
Neuroprotectants Targeting NMDA
Receptor Signaling

Sandra M. Vetiska and Michael Tymianski

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1382

2 NMDA Receptors and Their Antagonists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1383

3 Dual Roles of NMDARs in Health and Disease: Implications for

Neuroprotectants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1384

3.1 Importance of NMDAR Subcellular Localization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1384

3.2 Importance of NMDAR NR2 Subunit Subtype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1386

4 NMDAR Signaling at the Postsynaptic Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1387

5 NMDAR NR2B Signaling: Downstream Effectors of Excitotoxicity as Therapeutic

Targets in Neurological Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1387

5.1 NR2B-PSD95-nNOS Signaling Complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1387

5.2 NR2B-ND2-Src Signaling Complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1390

5.3 Other Signaling Pathways Implicated in NMDAR-Mediated Neurotoxicity . . . . . . 1391

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1392

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1393

Abstract

N-Methyl-D-aspartate (NMDA) receptors are key mediators of fast excitatory

synaptic transmission within the mammalian central nervous system (CNS)

and play vital roles in learning, memory, and synaptic development.

Overactivation of NMDA receptors (NMDARs) at glutamatergic synapses

often results in excitotoxicity, which can cause neuronal injury and death,

and is associated with many neurological disorders such as ischemic stroke,

epilepsy, neuropathic pain, traumatic brain and spinal injuries; ocular disorders

such as glaucoma; as well as neurodegenerative diseases, including

amyotrophic lateral sclerosis, Parkinson’s, Huntington’s, and Alzheimer’s
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diseases. Numerous NMDAR antagonists have been developed that have been

effective in reducing cell damage and death in both in vitro and in vivo

experimental models of neurological disease, such as ischemia and traumatic

brain injury. Unfortunately, clinical use of these NMDAR antagonists has been

limited by intolerable side effects, likely due to the necessity of NMDARs in

normal brain function. Intracellular signaling pathways that couple to NMDAR

activation can promote either cell survival or cell death, depending on

NMDAR subunit composition and/or subcellular localization. Ideal

therapeutic strategies targeting NMDAR-mediated neurotoxicity should

selectively block pro-death signaling, while sparing pro-survival signals.

Neuroprotectants targeting downstream effectors of NMDAR-mediated cell

death, rather than NMDARs directly, would maintain normal NMDAR

function and minimize adverse effects commonly associated with traditional

NMDAR antagonists in the treatment of neurological disorders.

1 Introduction

In the mammalian central nervous system (CNS), the principal excitatory neuro-

transmitter is glutamate. This neurotransmitter acts on two classes of receptors:

ionotropic glutamate receptors that form a central ion channel pore and mediate fast

excitatory synaptic transmission and metabotropic glutamate receptors, which

are G protein-coupled receptors that play neuromodulatory roles within the

CNS (Traynelis et al. 2010). Three types of ionotropic glutamate receptors

have been identified and classified based on electrophysiological and pharmaco-

logical properties: N-Methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (AMPA), and kainate, each being named for

their preferred pharmacologic agonist (Nakanishi 1992; Hollmann and Heinemann

1994). Activation of ionotropic glutamate receptors leads to the opening of their

associated ion channel, which, depending on receptor type, is permeable to sodium

(Na+), potassium (K+), and calcium (Ca2+) ions. While AMPA and kainate

receptors have modest Ca2+ permeability, NMDA receptors (NMDARs) are highly

Ca2+-permeable (MacDermott et al. 1986; McBain and Mayer 1994; Dingledine

et al. 1999), and it is this Ca2+ influx that is thought to play a major role in both

the physiological as well as pathophysiological functions of the NMDAR

(Choi 1988a, b; Tymianski et al. 1993; Ghosh and Greenberg 1995).

The term “excitotoxicity,” first coined by Olney (1969), refers to the

overactivation of glutamate receptors due to excessive synaptic release of

glutamate. Initial studies on glutamate toxicity were done by Lucas and

Newhouse (1957), who showed that systemic injections of L-glutamate into

mice destroy the inner neural layers of the retina. These observations of neuro-

nal death following excessive glutamate administration were later extended to

the brain (Olney 1969; Olney and de Gubareff 1978) and spinal cord (Regan and

Choi 1991). Excitotoxicity is now considered an important mechanism involved

in many acute CNS insults, such as ischemia and traumatic brain injury (TBI) as
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well as in chronic neurodegenerative diseases, such as Parkinson’s (PD),

Huntington’s (HD), and Alzheimer’s (AD) diseases (Lipton and Rosenberg

1994; Arundine and Tymianski 2004; Lau and Tymianski 2010).

