note, the C1 cassette of NR1 subunits has also
have also been identified to interact with two other pro-
teins, Yotiao [61] and neurofilament-L [62]. However, the
role of these proteins in NMDA receptor function is still
unclear. 
Increased resistance of immature cultured neurons to
NMDA neurotoxicity is extensively documented in the
current literature [18, 63–65]. It is believed that subse-
quent neuronal vulnerability to NMDA toxicity parallels
the temporal expression pattern of different NR2 subunits
(NR2B and NR2D expression may begin as early as E14,
whereas NR2A and NR2C are first detected perinatally)
[66–68]. Accordingly, increases in neuronal excitotoxic
susceptibility with advancing maturity may be attributable
to a developmental switch in NR2 subtype expression over

time and ultimately dependent on neuronal activity [69,
70]. Bessho and colleagues [71] showed that K+-induced
depolarization in cerebellar granule initially promoted
neuronal survival and cells upregulated the NR2A subunit
of messenger RNA (mRNA) via Ca2+ influx through
VSCCs [72, 73]. Paradoxically, these cells became in-
creasingly vulnerable to NMDA-mediated toxicity after
sustained K+ depolarization, attributed by the authors to
increased levels of NR2A and enhanced NMDA receptor-
mediated Ca2+ influx.
Mizuta and colleagues [74] demonstrated that cortical
neurons exhibited increased glutamate sensitivity on day
11 in culture, but were previously unaffected by glutamate
exposure on culture days 7 through 9. Based on the find-
ings that (i) levels of NR2B and NR1 were detected on
both days 8 and 11, and (ii) NR2A protein levels were
negligible on day 8 and 11, the authors concluded that glu-
tamate toxicity in these neurons was mediated by a het-
eromeric NR1/NR2B receptor. Furthermore, Cheng and
colleagues [75] found a temporal increase in the levels of
neuronal NR1 and NR2A mRNA expression, whereas
NR2B mRNA expression remained stable (following an
initial increase during the first 10 days). Increases in
NR2B mRNA correlated most closely with periods of glu-
tamate-stimulated intracellular Ca2+ elevation and neu-
ronal injury, suggesting a putative role for NR2B expres-
sion as a mediator of glutamate neurotoxicity. However,
these findings do not preclude alternative explanations for
a correlation between NR2B mRNA or protein levels and
toxicity, as the aforementioned association may instead re-
flect simply an increase in the number of functional chan-
nels. Furthermore, there is no evidence to suggest that
newly expressed NR2B subunits are necessarily incorpo-
rated into functional receptors at the plasma membrane.
Experiments using heteromeric NR1-NR2 expression
systems in non neuronal cell lines have shown that co
transfection of NR1-NR2A resulted in more cell death
than observed with NR1-NR2B co transfection. Further-
more, co transfection of NR1-NR2C receptors induced no
toxicity [76, 77]. However, as nonneuronal cell lines and
neurons may vary in their expression of downstream sig-
naling pathways, the applicability of the aforementioned
findings to neuronal models remains inconclusive.
The development of murine models has provided further
insight into the role of distinct NR2 subunits in mediating
neurotoxicity. Morikawa and colleagues [78] investigated
the role of NR2A and NR2B subunits in brain ischemia in
both NR2A [41, 79] and NR2A/2B knockout mice.
NR2A and NR2A/2B deficiency both resulted in a pro-
nounced reduction in infarct volume. However, no differ-
ences in infarct volume were observed between the two
groups of knockouts. Although the authors interpreted
these findings as suggestive of a role for NR2A in medi-
ating glutamate neurotoxicity, the observed neuroprotec-
tion could alternatively result from a reduced number of
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functional NMDA receptors (as NR2A knockout mice
show decreased NMDA receptor channel activity) [41,
79]. Similar models of cerebral ischemia in NR2C knock-
outs were also shown to exhibit reduced injury [80]. In
other studies, the expression of truncated NR2 subunits in
mutant mice resulted in the production of synaptically ac-
tivated gateable receptors with impaired intracellular sig-
naling and synaptic localization [81]. These findings [82,
83] suggest that NR2 subunits link NMDA receptors to
downstream mediators – thus facilitating a cellular re-
sponse to the influx of ions through the NMDA receptor
channel.
Many cytoplasmic PSD proteins bind with high speci-
ficity to distinct NMDA receptor subunits (reviewed in
[43, 84, 85]) and have been shown to physically couple
NMDA receptors to downstream signaling enzymes.
Given that incoming Ca2+ ions diffuse rapidly away from
the ion channel pore, it may be suggested that the coupling
of receptor channels to downstream Ca2+ signaling ma-
chinery may serve to enhance the efficiency of signaling
while permitting the compartmentalization of different
Ca-dependent signaling pathways. This hypothesis is sup-
ported by various studies demonstrating that individual
Ca2+-dependent processes – including synaptic plasticity
and gene expression – are separately regulated through
distinct signaling pathways linked to specific routes of
Ca2+ influx [25, 26, 86, 87].
Studies demonstrate that Ca2+-dependent neurotoxicity re-
sults in greater cell death when Ca2+ influx occurs through
NMDA receptors as opposed to non-NMDA receptors or
voltage-gated calcium channels (VSCCs), suggesting that
discrete Ca2+ signaling pathways may also exist for
NMDA receptor-mediated neurotoxicity [27, 28]. Fur-
thermore, it has been hypothesized that lethal Ca2+ sig-
naling by NMDA receptors is determined by the mole-
cules with which they interact [27]. However, few
identified NMDA receptor-interacting proteins have been
ascribed a functional role in channeling Ca2+ signals to in-
tracellular second messengers. Below, we describe the
contribution of one major family of NR2-interacting PSD
proteins: the PSD-95/SAP90 subfamily of the membrane-
associated guanylate kinase (MAGUK) superfamily (re-
viewed in [88, 89]). 

