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NMDA Receptors and the Superfamily of
Ionotropic Glutamate Receptors

The amino acid L-glutamate acts as a major excitatory
neurotransmitter in the vertebrate CNS, acting on both
ligand-gated ion channels (ionotropic receptors) and 
G-protein-coupled (metabotropic) receptors. The group of
ionotropic glutamate receptors (iGluRs) comprises three
major pharmacological classes, including the AMPA
receptors, kainate (KA) receptors, and N-methyl-D-
aspartate (NMDA) receptors (Wollmuth and Sobolevsky
2004; Fig. 1). Glutamatergic synapses frequently harbor
both AMPA and NMDA receptors. Characteristically,
both classes of receptors differ in their response kinetics to
the presynaptic release of glutamate. AMPA receptors
mediate fast glutamate-gated postsynaptic responses, even
at very negative potentials or in the absence of action
potentials. The fast desensitization of AMPA receptors
leads to short excitatory postsynaptic currents (EPSCs). In
contrast, NMDA receptors are blocked by Mg2+ ions at

resting potential (Fig. 4). Acting as coincidence detectors
of membrane depolarization and ligand-gated channel
activation, NMDA receptors require the release of the
Mg2+ block by an increase in membrane potential to allow
cation permeation through the receptor pore (Wollmuth
and Sobolevsky 2004).

At the glutamatergic synapse, the presence of both classes
of receptors results in a fine-tuned interaction: high-
frequency stimulation of AMPA receptors, followed by
postsynaptic depolarization and action potentials, abolishes
the voltage-dependent Mg2+ block and thereby activates
NMDA receptors. As a result, NMDA receptor activation is
slower and lasts longer, with a much slower desensitization
of ion channel conductance. Both components of these 
glutamatergic synaptic responses can reliably be distin-
guished by application of subclass-specific blockers—that
is, APV (2-amino-5-phosphovalerate) for NMDA receptors
and DNQX (6,7-dinitroquinoxaline-2,3-dione) or CNQX
(6-cyano-7-nitroquinoxaline-2,3-dione) for non-NMDA
receptors (Antzoulatos and Byrne 2004; Fig. 5). As 
ligand-gated ion channels (LGICs), NMDA receptors
respond to binding of glutamate and to an additional depo-
larization by opening a cation channel pore in the center of
the receptor protein complex. Although ionotropic gluta-
mate receptors mediate the flow of Na+ ions, they funda-
mentally differ in Ca2+ conductance (Garaschuk and others
1996). Generally, Ca2+ conductance is a hallmark of NMDA
receptors and those AMPA receptor variants carrying a glu-
tamine residue in the ion selectivity filter (Burnashev and
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others 1995, 1996; Fig. 2). The receptor-mediated flow of
cations produces a depolarization of the plasma membrane
and generation of electrical currents.

As multimeric assemblies of four subunits, members of
the glutamate receptor family share a common protein
structure. Each subunit possesses three hydrophobic trans-
membrane domains (TMDs A–C) located within the cen-
tral portion of the sequence and is characterized by an
extracellular N-terminus and an intracellularly located C-
terminus. The ion pore domain is formed by a hairpin
where the polypeptide chain bends into the cytoplasmic
membrane from its cytosolic face. This is in contrast to
receptors of the nicotinic acetylcholine receptor superfam-
ily (nAchR) characterized by an N-terminal cystein bridge
(i.e., “cys-loop”).

The general architecture of the ion channel displays
fundamental structural similarities to that of voltage-gated
cation channels (e.g., K+ channels), where the hairpin is
formed by a protein loop accessing the plasma membrane
from its extracellular face (Fig. 2). The protein GluR0 is a
glutamate-activated potassium-selective channel (Chen
and others 1999). GluR0, isolated from the cyanobac-
terium Synechocystis PCC 6803, has been proposed as a
common ancestor providing evidence for a missing link
between GluRs and K+ channels. All glutamate receptor
subunits presently known carry a ligand binding domain
where two intervening sequences, called S1 and S2, form
a clamshell-like structure. The long loop between TMD B
and TMD C (S2) is exposed to the cell surface and forms
part of the binding domain, interacting with the C-terminal
half of the N-terminal region S1. These two segments
show structural similarities to the sequences of the bacte-
rial periplasmic amino-acid binding protein (LAOBP-like
domains) (Wo and Oswald 1995b; Fig. 2).

The NMDA Receptor Family

Among the ligand-gated glutamate receptors, members of
the NMDA receptor family carry characteristic features.
Thus, this class of glutamate receptors is involved in a vari-
ety of physiological and disease-related processes in the
brain. Receptor activation requires a simultaneous occupa-
tion of an agonistic glutamate site and a glycine binding
domain. As pointed out before, NMDA receptors display a
voltage-dependent Mg2+ block, which is released only
after membrane depolarization. In contrast to other gluta-
mate receptors, NMDA receptors show slow gating kinet-
ics and a much higher Ca2+ permeability (pCa2+

AMPA <<<
pCa2+

NMDA). Although the NMDA receptor is highly perme-
able to Ca2+, its permeability to monovalent cations such as
Na+ and K+ still exceeds that for divalent cations (pNa+ >
pCa2+) (Garaschuk and others 1996; Ichinose and others
2003). The Ca2+ flux mediated by NMDA receptors is
thought to trigger downstream intracellular signaling
events that initiate various forms of synaptic plasticity,
such as LTP and LTD, as well as developmental refine-
ment of synaptic connections or neuronal cell death by
excitotoxicity (Sattler and others 1999). Although NMDA
receptor variants share many functional characteristics,
distinct subtype-specific properties are emerging. In the
mammalian brain, functional NMDA receptor channels
are heteromultimeric assemblies of an NR1 subunit plus a
NR2 or NR3 subunit. Additional diversity may arise from
multiple NR2 subunit variants incorporated into the
tetrameric complex (Schorge and Colquhoun 2003;
Horning and Mayer 2004; Sobolevsky and others 2004;
Hatton and Paoletti 2005). Given the high complexity of
the subunit permutations possible, little is known about 
the quarternary structure of NMDA receptors. Although

Fig. 1. The three major subfamilies of the glutamate receptor superfamily.
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biochemical studies reveal that NMDA receptors behave
as macromolecular membrane protein complexes, elu-
cidation of subunit stoichiometry relies on functional
studies (Herkert and others 1998; Banke and Traynelis
2003).

Subfamilies of NR Subunits: Differences 
in Distribution and Function

NR1-subunit and its variants. The NMDAR1 (NR1)
polypeptide was the first NMDA receptor subunit cloned
(Moriyoshi and others 1991). The NR1 subunit appears
to be a common prerequisite for the expression of func-
tional NMDA receptors, and a glycine binding site is
present on all NR1 subunits. In the meantime, several
splice variants of the NR1 subunit have been identified
that arise from the Grin1 gene (in humans: GRIN1)
(Moriyoshi and others 1991; Hollmann and others
1993). Sequence comparisons reveal two sites for splice
variation, one each in the N-terminal and the C-terminal
regions (Fig. 3). The NR1 subunit is ubiquitously

expressed in the CNS. Incorporation of different NR1
splice variants determines properties such as modulation
by Zn2+, polyamines, and protein kinase C, as well as
binding to intracellular proteins (Ehlers and others 1996;
Wyszynski and others 1997; Lin and others 1998). In
oocytes, homomeric expression of NR1 subunits results
in functional receptors (Hollmann and others 1993).
Thus, it was hypothesized that this structural subunit has
retained a low-affinity response to the main receptor
agonist (e.g., glutamate). Consistent with this hypothe-
sis, a “unitary glutamate receptor” XenUI, which is
endogenously expressed in Xenopus laevis, was
assumed to substitute for NR2 in this species (Soloviev
and Barnard 1997). Recently, however, a fragment of a
Xenopus NR2B subunit was cloned that is highly homol-
ogous to the rat NR2B subunit. These data indicate that
Xenopus uses an endogenous NR2 subunit to form het-
eromeric complexes with NR1, rather than exclusively
relying on the XenUI subunit. Thus, the endogenous
NR2B may also complement homomeric expression in
Xenopus oocytes (Schmidt and others 2005).

Fig. 2. Overall topology of a glutamate receptor subunit. Each subunit consists of three transmembrane domains (TMDs)
A, B, and C. The far N-terminal domain, called ATD, displays high homology to the amino acid binding protein LIVBP
(leucine-isoleucine-valine binding protein) from bacteria. The 3´ end of the N-terminus is part of the ligand binding domain
that designs a clamshell-like structure by intervining sequences S1 and S2. The second part of the ligand binding pocket
is formed by the extracellular loop between TMD B and C. The ligand glutamate is trapped within the S1S2 clamshell. The
ion channel domain dips into the membrane from the intracellular site, forming a hairpin-like structure. The pore is perme-
able to monovalent ions, such as Na+ and the divalent ion Ca++. The C-terminal domain (CTD) is localized intracellularly.
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The gene family of NR2 subunits. Incorporation of an
NR2 subunit is required for an efficient formation of
functional NMDA receptors. Indeed, NR2 subunits
determine biophysiological ion channel properties such
as conductance, mean open time, and sensitivity to the
Mg2+ block (Monyer and others 1992, 1994; Stern and
others 1992). Heteromeric channels of NR1 and NR2 are
highly permeable to Ca2+ (Burnashev and others 1995;
Schneggenburger 1996). This ability to mediate Ca2+

fluxes is essential for the special role that NMDA recep-
tors play in synaptic plasticity and neurotoxicity
(Malenka and Nicoll 1999; Sattler and others 1999). In
contrast to the NR1 subunit, the NR2 subfamily consists
of the four subunits NR2A–D, each encoded by a dis-
tinct gene. During development, expression of NR2 iso-
forms is restricted to defined CNS regions (Monyer and
others 1994). Although transcripts of the NR2B and
NR2D subunits are found prenatally, NR2A and NR2C
mRNAs are first detected around birth. Except NR2D,
expression of transcripts reaches highest levels around
postnatal day 20 (P20). During the first postnatal week,
developmental onset of NR2A expression succeeds
NR2B expression (Sheng and others 1994). In rat CNS,
the NR2B polypeptide undergoes a pronounced redistri-
bution during maturation: in immature neurons, NR2B
antigen accumulates in axonal growth cones and vari-
cosities, whereas a punctated distribution pattern with
redistribution to somatodendritic spheres is seen in
mature cells (Herkert and others 1998). In the telen-
cephalon of the adult rat, subunit NR2B prevails in the
CA region of the hippocampus but is also found in

extrasynaptic sites (Charton and others 1999). Outside
the CNS, ectopic expression of NR2B in the heart is
observed where the NMDA receptor forms molecular
complexes with the ryanodine receptor 2 (Seeber and
others 2000, 2004), for an as yet unknown function.

Subpopulations of NMDA receptors that differ in their
NR2 subtype variant determine the polarity of synaptic
plasticity analyzed in the hippocampal CA1 synaptic
region (i.e., LTP or LTD is thought to underlie learning
and memory). Although the molecular mechanism of
these processes is poorly understood, activation of
NR2A-containing receptors fosters LTP, whereas activa-
tion of NR2B-containing receptors has been associated
with LTD, as analyzed with subunit-specific antagonists
in rat hippocampal slices. These results demonstrate that
the NR2 subunit composition of the NMDA receptor
complex is a critical factor for postsynaptic signaling
pathways that direct synaptic plasticity (Liu and others
2004). In addition, evidence exists for the formation of
NR1/NR2A/NR2B triheteromeric receptors in adult
forebrain neurons (Luo and others 1997) and
NR1/NR2A/NR2C complexes in cerebellum (Cathala
and others 2000; Brickley and others 2003). Although
diheteromeric receptors are extensively studied both in
recombinant and in vivo systems, evidence for the for-
mation of triheteromeric receptors largely relies on
recombinant expression in vitro (Hatton and Paoletti
2005). Little is known about the assembly process of
NMDA receptor complexes. By analogy, biogenesis of
heteromeric AMPA receptors is highly regulated: the
current model of glutamate receptor assembly suggests

Fig. 3. Alternative splicing of the NMDA receptor subunit NR1. The eight known splice variants of the NR1 subunit differ
in their C-terminal length. All NR1-Xb variants do have an additional exon marked by a triangle (exon 5). At the 5´ and 3´
end, there are untranslated regions. The coding sequence is shown in white boxes; transmembrane regions are black. The
hairpin-like pore domain is localized between transmembrane domains (TMDs) A and B. The signal peptide is marked by
a striped box; modified after Hollmann and others 1993. Right columns present the accession numbers for each splice
variant isolated either from rat or human according to http://www.ncbi.nlm.nih.gov/UniGene/.
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that a preliminary step of family-specific subunit dimer-
ization is followed by dimerization of these dimers into
the final tetrameric receptor (Tichelaar and others 2004).
The X-domain, a structural element important for
oligomerization of non-NMDA receptors, overlaps with
the amino terminal domain (ATD). So far, the crystal
structures of the glutamate binding domain (S1/S2
domains) of the GluR2 and NR1 glutamate receptor sub-
units resolved by x-ray have been used to model subunit-
specific amino acid residues contributing to the
formation of the ligand binding pocket in NR2 subunits.
Indeed, four subunit-specific amino acid residues located
at the edge of the binding pocket were identified, sug-
gesting that large antagonists may be necessary for sub-
type specificity (A414, T428, R712, and G713; NR2B
numbering). Mutational analysis and modeling of these
residues suggest that there may be a chance to develop
NR2C- and NR2D-selective NMDA receptor antago-
nists, as residues A414 and T428 may determine subunit
variations in agonist affinity (Kinarsky and others 2005).

NR3 subunits. A structurally distinct subfamily is
formed by the NR3 polypeptides, which includes the
NR3A and NR3B subunits (Ciabarra and others 1995;
Sucher and others 1995; Nishi and others 2001; Chatterton
and others 2002; Matsuda and others 2002, 2003). The
NR3A subunit is developmentally regulated as mRNA and
protein expression drop dramatically after the second
week postnatally. In contrast, NR3B mRNA expression
persists to adulthood in the murine spinal cord, pons, and
medulla. NR3B is expressed predominantly in motor neu-
rons, whereas NR3A is more widely distributed (Nishi and
others 2001; Chatterton and others 2002). When coex-
pressed with NR1 and NR2A subunits, NR3A and NR3B
suppress the glutamate-induced current in heterologous
cells and reduce the Ca2+ permeability of NMDA currents
(Matsuda and others 2002; Sasaki and others 2002).
Interestingly, NR3A and NR3B subunits coassemble 
with NR1 to form excitatory glycine receptors that are
unaffected by glutamate or NMDA and inhibited by 
D-serine, a coactivator of conventional NMDA receptors
(Chatterton and others 2002).

