
Current Molecular Medicine 2004, 4, 137-147 137

1566-5240/04 $45.00+.00 © 2004 Bentham Science Publishers Ltd.

Molecular Mechanisms Underlying Specificity of Excitotoxic
Signaling in Neurons

Michelle M. Aarts and Michael Tymianski*

Toronto Western Research Institute, McPav 11-416, 399 Bathurst Street, Toronto, Ontario. M5T
2S8, and Department of Physiology, University of Toronto, Toronto, Ontario. M5G 1X8, Canada

Abstract: The central role of glutamate receptors in mediating excitotoxic neuronal death in stroke,
epilepsy and trauma has been well established. Glutamate is the major excitatory amino acid
transmitter within the CNS and it’s signaling is mediated by a number of postsynaptic ionotropic and
metabotropic receptors. Although calcium ions are considered key regulators of excitotoxicity, new
evidence suggests that specific second messenger pathways rather than total Ca2+ load, are
responsible for mediating neuronal degeneration. Glutamate receptors are found localized at the
synapse within electron dense structures known as the postsynaptic density (PSD). Localization at
the PSD is mediated by binding of glutamate receptors to submembrane proteins such as actin and
PDZ containing proteins. PDZ domains are conserved motifs that mediate protein-protein interactions
and self-association. In addition to glutamate receptors PDZ-containing proteins bind a multitude of
intracellular signal molecules including nitric oxide synthase. In this way PDZ proteins provide a
mechanism for clustering glutamate receptors at the synapse together with their corresponding signal
transduction proteins. PSD organization may thus facilitate the individual neurotoxic signal
mechanisms downstream of receptors during glutamate overactivity. Evidence exists showing that
inhibiting signals downstream of glutamate receptors, such as nitric oxide and PARP-1 can reduce
excitotoxic insult. Furthermore we have shown that uncoupling the interaction between specific
glutamate receptors from their PDZ proteins protects neurons against glutamate-mediated
excitotoxicity. These findings have significant implications for the treatment of neurodegenerative
diseases using therapeutics that specifically target intracellular protein-protein interactions.
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1. INTRODUCTION
‘Excitotoxicity’, the process whereby excitatory

amino acids (EAAs) produce neurodegeneration [1],
is the primary mechanism leading to cell death in
many acute CNS diseases including stroke, trauma
and epilepsy, and may also play a role in chronic
diseases such as amyotrophic lateral sclerosis (ALS).
Excessive release and inadequate reuptake of
synaptic EAAs leads to overactivation of EAA
receptors and eventually neuronal death. Extensive
research has shown that Ca2+ influx via EAA
receptors is key in mediating this neurodegeneration.
More recently knowledge of the synaptic
organization of EAA receptors and their associated
proteins has allowed us to propose specific,
neurotoxic signaling pathways that transduce Ca2+

events during EAA overactivity. For instance, nitric
oxide (NO) synthesized by the Ca2+-dependent
enzyme, neuronal nitric oxide synthase (nNOS)
reacts with a super-oxide anion to form the highly
reactive species, peroxynitrite that promotes tissue
damage. Here we discuss the intracellular
components and organization of the excitatory
neuronal signaling and the molecular events that
lead to cell death.

*Address correspondence to this author at the Toronto Western Hospital,
Suite 4W-435, 399 Bathurst Street, Toronto, Ontario. M5T 2S8, Canada;
Tel. :  416 603-5896; Fax: 416 603-5298; E-mail :
mike_t@uhnres.utoronto.ca

1.1 Glutamate and Glutamate Receptors

Olney originally coined the term ‘excitotoxicity’ [1]
in reference to the observation that glutamate
toxicity produced marked dendrosomal swelling in
exposed neurons. Although glutamate is the major
neurotransmit ter  required for  exci tatory
communication in the CNS, researchers since the
late 1950’s have observed that glutamate can act as
a neurotoxin. Lucas and Newhouse [2] first found
that injection of L-glutamate into immature mice
destroys the inner neural layers of the retina. Later
work by Olney confirmed this glutamate retinotoxicity
and additionally showed that kainate produces brain
lesions. Glutamate toxicity is now widely accepted as
the initiator of excitotoxic neurodegeneration in
stroke, CNS trauma, and epilepsy. Its role in hypoxic
cell death was established by studies that reduced
neuronal sensitivity to hypoxia by blocking
postsynaptic glutamate receptors [3,4].

Postsynaptic responses to glutamate are
mediated via pharmacologically and functionally
distinct metabotropic (mGluR) or ionotropic (iGluR)
glutamate receptor families. mGluRs are G-protein
coupled receptors belonging to the same family as
the Ca2+-sensing and gamma aminobutyric acid B
(GABA-B) receptors. There are eight subtypes
(mGlu1-8) of the metabotropic family, each
discernable by its pharmacological profile and
transduction pathways [5]. Metabotropic receptors
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mediate their actions through GTP-binding protein
dependent mechanisms linked to phospholipase C
(PLC) and phosphoinositide turnover that mobilize
internal Ca2+ stores. Although not implicated directly
in excitotoxicity mGluR subtypes play an important
modulatory role in the neuronal response to
glutamate signaling. Group-I mGluRs can enhance
neuronal excitability by downregulating K+ channels
and upregulating non-selective cation channels,
inhibiting GABA receptor activity and potentiation of
iGluR function [6-9]. Group-II and -III mGlu receptors
are located in the presynaptic terminals and
modulate synaptic release of glutamate and the
inhibitory neurotransmitter GABA [10]. Thus the
mGlu receptors play an important role in mediating
neuronal plasticity, nociception, pain and in some
instances, neurodegeneration. Agonists of group-I
mGlu receptors (mGlu1 and mGlu5) have been
shown to amplify glutamate-mediated excitotoxicity in
vitro [11] and both competitive and non-competitive
group-I antagonists reduce neuronal toxicity to
glutamate and are neuroprotective in experimental
stroke [12,11].