MAGUKs
The MAGUK superfamily encompasses a collection of
submembrane proteins involved in receptor clustering on
the plasma membrane. There are several mammalian ho-
mologous families of MAGUKs, including PSD-
95/synapse-associated protein 90 (SAP90) [90, 91],
chapsyn-110/PSD-93 [92, 93], SAP102 [94] and
SAP97/hdlg [95] (all of which are concentrated in brain
synapses). MAGUKs are similar in domain organization;
multiple N-terminal PDZ domains, a src homology (SH)

domain 3 and a carboxy-terminal yeast guanylate kinase
(GK) homology domain. Each domain can function as a
site for protein-protein interactions. The PDZ domains are
named after three of the homologous proteins that contain
them: PSD-95/SAP90, discs large (Dlg-A, a Drosophila
protein found at septate junctions) and zona occludentes-
1 (ZO-1, a vertebrate protein found at epithelial cell tight
junctions [96] (see also [89, 97]. SH3 domains are also
frequent sites of protein-protein interactions (for review
see [98]). The specific function of the yeast GK homology
domain is presently unclear.
Yeast two-hybrid systems have demonstrated that NMDA
receptor subunits interact directly with members of the
PSD-95/SAP90 family [99–101]. Specifically, the C-ter-
minal cytoplasmic tail of NR2 subunits and certain splice
variants of NR1 [102] can interact with the PDZ domains
of PSD-95/SAP 90. The distal three amino acids of the
NR2 subunit C-terminus define a consensus motif threo-
nine/serine X valine (T/SXV, where ‘X’ is any amino acid)
and are required for interactions with the PDZ2 domain of
PSD-95 [102–105]. Such interactions are paramount for
both NMDA receptor clustering and synaptic targeting
(reviewed in [106]). 
PSD-95 family proteins are salient for synaptic organiza-
tion, as they mediate the linkage of NMDA receptors to
downstream signal-transduction enzymes. These interac-
tions are achieved by either (i) PDZ domain interactions
and/or by (ii) protein-protein interactions at other con-
served domains of the MAGUKs. The binding of PSD-
95 family members to intracellular signaling proteins is
largely mediated via PDZ-PDZ domain interactions. For
example, the second PDZ domain of both PSD-95 and
PSD-93 [107, 108] interacts with the N-terminal PDZ do-
main of neuronal nitric oxide synthase (nNOS). Similarly,
the PDZ2 domain of PSD-95 interacts with both the
NMDA receptor C-terminus and nNOS. Although both
NMDA receptors and nNOS appear to compete in vitro
for binding at PDZ2 of PSD95, research has also shown
that NR2 can independently bind the PDZ1 domain of
PSD-95 [106]. Accordingly, PSD95 effectively mediates
the linkage between NMDA receptors and nNOS. This
molecular scaffold, which brings NMDARs into close
proximity with nNOS, may explain the preferential acti-
vation of nNOS by Ca2+ coming through the NMDA re-
ceptors over Ca2+ entry through other channels [109–112].