Glutamate-mediated neurotoxicity arises from excessive Ca2+ influx through

NMDARs (Berdichevsky et al. 1983; Choi 1987, 1988a, b; Sattler and Tymianski

2000). Ca2+ overload can trigger many detrimental cellular processes, including

activation of calcium-dependent proteases, mitochondrial dysfunction, and death

signals (Pivovarova and Andrews 2010; Szydlowska and Tymianski 2010). Addi-

tionally, excessive cellular Ca2+ can induce the production of harmful reactive

oxygen species. For example, nitric oxide (NO), synthesized by the Ca2+-dependent

enzyme neuronal nitric oxide synthase (nNOS), can react with the superoxide anion

(O2
�) to form the highly reactive species peroxynitrite, which can cause damage to

proteins, lipids, and DNA (Radi et al. 1991a, b; Aarts et al. 2003b). NMDARs are

key mediators of excitotoxicity in the CNS and have thus been the targets of many

neuroprotective strategies.

2 NMDA Receptors and Their Antagonists

Structurally, NMDARs exist as heterotetramers, typically consisting of two oblig-

atory NR1 subunits and two regulatory NR2 subunits and less commonly including

NR3 subunits (Das et al. 1998; Chatterton et al. 2002; Paoletti and Neyton 2007;

Cavara and Hollmann 2008; Pachernegg et al. 2012). Four subtypes of NR2

(NR2A-D) can assemble with the NR1 subunit, most commonly NR2A or NR2B

in the forebrain. These receptors are typically diheteromeric in nature; that is, they

are comprised of either NR1/NR2A or NR1/NR2B subunits. Some NMDARs can

also incorporate two different NR2 subunits (Chazot et al. 1994; Chazot and

Stephenson 1997); however, few studies have addressed the functional implications

of these receptors.

The type of NR2 subunit determines the biophysical and pharmacological prop-

erties of NMDARs; furthermore, these subunits govern distinct protein-protein inter-

actions and downstream signaling pathways, by way of the structural diversity of

their carboxyl (C)-terminus (Hardingham and Bading 2003; Cull-Candy and

Leszkiewicz 2004; Prybylowski and Wenthold 2004; Kohr 2006; Ryan et al. 2008).

Alternatively spliced isoforms also exist for some subunits, such as NR1, creating

additional functional diversity (Sugihara et al. 1992; Zukin and Bennett 1995). At

resting membrane potential, the channel pore of the NMDAR is blocked by magne-

sium (Mg2+) which prevents ion flow through the channel. Upon membrane depo-

larization, Mg2+ is expelled, allowing for the passage of ions through the channel.

Thus, NMDAR activation requires not only the presynaptic release of glutamate but

also the depolarization of the postsynaptic membrane. NMDARs also require simul-

taneous binding of glutamate and glycine (or D-serine) for activation (Johnson and

Ascher 1987; Kleckner and Dingledine 1988; Lerma et al. 1990). The glutamate-

binding site is located on the NR2 subunits, while the NR1 subunits provide the

glycine-binding site (Furukawa and Gouaux 2003; Furukawa et al. 2005).
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Evidence from preclinical research has demonstrated a critical role for

NMDAR-mediated neurotoxicity in cellular and animal models of neurological

disorders, such as ischemic stroke and TBI (Choi 1988a, b; Tymianski et al. 1993;

Arundine et al. 2003). NMDA receptor antagonists targeting the glutamate-

binding site, the glycine-binding site, or the channel pore, as well as NR2B

subunit-selective antagonists, all showed neuroprotection in preclinical studies

of excitotoxicity-related CNS diseases (Danysz and Parsons 2002; Wang and

Shuaib 2005). Unfortunately, all clinical trials for neuroprotection in acute dis-

orders including stroke and TBI using NMDAR antagonists, such as Selfotel,

Aptiganel, and Gavestinel, have failed. This was largely due either to adverse

effects or to limited clinical efficacy (Wood and Hawkinson 1997; Morris et al.

1999; Gladstone et al. 2002; Ikonomidou and Turski 2002; Hoyte et al. 2004;

Muir 2006; Kalia et al. 2008; Lau and Tymianski 2010). In addition to undesirable

side effects, a short therapeutic window may be a limiting factor with the use of

NMDAR antagonists as neuroprotectants in stroke and TBI (Ikonomidou and

Turski 2002; Roesler et al. 2003).