The Nearest Neighbors: The Non-NMDA 
Types of Glutamate Receptors

Glutamatergic synapses frequently display two main func-
tional components, representing (1) a glutamate-gated
neurotransmission mediated by fast AMPA receptors and
(2) a slower and longer lasting NMDA receptor-mediated
response. Although NMDA and AMPA receptor subunits
and protein complexes share the same overall topology
and organization of functional domains, both receptor
families differ in many aspects, including characteristics of
ion channel permeability, conductance, and RNA editing a
mechanism contributing to AMPA receptor heterogeneity
(Sommer and others 1991). Among the non-NMDA 
subtypes of glutamate receptors, AMPA and kainate recep-
tors can be distinguished on the basis of defined recep-
tor subtype pharmacology, whereas the family of delta
subunits has been identified by mouse genetics. Many of
the structural and functional characteristics of NMDA

receptors have become apparent by functional comparison
with non-NMDA-type glutamate receptors. These studies 
suggest that glutamate receptors form an intricate net-
work where functional alterations of NMDA receptors 
also extend to AMPA and kainate receptor physiology
(Wollmuth and Sobolevsky 2004).

AMPA receptors. AMPA receptors mediate the fast exci-
tatory component at glutamatergic synapses. As the first
glutamate receptor, GluR1 was identified in 1989 by
expression cloning of rat brain cDNA in X. laevis oocytes.
In the meantime, the AMPA receptor family has grown to
four members (GluR1-4), each encoded by a separate gene
(Hollmann and Heinemann 1994; Fig. 1). Generally, native
AMPA receptor channels are impermeable to Ca2+, except
those containing GluR2(Q), a particular variant of the
GluR2 subunit. Ca2+ permeability of AMPA receptor chan-
nels is determined by the posttranscriptional Q/R editing of
a single amino acid position located in the ion channel
domain of the GluR2 mRNA, changing glutamine (Q)
residue encoded in the genome to an arginine (R) (Sommer
and others 1991). Although the genomically encoded vari-
ant GluR2(Q) is Ca2+ permeable, the edited variant
GluR2(R) is not. As a result of the Q/R editing, almost all
of the GluR2 protein expressed in rodent CNS is in the
GluR2(R) form, producing Ca2+-impermeable AMPA
receptor channels. In embryonic CNS, however, editing is
not complete, generating a small fraction of Ca2+-perme-
able GluR2 variants (Bennett and others 1996; Pellegrini-
Giampietro and others 1997). Studies on knockout mice of
the GluR2 subunit demonstrated a ninefold increase in Ca2+

permeability in response to kainate application, suggesting
one possible mechanism for enhanced LTP. Mutant mice,
however, exhibited increased mortality. Surviving mice dis-
played an impaired motor coordination (Jia and others
1996). All AMPA receptor subunits exist as two splice vari-
ants, flip and flop, where an alternative splice cassette is
found at the C-terminal end of the extracellular loop
between transmembrane domains B and C. Alternative
splicing of AMPA receptors results in altered desensitiza-
tion kinetics (Partin and others 1995), which has been pro-
posed to contribute to synaptic plasticity. Functional
interdependence of AMPA and NMDA receptors is becom-
ing apparent from experiments where a transient synaptic
activation of NMDA receptors reliably induces an LTP-like
phenomenon, associated with an increase in the intensity
and number of synaptic AMPA-receptor clusters (Liao and
others 2001; Lu and others 2001). Upon induction by high-
frequency stimulation, LTP can lead to an NMDA receptor-
mediated influx of Ca2+ followed by an activation of
CaMKII. Indeed, induction of LTP appeared to increase
phosphorylation of GluR1 by CaMKII (Barria and others
1997; Barria and Malinow 2005). Recently, it was reported
that phosphorylation of the AMPA receptor subunit GluR1
is modulated during LTP and LTD (Castellani and oth-
ers 2001). This is consistent with murine knock-in
mutations where phosphomutant mice show deficits 
in LTD and LTP as well as memory deficits in spatial
learning tasks. These results demonstrate that phospho-
rylation of GluR1 is critical for LTD and LTP (Lee and 
others 2003).

598 THE NEUROSCIENTIST Molecular Insights into NMDA Receptor-Mediated Neuroprotection
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Kainate receptors. Kainate receptors form a structurally
related and pharmacologically distinct subgroup of gluta-
mate receptors that contributes to postsynaptic responses
and modulates presynaptic neurotransmitter release.
Kainate receptors form heteromeric assemblies of GluR5-
7 and KA-1/2 subunits (Herb and others 1992; Sakimura
and others 1992; Fig. 1). Resembling the AMPA receptor
subunits, kainate receptors also undergo both splice varia-
tion and RNA editing, giving rise to a large number of pos-
sible receptors that differ in their functional properties
(Chittajallu and others 1999). By domain swapping
between AMPA and kainate receptors, a characterization
of the pore domains of GluR7 and orphan subunits has
become possible on the background of the kainate recep-
tor GluR6 (Villmann and others 1997, 1999). The non-
functionality of the high-affinity kainate receptor subunit
KA2 has been attributed to an arginine-rich endoplasmatic
reticulum (ER) retention/retrieval motif and a di-leucine
endocytic sequence located in the C-terminus of the KA2
subunit (Ren and others 2003).

Orphan Members of the Glutamate 
Receptor Family

Delta subunits. Although NMDA receptors are associ-
ated with neuronal dysfunction in glutamate-mediated
CNS damage, as yet no spontaneous mouse mutant is
known, surprisingly. However, a close relative of the
NMDA receptor of obscure physiological function causes
neurodegeneration in mice. Delta 1 and delta 2 receptors
display significant homologies to other GluR subunits
(∼26%–30%), but neither delta 1 nor delta 2 form func-
tional ion channels when expressed alone or together with
other GluR subunits. Thus, both subunits have remained
orphan receptors with unknown natural ligands and
channel properties. Lurcher is a spontaneous, semidomi-
nant neurological mutation of the mouse. Heterozygous
mice (Lc/+) display ataxia resulting from apoptotic death
of cerebellar Purkinje cells during development. Neuro-
degeneration in Lurcher mice results from a constitutive
activation of delta 2. Positional cloning identified Lurcher
as G-to-A transitions that change a highly conserved ala-
nine to a threonine residue in the TMD B of the mouse
delta 2 glutamate receptor gene (Zuo and others 1997;
Wollmuth and others 2000; Kohda and others 2003;
Yuzaki 2004).

Kainate binding proteins (KBPs). These proteins form a
family of structurally related ionotropic glutamate recep-
tors isolated only from nonmammalian species (frog, gold-
fish, xenopus, duck, and chick). This protein family was
first identified on Bergmann glial processes. The
Bergmann glial kainate receptors have been proposed to
modulate the efficacy of the glutamatergic synapses
between parallel fibers and Purkinje cell spines, thereby
forming a glial machinery responsible for plastic changes
in synaptic transmission (Somogyi and others 1990; Ortega
and others 1991). Although they share transmembrane
structures with other glutamate receptors, kainate binding
proteins represent some exceptions to this rule. The overall

homology with other GluRs is ca. 38%. They carry a func-
tional ligand binding domain and bind kainate with very
high affinity (Wo and Oswald 1995a), but ligand binding
fails to induce channel opening. Transplantation of the ion
channel domain of these receptors into a functional GluR6
environment revealed that, indeed, kainate binding proteins
(KBPs) do have a functional ion channel domain (Villmann
and others 1997). The physiological role of these KBPs,
however, remains still enigmatic.

Topology of the NMDA Receptor Proteins:
Functional Domains as Target Sites of 
Ligand and Drug Action

Structural concepts for the NMDA receptor were derived
from paradigmatic studies on crystal structures of the extra-
cellular domains of non-NMDA receptors of the GluR fam-
ily, which, as pointed out before, share extensive homology
with primary structures of NMDA receptor subunits.
Evolutionarily, the GluR appears as a mosaic of domains
derived from various other proteins (Wo and Oswald
1995b), where each domain is responsible for a distinct
functional aspect, and all puzzle pieces together determine
the pharmacological profile of a receptor subtype (Fig. 2).
The large extracellular domains (i.e., the N-terminus and
the loop between TMD B and C), share high homology to
the amino acid binding proteins from bacteria, as LIVBP
(leucine-isoleucine-valine binding protein) and LAOBP
(leucine-arginine-ornithine binding protein). The LAOBP-
like domain is divided into two subdomains, S1 and S2,
which form the ligand binding core. The crystal structures
of these bilobed S1S2 domains were solved from the
GluR2, GluR5/6, and NR1 subunits (Armstrong and
Gouaux 2000; Furukawa and Gouaux 2003; Mayer 2005;
Naur and others 2005; Furukawa and others, 2005).
Common to all members of the glutamate receptor family
is the reentrant loop between TMDs A and B, which forms
the ion pore proper (Fig. 2).

Ligand Binding Domain

Classical NMDA receptors differ from other classical
neurotransmitter receptors in their strict dependence on
two amino acid agonists, where glycine serves as an
indispensable coagonist that sets the stage for the final
fast-acting agonist glutamate (Nakanishi and Masu 1994;
Dingledine and others 1999). Glutamate and its struc-
turally related agonists bind to a domain in the cleft of a
clamshell formed by S1 and S2 lobes (Kuusinen and oth-
ers 1995; Ivanovic and others 1998). Agonist binding is
thought to trigger a motion of the clamshell that directly
or indirectly gates the cation channel. Glutamate is
thought to stabilize a closed conformation of the two
lobes (Madden 2002; Qian and Johnson 2002; McFeeters
and Oswald 2004; Fig. 2). As a consequence, factors that
modulate clamshell domain closure also affect activation
and desensitization of the receptor and ion channel
(Armstrong and others 1998; Armstrong and Gouaux
2000). When the x-ray structure of the ligand binding
domain of NR1 was solved, it became apparent that the

Volume 13, Number 6, 2007 THE NEUROSCIENTIST 599
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architecture of the coagonist binding site closely resem-
bles the agonist domain (Furukawa and Gouaux 2003;
Inanobe and others 2005).

Agonist and coagonist domains. Ionotropic glutamate
receptor variants characteristically differ in agonist bind-
ing profiles, permitting a pharmacological classification
of their subtypes. In the presence of glycine, heteromeric
NMDA receptors show agonist responses in the order of
GLU (glutamate) > NMDA > QA (quisqualate) but are
not responsive to KA or AMPA (Figs. 4, 5). As a coago-
nist, glycine may be replaced by D-serine (Shleper and
others 2005), an important endogenous coagonist in the
telencephalon and cerebellum (Mothet and others 2000).
Agonist and coagonist domains appear to be distributed
over distinct subunits, NR1 comprises the glycine bind-
ing subunit, and NR2 subunits harbor the binding site for
the agonists. The general architecture of the ligand bind-
ing domain of the NR1 subunit was derived by analogy
from AMPA receptor subunit crystallization of the lig-
and binding core (Armstrong and others 1998;
Armstrong and Gouaux 2000). Recently, direct evidence
for a similar organization of the ligand binding domain
was obtained by solving the x-ray structure of the ligand
binding core of NR1 (Furukawa and Gouaux 2003;
Furukawa and others 2005; Inanobe and others 2005).
Full agonists (AMPA and glutamate) and partial ago-
nists (kainate) induce different extents of domain closure
of the AMPA receptor subunit GluR2. Studies on the
NR1 subunit showed that the agonists, glycine and D-
serine, as well as the partial agonist D-cycloserine favor
the same degree of domain closure of the S1S2
clamshell. These findings provide a paradigm for partial
agonist action that is distinct from that reported for the
related GluR2 (Armstrong and Gouaux 2000). The
recent increase in knowledge about structural determi-
nants of the ligand binding core of NMDA receptors

should allow the design of novel therapeutics in particu-
lar at the modulatory glycine binding site.

Glycine binding site. NMDA receptor ion channel
activation depends on the action of glycine on the NR1
coagonist binding site, sometimes also referred to as the
“glycineB” site (Fig. 4). In contrast to inhibitory glycine
receptors, binding of glycine to this site is strychnine
insensitive and of higher affinity. In physiological con-
centrations, it reduces one form of the rapid NMDA
receptor desensitization. Depending on the NR1 splice
variant incorporated, NMDA receptor subtypes differ in
their glycine affinities. Experimentally, however, this
property is difficult to assess, as homomeric NR1 sub-
units fail to form functional ion channels. In contrast to
the NMDA receptor variants containing NR2 subunits,
glycine alone suffices to trigger a burst of firing medi-
ated by receptor complexes composed of NR1 and NR3
subunits. These data from cerebrocortical neurons indi-
cate that NR3 subunits indeed constitute an excitatory
glycine receptor (Chatterton and others 2002).

Redox agents and pH regulation of NMDA receptor
function. Alterations in brain homeostasis, as encoun-
tered in ischemic conditions, exert pronounced effects
on neuronal activity. Neuronal responses mediated by
NMDA receptors are effectively altered by the redox
state of the extracellular space. Although disulfide-
reducing agents, including dithiothreitol (DTT), potenti-
ate NMDA-gated currents, sulfhydryl oxidants such as
5,5´-dithiobis(2-nitrobenzoic acid) (DTND), lipoic acid,
and pyrroloquinoline quinone reverse DTT action (Tang
and Aizenman 1993; Brimecombe and others 1997). As
analyzed in heteromeric receptors composed of the NR1
polypeptide and either NR2A, B, C, or D subunits, this
effect is mediated by defined amino acid positions.
Receptors are rendered insensitive to reducing agents

Fig. 4. Schematic cross section of the glutamate receptor. NMDA receptors are highly permeable for the divalent ion Ca++

but are blocked by Mg++ ions at resting potential. The binding sites for the agonists (glutamate and glycine) and the antago-
nists (ifenprodil, spermidine, APV) are extracellularly located. The ion channel pore can be blocked by either the high-affinity
blocker dizocilpine (MK-801) or the low-affinity blocker dextrometorphane. 7-Chlorokynurenate, a synthetic analog of the
endogenous metabolite kynurenic acid, is a potent and specific blocker at the glycine binding site.
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when cysteines 744 and 798 of the rat NR1 subunit are
mutated (Sullivan and others 1994). These cysteines
reside in a strategic position at the hinge of the ligand
binding cleft of the NR polypeptide. The oxidation state
of the disulfide bond determines the flexibility of this
hinge (Furukawa and Gouaux 2003). NMDA receptor-
mediated currents are also inhibited by protons with an
IC50 that corresponds to physiological pH (Traynelis and
Cull-Candy 1990). Likewise, even small changes in extra-
cellular pH exert pronounced effects on NMDA receptor
function. A scanning mutagenesis of the NR1 subunit
revealed a cluster of amino acids at the extracellular end
of TMD B and its adjacent linker to the S2 portion of the
glycine binding domain to act as a determinant of proton
sensitivity. Because the TMD B-S2 linker controls chan-
nel gating, it is hypothesized that proton sensor and the
receptor gate may be functionally integrated (Jones and
others 2002; Low and others 2003).