Ionotropic receptors form ligand-gated ion
channels that lead to permeability to extracellular
sodium, potassium or calcium ions upon activation.
The iGluR family of receptors can be divided into
pharmacologically distinct subfamilies based on their
affinity for the following agonists: N-methyl-D-
aspartate (NMDA), α -amino-3-hydroxyl-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate. Each
subfamily is further divided into distinct subunits that
come together to form a heteromeric ion-selective
pore (Table 1). All ionotropic receptor subunits have
three t ransmembrane regions and one
intramembranous loop with an extracellular N-
terminus and intracellular C-terminal tail [13]. iGluRs
play an important role in mediating the synaptic
plasticity that is implicated in our ability to learn and
form memories.

Table 1. Ionotropic glutamate receptor subunits.

Subfamily Receptor Subunits (Rat) Pharmacology

GluR

GluR

KA

NR2

NR1

NR3

GluR1, GlurR2, GluR3, GluR4

GluR5, GluR6, GluR7

KA-1, KA-2

NR2A, NR2B, NR2C, NR2D

NR1

NR3A, NR3B

AMPA-selective

Kainate-selective

Kainate-selective

NMDA

NMDA

NMDA

AMPA receptors mediate the fast excitatory
component of glutamate neurotransmission and are
respons ib le  for  propagat ing membrane
depolarisation by opening voltage-stimulated calcium
channels [14]. AMPA receptors (AMPAR) are tetra-
heteromeric structures assembled from combinations
of GluR1 – GluR4 (GluR-A – GluR-D) subunits [15].
AMPARs are permeable to K+ and Na+ but are

normally impermeable to Ca2+. The majority of
AMPARs contain GluR2 transcripts, which are edited
within the second transmembrane domain so that a
glutamine residue is replaced with a positively
charged arginine, making them impermeable to
extracellular Ca2+ ions [16]. The loss of the GluR2
subunit has been implicated in certain disease
states, such as delayed neuronal death in ischemic
brain damage [17,18]. AMPA receptors are also
considered to be key mediators of axonal damage
during ischemia [19].

Kainate receptors are comprised of subunits that
are homologous in transmembrane topology and
stoichiometry to AMPA and NMDA receptor subunits.
Kainate receptor subunits can be further divided into
two groups based on their high affinity (KA1 and
KA2) or lower affinity (GluR5-7) binding to kainic acid
[20-23]. Like AMPARs, kainate subunits undergo
RNA editing so that some subunits (GluR5 and
GluR6) exist as Q to R substituted isoforms that are
Ca2+ impermeable [16]. Compared with the other
iGluR subtypes there has been little specific data or
understanding of kainate receptor physiology. Until
the mid 1990s, research has been limited by a lack
of highly specific agonists or antagonists and kainate
receptors have been lumped together with AMPARs
as non-NMDA iGluRs. Although kainic acid has a
higher affinity for kainate subunits, it is also an
effective agonist for AMPAR subunits and non-
NMDA antagonists do not distinguish between
kainate and AMPAR subunits (for review see [24]).
With the discovery of more selective agonists and
antagonists research can now discern specific roles
for kainate receptors in neuronal physiology and
pathophysiology [25,26]. It is now known that in the
absence of AMPAR function, kainate elicits a small,
slowly deactivating but rapidly desensitising current
in hippocampal neurons [25,27]. Kainate receptor
subunits are found localised at both the pre- and
postsynaptic surfaces of neurons [28-30]. Although
not pr imari ly impl icated in postsynaptic
communication, kainate receptors have recently
been shown to have synaptic activation in
hippocampal neurons [27,31,32] and may be
important for synaptic plasticity [33,34]. Most notably,
kainate receptors are important modulators of the
presynaptic release of neurotransmitter at both
excitatory and inhibitory synapses [35-38].