In the case of more chronic disorders, an anti-excitotoxic approach using

NMDAR antagonists may have a role. For example, memantine is the only

NMDAR antagonist currently approved for the treatment of moderate to severe

Alzheimer’s disease (AD) in most of Europe, the USA, and Canada, either as

a monotherapy or in combination with cholinesterase inhibitors (Thomas and

Grossberg 2009). Memantine is a moderate affinity, uncompetitive NMDAR antag-

onist with strong voltage-dependency and fast kinetics, which allow rapid binding

to and quick dissociation from NMDARs. These properties allow memantine to be

well tolerated and have few side effects, unlike other NMDAR channel blockers

(Danysz and Parsons 2012); however, there is no clear benefit to date for the use of

memantine in milder stages of AD and only a small beneficial effect on cognition in

vascular dementia (Parsons et al. 1999; McShane et al. 2006; Rammes et al. 2008;

Herrmann et al. 2011). Memantine has been studied in several other neurological

diseases, both at the preclinical and clinical levels (Stieg et al. 1999; Rao et al.

2001; Volbracht et al. 2006; Rojas et al. 2008; Thomas and Grossberg 2009;

Milnerwood et al. 2010), and may have clinical benefit in some disorders, including

PD (Aarsland et al. 2009), HD (Beister et al. 2004; Ondo et al. 2007) and HIV-

associated dementia (Schifitto et al. 2007; Zhao et al. 2010). Further work is

required to establish the full potential of memantine in these diseases.

3 Dual Roles of NMDARs in Health and Disease: Implications
for Neuroprotectants

3.1 Importance of NMDAR Subcellular Localization

The critical roles that NMDARs play in normal brain function may help explain

why clinical treatment of stroke and brain trauma with NMDAR antagonists

has failed. An ideal therapeutic approach to antagonize NMDAR overactivity in
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neurological disorders would include blocking downstream excitotoxic

signaling without directly blocking NMDARs or inhibiting normal excitatory

neurotransmission. Recently, dual roles for the NMDAR in both neuronal death

and survival have been increasingly appreciated. These depend, at least in

part, on the subcellular NMDAR pool that is activated (Hardingham and

Bading 2010). At the neuronal plasma membrane, NMDARs are localized to

both the synapse and to extrasynaptic regions, and these two receptor

populations may have different roles in physiological and pathophysiological

processes. Although NMDARs at both locations can mediate excitotoxicity

(Sattler et al. 2000; Liu et al. 2007), studies in cultured cortical and hippocampal

neurons showed that stimulation of synaptic NMDARs promotes cell survival

pathways, whereas extrasynaptic NMDAR activation is more strongly

associated with neuronal death (Vanhoutte and Bading 2003; Soriano and

Hardingham 2007; Leveille et al. 2008; Hardingham and Bading 2010). This

dual role of NMDARs in cell survival and death stems from distinct intracellular

signaling pathways that are coupled to synaptic and extrasynaptic NMDARs.

Synaptically localized NMDARs promote cell survival by suppressing apoptotic

gene expression (Leveille et al. 2010) and activating pro-survival factors

such as cyclic AMP response element-binding protein (CREB), a transcription

factor that induces expression of genes such as brain-derived neurotrophic

factor (BDNF) that is important for survival (Hardingham et al. 2002). In

contrast, extrasynaptic NMDARs can mediate cell death by attenuating the

CREB pathway, blocking BDNF expression, and promoting mitochondrial

dysfunction and cell death (Hardingham et al. 2002; Gouix et al. 2009).

Recent work has demonstrated that, similar to cortical neurons, striatal

medium-sized spiny neurons also show increased and decreased CREB

signaling after stimulation of synaptic and extrasynaptic NMDARs, respectively

(Kaufman et al. 2012).

Alterations in synaptic and extrasynaptic NMDAR localization, leading to an

imbalance between pro-survival and proapoptotic signaling, have been associ-

ated with several neurological disorders (Gladding and Raymond 2011;

Sanz-Clemente et al. 2012). For example, enhanced activity of extrasynaptically

localized NMDARs was observed in cerebral ischemia (Tu et al. 2010) and

Huntington’s disease (HD; Okamoto et al. 2009; Milnerwood et al. 2010). In the

striatum of transgenic HD mice, increased NR2B-containing extrasynaptic

NMDAR expression, increased current, and associated reductions in

nuclear CREB activation were found. Furthermore, this reduction in CREB

activity, along with associated motor learning deficits, was reversed by

treatment of HD mice with memantine, which was shown to preferentially

block extrasynaptic NMDARs (Leveille et al. 2008; Okamoto et al. 2009; Xia

et al. 2010). The selective block of extrasynaptic NMDARs by memantine may

contribute to its clinical tolerability; that is, memantine may spare physiological

synaptic transmission needed for normal brain function but selectively

antagonize extrasynaptic NMDARs that are excessively activated under

pathological conditions.
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3.2 Importance of NMDAR NR2 Subunit Subtype