Involvement of PSD-95 in NMDA receptor-linked 
excitotoxicity 

Current knowledge of PSD molecular organization sug-
gests that NMDA receptor-mediated Ca2+ signals are
linked to downstream neurotoxic signaling pathways
through the aforementioned protein-protein interactions.
Studies have demonstrated the expression of a truncated
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PSD-95 mRNA had no effect on the total amounts of
NR1, NR2A and NR2B proteins. Similarly, the quantities
of the PSD proteins PSD-93/chapsyn 110, SAP102 and
SAP97 were unaltered in response to the expression of the
mutant PSD-95. Furthermore, NMDA currents (including
synaptic currents) and current-voltage relationship were
also unchanged within this murine model. The distribution
of NR1 as studied by electron microscopy in CA1 stratum
radiatum was also unaffected. Thus, PSD-95 mutations
produce no apparent compensatory alterations in either
cellular protein expression or NMDA receptor function.
Within this context, our research focused on elucidating a
putative role for PSD-95 as an intermediary in an NMDA-
associated toxic signaling cascade. Using murine cortical
neuronal cultures, the expression of PSD-95 was sup-
pressed with antisense oligonucleotides. Consistent with
the aforementioned PSD-95 mutant studies, no changes
were observed in NMDA receptor function, expression,
current or Ca2+ loading. However, suppression of PSD-
95 selectively attenuated Ca2+-activated NO production by
NMDA receptors (without affecting nNOS expression),
resulting in the amelioration of NMDA-triggered excito-
toxicity [113]. These findings suggest that PSD-95 is re-
quired for efficient coupling of NMDA receptor activity
to NO toxicity, and imparts specificity to NMDA recep-
tor-mediated excitotoxic Ca2+ signaling.

A new approach to uncouple NMDA receptors from
downstream neurotoxic cascades

More recently, we investigated the possibility that the
NMDAR/PSD-95 interaction might constitute a thera-
peutic target for diseases that involve excitotoxicity. Al-
though NMDA receptors are implicated in mediating is-
chemic and traumatic brain injuries, direct and
long-lasting inhibition of glutamate receptors in an at-
tempt to reduce the damage is problematic. This may be
because NMDA receptors are also responsible for medi-
ating neuronal excitation that is essential to normal phys-
iological CNS functioning. In light of this, the search for
agents that act on NMDA receptors is currently focused
on developing means to briefly block NMDARs and/or
develop methods to allosterically modulate receptor func-
tioning. 
Targeting PSD-95/NMDA receptor interactions may 
represent an alternative therapeutic approach that may 
circumvent the negative consequences of blocking NM-
DAR function. Because suppression of PSD-95 is im-
practical as a therapy for brain injury and cannot be ap-
plied post-injury, we questioned whether interfering with
the NMDAR/PSD-95 interaction could suppress excito-
toxicity in vitro and ischemic brain damage in vivo. To
treat both neurotoxicity and stroke without blocking 
NMDARs, neurons in vitro and in vivo were transduced

with peptides that bind to modular domains that mediate
classical NMDAR-PSD95 interactions. We constructed 
a peptide that is anticipated to bind the PDZ2 domain 
of PSD-95. Specifically, the peptide is comprised of 
the nine C-terminal residues of NR2B (KLSSIESDV;
NR2B9c). We found that the NR2B9c peptide failed 
to transduce cells on its own. Accordingly, we fused it 
to a peptide corresponding to the cell-membrane trans-
duction domain of the HIV-1-Tat protein (YGRKKR-
RQRRR; Tat) to obtain a 20-amino acid peptide (Tat-
NR2B9c). It has been previously shown that this strategy
permits proteins to transduce cell membranes in a rapid,
dose-dependent manner independent of receptors and
transporters (see [114]). We found that the Tat-NR2B9c
peptide protected cultured neurons from excitotoxi-
city and, in rats subjected to transient focal cerebral is-
chemia, dramatically reduced cerebral infarction while
improving neurological function. Interestingly, the treat-
ment was effective when applied either before, or 1 h 
after, the onset of excitotoxicity in vitro and cerebral 
ischemia in vivo [115]. We believe that similar strategies,
based on a molecular understanding of excitotoxic mech-
anisms, may be employed to study and modulate signaling
pathways responsible for other components of traumatic
and ischemic CNS injury. 