The NMDA receptors are slow gating channels
that are highly permeable to Ca2+ and Na+ [39]. Ion
permeability contributes to membrane depolarisation
however influx of exogenous Ca2+ generates the
intracellular calcium transients that are responsible
for the physiologic effects of NMDAR signaling.
NMDA receptor (NMDAR) channels are made up of
various subunits with distinct temporal and spacial
distribution, pharmacological properties and signal
transduction. NMDAR subunits share amino acid
sequence and structural homology with AMPA
receptors and similarly form tetrameric structures [40].
Three subfamilies of GluR subunits have been
identified for NMDARs: the ubiquitously expressed
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NR1 subunit, four distinct NR2 subunits (A-D), and
two NR3 members (A, B). Although recombinant NR1
subunits can form homomeric channels responsive to
glutamate they are only weakly permeable to Ca2+

and generate little current response [41,42]. Highly
active, functional NMDARs are produced only when
they contain both NR1 and NR2 subunits and in
some cases NR3 subunits [43,44]. NMDARs are
unique in that they require binding to both L -
glutamate and glycine (D-serine is the endogenous
modulator) for efficient channel opening [45].
Glutamate, the neurotransmitter released in an
activity-dependent manner, binds the NR2 subunit
whereas glycine, a modulator present in the
extracellular fluid at more constant levels, binds NR1
[45,46]. NMDA receptors also differ from their
AMPA/kainate cousins in that they require
membrane depolarization for full activation.
Membrane depolarization, supplied in many cases by
co-localized AMPARs, releases Mg2+ block of the
receptor, allowing glutamate to bind and open the
ion pore. Thus NMDAR channels are coincidence
detectors, opening only when neurotransmitter
activation is paired temporally with depolarization of
the postsynaptic membrane. Much of the toxicity
associated with glutamate overactivity has been
attributed to stimulation of the ionotropic receptors
[47], in particular the NMDA receptor subtypes,
owing to their high Ca2+ permeability [48,49].

1.2 The role of Calcium in Excitotoxicity

A key mediator of excitotoxic damage is calcium
(Ca2+), which under normal physiological conditions
governs a multitude of cellular processes including
signal transduction, cell growth, differentiation, and
synaptic activity. Neurons tightly regulate calcium
homeostasis, controlling both intracellular Ca2+ levels
and the location of Ca2+ ions to allow for efficient
signaling. Localized increases in intracellular Ca2+

concentration, such as in the vicinity of an ion
channel pore, are used to trigger physiological
events including the activation of enzymes or other
ion channels. It is believed that excessive Ca2 +

loading can exceed the capacity of Ca2+-regulatory
mechanisms and inappropriately activate intracellular
processes and signal cascades. For example,
excessive elevations in intracellular Ca2+ may
activate proteases, lipases, phosphatases and
endonucleases that either directly damage cell
structure or induce the formation of oxidative free
radicals that mediate cell death (for review see [50]
[51]). The majority of glutamate receptor subtypes
have been implicated in mediating neurotoxicity and
there is general agreement that the mechanism is
largely calcium-dependent [52,53]. Work by Choi et
al.  (1987) has demonstrated that removal of
extracellular Ca2+ but not Na+ can reduce cell death
in response to glutamate challenge. This and later
works have established the critical role for Ca2+ influx
in neurodegeneration. However there are differing
opinions about the mechanism by which Ca2+ influx
triggers neuronal cell death during excitotoxicity.

The “calcium load hypothesis” was based on
experiments showing that cultured neurons
experience delayed Ca2+ accumulation correlated
with glutamate exposure [54-56] and suggests that
neurodegeneration is simply a function of the
quantity of Ca2+ entering the cell. However, there is
a compelling body of evidence that shows
dissociation between Ca2+ accumulation and
neuronal death. Several studies have shown that
calcium channel blockers can prevent Ca2 +

accumulation but not neurotoxicity during anoxia
[57,58]. Thus a general elevation in calcium does
not necessarily predict neuronal death and
additional factors may influence the outcome of Ca2+

influx. We know that the various calcium-dependent
processes are regulated via distinct signal pathways
linked to specific routes of Ca2+ influx [59,60].
Another theory known as the “source specificity
hypothesis” reasons that Ca2+ toxicity occurs not
simply as a function of increased Ca2+ concentration,
but is instead linked to the route of Ca2+ entry and
the distinct second messenger pathways activated
as a result. Source specificity was originally based on
experiments performed with free Ca2+ indicators
showing that Ca2+ loads produced by voltage
sensitive Ca2+ channels were not harmful whereas
similar [Ca2+]i increases via NMDARs were toxic [49].
Thus, distinct influx pathways, rather than calcium
load, determine neuronal vulnerability to glutamate
and calcium [61]. These findings directed research in
our laboratory towards identifying the Ca2+-activated
processes that are associated with glutamate
toxicity. The source specificity hypothesis proposes
that molecular targets, such as rate-limiting enzymes,
are physically linked or co-localized with glutamate
receptors and can be manipulated to block Ca2+-
dependent neurotoxicity.