Exploring the Unresolved Territories: 
The ATD-LIVBP-Like Domain

The far N-terminus of the NMDA receptor subunits carries
a domain homologous to the bacterial binding protein for
LIVBP. Structurally, the LIVBP-like domain or ATD is
composed of the first 400 amino acids of the mature protein
(Wo and Oswald 1995b; Sutcliffe and others 1996; Fig. 2).
LIVBP-like domains are also found in other membrane
receptors, including the metabotropic glutamate and
GABAB receptors. Crystallographic studies on LIVBP-like
domains reveal a two-lobed structure with a central cleft
that opens or closes upon agonist binding (Kunishima and
others 2000). As evident from recombinant expression
experiments, the LIVBP-like domain is important for sub-
unit assembly of glutamate receptors during biogenesis

(Kuusinen and others 1999; Leuschner and Hoch 1999;
Ayalon and Stern-Bach 2001). In NR2 subunits, this
domain modulates ion channel function and desensitization
behavior (Madden 2002; Herin and Aizenman 2004). In a
detailed study on the assembly of chimeric AMPA receptor
subunits, it was shown that the LIVBP-like domain requires
additional regions of the receptor to interact with to form
stable oligomers (McIlhinney and others 2003).

Homology modeling of the LIVBP structure modeled
the ATD of the NR2A subunits as two globular domains
separated by a central cleft. In this model, both of the
globular lobes are composed of β-sheets surrounded by
α-helices. Two clusters of zinc-binding residues were
determined facing each other across the central cleft.
Upon zinc binding, both lobes close tightly around the
divalent cation. Thus, the ATDs of the NR2 subunits
appear to bind modulatory compounds in the cleft of a
clamshell-like structure (Paoletti and others 2000).

Antagonists. Under physiological conditions, NMDA
receptors are modulated by a variety of endogenous
agents (McBain and Mayer 1994). The ATD of NMDA
receptors is targeted by these modulatory agents, includ-
ing zinc, polyamines, sulfhydryl- reducing agents, oxidiz-
ing agents, and protons (Aizenman 1994; Traynelis and
others 1995; Wo and Oswald 1995b; Sutcliffe and others
1996; Brimecombe and others 1997; Paoletti and others
1997; Williams 1997; Zheng and others 2001; Fig. 4).

Ifenprodil and derivatives. Ifenprodil is a polyamine 
that exerts a pronounced inhibitory effect on NMDA recep-
tors, depending on the subunit composition of the NMDA
receptor isoforms. The action of ifenprodil is incomplete
and noncompetitive and dependent on pH (Mott 
and others 1998). A similar effect has been reported for

Fig. 5. Chemical structure of the major agonists and antagonist of the NMDA receptor.
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cyanide (Williams 1993; Arden and others 1998; Masuko
and others 1999). In particular, ifenprodil and other
phenylethanolamines inhibit the responses of NMDA
receptor isoforms containing the NR2B subunit that car-
ries the binding site (Brimecombe and others 1998;
Masuko and others 1999; Paoletti and others 2000; Perin-
Dureau and others 2002). Swapping the ATD from the
ifenprodil-sensitive NR2B to the ifenprodil-resistant
NR2A subunit generated NR1/NR2A isoforms, which
display the same ifenprodil binding properties as found in
NR1/NR2B receptors. Recently, it was proposed that the
desensitization of NR1/NR2B receptors by ifenprodil
could be due to an allosteric interaction between the ATD
and the ligand binding domain of the NR2B subunit sim-
ilar to the desensitization of NR1/NR2A receptors
induced by zinc (Zheng and others 2001). Resembling the
model of Zn2+ binding, ifenprodil is thought to act via
binding sites located in a cleft between two lobes of the
respective NR2B amino terminal domains (“Venus fly-
trap”), thereby promoting cleft closure (Hatton and
Paoletti 2005). Triheteromeric NR1/NR2A/NR2B recep-
tors retain ifenprodil sensitivity, but the degree of inhibi-
tion depends on the occupancy of the Zn2+ binding site in
the NR2A neighborhood and therefore on endogenous
Zn2+. These findings are important for the therapeutic
potential of ifenprodil in vivo, given the neuroprotective
effect of this substance (Kemp and McKernan 2002). In
addition, the effect of ifenprodil is strongly modulated by
the NR1 polypeptide. Masuko and others (1999) identi-
fied residues in NR1 that exert a 50-fold effect on the sen-
sitivity of NR1/NR2B receptors to ifenprodil. Possibly,
the NR1 subunit is important for stabilizing the binding
site of the NR2B polypeptide through steric interactions.

Zinc. NMDA receptors display a dual mechanism of
inhibition by Zn2+. Depending on the subunit composition
of the receptor complex, both a voltage-independent and a
voltage-dependent inhibition are observed. Zinc inhibition
is involved in the fast desensitization of NR1/NR2A recep-
tors due to the high-affinity zinc binding site in the ATD of
NR2A (Chen and Lipton 1997; Chen and others 1997;
Krupp and others 1998; Zheng and others 2001). All of the
NMDA receptor variants analyzed display a voltage-
dependent Zn2+ inhibition that is dictated to amino acid
residues situated in the pore-forming domain. The affinity
of voltage-independent Zn2+ inhibition is largely deter-
mined by the NR2 subunit variant analyzed. In recombi-
nant expression experiments, the affinity for Zn2+

was about 50-fold higher with NR1/NR2A receptor com-
plexes than with NR1/NR2B heteromers (McBain and
Mayer 1994; Chen and others 1997; Paoletti and others
1997). When high-affinity Zn2+ inhibition of NR1/NR2A
receptors was analyzed, a voltage-independent block 
was observed, amounting to 40% block of the peak cur-
rent. To define the structural basis of Zn2+ dependency of
fast desensitization, potential Zn2+ binding residues
located in the amino terminal domain of NR2A were
mutated and found to eliminate this process. Mutations of
histidine residues in the NR2A subunits NR2A(H44G)
and NR2A(H128A) not only decrease the affinity of
NR1/NR2A receptors for Zn2+ but also reduce the 

degree of desensitization (Zheng and others 2001). A 
cysteine scan (i.e., the substitution of amino acids 
situated in the amino terminal domain of NR2A by cys-
teines) demonstrated that the presence of Zn2+ pro-
tects these cysteines introduced within the cleft against
chemical modification by the cysteine-modifying agent 
2-trimethylammonioethylmethane thiosulfate (MTSET).
This observation assigns the determinant of Zn2+ binding
to the ATD (Paoletti and others 2000). Previous work sug-
gested that the fast desensitization of NR1/NR2A ion
channel complexes results from a positive allosteric inter-
action between an extracellular Zn2+ binding amino termi-
nal domain and the glutamate binding domain of the
NR2A subunit. In a recent model proposed by Paoletti and
others (2000), this allosteric coupling was attributed to
interactions between two modulatory lobes of the NR2A
subunit, forming a tandem of Venus flytrap domains.
Accordingly, the high-affinity Zn2+ site is formed by two
lobes connected by a hinge with the Zn2+ binding residues
facing each other across the central cleft (Paoletti and oth-
ers 2000). The affinity of Zn2+ for its binding site appears
to be regulated by glutamate but not by glycine binding.
Likewise, channel pore opening appears to be unaffected
by Zn2+ (Erreger and Traynelis 2005). Moreover, Zn2+

inhibition of NR1/NR2A heteromers is proton dependent
(Choi and Lipton 1999; Zheng and others 2001). This is
consistent with the tandem flytrap mechanism, as those
amino acid substitutions in the cleft of the ATD that have
the most effect on Zn2+ affinity also effectively modulate
proton dependency of Zn2+ binding. This suggests that a
Zn2+ binding residue is either protonated or that Zn2+ bind-
ing domains interact functionally with proton-sensitive
elements (Low and others 2003).

Although most functional studies were performed on
diheteromeric NMDA receptor complexes, little is
known about the potential formation and function of tri-
heteromeric complexes. Taking advantage of a combina-
tion of point mutations in the N-terminal domains of the
Zn2+-sensitive NR2A and the ifenprodil-sensitive NR2B
subunits, the sensitivity of triheteromeric NMDA recep-
tors to allosteric modulators was defined. Compared to
their diheteromeric counterparts, triheteromeric recep-
tors show a reduced inhibition by modulators, be it zinc
or ifenprodil. Receptors with one open and one closed
NR2-ATD have only partial access to the downstream
inhibitory machinery (Hatton and Paoletti 2005).

Polyamines. Spermine and some other polyamines exert
multiple modulatory effects on NMDA receptors (Fig. 4).
Spermine potentiates NMDA currents in the presence of
saturating glycine concentrations (glycine-independent
stimulation) by increasing the frequency of channel open-
ing and decreasing the desensitization. In contrast,
glycine-dependent stimulation involves an increase in
glycine affinity of NMDA receptors. When present in the
extracellular space, spermine mediates an inhibitory effect
that is strongly voltage dependent and may be due to a fast
open-channel block (Williams 1997).

Stimulation by spermine is dependent on the NR1 splice
variant of the NMDA receptor complex. The GRIN1 gene,
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encoding the NR1 receptor subunit, gives rise to numerous
splice variants, which respond differently to spermine.
Those splice variants containing the amino acid sequences
encoded by exon 5, such as the NR1b subunit, are not
potentiated by spermine, whereas NR1a variants show
glycine-independent stimulation. The magnitude of cur-
rents mediated by NMDA receptor channels containing
either NR1a or NR1b splice variants does not significantly
differ, implying that an unliganded exon 5, as contained in
NR1b, mimics the action of spermine. Indeed, the amino
acids encoded by exon 5 are predicted to form a surface
loop that acts as a tethered modulator of receptor function
via binding near the polyamine recognition site, thereby
potentiating receptor function (Traynelis and others 1995).

The Ion Channel Pore

In the NMDA receptor isoforms composed of NR1 and
NR2 subunit variants, simultaneous occupation of the glu-
tamate and glycine binding domains by agonists is
required for ion channel opening. In contrast, glycine
binding suffices for ion channel activation of NMDA
receptor isoforms containing NR1/NR3 polypeptides
(Chatterton and others 2002). In the polymeric NR1/NR2
receptor complex, occupation of a glutamate binding site
in one subunit results in a subunit-specific gating event.
As occupation of each binding site is dependent on the
others, this mechanism is consistent with a cooperative
effect in full gating of the channel. Individual NMDA
receptor variants are characterized by ion channel proper-
ties: gating is associated with a fast and a slow kinetic
component, where the fast component has been related to
the efficacy of glycine site (NR1) agonists. In contrast, the
slower component is affected by the respective NR2 sub-
unit variant that carries the glutamate binding site (Banke
and Traynelis 2003; Gibb 2004).

In heteromultimeric NMDA receptors, NR1 and NR2
polypeptides contribute differently to the structure of the
ion channel. The narrow constriction in the NMDA recep-
tor channel is formed by a nonhomologous asparagine
residue in NR1, the so-called N site of the NR1 polypep-
tide. This site interacts with two asparagine residues
located in the homologous N and N + 1 positions of the
adjacent NR2 subunits. Like the other glutamate recep-
tors, NMDA receptors are permeable to the monovalent
cations K+ and Na+ (Fig. 2). The asymmetry of the ion
pore has been associated with the ion channel selectivity
for divalent cations (i.e., NMDA receptors are permeable
to Ca2+ but not Mg2+ ions). This selectivity has important
functional consequences. The lack of permeability of the
NMDA receptor channel to Mg2+ is essential for the 
voltage-dependent Mg2+ block (Qian and Johnson 2002;
Wollmuth and Sobolevsky 2004). The Mg2+ block also
depends on interaction of the monovalent ion K+ and Na+

with the pore (Zhu and Auerbach 2001).
NR3 subunit variants are efficient modulators of ion

channel properties. As compared to the coexpression of
NR1 or NR2 subunits, the trimeric coexpression of NR1/
NR2/NR3A subunits decreases both single channel con-
ductance and Ca2+ permeability of the NMDA receptors

generated. In particular, the channel conductance shows a
fivefold decrease in NR1/NR2A/NR3A heterotrimers as
compared to NR1/NR2A alone, associated with longer
open times (Das and others 1998; Perez-Otano and others
2001). A similar reduction in Ca2+ permeability was
observed when NR3B was exogenously transfected into
hippocampal neurons that endogenously express NR1 and
NR2A subunits (Matsuda and others 2003).

Dizocilpine, memantine, and related agents. The cation
pore of the NMDA receptor is also sensitive to blockage
by noncompetitive antagonists, including MK801
(dizocilpine), memantine, and ketamine (Figs. 4, 5).
MK801 acts as an open-channel blocker of NMDA recep-
tors, exerting an irreversible mode of action (Fig. 5). In
contrast, native AMPA/KA receptors are resistant to
MK801. In a position corresponding to the N site of
NMDA receptor subunits, AMPA/KA receptors carry a
glutamine or arginine residue. Conversion of the N site of
the NR1 subunit into a corresponding glutamine or argi-
nine yields MK801-resistant NMDA receptor channels
(Sakurada and others 1993), indicating that MK801
blocks the narrowest part of the ion channel, its selectiv-
ity filter. Memantine is an uncompetitive antagonist at
glutamatergic NMDA receptors that produces a low-
affinity voltage-dependent block. As it binds to the
NMDA receptor with a higher affinity than Mg2+ ions,
memantine is able to inhibit the prolonged influx of Ca2+

ions, which underlies neuronal excitotoxicity. Memantine
and ketamine are in clinical use for symptomatic therapy
of Alzheimer’s disease (Lipton 2005).

Ethanol. Ethanol rapidly and reversibly inhibits the
NMDA-evoked currents on heteromeric NMDA recep-
tors. Inhibition by ethanol is independent of the glycine
concentration used (1–100 µM). As ethanol was without
significant effect on the EC50 for glycine, it does not act
as a competitor at the glycine site. Action of ethanol is
voltage independent and does not significantly alter the
magnesium block. However, the sensitivity of the
NMDA receptor to ethanol is reduced when the NR1
subunit is mutated into N616R or N616Q at the ion-
selective N site (Burnashev and others 1992). Various
NMDA receptor subunit combinations differ in ethanol
sensitivity, as demonstrated for NR1/NR2C heteromers
that are less sensitive to ethanol than NR1/NR2A or
NR1/NR2B complexes (Gonzales and Woodward 1990;
Dildy-Mayfield and Leslie 1991; Woodward 2000).