Role of ROS in executing glutamate neurotoxicity

As previously mentioned, elevated extracellular glutamate
plays a central role in mediating both ischemic brain dam-
age [20] and traumatic brain injury [21]. The resultant 
effect of excess glutamate is the prolonged activation of
glutamate receptors and, thus, increased intracellular 
Ca2+ levels. Mitochondria are unique among cellular or-
ganelles by virtue of their oxygen consumption [116], 
production of free radicals [116] and mobilization of 
intracellular Ca2+ [116]. Under conditions of excess 
intracellular Ca2+, mitochondria are very important for cell
survival, as they have the ability to sequester large
amounts of Ca2+. However, abnormal Ca2+ accumulation
by mitochondria is also a cause for mitochondrial dys-
function [117]. Ca2+ is sequestered into the mitochondria
matrix via a proton electrochemical gradient generated by
the electron transport chain, thus depolarizing the mito-
chondrial potential [118–120]. This influx of Ca2+ de-
creases the electrochemical gradient, and subsequently re-
duces ATP synthesis. In response to elevated Ca2+, cells
redirect ATP expenditure to drive plasma membrane Ca2+

pumps to extrude Ca2+. The concurrent accumulation of
intramitochondrial Ca2+, reduced ATP synthesis and in-
creased ATP usage has been suggested to be a primary
cause of cell death [116]. In addition to Ca2+-mediated re-
duction in mitochondrial ATP production, aberrations in
mitochondrial electron chain functioning can result in 
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excessive ROS production, leading to neurotoxicity
[121–124]. Increased superoxide anion production (O2

–)
has been documented in both ischemic insults and trau-
matic brain injury [125]. 
ROS are also produced in the neuronal cytoplasm follow-
ing elevations in intracellular Ca2+. The Ca2+ -induced ac-
tivation of proteases mediates the conversion of xanthine
dehdrogenase (XDH) into xanthine oxidase (XO). XO
uses molecular oxygen as an electron acceptor, thus re-
sulting in elevations of O2

– [126]. Rises in intracellular Ca
also activate phospholipases, such as phospholipase A2,
that release arachidonic acid [127]. Arachidonic acid me-
tabolism by oxidases results in production of oxygen free
radicals [128, 129]. Glutamatergic-induced ROS produc-
tion can also be mediated by a pathway specifically asso-
ciated with the NMDA receptor subtype. Neuronal NO
production is linked with NMDA activation via the post-
synaptic density scaffolding protein, postsynaptic density
95 and neuronal nitric oxide (NOS1) [130] (see above).
The accumulation of intracellular ROS by many of the
aforementioned mechanisms can mediate cellular de-
struction and cause the cell to die. It has been argued that
NMDA receptor-mediated neurotoxicity results from
overproduction of both NO and O2

–. The reaction product
of these two species is peroxynitrite (ONOO–), a chemi-
cally complex molecule that has the activity of both the
hydroxyl radical and the nitrogen dioxide radical [131].
Peroxynitrite can nitrate and hydroxylate aromatic rings
on amino acid residues [132], and oxidize lipids [133],
protein and DNA [134, 135]. Both NO and ONOO– can
damage DNA, leading to activation of the nuclear DNA
repair enzyme, poly (ADP ribose) synthase (PARS). Al-
though PARS activity is centered on repairing damaged
DNA, this enzyme is both energy dependent and highly
promiscuous. Thus, prolonged PARS activity can rapidly
deplete cellular energy reserves. In addition to DNA dam-
age, NO/ONOO– has been shown to inhibit mitochondr-
ial respiratory chain enzymes. 
Traumatic brain injury [136], ischemia [137] and NMDA
receptor-mediated neurotoxicity have all been described to
induce apoptosis [138] in certain cell populations. In
many cases, apoptosis is initiated via mitochondrial re-
lease of cytochrome c, a component of the mitochondrial
electron transport chain [139]. Cytochrome c release from
the mitochondria is, in part, mediated through both free
radical-dependent mechanisms and/or mitochondrial
pores triggered by Bax oligomerization (for review see
[140]). Cytoplasmic cytochrome c has been shown to
couple with apoptosis protease-activating factor-1 (Apaf-
1), a cytosolic protein containing a caspase recruitment
domain (CARD) [141]. Subsequent to their interaction,
the CARD domain becomes exposed, leading to both, re-
cruitment and autoactivation of multiple procaspase
9 molecules. Active caspase 9 then cleaves procaspase
3 into caspase 3 (active form of the enzyme), a salient 