Seemingly contrary to the idea that neuronal survival and death pathways are

mediated by synaptic and extrasynaptic NMDARs, respectively, the well-

characterized synapse-specific protein PSD95 (postsynaptic density-95) is

required for NMDAR-mediated excitotoxic neuronal death (Sattler et al. 1999;

Aarts et al. 2002; Zhou et al. 2010). This apparent paradox may be explained by

the temporally and spatially regulated expression of different NMDAR NR2

subunits (Traynelis et al. 2010). In adult forebrain neurons, NR2A-containing

NMDARs are preferentially localized to synapses, while NR2B-containing

NMDARs are primarily expressed at extrasynaptic sites (Tovar and Westbrook

1999; Liu et al. 2007; Groc et al. 2009). In addition, NR2A-containing NMDARs

are thought to mediate cell survival signals, whereas NR2B-containing NMDARs

are associated with cell death pathways, in both in vitro and in vivo models of

stroke and TBI (DeRidder et al. 2006; Zhou and Baudry 2006; Liu et al. 2007;

Chen et al. 2008; Terasaki et al. 2010). However, this distribution profile of

NMDAR NR2 subunits is not absolute. NR2A-containing receptors can be

found at extrasynaptic sites; likewise, NR2B-containing NMDARs are expressed

in the postsynaptic membrane, where they associate with other postsynaptic

density proteins, such as PSD95 (Groc et al. 2006; Thomas et al. 2006; Harris

and Pettit 2007). Therefore, neuronal death pathways may be activated by either

synaptic or extrasynaptic NR2B-containing NMDARs, while activation of

either synaptic or extrasynaptic NR2A-containing NMDARs promotes neuronal

survival (Liu et al. 2007).

NMDARs are localized in the cell membrane, including that of synapses, by an

array of scaffolding proteins. Among these is the abundant PSD95 protein,

discussed in greater detail in sections below. In synapses, PSD95 binds the

C-termini of NMDAR NR2 subunits and links NMDARs to other proteins found

in the multiprotein complex (MPC) with which NMDARs associate. In doing so,

PSD95 links NMDARs to signaling proteins within the MPC that mediate

excitotoxic neuronal death (Sattler et al. 1999; Aarts et al. 2002; Lai and Wang

2010; Zhou et al. 2010). The linkage between NMDARs and downstream toxic

signaling pathways may be strongest with NR2B-containing NMDARs. Lending

support to this idea is a recent study (Martel et al. 2012) that used chimeric

constructs of NMDAR NR2A and NR2B subunits with reciprocal exchanges of

their C-terminal domains to demonstrate that the NR2B C-terminal domain is

important for NMDAR-mediated toxicity, regardless of receptor location. As

discussed above in the case of PSD95, the precise mechanisms by which

NMDAR subunit composition determines functional outcome of the receptor may

lie in the specific intracellular signaling proteins that couple to NMDARs, most

often via their C-terminal tails. Ideally, a therapeutic strategy for excitotoxicity-

related neurological disorders would selectively target only those NMDARs or their

downstream signaling components associated with neuronal death, while sparing

the cell survival-promoting NMDAR population.
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4 NMDAR Signaling at the Postsynaptic Density

At the postsynaptic membrane of central excitatory synapses, ionotropic glutamate

receptors are localized into specialized MPCs in an electron-dense region termed

the postsynaptic density (PSD) (Kennedy 1997; Sheng 2001). NMDARs are

abundantly expressed in association with the PSD (Moon et al. 1994), which is

composed of both membranous and cytoplasmic proteins (Ziff 1997; Okabe 2007).

Scaffolding proteins, which are major components of the MPC, associate with each

other and other MPC proteins via highly specific and often unique protein-protein

interactions. Such interactions govern cell-to-cell adhesion, regulation of

receptor clustering, and modulation of receptor function (Feng and Zhang 2009;

Verpelli et al. 2012). PSD95 (also known as SAP90), the first PSD scaffolding

protein to be identified (Cho et al. 1992), is a member of a larger group of

scaffolding proteins known as membrane-associated guanylate kinase (MAGUK)

proteins (Gardoni 2008; Zheng et al. 2011). MAGUKs contain modular protein

interaction domains, such as SH3 (Src homology 3), GK (guanylate kinase), and

PDZ (Postsynaptic density-95/Discs large homolog/Zona occludens-1) domains

(Sheng and Sala 2001; Gardoni 2008; Zheng et al. 2011).