2. THE POSTSYNAPTIC DENSITY
In the search for signal molecules with the

potential to act as neurotoxic triggers downstream of
glutamate receptors it is important to note that
iGluRs are concentrated at the synapse in electron
dense regions known as postsynaptic densities
(PSD). The PSD is a specialized structure located
beneath the postsynaptic membrane aligned with
active zones of presynaptic terminals within the CNS.
It is a densely packed region of membrane-bound,
scaffolding and cytoskeletal proteins. Several
functions including cell-to-cell adhesion, regulation of
receptor clustering and modulation of receptor
function have been attributed to the PSD. Excitatory
CNS synapses are especially enriched in Type I
PSDs; asymmetric structures that exceed the nerve
terminal thickening of the presynaptic active zone
[62]. Type I PSDs are particularly enriched in
excitatory glutamate receptors whereas type II or
symmetric PSDs are characteristic of inhibitory GABA
synapses [63]. The PSD at glutamatergic synapses
is not a static entity and its morphology can be
influenced by synaptic activity. It has been shown
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Figure 1. Schematic representation of glutamate receptor-associated protiens and excitotoxic signaling at the postsynaptic
density. AMPA and NMDA receptors are linked to a variety of enzymatic signaling pathways and regulators via PDZ
scaffolding protiens including members of the PSD-95 family, PICK-1 and ABP/GRIP. The signal pathways coupled to
glutamate receptors via scaffold protiens represent potential mechanisms that mediate excitotoxicity. PSD-95 links NMDAR
activation to Ca2+dependent nNOS signaling. The resulting free radical cascade may cause extensive damage to cell
structures and activate enzymatic processes that mediate cell death. CaMKII, Ca2+/Calmodulin-dependent kinase II; GKAP,
guanylate kinase-associated protien; nNOS, neuronal nitric oxide synthase; NSF, N-ethylmaleimide-sensitive fusion protien;
PARP-1, poly(ADP-ribose) polymerase; SPAR, a GTPase protein for Rap; CRIPT, cystein-rich interactor of PDZ3.

that events triggered by glutamate receptor
activation affect not only signal transmission but also
structural remodelling of the PSD [64].

2.1 Postsynaptic Density Proteins

There are four major types of molecules that
constitute the PSD: membrane bound, cytoskeletal
and scaffolding proteins and modulatory enzymes.
Ionotropic glutamate receptors are the most
abundant membrane proteins found in the PSD but
cell-to-cell adhesion molecules accompany them and
as well as some subtypes of the mGluR family. The
enzymes found associated with the PSD play
important roles in modulating iGluR signaling.
Members of the Src family of non-receptor protein
tyrosine kinases, calcium/calmodulin kinase II
(CaMKII), protein kinase C (PKC), ERK2-type
mitogen activated kinase and calcineurin regulate
phosphorylation of PSD components and second
messengers. Other enzymes found in the PSD are
key effectors in the glutamate receptor signal
pathway. Neuronal nitric oxide synthase (nNOS) is
activated by NMDAR Ca2+ influx and can modulate
NMDAR signalling [65]. SPAR, SynGAP (synaptic
GTPase activating protein) and the more recently
identified citron are effectors of the Rap and Ras
signalling pathways [66-68].

The abundant cytoskeletal elements, including
actin, fodrin, tubulin and neurofilaments, are
important to the localization and clustering of PSD
receptors and signal complexes (for review see
[69,69]). Scaffolding proteins on the other hand are
the ‘glue’ that function in bringing the various PSD
components into association. Scaffolding proteins
include spectrin, α -actinin-2, AKAP 79 (A kinase
anchoring protein 79) and PDZ containing proteins.
Alpha-actinin-2 serves as the intermediary that links
actin to NMDAR subunits, thereby influencing the
clustering of the receptors [70]. The PSD is
particularly enriched in specialized scaffolding
proteins that contain PDZ domains. The PDZ
proteins of excitatory synapses fall into two main
families related to either PSD-95 or GRIP1. There
are four members of the PSD-95 family found in at
mammalian synapses: PSD-95/SAP90, SAP97,
PSD-93/chapsyn-110 and SAP102 are membrane-
associated guanylate kinases (MAGUKs) and each
member is characterized as having three N-terminal
PDZ domains followed by a Src-homology 3 (SH3)
and guanylate kinase-like (GK) domain [69]. Each
domain is capable of mediating protein-protein
interactions with multiple binding partners (Table 2).
The PDZ domains are roughly 100 amino acids long
and bind to small consensus motifs (tSXV) at the
carboxyl-terminus of associated proteins. In addition,
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Table 2. Neuronal PDZ-containing proteins and binding partners.

PDZ Protein Type of Interaction Binding Partners

PSD-95 Family Class I PDZ (T/SxV) NR2A-D, GluR1, GluR6, neuroligins,

(PSD-95/SAP90, SAP97, SAP102, PDZ-PDZ SynGAP, citron, CRIPT

PSD-93/chapsyn-110) Other-PDZ nNOS, PSD-95 members

SH3 Src-family kinases

GK-like Pyk2, KA2
GKAP, KA2, SPAR

GRIP Family Class II PDZ (SVKI) GluR2, GluR3

(GRIP1, ABP) PDZ-PDZ GRIP1/ABP

PICK1 Class II PDZ (SVKI) PKC, GluR2/3

PDZ domains can self-associate, furthering their
ability to cluster PSD proteins into functional
complexes. A second family of PDZ proteins includes
GRIP and ABP, with seven and six PDZ domains
respectively [71,72]. These proteins do not contain
SH3 or GK domains and their PDZ interactions with
AMPAR GluR2/3 subunits occurs via a class II
hydrophobic interaction, distinct from the class I
PSD-95-NMDAR interaction. GRIP and ABP are also
capable of forming homo- and heteromultimers
through PDZ-PDZ interactions [73].