The C-terminus and the Intracellular Anchoring 
of the Postsynaptic Receptor Complex

Transmembrane domain C and the intracellular C-terminus
of NMDA receptor subunits mediate synaptic protein-
protein interaction and serve as determinants of receptor
trafficking and turnover (Scott and others 2001; Fig. 2).
The C-terminal domain undergoes phosphorylation by
various kinases, such as CaMKII and casein kinase 2
(CK2) (Bayer and others 2001; Chung and others 2004).
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In many brain regions, Ca2+ entry through postsynaptic
NMDA receptors and the subsequent activation of
CaMKII trigger synaptic plasticity. Active CaMKII
binds to NR2 subunit polypeptides with different affini-
ties, where the binding site of the catalytic domain of
CaMKII has been mapped to the far C-terminus (Bayer
and others 2001). However, the physiological role of this
interaction is not well understood. Recent studies on
CaMKII suggest that the switch from NR2B to NR2A in
synaptic NMDA receptors observed in many brain
regions contributes to reduced plasticity by controlling
the binding of the active enzyme (Barria and Malinow
2005; Merrill and others 2005). Contradictory results
exist for NMDA receptor subtypes responsible for
inducing LTP and LTD (Liu and others 2004; Berberich
and others 2005).

Membrane insertion and postsynaptic targeting of
NMDA receptors during biogenesis is primarily mediated
by interactions between transmembrane region C, the 
C-termini of NMDA receptors, and the PDZ family pro-
teins such as PSD95/SAP90 and SAP102 (Chung and oth-
ers 2004). In contrast to the N-terminus of NMDA
receptors, C-terminal sequences do not contribute to sub-
unit oligomerization (Meddows and others 2001;
McIlhinney and others 2003). The ER retention of NR1
subunits in heterologous cells and neurons depends on the
alternative splicing of the C-terminus, as shown by divid-
ing the C-termini of the four NR1 splice variants into cas-
settes C0, C1, C2, and C2´. The C1 cassette of NR1 was
found to harbor an ER retention signal (RRR) resembling
the RXR motif present in adenosine triphosphate
(ATP)–sensitive K+ channels. Here, the retention of single
subunits is masked by an interaction between subunits that,
in turn, allows the receptor complex to exit from the ER
(Zerangue and others 1999). If the C2´ cassette harboring
a PDZ binding domain is present in NMDA receptor sub-
units, the receptor complex is able to reach the cell surface
during biogenesis. Apparently, the C2´ cassette overrides
the C1 retention signal. Accordingly, a mutation deleting
the PDZ binding domain (∆VSTVV) from C2´ prevents
surface expression of receptors (Standley and others 2000;
Holmes and others 2002). The ER retention of NR2 sub-
units does not appear to depend on a single motif. In addi-
tion to three putative ER retention signals (KRRK, KKR,
and RRR), present in the amino acid segment from Tyr-
1070 to His-1119 (numbers refer to NR2B), a conserved
segment immediately following TMD C (HLFY) was
identified as an element responsible for the release of the
assembled receptor from the ER (Hawkins and others
2004). Although the NR3A and NR3B subunits consider-
ably differ in their C-termini, the regions between amino
acid positions 952 to 985 share similar sequence homol-
ogy and contain RXR motifs responsible for ER retention.
The presence of an NR1 subunit appears to be required for
targeting NR3 subunits to the plasma membrane (Perez-
Otano and others 2001; Matsuda and others 2003). These
data show that splice variation of NMDA receptor sub-
units is an important regulator of intracellular interactions,
including those with PDZ binding proteins.

Pathogenesis of CNS Disorders and the
Potential Benefit of NMDA Receptor
Modulation

Cerebral ischemia, brain trauma, and inflammation have
been associated with increased extracellular glutamate
levels, resulting in an excessive activation of NMDA
receptors (Leker and Shohami 2002; Bramlett and
Dietrich 2004). This condition of NMDA receptor activa-
tion is thought to result in excitotoxicity, where high con-
centrations of the physiological neurotransmitter elicit
neuronal dysfunction or even cell death. Excitotoxicity has
initially been worked out in primary neuronal cell cultures,
where exposure to glutamate produces key features of in
vivo excitotoxicity, including swelling of the cells due to
Na+ entry and the final cell death dependent on Ca2+ entry
into the cell. In the model of glutamate as an inducer of
apoptotic cell death, mitochondria play an important role
by mediating multiple steps of excitotoxicity, including an
initial bioenergetic collapse that triggers the ischemic
release of glutamate. This event is followed by Ca2+ enter-
ing through NMDA receptor channels, generating reactive
oxygen species (ROS) and thereby triggering the apoptotic
signal cascade (Nicholls and Budd 2000). Following
stroke or brain trauma, neurons residing in the damaged
core region are thought to release glumatate, which then
overactivates surrounding neurons in an area called the
penumbra (Fig. 6). Overactivity of excitatory pathways is
also observed in other disorders, including epilepsy and
neuropathic pain. Likewise, excess of glutamate has been
proposed to contribute to neurodegenerative diseases such
as Alzheimer’s (AD), Parkinson’s, or Huntington’s dis-
eases, playing a secondary role by sensitizing neurons to
excitotoxic damage. Based on the pathogenic concept of
an overactivation of the excitatory pathways, NMDA
receptors had been a longstanding therapeutic target for
rational drug design (Parsons and others 1998; Kemp and
McKernan 2002). Following an initial excitement, how-
ever, skepticism prevails. Many of the newly generated
NMDA receptor antagonists that efficiently block the
excitatory pathways in experimental models failed to elicit
significant therapeutic effects in humans (Ben-Abraham
and Weinbroum 2000; Temkin and others 2001;
Ikonomidou and Turski 2002).

Ischemia, Trauma, and Epilepsy: Conditions of
Acute Cell Loss

Ischemic stroke. Ischemic stroke is among the leading
causes of death and disability worldwide. Ischemia results
from an interruption of the cerebral blood supply, due to an
occlusion of extra- and intracerebral blood vessels, cardiac
arrest, or other causes affecting brain perfusion. Ischemic
brain damage is a result of hypoxia (i.e., an insufficient
supply of oxygen) and hypoglycemia (i.e., a depletion of
glucose levels). Under these conditions of impaired energy
supply, affected neurons depolarize, releasing glutamate
and other neurotransmitters (Palmer 2001). The excessive
release of glutamate, in turn, leads to an overactivation 
of NMDA receptors in adjacent neurons, resulting in a
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massive increase in intracellular Ca2+ concentrations.
Ischemia triggers a cascade of interacting responses that
finally lead to excitotoxic cell death. Starting from its ini-
tial focus, the ischemic process continuously spreads to the
periphery, also affecting the surrounding tissue in an area
called the penumbra (Fig. 6). As glutamate is an essential
mediator of neuronal cell death in this model, specific
receptor blockers are thought to selectively interrupt
postischemic excitotoxicity. As a consequence, high hopes
had been associated with the design of novel NMDA
receptor antagonists, including selfotel, aptiganel, and
gavestinel (Omae and others 1996; Wood and Hawkinson
1997; Farin and Marshall 2004; Wood 2005). The efficient
chemical design of these antagonists yielded excellent lig-
and binding properties at the glycine site of the NMDA
receptor. Even more, these compounds proved to be highly
effective neuroprotectants under experimental conditions.
In the hippocampus model of the rat, administration of
these and other NMDA receptor antagonists prevents
death of neurons induced by ischemia. Under conditions of
global ischemia, neuronal death primarily affects pyrami-
dal cells of the dorsal CA1 area. Within this area, a signif-
icant decrease of NR2A/NR2B receptor complexes, but
not NR1 transcripts, was observed (Gass and others 1993;
Zhang and others 1997). In animal stroke models induced
by the occlusion of the middle cerebral artery, several
antagonists proved to be effective in reducing neuronal cell
death, consistent with the distribution of NMDA receptors.
In particular, the NMDA receptor antagonist MK801 and
the AMPA receptor antagonist NBQX are able to reduce
the extent of cerebral damage (Table 1). When adminis-
tered immediately after arterial occlusion, effectiveness
was highest, and it was less effective in aged than in young
animals (Suzuki and others 2003).

In contrast to the promising situation in animal models,
however, clinical trials have been disappointing.
Discouraging observations started to accumulate as, one
by one, the clinical trials on these drugs failed due to
adverse CNS effects (Albers and others 1999; Morris and
others 1999; Davis and others 2000; Ikonomidou and
Turski 2002; Kemp and McKernan 2002). The discrep-
ancy between advantageous experimental and clinical
studies has been attributed to both a poor relevance of the
animal models to the human clinical situation and an inap-
propriate design of the clinical trials (Hoyte and others
2004). Most of these studies attempted to modulate the
early events of ischemic brain damage, including the ini-
tial phase of excessive glutamate receptor activation.
Although being beneficial for the initial phase of brain
damage, however, antagonizing NMDA receptors may
also exert adverse effects during brain regeneration. As a
consequence, high-affinity antagonists may have hindered
endogenous mechanisms supporting neuronal survival and
regeneration (Ikonomidou and Turski 2002). Indeed, a
delayed application of NMDA antagonists appears to sup-
press neurogenesis, as triggered by focal ischemia in the
hippocampus (Arvidsson and others 2001). Apparently,
the difficult task in neuroprotective therapy lies in the short
window of opportunity for therapeutic intervention after
ischemia. Yet, new signs of hope appear over the horizon:
novel strategies take advantage of combination therapies
covering the time course of a stroke—for example, by
combining glutamate receptor modulators with antioxi-
dants as well as antiapoptotic and anti-inflammatory
agents (Gladstone and others 2002).

Trauma. A rapid increase in extracellular glutamate is also
observed following traumatic brain injury (Ikonomidou and

Fig. 6. Cascade of interacting responses leading to excitotoxic cell death after ischemia. Cerebral ischemia has been
associated with increased extracellular glutamate levels, resulting in an excessive activation of NMDA receptors. Following
primary lesions, the ischemic process continuously spreads to the periphery, also affecting the surrounding tissue.
Glutamate, the essential mediator of neuronal cell death in this model, leads to an overactivation of surrounding neurons
in an area called the penumbra. Specific receptor blockers of the NMDA receptor are thought to selectively interrupt the
excitotoxic process after ischemia.
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others 2000). Partially resembling the situation in the
ischemic brain, trauma is also associated with serious per-
turbations of energy homeostasis and a significant rise in
extracellular glutamate levels. Following trauma, persistent
elevation in the extracellular glutamate concentration has
been observed to be neurotoxic, offering an opportunity for
delayed therapy with NMDA antagonists (Ikonomidou and
others 2000). In animal studies on traumatic brain injury,
pretreatment with NMDA channel blockers, but not by
competitive glutamate antagonists, and AMPA receptor
antagonists is neuroprotective. Cortical damage in the infant
rat was reduced by pretreatment with MK801 (Ikonomidou
and Turski 1996). Disappointingly, however, all clinical
trails employing NMDA antagonists had been considered
unsuccessful by 2001. This conclusion has, however, been
reconsidered as the fact that glutamate could also preserve
endangered neurons in the long term was ignored (Clausen
and Bullock 2001). Moreover, NMDA antagonists, when
given prior to a traumatic injury, effectively prevented neu-
ronal death (Ikonomidou and others 2000).

Epilepsy. Despite their clinical and etiological hetero-
geneity, epileptic seizures share an underlying process of
uncontrolled neuronal excitability, particularly affecting
the hippocampus and temporal lobes. Epileptic seizures
result from an imbalance of neuronal excitation, primarily
mediated by glutamate, and inhibition, predominantly
mediated by GABA receptors or voltage-gated potassium
channels. Given the critical role of ionotropic glutamate
receptors during seizures, antagonists of this receptor
class are powerful anticonvulsants. Thus, blockade of
NMDA receptors may reduce damage from prolonged
seizures, resulting in partial neuroprotection (Brandt and
others 2003). Considering the role of NMDA receptors in
long-term plasticity, NMDA receptors may also con-
tribute to the initiation or maintenance of the epileptic
state. Studies using the kindling model of partial complex
seizures in rats demonstrated the inhibition of seizure
development by NMDA receptor antagonists (Honack
and Loscher 1995). Although MK801, phencyclidine,
aptiganel, ketamine, dextrorphan, felbamate, and
remacemide exhibit anticonvulsant effects, none of these
agents promises to be superior to established anticonvul-
sants. Established anticonvulsant drugs include phenobar-
bital, phenytoin, dilantine, and carbamazepine, none of
which has been associated with glutamatergic mecha-
nisms. On the other hand, NMDA receptor antagonists
promise a potential neuroprotective effect, although clini-
cal trials have been unsuccessful to date, possibly due to
their narrow windows and side effects.

Neurodegeneration: Alzheimer’s Disease,
Amyotrophic Lateral Sclerosis, and Glaucoma

Neurodegenerative diseases, including Alzheimer’s,
Parkinson’s, and Huntington’s diseases, as well as amy-
otrophic lateral sclerosis (ALS) are characterized by a
progredient decay of neurons, resulting in loss of mem-
ory and/or motility. Although each of these diseases has

its own characteristics, they predominantly affect per-
sons of middle or older age, gradually progressing and
finally resulting in premature death. Although resulting
in blindness, glaucoma shares many pathological char-
acteristics of a neuropathy. Neuronal death begins long
before a patient experiences symptoms of the disease.
The mechanisms triggering neuronal death are diverse
but share the final pathways of cell death. Different fac-
tors may contribute to cell death: (1) excitotoxicity, (2)
cellular calcium overload, (3) mitochondrial dysfunction/
metabolic failure, or (4) oxidative stress.

Alzheimer’s disease. Starting from the entorhinal cortex
and hippocampus, pathological alterations spread to corti-
cal regions, coinciding with a progressive and age-related
deficiency in learning and memory. In these CNS regions,
glutamatergic neurons are primarily affected by the dis-
ease (Francis 2003). In addition to the pathological hall-
marks of Alzheimer’s disease, including neurofibrillary
tangles and senile plaques associated with β-amyloid, neu-
ronal cell loss is a prominent feature of this disorder.
Recently, a new mechanism was reported where β-amyloid
induces the endocytosis of NMDA receptors (Snyder and
others 2005). The composition of the NMDA receptor pro-
tein complexes appears to differ between unaffected per-
sons and Alzheimer disease cases. In contrast to the NR2A
isoform, NR1 and NR2B levels are decreased in human
postmortem brains in Alzheimer’s disease (Mishizen-
Eberz and others 2004). In rodents, studies also show an
age-related decline of glutamate receptor mRNA levels.
Among these, NMDA receptors are more prominently
affected than AMPA receptor subunits (Mishizen and
Ikonomovic 2001). In particular, changes in NMDA recep-
tor mRNA levels show a steeper decline with age than
NMDA receptor ligand binding at both the glutamate and
the glycine sites. Loss of cholinergic inhibition can be par-
tially compensated by therapy with acetylcholine esterase
inhibitors (Munoz-Ruiz and others 2005). By analogy,
enhancing glutamatergic transmission was even discussed
as a therapeutic option in Alzheimer’s disease. Key to this
approach is the delicate balance between underactivation
of NMDA receptors, associated with cognitive dysfunc-
tion, and glutamatergic overactivation resulting in excito-
toxic cell death. Given the key role of NMDA receptors for
learning and memory, strategies for therapeutic enhance-
ment of glutamatergic transmission were developed.
Compounds acting at the glycine binding site, including
D-cycloserine, however, failed to detectably improve cog-
nitive function in Alzheimer’s patients (Falk and others
2002; Laake and Oeksengaard 2002).

