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N-methyl-D-aspartate receptors (NMDARs) are present at
many excitatory glutamate synapses in the central nervous
system and display unique properties that depend on their
subunit composition. Biophysical, pharmacological and
molecular methods have been used to determine the key
features conferred by the various NMDAR subunits, and have
helped to establish which NMDAR subtypes are present at
particular synapses. Recent studies are beginning to address
the functional significance of NMDAR diversity under normal
and pathological conditions.
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Abbreviations
EPSC excitatory postsynaptic current
NMDA N-methyl-D-aspartate
NMDAR N-methyl-D-aspartate receptor
NMDAR-EPSC NMDA receptor-mediated EPSC

Introduction 
N-methyl-D-aspartate receptors (NMDARs) have critical
roles in excitatory synaptic transmission, plasticity and
excitotoxicity in the CNS. The involvement of NMDARs
in these diverse processes reflects their unique features,
which include voltage-sensitive block by extracellular
Mg2+, a high permeability to Ca2+ and unusually slow ‘acti-
vation/deactivation’ kinetics. NMDARs also display
sensitivity to an array of endogenous ligands and modula-
tors present in the vicinity of the synapse: the co-agonist
glycine must bind before the receptors can be activated,
whereas physiological levels of protons suppress NMDAR
activation. Extracellular Zn2+ and polyamines also act on
the receptor to modify its behaviour. Furthermore,
NMDAR subunits interact with various intracellular scaf-
folding, anchoring and signalling molecules associated
with the postsynaptic density. 

Several distinct NMDAR subtypes have now been identi-
fied in central neurons, differing in their sensitivity to
endogenous and exogenous ligands, permeation and block
by divalent ions, kinetic properties, and interaction with
intracellular proteins. Biophysical, pharmacological and
molecular methods are all providing a clearer picture of the
key features defined by particular subunits and are fur-
nishing tools that can be used to determine the
involvement of specific subunits in synaptic transmission.
Appreciating the roles played by distinct NMDAR sub-
types is essential in understanding normal transmission in
the CNS, and should provide information about how

NMDAR subunit multiplicity can be exploited for thera-
peutic advantage. Several recent publications have
reviewed the assembly and targeting of NMDARs and
their role in developmental plasticity, learning and memo-
ry [1–4]. Our aim here is to consider recent advances in the
functional and pharmacological identification of the vari-
ous NMDAR subtypes — including the relationship
between subunit composition and receptor properties —
and to consider the implications of this receptor diversity
in normal and disease states.

NMDAR subunits and splice variants 
Over the past decade, a variety of NMDAR subunits have
been identified: the ubiquitously expressed NR1 subunit; a
family of four distinct NR2 subunits (A, B, C and D); and
two NR3 subunits [3,5–7]. NR1 occurs as eight distinct iso-
forms owing to the presence of three independent sites of
alternative splicing [1]. Similarly, each of the NR2 and NR3
subunits (apart from NR2A) has several splice variants (see
Figure 1), although the functional relevance of the different
splice forms remains uncertain. In situ hybridization studies
have shown that mRNAs for NMDAR subunits are differ-
entially distributed throughout the brain, with patterns of
expression that change strikingly during development (see
[8,9]). NR2B and NR2D subunits predominate in the
neonatal brain, but over the course of development these
are supplemented with, or replaced by, NR2A and in some
regions NR2C subunits. 

All NMDARs appear to function as heteromeric assemblies
composed of multiple NR1 subunits in combination with at
least one type of NR2. The NR3 subunit does not form
functional receptors alone, but can co-assemble with
NR1/NR2 complexes [7,10]. As each of the constituent
subunits confers distinct properties to the receptor assem-
bly, to a greater or lesser extent, many of the important
functional attributes of the native receptors are determined
by the expression of the various subunits and isoforms.

NMDAR functional properties are determined
by subunit composition 
Studies of recombinant receptors [8,11–13] have provided
an understanding of how receptor properties are defined
by individual NMDAR subunits. The likely subunit com-
position of native receptors has been inferred by
examining subunit mRNA or protein distribution
[8,9,14–17], by using animals with specific subunit genes
deleted [7,18–20], and bycomparing the functional proper-
ties of native and recombinant NMDARs [21–27].
Together, these approaches have allowed the receptor-
channel properties associated with specific subunits to be
determined, and have demonstrated the influence of
NMDAR subtypes on the characteristics of transmission at
specific synapses.
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NR2 and NR3 subunits 
During synaptic transmission, NMDAR activation generates
a current with a slow rise and an exceptionally slow decay
time, which exceeds that of the α-amino-3-hydroxy-5-
methyl-4-isoxazole propionate receptor (AMPAR)-mediated
component by at least two orders of magnitude. NMDAR
channels first open about 10 ms after glutamate is released
into the synaptic cleft, and continue to open and close for
hundreds of milliseconds until glutamate unbinds from
receptor [13,28]. The time course of decay of NMDAR-
mediated excitatory postsynaptic currents (EPSCs), and the
apparent affinity of the receptors for glutamate, are both
strongly influenced by the identity of the NR2 subunits
involved. Consistent with this observation, there is general
agreement that glutamate molecules bind with high affinity
to the NR2 subunits of the NMDAR [29–31] while glycine
molecules bind to the NR1 subunits [32]. 