2.2 Glutamate Receptors within the Postsynaptic
Density

AMPA Receptors

A variety of intracellular proteins bind to GluR
subunits and function in the targeting or clustering of
receptors at the synapse as well as modulating
receptor activity and the activation of second
messenger pathways. AMPAR subunits diverge from
one another in the sequence and length of their C-
terminal tails, a region that mediates interaction with
intracellular proteins. The C-terminus of GluR1 binds
synapse-associated protein (SAP)-97, a PSD-95
family member. The GluR2 subunit associates with
the Src-related kinase Lyn, the clathrin adaptor
protein AP2, and the ATPase, NSF (N-
ethylmaleimide-sensitive fusion protein) [73,74]. NSF
and its associated SNAPs (synaptic NSF attachment
proteins) act as a chaperone complex for insertion of
AMPARs into the synaptic membrane. Several
studies indicate that NSF is critical to the rapid
turnover and regulation of AMPAR function [75,76].
GluR2 and 3 subunits also contain a C-terminal motif
(-SVKI) that allows them to bind to the PDZ (PSD-95,
Discs large, Zonula occludens-1) domains of PICK1
(protein interacting with C kinase), GRIP1 (glutamate
receptor interacting protein) and ABP (AMPAR-
binding protein). These scaffolding proteins have
been implicated in the clustering and trafficking of
AMPARs at the synapse [71,72,74].

It is now known that the wide array of PSD
proteins interact to constitute the glutamatergic

signal transduction machinery. In addition, PSD
components govern iGluR trafficking and function.
AMPAR stability and movement at synapses are
important factors controlling synaptic strength.
Preventing the interaction of GluR2 with GRIP1/ABP
proteins impairs long-term depression in both the
hippocampus and cerebellum [77]. Synaptic
localization of Ca2+-impermeable GluR2 subunits is
thought to be important in modulating the neurotoxic
effects of AMPAR signaling. Several studies have
shown that CA1 hippocampal neurons, vulnerable to
delayed death following global ischemia, have down-
regulated synaptic expression of GluR2. While
increased Ca2+ permeability may play a role in the
CA1 vulnerability there are conflicting studies that
indicate that other processes may impact AMPAR-
mediated toxicity. For example, all AMPARs are
known to exhibit a small permeability to Ca2+ and
kainate toxicity has been found to occur
independent of GluR2 expression and Ca2+ flux [78].
As yet, none of the AMPAR associated proteins has
been ascribed a role in excitotoxic signaling however
these proteins have the potential for mediating
excitotoxic insult via interactions with other synaptic
molecules. For example, GRIP1 binding to GRASP-1
may couple AMPAR activation to the Ras signaling
pathway [79]. GRASP-1 is cleaved in apoptotic
neurons during ischemia. In addition, GRASP-1 has
been shown to down-regulate synaptic targeting of
AMPARs [80]. Thus its cleavage during ischemia
may result in increased synaptic AMPAR activity and
vulnerability to glutamate overactivity. NSF is critical
for AMPAR trafficking and studies have shown that
blocking NSF-GluR2 interaction decreases surface
expression and current amplitude of AMPARs and
prevents neuronal death following glucose
deprivation and ischemia [75,76,81]. NSF has been
shown to interfere with the interaction of GluR2 with
other intracellular binding proteins including PICK1
[82] and AP2 [83]. In addition, protein assembly
ATPases, including NSF have been shown to have
markedly increased localization to the synapse
following transient ischemia [84]. Such a change in
trafficking proteins could lead to increased AMPAR
expression at the cell surface and increased
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signaling. In addition changes in GluR2 expression
during ischemic insult may affect AMPAR toxicity, as
GluR2 is important for synaptic organization of AMPA
receptors as well as ion permeability.

NMDA Receptors

Recent works have shown that NMDARs signaling
is in part governed by the interactions of its
intracellular domains with cytoskeletal and signal
transduction molecules. The C-terminal tail of NR2
subunits is critical for the proper function of NMDARs
as noted by transgenic mouse studies. Mouse
mutants with targeted deletion of the NR2
cytoplasmic tails are phenotypically indistinguishable
from the corresponding NR2 subunit knockouts [85].
For instance, both knockout of NR2B and deletion of
its C-terminus are neonatal lethal whereas both
knockout of NR2A and deletion of its tail result in
mice with impaired synaptic plasticity and memory
[85,86,87]. The C-terminal tails possess multiple
motifs for phosphorylation and protein-protein inter-
actions. The regulatory protein CaMKII, activated
upon glutamate stimulation, phosphorylates serine
residues within the C-terminal tail of NR2A and 2B
and may play a role in regulating synaptic plasticity
[88]. NMDAR signaling may be upregulated by
tyrosine phosphorylation by Src kinase family
members and inhibited by the actions of the
phosphatase calcineurin [89,90,91]. NMDAR
assembly can also be modulated by phospho-
rylation. For instance, protein kinase C (PKC)
phosphorylation of NR1 plays a role in subunit
clustering [92]. Interaction of NR1 and NR2B with α-
actinin-2, an actin binding protein enriched in the
PSD, may be important for the clustering of NMDARs
at the synapse [70,93]. Ca2+/calmodulin binds
multiple high and low affinity sites on the tail of NR1
where it inhibits channel opening and decreases
open time in response to Ca2+ [94,95]. The intra-
cellular tail of NR subunits also binds structural
proteins such as spectrin, neurofilament subunit NF-
L and yotiao, although their role is as yet uncertain
[96,97,98]. Each NR2 subunit ends in a consensus
tSXV motif [–ESDV (NR2A, 2B) or –ESEV (NR2C,
2D)] that allows them to bind members of the PSD-
95/SAP90 family of scaffold proteins [99]. PSD-95 in
turn links NMDARs to downstream signaling partners,
regulatory enzymes and adaptor molecules.