Many surface receptors, such as the NMDAR, bind to MAGUK PDZ domains

via their C-terminal PDZ-binding domains. For example, through its first two PDZ

domains, PSD95 can bind NMDAR NR2 subunits at their C-terminus PDZ-binding

motif (ESDV) (Kornau et al. 1995; Niethammer et al. 1996). PSD95 connects

NMDARs to intracellular signaling proteins, such as neuronal nitric oxide synthase

(nNOS). PSD95 also binds directly to nNOS via a PDZ-PDZ interaction

that involves the second PDZ domain of PSD95 (Brenman et al. 1996; Craven

and Bredt 1998; Christopherson et al. 1999; Tezuka et al. 1999). By physically

bringing together the NMDAR and nNOS, PSD95 allows Ca2+ that permeates

through NMDARs to preferentially induce the activation of nNOS and thus

couples NMDAR activity to the production of nitric oxide (NO), a signaling

molecule that mediates NMDAR-dependent excitotoxicity (Dawson et al. 1991,

1993). Disrupting the NMDAR-PSD95-nNOS complex in cultured cortical

neurons using antisense oligonucleotides against PSD95 selectively attenuated

NMDAR-mediated excitotoxicity, without affecting NMDAR expression or

function (Sattler et al. 1999).

5 NMDAR NR2B Signaling: Downstream Effectors of
Excitotoxicity as Therapeutic Targets in Neurological
Diseases

5.1 NR2B-PSD95-nNOS Signaling Complex

Because suppression of PSD95 using antisense oligonucleotides is impractical in

the treatment of excitotoxicity-related disorders in humans, an alternative strategy

Neuroprotectants Targeting NMDA Receptor Signaling 1387



for disrupting the NR2B-PSD95-nNOS signaling complex is to use drug

compounds that block protein interactions within this complex. One such drug

compound is NR2B9c (Aarts et al. 2002). The NR2B9c peptide, comprising

the nine C-terminal residues of NR2B (KLSSIESDV), can be rendered cell

permeant by fusion to the 11 residue protein transduction domain of the human

immunodeficiency virus type 1 (HIV-1) Tat protein (Schwarze et al. 1999).

This produces a 20-amino acid peptide termed Tat-NR2B9c. This peptide

permeates through cell membranes and disrupts the intracellular interaction of

NMDARs with PSD95 (See Fig. 1). This effectively dissociates NMDARs from

downstream neurotoxic signaling. However, unlike NMDAR antagonists, this

occurs without blocking synaptic activity or calcium influx. This approach is

feasible in vivo: when applied either before, 1 or 3 h after an insult, Tat-NR2B9c

protected cultured neurons from excitotoxicity and reduced transient middle

cerebral artery occlusion (MCAO)-mediated ischemic brain damage in rats

(Aarts et al. 2002; Sun et al. 2008).

A proteomic and biochemical analysis of the interactions of Tat-NR2B9c with

most or all PDZs in the human genome revealed that the disruption of the NMDAR-

PSD95-nNOS complex by Tat-NR2B9c was highly specific. Because the

peptide targets the first and second PDZ domains of PSD95, where both the

NMDAR and nNOS bind, Tat-NR2B9c inhibited the interaction between both

PSD95 and NR2 subunits as well as between PSD95 and nNOS (Cui et al. 2007).

Ca2+ Ca2+

PSD95

NMDAR NMDAR

Tat-NR2B9c

nNOS

nNOS
Cell Death

a b

Cell Death

PSD95

Fig. 1 The NMDAR-PSD95-nNOS signaling complex. (a) By binding to both the NMDAR and

nNOS, PSD95 brings nNOS in close proximity to the NMDAR and allows Ca2+ entering the

neuron through the NMDAR to preferentially induce the activation of nNOS, leading to cell death.