effector enzyme characteristic of neuronal apoptosis 
[139, 142]. 
Inactive caspase 3 exists as a 32-kDa proenzyme (CPP32),
and activation generates large (17–24 kDa) [143, 144] and
small (10–12 kDa) fragments [145]. In the resting state,
the caspase-activated DNase, also known as DNA 
fragmentation factor-40/caspase-3-activated DNase
(DFF40/CAD) [146], remains inactive via interactions
with the inhibitory subunit DNA fragmentation factor-
45/inhibitor of caspase-3-activated DNase (DFF45/ICAD)
by forming an inactive complex. Upon interaction be-
tween activated caspase-3 and the inactive complex, the
inhibitory DFF45/ICAD protein is cleaved into 24- and
12-kDa fragments [143], thus releasing DFF40/CAD.
DFF40/CAD subsequently translocates to the nucleus and
cleaves genomic DNA – a salient step in apoptosis [144].
The hallmarks of apoptosis include somal shrinkage 
and neuronal condensation, externalization of phos-
phatidylserine, nuclear membrane breakdown, internu-
cleosomal DNA cleavage and the formation of apoptotic
bodies ([147]; for review see [148]). 
Apart from cytochrome c release, research indicates that
the tumor suppressor gene p53 is an important upstream
initiator of apoptosis following neuronal injury. Specifi-
cally, it has been shown that p53 is upregulated in re-
sponse to excitotoxins, hypoxia and ischemia [149–151],
and neurotrauma [152, 153]. Following oxidative DNA
damage p53 levels increase and trigger apoptosis through
the upregulation of several regulatory enzymes, including
Bax, CD95 and DR5 (a receptor for the death ligand
TRAIL), which are all classical members of the core
apoptosis pathways (for review see [140]). 
In addition to caspase-mediated cell death mechanisms,
researchers have recently discovered caspase-independent
forms of programmed cell death. These mechanisms in-
volve the release of mitochondrial proteins such as en-
donuclease g (endo g) or apoptosis inducing factor (AIF)
subsequent to mitochondrial depolarization. Mitochon-
drial release of endo g and AIF initiates an apoptotic pro-
gram that occurs concurrent with those executed by cas-
pase activity (for review see [140]). Endo g is a 30-kDa
nuclease that has been proposed to function in mitochon-
drial DNA replication ([154], for review see [140]). How-
ever, once released from the mitochondria, endo g is ca-
pable of inducing nuclear DNA cleavage through
caspase-independent mechanisms [155–157]. Nuclear
translocation of AIF is associated with large-scale
(50–700 kbp) DNA fragmentation, and does not produce
classical apoptotic features such as internucleosomal
DNA fragmentation, somal shrinkage or nuclear conden-
sation [158]. Recent work by Zhang and colleagues
(2002) suggests that neuronal death subsequent to exper-
imental brain injury involves AIF translocation from the
mitochondria to cell nuclei [159]. Interestingly, they also
found that the direct application of ONOO– to cortical
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neurons leads to mitochondrial release of AIF [159].
These findings suggest that NMDAR-mediated excito-
toxicity may be associated with mitochondrial AIF re-
lease, as ONOO– is a potent free radical specifically as-
sociated with mitochondrial depolarization, superoxide
generation and NMDA receptor-mediated NO production.
As can be inferred from the aforementioned, ROSs are im-
portant contributors to glutamate-mediated excitotoxicity,
as their activity can either directly or indirectly mediate
toxicity. Although the downstream consequences associ-
ated with enhanced ROS production are varied, they all
appear to impinge on neuronal integrity.

Concluding remarks

To date, consensus suggests that glutamate-mediated ex-
citotoxicity is involved in many brain pathologies such as
ischemia and traumatic brain injury. Recent advances have
provided a more comprehensive understanding of the
mechanisms governing glutamate-mediated neurotoxicity.
Among the consequences of glutamate-mediated Ca2+

overload, the activation of potentially lethal second mes-
sengers and enzymes, mitochondrial dysfunction and free-
radical formation are known key players in executing cell
death. More recently, Ca2+-dependent neurotoxicity has
been identified to occur via distinct intracellular signaling
pathways. This is likely mediated through physical inter-
actions of cell membrane receptors with specialized sub-
membrane molecules. Thus, the molecular characteriza-
tion of neurotoxic signal-transduction pathways is a
critical step for the identification of potential therapeutic
targets for future pharmacological and genetic interven-
tion strategies.
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