Close coupling of receptor channels to
intracellular signal machinery allows for efficient, local
Ca2+-dependent activation of signaling cascades.
Unlike the AMPA receptors, compelling evidence
exists demonstrating that Ca2+-dependent neuronal
death is triggered most efficiently through NMDARs
[49]. This data indicates that the synaptic
organization of NMDARs brings them into close
association with intracellular pathways capable of
causing neurotoxicity. NR2A and NR2B subunits
bind to the first two PDZ domains of PSD-95. The
third PDZ domain has been shown to bind
neuroligins who in turn bind the cell-cell adhesion
molecule β-neurexin. Although this interaction

indicates that PSD-95 binding is important for
synaptic NMDAR clustering, PSD-95 knockout mice
demonstrate normal synaptic localization of NMDARs
[100]. Instead, synaptic localization of NMDA
receptors is governed by the interaction of the NR1
subunit α -actinin-2 and the actin cytoskeleton.
Depolymerising F-actin results in redistribution of
synaptic NMDAR clusters to extrasynaptic sites
[93,101]. Interestingly calmodulin, a negative
regulator of NMDAR signaling, has been shown to
directly antagonize α-actinin-2 binding to NR1 [102].
Our laboratory has shown that depolymerising F-
actin reduces signaling and excitotoxicity evoked by
synaptic glutamate release but not by exogenous
glutamate application [101]. This data indicates that
synaptic and extrasynaptic NMDARs are equally
capable of mediating neurotoxicity. Thus, though
actinin and calmodulin interactions with NR1 are
optimised for synaptic signaling, some other
interaction may be critical in regulating excitotoxic
signal cascades. It should be noted here that PSD-
95 null mutant mice show a dramatic increase in
LTP, indicating an important role for NR2-PSD-95
interactions in NMDAR signal transduction. Indeed,
through its various protein binding domains PSD-95
can bring an array of signal molecules into close
approximation with Ca2+ influx through the NMDAR
channel.

The discovery of distinctive signal molecules as
binding partners of PSD-95 lead our laboratory to
test the hypothesis that PSD-95 acts as the
scaffolding link between incoming calcium ions and
intracellular signal molecules such as nNOS
[103,104]. By suppressing the expression of PSD-95
we selectively attenuated excitotoxicity triggered by
NMDARs but not other GluR or Ca2+ channels [101].
Further study of NMDAR signaling mechanism
revealed that suppressing PSD-95 selectively
reduces Ca2+-activated NO production without
affecting nNOS expression. Thus PSD-95 was
required for efficient coupling of NMDAR activation to
nitric oxide signaling and toxicity. Based on the
findings of Sattler et al. we investigated whether we
could disrupt specific protein-protein interactions in
order to uncouple glutamate receptors from their
neurotoxic signals. Targeting the specific intracellular
signal pathways that propagate excitotoxic signals
from glutamate receptors represents both a method
for laboratory investigation of components of GluR
signaling and a novel therapeutic approach to
removing excitotoxicity from vital glutamatergic
communication. Targeting the PSD-95 PDZ
interaction with the C-terminal tSXV motif of NR2B
may circumvent the negative consequences of
blocking NMDAR function, in a manner similar to
knockdown of PSD-95 expression. We therefore
designed a targeted peptide comprised of the nine
C-terminal residues of NR2B (NR2B9c), including the
tSXV motif, which is anticipated to bind the second
PDZ domain of PSD-95. In order to allow for efficient
delivery of the peptide into cells in vitro and across
the blood-brain barrier in vivo, we conjugated
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NR2B9c to the cell membrane transduction domain
of HIV-1 TAT protein. The TAT-transduction domain
can transport proteins of variable size across
membranes and the blood brain barrier in a rapid,
dose-dependent manner independent of receptors
or transporters [105-107]. Our Tat-NR2B9c peptide
protected cultured neurons from NMDA-mediated
excitotoxicity without affecting NMDAR Ca2+ signaling
or electrophysiology [108]. Most importantly, the
peptide dramatically reduced cerebral infarction and
improved neurological function in rats subjected to
transient focal cerebral ischemia when given as a
post-stroke treatment one hour after the onset of
excitotoxicity and cerebral ischemia. The dose used
to effectively treat infarction had no effect on blood
pressure, respiratory rate or body temperature
indicating it can be effective without the multiple side
effects seen for NMDAR channel blockers.