(b) The Tat-NR2B9c peptide disrupts the NMDAR-PSD95-nNOS complex, dissociating NMDARs

from downstream neurotoxic signaling, without blocking synaptic activity or calcium influx
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Importantly, Tat-NR2B9c administered 3 h after both permanent and transient focal

ischemia reduced infarct volumes in rats and improved long-term neurobehavior,

including sensorimotor function, emotionality, and cognition (Sun et al. 2008),

raising the possibility for clinical usefulness in a wide therapeutic window. Further

downstream, the consequences of administering Tat-NR2B9c are to ameliorate

excitotoxic neuronal loss in vitro and ischemic cortical damage in vivo by

impairing pro-death p38 signaling, without affecting NMDAR-mediated pro-

survival pathways involving CREB or Akt (Soriano et al. 2008; Martel et al.

2009). Other studies have proposed that compounds other than Tat-NR2B9c that

target the NMDAR-PSD95 interaction may also have neuroprotective effects.

Disruption of the PSD95-nNOS interaction using a small molecule inhibitor

(ZL006) is suggested to be neuroprotective in ischemia (Zhou et al. 2010). In

addition, the use of a dimeric inhibitor, Tat-NPEG4(IETDV)2 (Tat-N-dimer),

which binds the tandem PDZ1-2 domain of PSD95, reduced infarct volume in

mice subjected to cerebral ischemia (Bach et al. 2012).

Recently, Tat-NR2B9c was used for the treatment of stroke in cynomolgus

macaques, higher-order gyrencephalic nonhuman primates, which bear anatomical

and behavioral similarities to humans (Cook et al. 2012). Animals treated with

Tat-NR2B9c up to 3 h after MCAO showed significant reduction in infarct volume,

as measured by magnetic resonance imaging and histology. In addition,

Tat-NR2B9c-treated macaques showed improved neurobehavioral outcomes

assessed using the nonhuman primate stroke scale (NHPSS). This neuroprotection

preserved cellular functionality, as gauged by the capacity for gene transcription in

ischemic brain tissue. The 3-h time frame for neuroprotection with Tat-NR2B9c is

significant as it suggests a broader clinical applicability. Tat-NR2B9c has already

entered clinical trials; the ENACT (Evaluating Neuroprotection in Aneurysm Coiling

Therapy) Phase 2 clinical trial (ClinicalTrials.gov number, NCT00728182) to

determine the safety and efficacy of Tat-NR2B9c in reducing embolic strokes in

patients undergoing endovascular repair of brain aneurysms was recently success-

fully completed (Hill et al. 2012). The encouraging results from this trial warrant

further investigation of Tat-NR2B9c in the clinical treatment of stroke.

Since the first study (Aarts et al. 2002) utilizing blocking peptides against PSD95

in stroke, subsequent work using similar strategies has been carried out to investigate

other excitotoxicity-mediated neurological diseases, such as epilepsy, AD, and

neuropathic pain. Administration of Tat-NR2B9c in rats 3 h after the termination

of status epilepticus reduced cell loss in regions of the hippocampus (Dykstra et al.

2009). Perturbing the NR2B-PSD95 association with Tat-NR2B9c ameliorated

Ab-mediated toxicity in vitro and was sufficient to prevent lethality and memory

deficits in an AD mouse model (Ittner et al. 2010). The importance of the NR2B9c-

PSD95-nNOS signaling complex in neuropathic pain has been demonstrated using

a variety of genetic, biochemical, and proteomic techniques. These include the use of

antisense oligonucleotides against PSD95 (Tao et al. 2001, 2003), small molecule

inhibitors that block the interaction between PSD95 and nNOS (Florio et al. 2009), or

Tat-fusion peptides comprising regions of PSD95 (Tao et al. 2008), nNOS

(Florio et al. 2009), or the NMDAR NR2B subunit (D’Mello et al. 2011).
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5.2 NR2B-ND2-Src Signaling Complex

NMDAR activity is governed in part by the balance between phosphorylation and

dephosphorylation (Salter and Kalia 2004). Tyrosine phosphorylation

upregulates the activity of NMDARs (Wang and Salter 1994; Zheng et al. 1998),

and the nonreceptor tyrosine kinase Src (Ohnishi et al. 2011) can mediate this

upregulation. Within the NMDAR complex, Src, along with the phosphotyrosine

phosphatase STEP (striatal enriched tyrosine phosphatase), act in opposition

to phosphorylate or dephosphorylate the NMDAR, respectively. STEP61, the

membrane-associated STEP isoform (Sharma et al. 1995; Bult et al. 1996),

suppresses NMDAR activity by opposing the actions of Src (Pelkey et al. 2002).