Conversely, slowing down the neuronal degeneration
associated with Alzheimer’s disease may offer an alterna-
tive therapeutic approach. In Alzheimer’s disease, lack of
transmitter inactivation due to a reduction of glutamate
transporters has been proposed to aggravate the disease
(Lynch and Guttmann 2002; Fiskum and others 2003). The
impairment of glutamate transporters may increase the risk
of excitotoxic injury, resulting in an overactivation of
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NMDA receptors and an unregulated influx of Ca2+ into
the cell. Contrasting this hypothesis, however, NMDA
antagonists, including dizocilpine and cerestat (Table 1),
failed to slow the progression of the disease. Rather, these
drugs displayed unwanted actions, including cognitive
and psychological dysfunction. As a representative of a
new class of Alzheimer’s disease drugs, memantine acts
as an NMDA receptor ion channel blocker of moderate
affinity (Scarpini and others 2003). It interacts rapidly and
in a voltage-dependent manner with the ion channel
(Chen and Lipton 1997, 2005; Lipton 2004). In experi-
mental systems, memantine inhibits the prolonged influx
of Ca2+ ions underlying neuronal excitotoxic mechanisms.
Treatment results in an improvement in the cognitive, psy-
chological, and motor impairments associated with the
disease (Reisberg and others 2006).

Amyotrophic lateral sclerosis. This rapidly progressive,
invariably fatal disease is characterized by a loss of corti-
cal neurons involved in the control of voluntary muscles
(McGeer and McGeer 2005). Mutations in the gene of
superoxide dismutase (SOD1) are associated with variants
of familial ALS. This enzyme is a powerful antioxidant
that protects the body from damage caused by free radi-
cals. As another risk factor, glutamate has been discussed
as ALS patients show elevated serum and spinal fluid lev-
els of glutamate. In mouse studies, neurons begin to die off
when exposed to excessive amounts of glutamate over
longer periods. Although there is no cure for ALS, riluzole
(Rilutek®) has been approved as the first drug for treatment
of this disease. Riluzole is thought to reduce damage to
motor neurons by decreasing the presynaptic release of
glutamate. Clinical trials showed that riluzole prolongs
survival of ALS patients by a few months, mainly in the
bulbar variant associated with a difficulty in swallowing.
However, riluzole fails to reverse the damage to the
affected motor neurons. Besides riluzole, rasagiline is an
antiapoptotic compound with neuroprotective potential. In
several mouse studies on ALS in mice, neuroprotection
was demonstrated by a combination of rasagiline, which
inhibits the monoaminoxidase type B, with the glutamate
release blocker riluzole and other drugs (Kriz and others
2003; Waibel and others 2004). Thus, a therapy that com-
bines drugs with different mechanisms may be promising
for the neuroprotective strategies in ALS.

Glaucoma. Glaucoma is characterized by a chronic loss
of retinal ganglion cells resulting from an apoptotic cell
death of unknown cause (Kerrigan and others 1997;
Quigley 1998; Halpern and Grosskreutz 2002). Potential
glaucoma pathogens include an increased intraocular pres-
sure associated with an impairment of microcirculation.
However, damage of retinal ganglion cells may as well be
secondary to toxic factors accumulating in the glaucoma-
tous eye, including a synaptic accumulation of the excito-
toxic transmitter glutamate (Martin and others 2002).
Along this line, release of glutamate may reflect an
ischemic condition associated with a reduced perfusion of
retinal vessels due to an increase in intraocular pressure.
Experimental ischemia indeed induces enhanced release of

neurotransmitters, such as glutamate, in the retina
(Osborne and others 1995, 2006). The increase in synaptic
glutamate may lead to an activation of NMDA receptors,
followed by a signal cascade of increased Ca2+ influx, for-
mation of reactive oxygen species, and, finally, neuronal
apoptosis (Sucher and others 1997; Becker 1999). The ini-
tial hypothesis of a mere correlation between the density of
NMDA receptors expressed by a cell type and its vulnera-
bility was not confirmed for retinal ganglion cells in glau-
coma (Kalloniatis and others 2004). Moreover, some
researchers failed to correlate the distribution of glutamate
receptor subunits NR1 and GluR2 in the retina of
macaques with neurons vulnerable to experimental glau-
coma (Hof and others 1998). As an alternative model, a
coupling of retinal cell death to a loss of distinct NMDA
receptor subunits was postulated but not yet confirmed
(Colonnese and others 2005). Neuroprotective strategies,
such as the application of NMDA receptor antagonists,
prevent the loss of retinal ganglion cells in experimental
paradigms of glaucoma (Weber and others 1995; Sucher
and others 1997). Effective drugs include NMDA antago-
nists, such as the channel blockers MK801 and meman-
tine, as well as the nonopioid analgesic flupirtine (Osborne
and others 1998). Although these findings offer intriguing
promises for an effective treatment of the glaucomatous
ganglion cell loss, the experimental paradigms used do
hardly reflect the chronic course of this blinding disease.
Still, therapies protecting neurons against glutamate toxic-
ity may finally prove useful in the management of glau-
coma (Osborne and others 2006).

Pain. Painful sensation frequently results from a stimu-
lation of C-fiber afferents to the spinal cord, evoking the
release of excitatory amino acids and neuropeptides
(Ossipov and others 2000). Acute noxious stimuli are
relayed through the spinal pathways and give an accurate
report of pain sensation to higher centers. This process is
primarily mediated by fast-acting AMPA receptors.
Continued or more intense stimulation increases the activ-
ity in the primary afferent pathways, resulting in the
release of pain peptides such as substance P (Ossipov and
others 2000). The release of peptide transmitters onto
spinal neurons evokes postsynaptic potentials sufficient to
relieve the Mg2+ block of the NMDA receptor channel.
The resultant influx of Ca2+ ions leads to a state of hyper-
excitation that, in turn, produces an increased response to
further stimuli. This process, called the “NMDA receptor
windup,” was demonstrated in an in vivo rat model, where
it underlies central hypersensitivity and transformation of
acute into chronic pain (Herrero and others 2000; Palmer
2001). One of the compounds, which initially appeared
promising to reduce the “windup” state, was the NMDA
receptor antagonist dextromethorphan. Although animal
studies demonstrated that dextromethorphan exerts fewer
side effects than other NMDA antagonists, this drug was
of limited efficiency in humans (Wong and others 1999).
Recent work has defined novel targets for the treatment of
neuropathic pain: NMDA receptor ligand binding
domains, such as the glycine and glutamate NR2B bind-
ing sites (Parsons 2001; LoGrasso and McKelvy 2003).
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Preclinical data were encouraging as some NR2B and
glycine site antagonists showed efficacy in animal mod-
els. For the glycine site antagonist GV196771A, an anti-
hyperalgesic activity was predicted as this compound
exhibited an elevated affinity for the NMDA glycine bind-
ing site and suppressed the spinal windup activity
(Quartaroli and others 1999, 2001). Yet, the preclinical
promise of GV196771A did not hold in the clinical treat-
ment of neuropathic pain (Wallace and others 2002).

Several studies in mice demonstrated the potential of
NR2B subunits as antinociceptive drug targets. Studies on
heterozygous NR2B+/– mice demonstrated exaggerated
nociceptive responses in the hot plate and tail-flick tests,
indicating an important role of the NR2B subunit in the
regulation of acute nociceptice responses (Wainai and
others 2001). Using genetic manipulation of forebrain
NMDA receptors, overexpression of NR2B in pain-
related forebrain areas did, however, not affect acute noci-
ception, as evident from tail-flick response latency. These
transgenic mice showed an enhanced behavioral response
to hindpaw inflammation, suggesting a role of NR2B
subunits in prolonged models of peripheral inflammation
(Wei and others 2001; Miki and others 2002). The in 
vivo antinociceptive action of selective NR2B antago-
nism was demonstrated by two compounds, Ro63-1908
(benzyl-piperidinyl-4-ol) and CP101,606 (an ifenprodil
analog) (Chazot and others 2002; Gill and others 2002).
Furthermore, flupirtinmaleate (Katadolon®) was dis-
cussed as an NMDA receptor antagonist (Muller and oth-
ers 1996; Seyfried and others 2000), and studies on
human brain slices also showed that flupirtinmaleate is
neuroprotective. Although the mechanism underlying this
effect is not well understood (Dorr and others 2005), this
agent is thought to antagonize the outward flow of K+

ions. As an indirect NMDA receptor antagonist, it stabi-
lizes the membrane potential and, therefore, the Mg2+

block of NMDA receptors. Yet, new hopes come from the
deep of the sea: conotoxins are obtained from the venom
ducts of predatory snails of the genus Conus, with the
venom of each containing between 50 and 200 peptide
components. Among these, the conantokines G and T,
antagonizing NR2A and NR2B receptors, display potent
antinociceptive effects in models of injury-induced pain
(Malmberg and others 2003).

Schizophrenia. The predominant hypothesis attempting
to explain the pathophysiology of schizophrenia is the
dopamine hypothesis. This hypothesis is based on the clin-
ical observation that dopamine-releasing stimulants pro-
mote psychotic states, whereas antipsychotics act by
blocking D2 dopamine receptors (Snyder and Largent
1989; Melzer and others 1997; Winterer and Weinberger
2004; Kellendonk and others 2006). Dissociative anes-
thetics such as phencyclidine (PCP) and ketamine produce
syndromes that clinically resemble schizophrenia (Luby
and others 1959; Itil and others 1967). Both of these
agents bind to NMDA receptors and act as noncompeti-
tive, use-dependent antagonists, linking the drug-induced
psychotic state to glutamatergic dysfunction (Javitt and
Zukin 1989, 1991). Ketamine has been proposed to antag-
onize an NMDA receptor-dependent inhibitory system

that is partially compromised in schizophrenia. Along this
line, reduction of inhibition by ketamine is thought to
increase glutamate release, producing a hypermetabolic
state in the frontal and cingulate cortical regions. In con-
trast, loss of inhibition and increased glutamate release
have been associated with distorted thoughts and dimin-
ished cognitive abilities (Holcomb and others 2005).

In addition, NMDA receptor hypofunction has been
proposed to paradoxically cause an increase in gluta-
mate release and hypermetabolism in corticolimbic
regions. Recently, the hypothesis of an NMDA receptor
hypofunction in schizophrenia received further support
(Goff and Coyle 2001), as treatment with glycine or D-
cycloserine produced a significant reduction in negative,
cognitive, and positive symptoms (Goff and others 1996;
Javitt 1999). Improvement was also reported for sarco-
sine (N-methyl glycine), a potent inhibitor of the glycine
transporter 1 (GlyT1), the subtype associated with the
NMDA receptor (Tsai and others 2004). Summarizing,
the glycine modulatory site of NMDA receptors emerges
as a potential site for therapeutic intervention in schizo-
phrenia.

Outlook

Recapitulating, is this the time to give up on the therapeu-
tic concept of excitotoxicity? Certainly not—on the posi-
tive side, the past decade has seen a wealth of discoveries,
including the resolution of the x-ray structure of the lig-
and binding domain (Armstrong and Gouaux 2000;
Furukawa and Gouaux 2003), permitting deep insights
into the molecular mechanisms of NMDA receptor ligand
binding and channel gating (Jones and others 2002;
Banke and Traynelis 2003). Insights into how the compo-
sition of heterotrimeric NMDA receptors (Hatton and
Paoletti 2005) determines the physiology and pharmaco-
logical selectivity of these ligand-gated cation channels
should enable medicinal chemistry to generate selective
antagonists. New therapeutic options may arise from a
specific modulation of NMDA receptor subtypes rather
than blocking the whole NMDA receptor machinery.

References

Aizenman E. 1994. Redox modulation of the NMDA receptor. In:
Palfreyman MG, Reynolds IJ, Skolnik P, editors. Direct and
allosteric control of glutamate receptors. Boca Raton, FL: CRC
Press, p 95–104.

Albers GW, Clark WM, Atkinson RP, Madden K, Data JL, Whitehouse
MJ. 1999. Dose escalation study of the NMDA glycine-site antag-
onist licostinel in acute ischemic stroke. Stroke 30:508–13.

Antzoulatos EG, Byrne JH. 2004. Learning insights transmitted by
glutamate. Trends Neurosci 27:555–60.

Arden SR, Sinor JD, Potthoff WK, Aizenman E. 1998. Subunit-
specific interactions of cyanide with the N-methyl-D-aspartate
receptor. J Biol Chem 273:21505–11.

Armstrong N, Gouaux E. 2000. Mechanisms for activation and antag-
onism of an AMPA-sensitive glutamate receptor: crystal structures
of the GluR2 ligand binding core. Neuron 28:165–81.

Armstrong N, Sun Y, Chen GQ, Gouaux E. 1998. Structure of a 
glutamate-receptor ligand-binding core in complex with kainate.
Nature 395:913–7.

Arvidsson A, Kokaia Z, Lindvall O. 2001. N-methyl-D-aspartate
receptor-mediated increase of neurogenesis in adult rat dentate
gyrus following stroke. Eur J Neurosci 14:10–8.

610 THE NEUROSCIENTIST Molecular Insights into NMDA Receptor-Mediated Neuroprotection

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


Volume 13, Number 6, 2007 THE NEUROSCIENTIST 611

Ayalon G, Stern-Bach Y. 2001. Functional assembly of AMPA and
kainate receptors is mediated by several discrete protein-protein
interactions. Neuron 31:103–13.

Banke TG, Traynelis SF. 2003. Activation of NR1/NR2B NMDA
receptors. Nat Neurosci 6:144–52.

Barria A, Derkach V, Soderling T. 1997. Identification of the
Ca2+/calmodulin-dependent protein kinase II regulatory phospho-
rylation site in the alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate-type glutamate receptor. J Biol Chem 272:32727–30.

Barria A, Malinow R. 2005. NMDA receptor subunit composition con-
trols synaptic plasticity by regulating binding to CaMKII. Neuron
48:289–301.

Bayer KU, De Koninck P, Leonard AS, Hell JW, Schulman H. 2001.
Interaction with the NMDA receptor locks CaMKII in an active
conformation. Nature 411:801–5.