3. NEUROTOXIC RESULTS OF GLUR SIGNA-
LING

Our understanding of cellular and molecular brain
injury mechanisms and the approach to treatment
has changed dramatically in the last two decades.
The important role played by reactive oxygen
species (ROS) in cell damage during stroke is
emphasized by the fact that treatment with free
radical scavengers can be effective in experimental
focal cerebral ischemia. Oxygen free radicals also
serve as important signaling molecules that trigger
inflammation and apoptosis. A prominent role for
nitric oxide (NO) in excitotoxicity has been
established both in vivo and in vitro [109-112] and it
is important to note that primary brain cultures
treated with NOS inhibitors or cultures from mice with
targeted disruption of nNOS are resistant to NMDA
neurotoxicity [109]. ROS production can occur in the
cytoplasm following elevations in intracellular Ca2+

and represent intracellular pathway during
excitotoxicity. In addition to NO, Ca2+ can trigger the
production of oxygen free radicals (O2

-) downstream
of phospholipase A2 [113]. In this way excitotoxic
glutamate signaling can result in the highly reactive
peroxynitrite (ONOO-) that has the activity of both
hydroxyl and nitrogen dioxide radicals [114]. ONOO-

can react with sulhydryl groups and zinc-thiolate
moieties, and can oxidize lipids, proteins and DNA
[115-118]. The resulting DNA damage from NO and
ONOO- leads to the activation of poly(ADP-ribose)
polymerase (PARP-1), a nuclear DNA repair enzyme
shown to mediate neuronal injury after ischemia
[119,120]. Once activated, the enzyme hydrolyzes
NAD in order to transfer ADP ribose units to a variety
of nuclear proteins, including histones and PARP-1
itself [121,122]. Although this process is important
for DNA repair, excessive activation of PARP-1 can
significantly deplete ATP levels and lead to cell
death [120,123]. The key role played by PARP-1 in
excitotoxicity is demonstrated by the fact that PARP-
1 knockout mice are resistant to NMDAR-mediated
toxicity [119,124] and PARP-1 inhibition can provide

long term protection of ischemic brain injury [119]. In
addition to PARP-1, ONOO- is implicated in the
nuclear translocation of AIF, a pro-apoptotic protein
associated with large-scale DNA fragmentation
[125,126]. Zhang et al. (2002) [126] found that
experimental brain injury involves AIF translocation to
the nucleus and direct application of ONOO- to
cortical neurons leads to the mitochondrial release of
AIF. Together, these studies suggest that multiple
toxic effects exist downstream of NMDAR-mediated
excitotoxicity and NO production with ONOO-

production, PARP-1 activation and mitochondrial AIF
release representing those pathways that we
currently know about.

4. THE ROLE OF EXTRASYNAPTIC RECEP-
TORS IN EXCITOTOXICITY

Glutamate signalling governs both the physiologic
act ivat ion of  receptors responsible for
neurotransmission and plasticity as well as the
induction of excitotoxic processes. Glutamate
receptors can be found clustered in dendritic spines,
serving as the synaptic circuitry as well as
participating in synaptic plasticity [127,99,128].
However a large portion of the glutamate receptors
expressed on the cell surface can also be found at
extrasynaptic sites on the postsynaptic neuron [129].
The purpose of these extrasynaptic receptors is
largely unknown however recent studies point to a
number of potential roles for glutamate outside the
synapse. Extrasynaptic glutamate receptors may
represent pools of readily available channels that
can be recruited laterally to the synapse during and
after synaptic communication [130,131]. Such a
mechanism would allow for the dynamic remodelling
that is important for synaptic plasticity [132-133]. On
the other hand, these extrasynaptic proteins may
offer alternate signalling mechanisms to the neuron.
For example, low levels of extrasynaptic glutamate
may be responsible for the maintenance of
endogenous tone via mGluR activation [134]. Other
studies have demonstrated that by having NMDARs
localized outside the synapse, activation might be
limited during evoked responses via transmitter
released from a single vesicle with glutamate
transporters regulating the duration and spread of
glutamate signal [135,136]. Still other studies have
hypothesized that extrasynaptic glutamate receptors
stimulate the internalisation of AMPARs in response
to large glutamate signals thus offering a control
mechanism for plasticity and protection against
excessive iGluR activation [137,138,137]. One
recent paper has linked activation of extrasynaptic
NMDA receptors to a Ca2+-activated K+ channel in
rat olfactory granule cells, generating a slow IPSC
and revealing a novel inhibitory role for NMDARs
[139,137].

Excitotoxic neuronal damage has been defined
as the consequence of excessive GluR activation
and unregulated Ca2+ responses [137,140] however
more recent hypotheses argue that it is the source of
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local Ca2+ signalling rather than the amount of signal
that governs excitotoxicity. Both the source-
specificity hypothesis, discussed above, and the
‘extrasynaptic receptor hypothesis’ [141] contend
that neurotoxic Ca2+ transients are generated via
specific signal pathways activated downstream of
glutamate receptors. The latter theory argues that
separate survival and excitotoxic signals are
generated in response to calcium depending on the
localization of the receptor on the membrane of the
postsynaptic neuron. For example, synaptic
signalling via NMDA receptors is responsible for long-
term potentiation (LTP), the transcription of
immediate early genes and promoting cell survival
[142,143,144]. Transcription downstream of NMDAR
activation is facilitated via transcription factors such
as cAMP-response-element-binding-protein (CREB)
and NF-κ B [145-148], whose activity has been
implicated in the neuroprotective effects of NMDAR
activity [148,144]. For example, CREB mediates the
transcription of the brain derived neurotrophic factor
(BDNF), which is important for long-term potentiation
and promotes cell survival [149]. Extrasynaptic
NMDAR activation on the other hand has been
attributed to the dephosphorylation and shut-off of
CREB and activation of pro-death pathways [144]. It
should be noted here that in contrast to the findings
of Hardingham et al. [144], work by Sattler et al.
[101] has shown that synaptic or extrasynaptic
NMDARs are equally capable of generating
excitotoxicity. In this latter paper the authors
demonstrated Ca2+ uptake and excitotoxicity
occurred after bath application of glutamate and
after in vitro ischemia in cortical neurons. Most
interestingly, destabilizing F-actin was shown to
move NMDARs away from the synapse and while it
had no effect on bath glutamate toxicity it actually
protected neurons from ischemic insult. This work
however does not discount the findings of
Hardingham et al. and may reflect a difference in the
cell type studied and the nature of NMDAR subtype
expressed on those cells.