Src-mediated enhanced phosphorylation of NMDARs is associated with

synaptic plasticity (Rostas et al. 1996; Salter 1998) as well as pathophysiological

conditions such as ischemia (Cheung et al. 2003), HD (Song et al. 2003),

epilepsy (Sanna et al. 2000; Moussa et al. 2001), and neuropathic pain (Salter and

Pitcher 2012). Inhibition of Src activity may attenuate brain injury in ischemia

(Jiang et al. 2008; Liang et al. 2009), supporting a role for Src in excitotoxic

processes.

Src is anchored to the NMDAR via the adaptor protein NADH dehydrogenase

2 (ND2) (Gingrich et al. 2004). ND2 brings Src in close proximity to the

NMDAR and allows Src to upregulate NMDAR function through phosphoryla-

tion of NR2 subunits. Disruption of the NMDAR-ND2-Src signaling complex has

been shown to suppress pain behaviors. A 10-amino acid peptide, Src40-49,

comprising the region of Src needed to bind ND2, was able to inhibit the binding

of Src to ND2, thus releasing Src from the NMDAR complex and inhibiting

Src-mediated enhancement of NMDAR activity (Liu et al. 2008). Importantly,

uncoupling of Src from the NMDAR complex with the membrane-permeable

Src40-49Tat fusion peptide suppressed pain hypersensitivity induced by

inflammation and peripheral nerve injury (see Fig. 2). Thus, by regulating the

function of NMDARs through phosphorylation and dephosphorylation, Src and

STEP play vital roles in both physiological as well as pathophysiological

glutamatergic neurotransmission. Furthermore, both Src and STEP themselves

are subject to regulation. For example, differential regulation of STEP61 may play

an important role in mediating the dual roles of the NMDAR in cell survival

and death (Xu et al. 2009). Synaptic NMDAR activation promotes the

ubiquitination and degradation of STEP61, concomitant with ERK1/2 activation

and cell survival. In contrast, extrasynaptic NMDAR stimulation leads to calpain-

mediated proteolysis of STEP61, activation of p38, and cell death.

Aberrant regulation of both Src and STEP may therefore be involved in

NMDAR-mediated pathophysiological conditions (Hossain et al. 2012; Salter

and Pitcher 2012). Although targeting STEP or the Src:ND2 interaction has not

been tested in ischemia, it is another example of a protein-protein interaction that

may be targeted therapeutically in disorders that depend on NMDAR

overactivity.
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5.3 Other Signaling Pathways Implicated in NMDAR-Mediated
Neurotoxicity

Other signaling pathways downstream of NMDARs have been identified to play

roles in excitotoxic signaling. For example, during cerebral ischemia, death-

associated protein kinase 1 (DAPK1) is recruited to extrasynaptic NMDAR

NR2B subunits in the cortex of mice (Tu et al. 2010). DAPK1 directly binds to

NR2B, phosphorylates it, and enhances NMDAR channel conductance, leading to

increased excitotoxic signaling. Peptides that inhibit the interaction between

DAPK1 and the NMDAR NR2B subunit reduced brain infarction and improved

neurological function in mice. DAPK1 itself is subject to regulation by other

signaling molecules, such as ERK1/2, which may affect NMDAR activity

(Liu et al. 2012). Another signaling protein involved in cell death downstream

from the NMDAR is PTEN (phosphatase and tensin homolog deleted on

chromosome 10). PTEN is recruited selectively to NMDAR NR2B subunits

(Ning et al. 2004), potentiates neurotoxic NMDAR activity, and inhibits the PI3K

(phosphatidylinositol 3-kinase) survival pathway, thus contributing to excitotoxic

neuronal death in stroke. PTEN-induced kinase 1 (PINK1) in a ubiquitous kinase

thought to function in cell survival-promoting pathways (Wilhelmus et al. 2012).

Overactivation of NR2B-containing NMDARs may contribute to ischemic cell

death by suppressing PINK1-dependent survival signaling (Shan et al. 2009).

Thus, drug compounds that are able to increase PINK1 levels and activity may

prove to be neuroprotective in NMDAR-mediated neurotoxicity.