Becker CM. 1999. Neurotransmitter receptors as potential targets of
glaucoma pathogens. In: Gramer E, Grehn F, editors. Pathogenesis
and risk factors of glaucoma. Berlin: Springer-Verlag.

Ben-Abraham R, Weinbroum AA. 2000. Dextromethorphan in chronic
pain: a disappointing update. Isr Med Assoc J 2:708–10.

Bennett MV, Pellegrini-Giampietro DE, Gorter JA, Aronica E, Connor
JA, Zukin RS. 1996. The GluR2 hypothesis: Ca(++)-permeable
AMPA receptors in delayed neurodegeneration. Cold Spring Harb
Symp Quant Biol 61:373–84.

Berberich S, Punnakkal P, Jensen V, Pawlak V, Seeburg PH, Hvalby O,
and others. 2005. Lack of NMDA receptor subtype selectivity for
hippocampal long-term potentiation. J Neurosci 25:6907–10.

Bramlett HM, Dietrich WD. 2004. Pathophysiology of cerebral
ischemia and brain trauma: similarities and differences. J Cereb
Blood Flow Metab 24:133–50.

Brandt C, Potschka H, Loscher W, Ebert U. 2003. N-methyl-D-aspar-
tate receptor blockade after status epilepticus protects against lim-
bic brain damage but not against epilepsy in the kainate model of
temporal lobe epilepsy. Neuroscience 118:727–40.

Brickley SG, Misra C, Mok MH, Mishina M, Cull-Candy SG. 2003.
NR2B and NR2D subunits coassemble in cerebellar Golgi cells to
form a distinct NMDA receptor subtype restricted to extrasynaptic
sites. J Neurosci 23:4958–66.

Brimecombe JC, Boeckman FA, Aizenman E. 1997. Functional conse-
quences of NR2 subunit composition in single recombinant N-methyl-
D-aspartate receptors. Proc Natl Acad Sci USA 94:11019–24.

Brimecombe JC, Gallagher MJ, Lynch DR, Aizenman E. 1998. An
NR2B point mutation affecting haloperidol and CP101,606 sensi-
tivity of single recombinant N-methyl-D-aspartate receptors. J
Pharmacol Exp Ther 286:627–34.

Burnashev N, Schoepfer R, Monyer H, Ruppersberg JP, Gunther W,
Seeburg PH, and others. 1992. Control by asparagine residues of
calcium permeability and magnesium blockade in the NMDA
receptor. Science 257:1415–9.

Burnashev N, Villarroel A, Sakmann B. 1996. Dimensions and ion selec-
tivity of recombinant AMPA and kainate receptor channels and their
dependence on Q/R site residues. J Physiol 496(Pt 1):165–73.

Burnashev N, Zhou Z, Neher E, Sakmann B. 1995. Fractional calcium
currents through recombinant GluR channels of the NMDA,
AMPA and kainate receptor subtypes. J Physiol 485(Pt 2): 403–18.

Castellani GC, Quinlan EM, Cooper LN, Shouval HZ. 2001. A bio-
physical model of bidirectional synaptic plasticity: dependence on
AMPA and NMDA receptors. Proc Natl Acad Sci USA
98:12772–7.

Cathala L, Misra C, Cull-Candy S. 2000. Developmental profile of the
changing properties of NMDA receptors at cerebellar mossy fiber-
granule cell synapses. J Neurosci 20:5899–905.

Charton JP, Herkert M, Becker CM, Schroder H. 1999. Cellular and
subcellular localization of the 2B-subunit of the NMDA receptor in
the adult rat telencephalon. Brain Res 816:609–17.

Chatterton JE, Awobuluyi M, Premkumar LS, Takahashi H, Talantova
M, Shin Y, and others. 2002. Excitatory glycine receptors containing
the NR3 family of NMDA receptor subunits. Nature 415:793–8.

Chazot PL, Lawrence S, Thompson CL. 2002. Studies on the subtype
selectivity of CP-101,606: evidence for two classes of NR2B-selective
NMDA receptor antagonists. Neuropharmacology 42:319–24.

Chen GQ, Cui C, Mayer ML, Gouaux E. 1999. Functional characteriza-
tion of a potassium-selective prokaryotic glutamate receptor. Nature
402:817–21.

Chen HS, Lipton SA. 1997. Mechanism of memantine block of
NMDA-activated channels in rat retinal ganglion cells: uncompet-
itive antagonism. J Physiol 499(Pt 1):27–46.

Chen HS, Lipton SA. 2005. Pharmacological implications of two dis-
tinct mechanisms of interaction of memantine with N-methyl-D-
aspartate-gated channels. J Pharmacol Exp Ther 314:961–71.

Chen N, Moshaver A, Raymond LA. 1997. Differential sensitivity of
recombinant N-methyl-D-aspartate receptor subtypes to zinc inhi-
bition. Mol Pharmacol 51:1015–23.

Chittajallu R, Braithwaite SP, Clarke VR, Henley JM. 1999. Kainate
receptors: subunits, synaptic localization and function. Trends
Pharmacol Sci 20:26–35.

Choi YB, Lipton SA. 1999. Identification and mechanism of action of
two histidine residues underlying high-affinity Zn2+ inhibition of
the NMDA receptor. Neuron 23:171–80.

Chung HJ, Huang YH, Lau LF, Huganir RL. 2004. Regulation of the
NMDA receptor complex and trafficking by activity-dependent
phosphorylation of the NR2B subunit PDZ ligand. J Neurosci
24:10248–59.

Ciabarra AM, Sullivan JM, Gahn LG, Pecht G, Heinemann S, Sevarino
KA. 1995. Cloning and characterization of chi-1: a developmen-
tally regulated member of a novel class of the ionotropic glutamate
receptor family. J Neurosci 15:6498–508.

Clausen T, Bullock R. 2001. Medical treatment and neuroprotection in
traumatic brain injury. Curr Pharm Des 7:1517–32.

Colonnese MT, Zhao JP, Constantine-Paton M. 2005. NMDA receptor
currents suppress synapse formation on sprouting axons in vivo. 
J Neurosci 25:1291–1303.

Das S, Sasaki YF, Rothe T, Premkumar LS, Takasu M, Crandall JE, and
others. 1998. Increased NMDA current and spine density in mice
lacking the NMDA receptor subunit NR3A. Nature 393:377–81.

Davis SM, Lees KR, Albers GW, Diener HC, Markabi S, Karlsson G,
and others. 2000. Selfotel in acute ischemic stroke: possible neu-
rotoxic effects of an NMDA antagonist. Stroke 31:347–54.

Dildy-Mayfield JE, Leslie SW. 1991. Mechanism of inhibition of 
N-methyl-D-aspartate-stimulated increases in free intracellular
Ca2+ concentration by ethanol. J Neurochem 56:1536–43.

Dingledine R, Borges K, Bowie D, Traynelis SF. 1999. The glutamate
receptor ion channels. Pharmacol Rev 51:7–61.

Dorr J, Roth K, Zurbuchen U, Deisz R, Bechmann I, Lehmann TN, and
others. 2005. Tumor-necrosis-factor-related apoptosis-inducing-
ligand (TRAIL)–mediated death of neurons in living human brain tis-
sue is inhibited by flupirtine-maleate. J Neuroimmunol 167:204–9.

Ehlers MD, Zhang S, Bernhadt JP, Huganir RL. 1996. Inactivation of
NMDA receptors by direct interaction of calmodulin with the NR1
subunit. Cell 84:745–55.

Erreger K, Traynelis SF. 2005. Allosteric interaction between zinc and
glutamate binding domains on NR2A causes desensitization of
NMDA receptors. J Physiol 569:381–93.

Falk WE, Daly EJ, Tsai GE, Gunther J, Brown P. 2002. A case series
of D-cycloserine added to donepezil in the treatment of
Alzheimer’s disease. J Neuropsychiatry Clin Neurosci 14:466–7.

Farin A, Marshall LF. 2004. Lessons from epidemiologic studies in clin-
ical trials of traumatic brain injury. Acta Neurochir Suppl 89:101–7.

Fiskum G, Starkov A, Polster BM, Chinopoulos C. 2003. Mitochondrial
mechanisms of neural cell death and neuroprotective interventions in
Parkinson’s disease. Ann N Y Acad Sci 991:111–9.

Francis PT. 2003. Glutamatergic systems in Alzheimer’s disease. Int J
Geriatr Psychiatry 18:S15–21.

Furukawa H, Gouaux E. 2003. Mechanisms of activation, inhibition and
specificity: crystal structures of the NMDA receptor NR1 ligand-
binding core. Embo J 22:2873–85.

Furukawa H, Singh SK, Mancusso R, Gouaux E. 2005. Subunit arrange-
ment and function in NMDA receptors. Nature 438:185–92.

Garaschuk O, Schneggenburger R, Schirra C, Tempia F, Konnerth A.
1996. Fractional Ca2+ currents through somatic and dendritic glu-
tamate receptor channels of rat hippocampal CA1 pyramidal neu-
rones. J Physiol 491(Pt 3):757–72.

Gass P, Muelhardt C, Sommer C, Becker CM, Kiessling M. 1993.
NMDA and glycine receptor mRNA expression following transient
global ischemia in the gerbil brain. J Cereb Blood Flow Metab
13:337–41.

Gibb AJ. 2004. NMDA receptor subunit gating—uncovered. Trends
Neurosci 27:7–10; discussion 10.

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


612 THE NEUROSCIENTIST Molecular Insights into NMDA Receptor-Mediated Neuroprotection

Gill R, Alanine A, Bourson A, Buttelmann B, Fischer G, Heitz MP, and
others. 2002. Pharmacological characterization of Ro 63-1908 
(1-[2-(4-hydroxy-phenoxy)-ethyl]-4-(4-methyl-benzyl)-piperidin-4-
ol), a novel subtype-selective N-methyl-D-aspartate antagonist. 
J Pharmacol Exp Ther 302:940–8.

Gladstone DJ, Black SE, Hakim AM. 2002. Toward wisdom from fail-
ure: lessons from neuroprotective stroke trials and new therapeutic
directions. Stroke 33:2123–36.

Goff DC, Coyle JT. 2001. The emerging role of glutamate in the patho-
physiology and treatment of schizophrenia. Am J Psychiatry
158:1367–77.

Goff DC, Tsai G, Manoach DS, Flood J, Darby DG, Coyle JT. 1996.
D-cycloserine added to clozapine for patients with schizophrenia.
Am J Psychiatry 153:1628–30.

Gonzales RA, Woodward JJ. 1990. Ethanol inhibits N-methyl-D-
aspartate-stimulated [3H]norepinephrine release from rat cortical
slices. J Pharmacol Exp Ther 253:1138–44.

Halpern DL, Grosskreutz CL. 2002. Glaucomatous optic neuropathy:
mechanisms of disease. Ophthalmol Clin North Am 15:61–8.

Hatton CJ, Paoletti P. 2005. Modulation of triheteromeric NMDA
receptors by N-terminal domain ligands. Neuron 46:261–74.

Hawkins LM, Prybylowski K, Chang K, Moussan C, Stephenson FA,
Wenthold RJ. 2004. Export from the endoplasmic reticulum of
assembled N-methyl-d-aspartic acid receptors is controlled by a
motif in the c terminus of the NR2 subunit. J Biol Chem
279:28903–10.

Herb A, Burnashev N, Werner P, Sakmann B, Wisden W, Seeburg PH.
1992. The KA-2 subunit of excitatory amino acid receptors shows
widespread expression in brain and forms ion channels with dis-
tantly related subunits. Neuron 8:775–85.

Herin GA, Aizenman E. 2004. Amino terminal domain regulation of
NMDA receptor function. Eur J Pharmacol 500:101–11.

Herkert M, Rottger S, Becker CM. 1998. The NMDA receptor subunit
NR2B of neonatal rat brain: complex formation and enrichment in
axonal growth cones. Eur J Neurosci 10:1553–62.

Herrero JF, Laird JM, Lopez-Garcia JA. 2000. Wind-up of spinal cord
neurones and pain sensation: much ado about something? Prog
Neurobiol 61:169–203.

Hof PR, Lee PY, Yeung G, Wang RF, Podos SM, Morrison JH. 1998.
Glutamate receptor subunit GluR2 and NMDAR1 immunoreactiv-
ity in the retina of macaque monkeys with experimental glaucoma
does not identify vulnerable neurons. Exp Neurol 153:234–41.

Holcomb HH, Lahti AC, Medoff DR, Cullen T, Tamminga CA. 2005.
Effects of noncompetitive NMDA receptor blockade on anterior
cingulate cerebral blood flow in volunteers with schizophrenia.
Neuropsychopharmacology 30:2275–82.

Hollmann M, Boulter J, Maron C, Beasley L, Sullivan J, Pecht G, and
others. 1993. Zinc potentiates agonist-induced currents at certain
splice variants of the NMDA receptor. Neuron 10:943–54.

Hollmann M, Heinemann S. 1994. Cloned glutamate receptors. Annu
Rev Neurosci 17:31–108.

Holmes KD, Mattar PA, Marsh DR, Weaver LC, Dekaban GA. 2002.
The N-methyl-D-aspartate receptor splice variant NR1-4 C-terminal
domain: deletion analysis and role in subcellular distribution. J Biol
Chem 277:1457–68.

Honack D, Loscher W. 1995. Kindling increases the sensitivity of rats to
adverse effects of certain antiepileptic drugs. Epilepsia 36:763–71.

Horning MS, Mayer ML. 2004. Regulation of AMPA receptor gating
by ligand binding core dimers. Neuron 41:379–88.

Hoyte L, Barber PA, Buchan AM, Hill MD. 2004. The rise and fall of
NMDA antagonists for ischemic stroke. Curr Mol Med 4:131–6.

Ichinose T,Yu S, Wang XQ,Yu SP. 2003. Ca2+-independent, but voltage-
and activity-dependent regulation of the NMDA receptor outward K+
current in mouse cortical neurons. J Physiol 551:403–17.

Ikonomidou C, Stefovska V, Turski L. 2000. Neuronal death enhanced
by N-methyl-D-aspartate antagonists. Proc Natl Acad Sci USA
97:12885–90.

Ikonomidou C, Turski L. 1996. Prevention of trauma-induced neu-
rodegeneration in infant and adult rat brain: glutamate antagonists.
Metab Brain Dis 11:125–41.

Ikonomidou C, Turski L. 2002. Why did NMDA receptor antagonists
fail clinical trials for stroke and traumatic brain injury? Lancet
Neurol 1:383–86.

Inanobe A, Furukawa H, Gouaux E. 2005. Mechanism of partial agonist
action at the NR1 subunit of NMDA receptors. Neuron 47:71–84.

Itil T, Keskiner A, Kiremitci N, Holden JM. 1967. Effect of phencycli-
dine in chronic schizophrenics. Can Psychiatr Assoc J 12:209–12.