The observed discrepancy between synaptic and
extrasynaptic NMDARs may also be explained by the
subunit composition of synaptic and extrasynaptic
receptors. The subunit structure of NMDARs is critical
in determining functional properties of the receptor
including channel conductance, rundown and
pharmacological specificity. Several studies have
shown that NR2 subunits also govern the subcellular
localization of functional receptors [150,151]. For
example, NR2A subunits are incorporated into
synaptic sites in mature neurons whereas NR2B are
predominantly extrasynaptic [152-154] and the
presence of NR2D subunits in Cerebellar Golgi cells
restricts receptors from the synapse [155-157]. Since
the C-terminal tail of each NR subunit interacts with a
number of intracellular proteins and is critical for
receptor function it stands to reason that synaptic
and extrasynaptic receptors with differing subunit
makeup would also possess differing functions. Thus
although there is strong evidence that synaptic and

extrasynaptic NMDAR activation can trigger opposing
signal events the mechanism is as yet unclear.
Determining the precise composition of glutamate
receptor complexes represents a critical step in
discerning excitotoxic signals from physiologic
function to target them for therapeutic intervention.

5. FUTURE CONSIDERATIONS FOR TREA-
TING EXCITOTOXICITY

Glutamate receptor-mediated excitotoxicity
represents an important initiator of neuronal death in
several disease states. In theory it has the potential
to be treated by blocking ion channel function,
however antagonism of glutamate receptor activity
has not proven clinically useful in part due to the
pharmacokinetic difficulties and adverse side effects
[158]. Balanced glutamatergic communication and
the resulting transient Ca2+ signals are vital to
neuron survival. Although glutamate overactivity
causes excitotoxicity, blockade of NMDAR function
can also cause extensive apoptosis [159]. The high
levels of NMDAR antagonists needed to treat
excitotoxic damage can induce hallucinations,
centrally mediated hypo- or hypertension, catatonia
and sometimes anaesthesia. AMPAR blockers have
shown more potential for therapeutic use, especially
in the protection of CA1 hippocampal neurons during
global ischemia, yet their clinical use has been
limited by poor solubility and renal toxicity [160].

Alternative strategies for treating excitotoxic
damage such as the one that we have proposed to
target the specific intracellular signal pathways that
propagate excitotoxic signals from glutamate
receptors may avoid the side effects and
complications associated with GluR blockade.
Targeted disruption of protein-protein interactions
based on a molecular understanding of excitotoxic
mechanisms, may amount to practical future
treatments for human neurological disorders. Our
understanding of protein-binding domains continues
to grow and with it the potential for therapeutic
intervention. SH2, SH3, and ligand binding domains,
enzyme active sites and protein dimerization sites
have all been investigated as targets for therapeutic
intervention [161,162]. The coupling of Ca2+-
dependent nNOS signalling to NMDAR activation is
but one possible pathway in glutamate-mediated
excitotoxicity. Inhibition of PARP-1 activity, as
proposed by Mandir et al. [119], could be used in
combination with strategies that block upstream
effectors, allowing for treatment of both early and
delayed excitotoxic events. Additionally, one or more
intracellular peptides that target protein-protein
interactions could be used in combination with other
therapies such as free radical inhibitors to extend the
therapeutic benefit of each treatment. As we expand
our knowledge of the molecular signal pathways
attached to glutamate receptors new potential
therapeutic targets may also arise. For instance, little
is yet known about the role of GRIP1/ABP multimers
in clustering synaptic proteins with AMPARs at the
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synapse or their binding to potential downstream
effectors of AMPAR signaling. Specific enzymes or
signal molecules, clustered with AMPARs, may be
deregulated upon glutamate overactivity or cell
stress and mediate a toxic second messenger
cascade. It may also be that NO synthesis is not the
only signal pathway influenced by peptides that
disrupt the NR2B/PSD-95 interaction. As discussed
above, PSD-95 binds and clusters a wide variety of
enzymes and modulators that may be important in
NMDAR signalling and/or neurotoxicity. Further
investigation into the organization of the excitatory
PSD and of the molecular mechanisms of glutamate-
mediated excitotoxicity should reveal additional
targets for pharmacological intervention in the
treatment of stroke and other neurodegenerative
conditions.
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