Activation of NMDARs has been linked to the modulation of several

transcription factors that can mediate either pro-survival or pro-death pathways

(Hardingham et al. 2002; Zou and Crews 2006; Lai et al. 2011), and these may be

useful targets for therapeutic intervention. One example is the transcription factor

NMDAR

ND 2

Src

P

Pain

a b

Src

NMDAR

ND 2
Src40–49Tat

Pain

Fig. 2 The NMDAR-ND2-Src signaling complex. (a) Src is anchored within the NMDAR

complex via the adaptor protein NADH dehydrogenase 2 (ND2). By bringing Src in close

proximity to the NMDAR, ND2 allows Src to phosphorylate the receptor and enhance NMDAR

activity, resulting in hypersensitivity to pain. (b) Using a Src40–49Tat peptide to block the

interaction between Src and ND2 dissociates Src from ND2, thereby inhibiting Src-

mediated upregulation of NMDAR activity and suppressing pain behaviors (Figure adapted

from Liu et al. 2008)
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SREBP-1 (sterol regulatory element-binding protein-1) (Taghibiglou et al. 2009),

which typically controls lipid biosynthesis genes but whose activation is essential in

NMDAR-mediated excitotoxic neuronal death in both in vitro and in vivo models of

stroke. Therapies aimed at pro-death transcription factors downstream of NMDAR-

mediated excitotoxic pathways may offer some novel therapeutic targets in the

treatment of neurological diseases. Since activation of these transcription factors is

often delayed, relative to NMDAR activation, neuroprotective strategies targeting

these proteins may offer a wider therapeutic window if such pathways participate in

the cell injury process.

Cell death pathways also exist that may occur in parallel with and converge upon

NMDAR-mediated excitotoxic signaling mechanisms (Tymianski 2011). TRPM7

and TRPM2 are members of the transient receptor potential (TRP) channel

superfamily (Nilius and Owsianik 2011) that are widely expressed and

function in diverse cellular processes, including death, survival, and proliferation.

Both TRPM2 and TRPM7 are nonselective cation channels that are activated

by oxidative stress and are thought to play significant roles in ischemic cell

death (Aarts et al. 2003a; MacDonald et al. 2006; Sun et al. 2009; Xie et al.

2010). TRPM2 and TRPM7 may represent additional Ca2+ influx pathways, other

than NMDARs, in mediating neurotoxicity in ischemia. Neurotoxic signals such

as reactive oxygen species downstream of NMDARs may in turn activate TRPM2

and TRPM7 channels to form a positive feedback loop that perpetuates ischemic

cell death.

6 Conclusion

NMDARs have important physiological roles mediating synaptic plasticity and

neurodevelopment. However, overactivation of NMDARs leads to excitotoxicity,

common to many neurological diseases such as ischemic stroke, epilepsy,

neuropathic pain, traumatic brain and spinal injuries; ocular disorders such as

glaucoma; as well as neurodegenerative diseases, including amyotrophic lateral

sclerosis, Parkinson’s, Huntington’s, and Alzheimer’s diseases. Antagonists that

directly inhibit NMDARs have limited use clinically, possibly due to intolerable

side effects at anti-excitotoxic doses. Intracellular signaling pathways that couple

to NMDAR activation can promote either cell survival or cell death, depending on

NMDAR subunit composition and/or subcellular localization. Extrasynaptic

NMDARs, and especially those receptors containing NR2B subunits, engage in

cell death pathways upon excessive glutamate stimulation. Conversely, activation

of synaptically localized NMDARs, and especially those receptors containing

NR2A subunits, may result in neuroprotection. Therapeutic strategies targeting

NMDAR-mediated neurotoxicity should preferentially block pro-death

signaling while sparing pro-survival signals. Since neuroprotectants that selectively

target the molecular components involved in pro-death signaling downstream of

the NMDAR do not directly inhibit NMDARs themselves, they may be better

tolerated than traditional NMDAR antagonists.
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The last decade of scientific research has shed light on the molecular

mechanisms involved in NMDAR-mediated excitotoxicity and has revealed

additional targets for neuroprotective strategies in the treatment of neurological

disorders; however, many questions remain unanswered. First, in addition to

NR1/NR2A and NR1/NR2B diheteromeric NMDARs, triheteromeric receptors

comprising NR1/NR2A/N2B are also believed to exist. The roles of these

triheteromeric receptors, in both health and disease, have yet to be elucidated.

Second, several signaling molecules downstream of NMDARs, such as nNOS,

DAPK1, and PTEN, play roles in excitotoxic signaling to promote cell damage

and death. Whether and how these signaling molecules cross talk with one another

is not known. Third, in conditions such as ischemia, excessive Ca2+ influx

through NMDARs leads to the formation of reactive oxygen species, which can

activate other plasma membrane channels, such as TRPM2 and TRPM7 channels;

these channels thus represent additional therapeutic targets. Lastly, a major part

of our understanding about NMDAR-mediated cell death pathways comes from

models of cerebral ischemia. Future work will need to determine whether

these pathways also play a role in other neurological diseases that involve

excitotoxic mechanisms and whether preclinical neuroprotective therapies can be

translated to clinical use.
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