Ivanovic A, Reilander H, Laube B, Kuhse J. 1998. Expression and ini-
tial characterization of a soluble glycine binding domain of the 
N-methyl-D-aspartate receptor NR1 subunit. J Biol Chem
273:19933–7.

Javitt DC. 1999. Treatment of negative and cognitive symptoms. Curr
Psychiatry Rep 1:25–30.

Javitt DC, Zukin SR. 1989. Interaction of [3H]MK-801 with multiple
states of the N-methyl-D-aspartate receptor complex of rat brain.
Proc Natl Acad Sci USA 86:740–4.

Javitt DC, Zukin SR. 1991. Recent advances in the phencyclidine
model of schizophrenia. Am J Psychiatry 148:1301–8.

Jia Z, Agopyan N, Miu P, Xiong Z, Henderson J, Gerlai R, and others.
1996. Enhanced LTP in mice deficient in the AMPA receptor
GluR2. Neuron 17:945–56.

Jones KS, VanDongen HM, VanDongen AM. 2002. The NMDA recep-
tor M3 segment is a conserved transduction element coupling lig-
and binding to channel opening. J Neurosci 22:2044–53.

Kalloniatis M, Sun D, Foster L, Haverkamp S, Wassle H. 2004.
Localization of NMDA receptor subunits and mapping NMDA
drive within the mammalian retina. Vis Neurosci 21:587–97.

Kellendonk C, Simpson EH, Polan HJ, Malleret G, Vronskaya S,
Winiger V, and others. 2006. Transient and selective overexpres-
sion of dopamine D2 receptors in the striatum causes persistent
abnormalities in prefrontal cortex functioning. Neuron 49:603–15.

Kemp JA, McKernan RM. 2002. NMDA receptor pathways as drug
targets. Nat Neurosci 5(Suppl):1039–42.

Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME. 1997.
TUNEL-positive ganglion cells in human primary open-angle 
glaucoma. Arch Ophthalmol 115:1031–5.

Kinarsky L, Feng B, Skifter DA, Morley RM, Sherman S, Jane DE, and
others. 2005. Identification of subunit- and antagonist-specific
amino acid residues in the N-methyl-D-aspartate receptor glutamate-
binding pocket. J Pharmacol Exp Ther 313:1066–74.

Kohda K, Kamiya Y, Matsuda S, Kato K, Umemori H,Yuzaki M. 2003.
Heteromer formation of delta2 glutamate receptors with AMPA or
kainate receptors. Brain Res Mol Brain Res 110:27–37.

Kriz J, Gowing G, Julien JP. 2003. Efficient three-drug cocktail for dis-
ease induced by mutant superoxide dismutase. Ann Neurol
53:429–36.

Krupp JJ, Vissel B, Heinemann SF, Westbrook GL. 1998, N-terminal
domains in the NR2 subunit control desensitization of NMDA
receptors. Neuron 20:317–27.

Kunishima N, Shimada Y, Tsuji Y, Sato T, Yamamoto M, Kumasaka T,
and others. 2000. Structural basis of glutamate recognition by a
dimeric metabotropic glutamate receptor. Nature 407:971–7.

Kuusinen A, Abele R, Madden DR, Keinanen K. 1999. Oligomerization
and ligand-binding properties of the ectodomain of the alpha-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptor subunit
GluRD. J Biol Chem 274:28937–43.

Kuusinen A, Arvola M, Keinanen K. 1995. Molecular dissection of the
agonist binding site of an AMPA receptor. Embo J 14:6327–32.

Laake K, Oeksengaard AR. 2002. D-cycloserine for Alzheimer’s dis-
ease. Cochrane Database Syst Rev (2):CD003153.

Lee HK, Takamiya K, Han JS, Man H, Kim CH, Rumbaugh G, and oth-
ers. 2003. Phosphorylation of the AMPA receptor GluR1 subunit is
required for synaptic plasticity and retention of spatial memory. Cell
112:631–43.

Leker RR, Shohami E. 2002. Cerebral ischemia and trauma-different
etiologies yet similar mechanisms: neuroprotective opportunities.
Brain Res Brain Res Rev 39:55–73.

Leuschner WD, Hoch W. 1999. Subtype-specific assembly of 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptor subunits is mediated by their n-terminal domains. J Biol
Chem 274:16907–16.

Liao D, Scannevin RH, Huganir R. 2001. Activation of silent synapses
by rapid activity-dependent synaptic recruitment of AMPA recep-
tors. J Neurosci 21:6008–17.

Lin SY, Wu K, Levine ES, Mount HT, Suen PC, Black IB. 1998.
BDNF acutely increases tyrosine phosphorylation of the NMDA

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


Volume 13, Number 6, 2007 THE NEUROSCIENTIST 613

receptor subunit 2B in cortical and hippocampal postsynaptic den-
sities. Brain Res Mol Brain Res 55:20–7.

Lipton SA. 2004. Paradigm shift in NMDA receptor antagonist drug
development: molecular mechanism of uncompetitive inhibition
by memantine in the treatment of Alzheimer’s disease and other
neurologic disorders. J Alzheimers Dis 6:S61–74.

Lipton SA. 2005. The molecular basis of memantine action in
Alzheimer’s disease and other neurologic disorders: low-affinity,
uncompetitive antagonism. Curr Alzheimer Res 2:155–65.

Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, and
others. 2004. Role of NMDA receptor subtypes in governing the
direction of hippocampal synaptic plasticity. Science 304:1021–4.

LoGrasso P, McKelvy J. 2003. Advances in pain therapeutics. Curr
Opin Chem Biol 7:452–6.

Low CM, Lyuboslavsky P, French A, Le P, Wyatte K, Thiel WH, and
others. 2003. Molecular determinants of proton-sensitive N-methyl-
D-aspartate receptor gating. Mol Pharmacol 63:1212–22.

Lu W, Man H, Ju W, Trimble WS, MacDonald JF, Wang YT. 2001.
Activation of synaptic NMDA receptors induces membrane inser-
tion of new AMPA receptors and LTP in cultured hippocampal
neurons. Neuron 29:243–54.

Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelley R. 1959.
Study of a new schizophrenomimetic drug; sernyl. AMA Arch
Neurol Psychiatry 81:363–9.

Luo J, Wang Y, Yasuda RP, Dunah AW, Wolfe BB. 1997. The majority
of N-methyl-D-aspartate receptor complexes in adult rat cerebral cor-
tex contain at least three different subunits (NR1/NR2A/NR2B). Mol
Pharmacol 51:79–86.

Lynch DR, Guttmann RP. 2002. Excitotoxicity: perspectives based on
N-methyl-D-aspartate receptor subtypes. J Pharmacol Exp Ther
300:717–23.

Madden DR. 2002. The inner workings of the AMPA receptors. Curr
Opin Drug Discov Devel 5:741–8.

Malenka RC, Nicoll RA. 1999. Long-term potentiation—a decade of
progress? Science 285:1870–4.

Malmberg AB, Gilbert H, McCabe RT, Basbaum AI. 2003. Powerful
antinociceptive effects of the cone snail venom-derived subtype-
selective NMDA receptor antagonists conantokins G and T. Pain
101:109–16.

Martin KR, Levkovitch-Verbin H, Valenta D, Baumrind L, Pease ME,
Quigley HA. 2002. Retinal glutamate transporter changes in exper-
imental glaucoma and after optic nerve transection in the rat. Invest
Ophthalmol Vis Sci 43:2236–43.

Masuko T, Kashiwagi K, Kuno T, Nguyen ND, Pahk AJ, Fukuchi J,
and others. 1999. A regulatory domain (R1-R2) in the amino ter-
minus of the N-methyl-D-aspartate receptor: effects of spermine,
protons, and ifenprodil, and structural similarity to bacterial
leucine/isoleucine/valine binding protein. Mol Pharmacol
55:957–69.

Matsuda K, Fletcher M, Kamiya Y, Yuzaki M. 2003. Specific assembly
with the NMDA receptor 3B subunit controls surface expression and
calcium permeability of NMDA receptors. J Neurosci 23:10064–73.

Matsuda K, Kamiya Y, Matsuda S, Yuzaki M. 2002. Cloning and char-
acterization of a novel NMDA receptor subunit NR3B: a dominant
subunit that reduces calcium permeability. Brain Res Mol Brain
Res 100:43–52.

Mayer ML. 2005. Crystal structures of the GluR5 and GluR6 ligand
binding cores: molecular mechanisms underlying kainate receptor
selectivity. Neuron 45:539–52.

McBain CJ, Mayer ML. 1994. N-methyl-D-aspartic acid receptor
structure and function. Physiol Rev 74:723–60.

McFeeters RL, Oswald RE. 2004. Emerging structural explanations of
ionotropic glutamate receptor function. Faseb J 18:428–38.

McGeer EG, McGeer PL. 2005. Pharmacologic approaches to the
treatment of amyotrophic lateral sclerosis. BioDrugs 19:31–7.

McIlhinney RA, Philipps E, Le Bourdelles B, Grimwood S, Wafford
K, Sandhu S, and others. 2003. Assembly of N-methyl-D-aspartate
(NMDA) receptors. Biochem Soc Trans 31:865–8.

Meddows E, Le Bourdelles B, Grimwood S, Wafford K, Sandhu S,
Whiting P, and others. 2001. Identification of molecular determi-
nants that are important in the assembly of N-methyl-D-aspartate
receptors. J Biol Chem 276:18795–803.

Melzer D, Ely M, Brayne C. 1997. Local population differences and
the needs of people with cognitive impairment. Int J Geriatr
Psychiatry 12:883–7.

Merrill MA, Chen Y, Strack S, Hell JW. 2005. Activity-driven postsy-
naptic translocation of CaMKII. Trends Pharmacol Sci 26:645–53.

Miki K, Zhou QQ, Guo W, Guan Y, Terayama R, Dubner R, and oth-
ers. 2002. Changes in gene expression and neuronal phenotype in
brain stem pain modulatory circuitry after inflammation. J
Neurophysiol 87:750–60.

Mishizen A, Ikonomovic MD. 2001. Glutamate receptors in aging and
Alzheimer’s disease. In: Mobbs C, Hof P, editors. Functional neu-
robiology of aging. New York: Academic Press, p 283–314.

Mishizen-Eberz AJ, Rissman RA, Carter TL, Ikonomovic MD, Wolfe
BB, Armstrong DM. 2004. Biochemical and molecular studies of
NMDA receptor subunits NR1/2A/2B in hippocampal subregions
throughout progression of Alzheimer’s disease pathology.
Neurobiol Dis 15:80–92.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH. 1994.
Developmental and regional expression in the rat brain and func-
tional properties of four NMDA receptors. Neuron 12:529–40.

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H,
and others. 1992. Heteromeric NMDA receptors: molecular and
functional distinction of subtypes. Science 256:1217–21.

Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi S.
1991. Molecular cloning and characterization of the rat NMDA
receptor. Nature 354:31–7.

Morris GF, Bullock R, Marshall SB, Marmarou A, Maas A, Marshall
LF. 1999. Failure of the competitive N-methyl-D-aspartate antago-
nist Selfotel (CGS 19755) in the treatment of severe head injury:
results of two phase III clinical trials. The Selfotel Investigators. J
Neurosurg 91:737–43.

Mothet JP, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, Ferris CD,
and others. 2000. D-serine is an endogenous ligand for the glycine
site of the N-methyl-D-aspartate receptor. Proc Natl Acad Sci USA
97:4926–31.

Mott DD, Doherty JJ, Zhang S, Washburn MS, Fendley MJ, Lyuboslavsky
P, and others. 1998. Phenylethanolamines inhibit NMDA receptors by
enhancing proton inhibition. Nat Neurosci 1:659–67.

Muller WE, Pergande G, Ushijima H, Schleger C, Kelve M, Perovic S.
1996. Neurotoxicity in rat cortical cells caused by N-methyl-D-
aspartate (NMDA) and gp120 of HIV-1: induction and pharmaco-
logical intervention. Prog Mol Subcell Biol 16:44–57.

Munoz-Ruiz P, Rubio L, Garcia-Palomero E, Dorronsoro I, del Monte-
Millan M, Valenzuela R, and others. 2005. Design, synthesis, and
biological evaluation of dual binding site acetylcholinesterase
inhibitors: new disease-modifying agents for Alzheimer’s disease.
J Med Chem 48:7223–33.

Nakanishi S, Masu M. 1994. Molecular diversity and functions of glu-
tamate receptors. Annu Rev Biophys Biomol Struct 23:319–48.

Naur P, Vestergaard B, Skov LK, Egebjerg J, Gajhede M, Kastrup JS.
2005. Crystal structure of the kainate receptor GluR5 ligand-binding
core in complex with (S)-glutamate. FEBS Lett 579:1154–60.

Nicholls DG, Budd SL. 2000. Mitochondria and neuronal survival.
Physiol Rev 80:315–60.

Nishi M, Hinds H, Lu HP, Kawata M, Hayashi Y. 2001. Motoneuron-spe-
cific expression of NR3B, a novel NMDA-type glutamate receptor sub-
unit that works in a dominant-negative manner. J Neurosci 21:RC185.

Omae T, Hasegawa Y, Ogata J, Tamaki K, Minematsu K, Yamaguchi T.
1996. The competitive NMDA antagonist, CGS-19755, improves
postischemic hypoperfusion in selectively vulnerable regions in
gerbils. J Neurol Sci 138:105–13.

Ortega A, Eshhar N, Teichberg VI. 1991. Properties of kainate recep-
tor/channels on cultured Bergmann glia. Neuroscience 41:335–49.

Osborne NN, Cazevieille C, Wood JP, Nash MS, Pergande G, Block F,
and others. 1998. Flupirtine, a nonopioid centrally acting anal-
gesic, acts as an NMDA antagonist. Gen Pharmacol 30:255–63.

Osborne NN, Chidlow G, Wood JP. 2006. Glutamate excitotoxicity in
glaucoma: truth or fiction? By AJ Lotery. Eye Jan 27;[Epub ahead
of print].

Osborne NN, Wood J, Muller A. 1995. The influence of experimental
ischaemia on protein kinase C and the GABAergic system in the
rabbit retina. Neuropharmacology 34:1279–88.

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


614 THE NEUROSCIENTIST Molecular Insights into NMDA Receptor-Mediated Neuroprotection

Ossipov MH, Lai J, Malan TP Jr, Porreca F. 2000, Spinal and
supraspinal mechanisms of neuropathic pain. Ann N Y Acad Sci
909:12–24.

Palmer GC. 2001. Neuroprotection by NMDA receptor antagonists in
a variety of neuropathologies. Curr Drug Targets 2:241–71.

Paoletti P, Ascher P, Neyton J. 1997, High-affinity zinc inhibition of
NMDA NR1-NR2A receptors. J Neurosci 17:5711–25.

Paoletti P, Perin-Dureau F, Fayyazuddin A, Le Goff A, Callebaut I, Neyton
J. 2000. Molecular organization of a zinc binding n-terminal modula-
tory domain in a NMDA receptor subunit. Neuron 28:911–25.

Parsons CG. 2001. NMDA receptors as targets for drug action in neu-
ropathic pain. Eur J Pharmacol 429:71–8.

Parsons CG, Danysz W, Quack G. 1998. Glutamate in CNS disorders
as a target for drug development: an update. Drug News Perspect
11:523–69.

Partin KM, Bowie D, Mayer ML. 1995. Structural determinants of
allosteric regulation in alternatively spliced AMPA receptors.
Neuron 14:833–43.

Pellegrini-Giampietro DE, Gorter JA, Bennett MV, Zukin RS. 1997.
The GluR2 (GluR-B) hypothesis: Ca(2+)-permeable AMPA recep-
tors in neurological disorders. Trends Neurosci 20:464–70.

Perez-Otano I, Schulteis CT, Contractor A, Lipton SA, Trimmer JS,
Sucher NJ, and others. 2001. Assembly with the NR1 subunit is
required for surface expression of NR3A-containing NMDA
receptors. J Neurosci 21:1228–37.

Perin-Dureau F, Rachline J, Neyton J, Paoletti P. 2002. Mapping the
binding site of the neuroprotectant ifenprodil on NMDA receptors.
J Neurosci 22:5955–65.

Qian A, Johnson JW. 2002. Channel gating of NMDA receptors.
Physiol Behav 77:577–82.

Quartaroli M, Carignani C, Dal Forno G, Mugnaini M, Ugolini A, Arban
R, and others. 1999. Potent antihyperalgesic activity without toler-
ance produced by glycine site antagonist of N-methyl-D-aspartate
receptor GV196771A. J Pharmacol Exp Ther 290:158–69.

Quartaroli M, Fasdelli N, Bettelini L, Maraia G, Corsi M. 2001.
GV196771A, an NMDA receptor/glycine site antagonist, attenu-
ates mechanical allodynia in neuropathic rats and reduces toler-
ance induced by morphine in mice. Eur J Pharmacol 430:219–27.

Quigley HA. 1998. The search for glaucoma genes—implications for
pathogenesis and disease detection. N Engl J Med 338:1063–4.

Reisberg, B, Doody, R, Stoffler, A, Schmitt, F, Ferris, S, Mobius, HJ,
2006, A 24-week open-label extension study of memantine in
moderate to severe Alzheimer disease, Arch. Neurol., 63: 49-54.

Ren Z, Riley NJ, Garcia EP, Sanders JM, Swanson GT, Marshall J.
2003. Multiple trafficking signals regulate kainate receptor KA2
subunit surface expression. J Neurosci 23:6608–16.

Sakimura K, Morita T, Kushiya E, Mishina M. 1992. Primary structure
and expression of the gamma 2 subunit of the glutamate receptor
channel selective for kainate. Neuron 8:267–74.

Sakurada K, Masu M, Nakanishi S. 1993. Alteration of Ca2+ perme-
ability and sensitivity to Mg2+ and channel blockers by a single
amino acid substitution in the N-methyl-D-aspartate receptor. J
Biol Chem 268:410–5.

Sasaki YF, Rothe T, Premkumar LS, Das S, Cui J, Talantova MV, and
others. 2002. Characterization and comparison of the NR3A sub-
unit of the NMDA receptor in recombinant systems and primary
cortical neurons. J Neurophysiol 87:2052–63.

Sattler R, Xiong Z, Lu WY, Hafner M, MacDonald JF, Tymianski M.
1999. Specific coupling of NMDA receptor activation to nitric
oxide neurotoxicity by PSD-95 protein. Science 284:1845–8.

Scarpini E, Scheltens P, Feldman H. 2003. Treatment of Alzheimer’s dis-
ease: current status and new perspectives. Lancet Neurol 2:539–7.

Schmidt C, Werner M, Hollmann M. 2005. Revisiting the postulated
“unitary glutamate receptor”: electrophysiological and pharmaco-
logical analysis in two heterologous expression systems fails to
detect any evidence for its existence. Mol Pharmacol 69:11–29.

Schneggenburger R. 1996. Simultaneous measurement of Ca2+ influx
and reversal potentials in recombinant N-methyl-D-aspartate
receptor channels. Biophys J 70:2165–74.

Schorge S, Colquhoun D. 2003. Studies of NMDA receptor function
and stoichiometry with truncated and tandem subunits. J Neurosci
23:1151–8.

Scott DB, Blanpied TA, Swanson GT, Zhang C, Ehlers MD. 2001. An
NMDA receptor ER retention signal regulated by phosphorylation
and alternative splicing. J Neurosci 21:3063–72.

Seeber S, Becker K, Rau T, Eschenhagen T, Becker CM, Herkert M.
2000. Transient expression of NMDA receptor subunit NR2B in
the developing rat heart. J Neurochem 75:2472–7.

Seeber S, Humeny A, Herkert M, Rau T, Eschenhagen T, Becker CM.
2004. Formation of molecular complexes by N-methyl-D-aspartate
receptor subunit NR2B and ryanodine receptor 2 in neonatal rat
myocard. J Biol Chem 279:21062–8.

Seyfried J, Evert BO, Rundfeldt C, Schulz JB, Kovar KA, Klockgether
T, and others. 2000. Flupirtine and retigabine prevent L-glutamate
toxicity in rat pheochromocytoma PC 12 cells. Eur J Pharmacol
400:155–66.

Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY. 1994. Changing
subunit composition of heteromeric NMDA receptors during
development of rat cortex. Nature 368:144–7.

Shleper M, Kartvelishvily E, Wolosker H. 2005. D-serine is the domi-
nant endogenous coagonist for NMDA receptor neurotoxicity in
organotypic hippocampal slices. J Neurosci 25:9413–7.

Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, Choi EY, and oth-
ers. 2005. Regulation of NMDA receptor trafficking by amyloid-
beta. Nat Neurosci 8:1051–8.

Snyder SH, Largent BL. 1989. Receptor mechanisms in antipsychotic
drug action: focus on sigma receptors. J Neuropsychiatry Clin
Neurosci 1:7–15.

Sobolevsky AI, Yelshansky MV, Wollmuth LP. 2004. The outer pore of
the glutamate receptor channel has 2-fold rotational symmetry.
Neuron 41:367–78.

Soloviev MM, Barnard EA. 1997. Xenopus oocytes express a unitary
glutamate receptor endogenously. J Mol Biol 273:14–8.

Sommer B, Kohler M, Sprengel R, Seeburg PH. 1991. RNA editing in
brain controls a determinant of ion flow in glutamate-gated chan-
nels. Cell 67:11–9.

Somogyi P, Eshhar N, Teichberg VI, Roberts JD. 1990. Subcellular
localization of a putative kainate receptor in Bergmann glial cells
using a monoclonal antibody in the chick and fish cerebellar cor-
tex. Neuroscience 35:9–30.

Standley S, Roche KW, McCallum J, Sans N, Wenthold RJ. 2000. PDZ
domain suppression of an ER retention signal in NMDA receptor
NR1 splice variants. Neuron 28:887–98.

Stern P, Behe P, Schoepfer R, Colquhoun D. 1992. Single-channel con-
ductances of NMDA receptors expressed from cloned cDNAs:
comparison with native receptors. Proc Biol Sci 250:271–7.

Sucher NJ, Akbarian S, Chi CL, Leclerc CL, Awobuluyi M, Deitcher
DL, and others. 1995. Developmental and regional expression pat-
tern of a novel NMDA receptor-like subunit (NMDAR-L) in the
rodent brain. J Neurosci 15:6509–20.

Sucher NJ, Lipton SA, Dreyer EB. 1997. Molecular basis of glutamate
toxicity in retinal ganglion cells. Vision Res 37:3483–93.

Sullivan JM, Traynelis SF, Chen HS, Escobar W, Heinemann SF,
Lipton SA. 1994. Identification of two cysteine residues that are
required for redox modulation of the NMDA subtype of glutamate
receptor. Neuron 13:929–36.

Sutcliffe MJ, Wo ZG, Oswald RE. 1996. Three-dimensional models of
non-NMDA glutamate receptors. Biophys J 70:1575–89.

Suzuki Y, Takagi Y, Nakamura R, Hashimoto K, Umemura K. 2003.
Ability of NMDA and non-NMDA receptor antagonists to inhibit
cerebral ischemic damage in aged rats. Brain Res 964:116–20.

Tang LH, Aizenman E. 1993. Allosteric modulation of the NMDA
receptor by dihydrolipoic and lipoic acid in rat cortical neurons in
vitro. Neuron 11:857–63.

Temkin NR, Jarell AD, Anderson GD. 2001. Antiepileptogenic agents:
how close are we? Drugs 61:1045–55.

Tichelaar W, Safferling M, Keinanen K, Stark H, Madden DR. 2004.
The three-dimensional structure of an ionotropic glutamate recep-
tor reveals a dimer-of-dimers assembly. J Mol Biol 344:435–42.

Traynelis SF, Cull-Candy SG. 1990. Proton inhibition of N-methyl-
D-aspartate receptors in cerebellar neurons. Nature 345:347–50.

Traynelis SF, Hartley M, Heinemann SF. 1995. Control of proton sen-
sitivity of the NMDA receptor by RNA splicing and polyamines.
Science 268:873–6.

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


Volume 13, Number 6, 2007 THE NEUROSCIENTIST 615

Tsai G, Lane HY,Yang P, Chong MY, Lange N. 2004. Glycine transporter
I inhibitor, N-methylglycine (sarcosine), added to antipsychotics for
the treatment of schizophrenia. Biol Psychiatry 55:452–6.

Villmann C, Bull L, Hollmann M. 1997. Kainate binding proteins pos-
sess functional ion channel domains. J Neurosci 17:7634–43.

Villmann C, Strutz N, Morth T, Hollmann M. 1999. Investigation by
ion channel domain transplantation of rat glutamate receptor sub-
units, orphan receptors and a putative NMDA receptor subunit. Eur
J Neurosci 11:1765–78.

Waibel S, Reuter A, Malessa S, Blaugrund E, Ludolph AC. 2004.
Rasagiline alone and in combination with riluzole prolongs 
survival in an ALS mouse model. J Neurol 251:1080–4.

Wainai T, Takeuchi T, Seo N, Mishina M. 2001. Regulation of acute
nociceptive responses by the NMDA receptor GluRepsilon2 sub-
unit. Neuroreport 12:3169–72.

Wallace MS, Rowbotham MC, Katz NP, Dworkin RH, Dotson RM,
Galer BS, and others. 2002. A randomized, double-blind, placebo-
controlled trial of a glycine antagonist in neuropathic pain.
Neurology 59:1694–1700.

Weber M, Bonaventure N, Sahel JA. 1995. Protective role of excitatory
amino acid antagonists in experimental retinal ischemia. Graefes
Arch Clin Exp Ophthalmol 233:360–5.

Wei F, Wang GD, Kerchner GA, Kim SJ, Xu HM, Chen ZF, and oth-
ers. 2001. Genetic enhancement of inflammatory pain by forebrain
NR2B overexpression. Nat Neurosci 4:164–9.

Williams K. 1993. Ifenprodil discriminates subtypes of the N-methyl-
D-aspartate receptor: selectivity and mechanisms at recombinant
heteromeric receptors. Mol Pharmacol 44:851–9.

Williams K. 1997. Interactions of polyamines with ion channels.
Biochem J 325(Pt 2):289–97.

Winterer G, Weinberger DR. 2004. Genes, dopamine and cortical signal-
to-noise ratio in schizophrenia. Trends Neurosci 27:683–90.

Wo ZG, Oswald RE. 1995a. A topological analysis of goldfish kainate
receptors predicts three transmembrane segments. J Biol Chem
270:2000–9.

Wo ZG, Oswald RE. 1995b. Unraveling the modular design of glutamate-
gated ion channels. Trends Neurosci 18:161–8.

Wollmuth LP, Kuner T, Jatzke C, Seeburg PH, Heintz N, Zuo J. 2000.
The Lurcher mutation identifies delta 2 as an AMPA/kainate recep-
tor-like channel that is potentiated by Ca(2+). J Neurosci 20:
5973–80.

Wollmuth LP, Sobolevsky AI. 2004. Structure and gating of the gluta-
mate receptor ion channel. Trends Neurosci 27:321–8.

Wong CS, Wu CT,Yu JC,Yeh CC, Lee MM, Tao PL. 1999. Preincisional
dextromethorphan decreases postoperative pain and opioid require-
ment after modified radical mastectomy. Can J Anaesth 46:1122–6.

Wood PL. 2005. The NMDA receptor complex: a long and winding
road to therapeutics. IDrugs 8:229–35.

Wood PL, Hawkinson JE. 1997. N-methyl-D-aspartate antagonists for
stroke and head trauma. Expert Opin Investig Drugs 6:389–97.

Woodward JJ. 2000. Ethanol and NMDA receptor signaling. Crit Rev
Neurobiol 14:69–89.

Wyszynski M, Lin J, Rao A, Nigh E, Beggs AH, Craig AM, and oth-
ers. 1997. Competitive binding of alpha-actinin and calmodulin to
the NMDA receptor. Nature 385:439–42.

Yuzaki M. 2004. The delta2 glutamate receptor: a key molecule control-
ling synaptic plasticity and structure in Purkinje cells. Cerebellum
3:89–93.

Zerangue N, Schwappach B, Jan YN, Jan LY. 1999. A new ER traf-
ficking signal regulates the subunit stoichiometry of plasma mem-
brane K(ATP) channels. Neuron 22:537–48.

Zhang L, Hsu JC, Takagi N, Gurd JW, Wallace MC, Eubanks JH. 1997.
Transient global ischemia alters NMDA receptor expression in rat
hippocampus: correlation with decreased immunoreactive protein
levels of the NR2A/2B subunits, and an altered NMDA receptor
functionality. J Neurochem 69:1983–94.

Zheng F, Erreger K, Low CM, Banke T, Lee CJ, Conn PJ, and others.
2001. Allosteric interaction between the amino terminal domain
and the ligand binding domain of NR2A. Nat Neurosci 4:894–901.

Zhu Y, Auerbach A. 2001. K(+) occupancy of the N-methyl-D-aspartate
receptor channel probed by Mg(2+) block. J Gen Physiol 117:287–98.

Zuo J, De Jager PL, Takahashi KA, Jiang W, Linden DJ, Heintz N.
1997. Neurodegeneration in Lurcher mice caused by mutation in
delta2 glutamate receptor gene. Nature 388:769–73.

 at UNIVERSITAETSBIBLIOTHEK on February 5, 2013nro.sagepub.comDownloaded from 

http://nro.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