For diheteromeric NMDARs (NR1/NR2) the deactivation
times span a 50-fold range, following the sequence:
NR2A < 2C = 2B << 2D (see Figure 2). Thus, brief appli-
cation of glutamate onto NR1/NR2A assemblies generates
a macroscopic current with a deactivation time constant of
tens of milliseconds, compared with several seconds for
NR1/NR2D receptors [8,11,12]. The same ranking of sub-
units has been found in measurements of the steady-state
EC50 (concentration producing half-maximal response) for
glutamate, although here the difference between subunits

is only about fourfold. Differences in deactivation time and
EPSC decay have also been used to infer the NR2 subunit
composition of native NMDARs [24,26,33].

Aside from these kinetic differences, the most obvious subunit
dependent properties of NMDARs are their single-channel
conductances and their block by extracellular Mg2+. Thus,
diheteromeric NMDARs containing NR2A or NR2B subunits
generate ‘high-conductance’ channel openings with a high
sensitivity to block by Mg2+, whereas NR2C- or NR2D-con-
taining receptors give rise to ‘low-conductance’ openings with
a lower sensitivity to extracellular Mg2+. There are also subtle
differences in the gating characteristics of NR2C- and NR2D-
containing receptors [22,24,34]. Although the characteristic
Ca2+ permeability of NMDAR channels is not greatly affected
by their NR2 subunit composition (fractional Ca2+ current
varies between 8–14%, [35,36]), it seems likely that the
marked difference in Mg2+ sensitivity would affect the Ca2+

influx generated by synaptic activation of the different
NMDAR subtypes. Finally, recent experiments have shown
that the NR3 subunit can also give rise to low-conductance
channel openings, when co-assembled with NR2A (i.e.
NR1/NR2A/NR3) and these channels show a roughly fivefold
reduction in relative Ca2+ permeability as compared with
NR1/NR2A assemblies [7,10]. Thus, the general principle
that a low single-channel conductance can provide a clear ‘sin-
gle-channel signature’ for NR2C- or NR2D- containing
receptors applies only in the absence of NR3.
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Figure 1

NMDAR subunit diversity. (a) Dendrogram of
complete amino-acid sequences for rat
NMDAR subunits (except NR3B; human).
Sequences were aligned using ClustalX and
the tree was generated with NJPlot (http://
pbil.univ-lyon1.fr/software/njplot.html)
ClustalX (ftp://ftp-igbmc.u-strasbg.fr/pub/
ClustalX/). (b) Representation of NMDAR
subunit polypeptides. Black boxes indicate
transmembrane domains, and grey boxes
show the transmembrane TM2 re-entrant loop.
Asterisks denote regions at which alternative
splicing takes place. This is best characterized
for the NR1 subunit, which has three regions
of alternative splicing: the amino-terminal N1
cassette (exon 5); and the carboxy-terminal
C1 (exon 21) and C2 (exon 22) cassettes.
Splicing at these sites can generate eight
distinct isoforms (NRI-1a, -1b, -2a, -2b, -3a,
-3b, -4a and -4b; see [1,3]). Splicing of the
NR2C subunit leads to truncated
polypeptides ending after TM1 or TM3. The
NR2D subunit can be spliced in the carboxyl
terminus, producing a 33-amino-acid insert.
Likewise, NR3A splicing leads to a 20-amino-
acid insert in the carboxy-terminal domain.
NR2B, NR2C and NR2D also have splice
sites in their 5′-untranslated regions but no
splice variants have been reported for NR2A
(see [3,74]).
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NR1 isoforms
Although the effects of NR2 subunits have received
most attention, NR1 splice variants also strongly influ-
ence NMDAR properties. For example, the pH
sensitivity of NMDARs is determined by the presence
of exon 5 (in the amino terminus). At physiological pH,
splice variants that include exon 5 are fully active,
whereas those that lack exon 5 are partially blocked [37].
It has been suggested that the exon 5 cassette forms a
surface loop, with structural similarities to polyamines,
and acts as a tethered modulator to shield the proton-
sensor of NR1 [37]. Isoforms containing exon 5 are
therefore neither potentiated by polyamines nor inhibit-
ed by Zn2+ (which produces a similar type of
voltage-independent block [38]).

Variations in the proton sensitivity of postsynaptic NMDAR
subtypes might be expected to have an important influence
on synaptic transmission. However, both proton and Zn2+

inhibition are also affected by the identity of the NR2 sub-
unit(s) within the NMDAR complex. Thus, assemblies
incorporating NR1 variants that lack exon 5 are much less

sensitive to inhibition by H+ (or Zn2+) when co-assembled
with NR2C or NR2D [38,39].

Recently, it has also been shown that splicing of exon 5 can
influence the deactivation properties of NMDARs [40].
Unlike NR2A-containing receptors[12], the deactivation time
of recombinant NR2B-containing receptors is dependent on
whether or not NR1 contains the exon 5 insert. The deacti-
vation rate is roughly four times faster for NR1-1b/NR2B
(exon-5-containing) receptors than for the NR1-1a/NR2B
(exon-5-lacking) receptors (see Figure 2). This observation
may well be relevant to the change in time course of the
NMDAR-EPSC decay that occurs at many synapses during
development. This seems particularly pertinent to the 
thalamus and cerebellum, where there is evidence of a devel-
opmental increase in mRNA for exon-5-containing NR1
(NR1-1b) isoforms during development [41]. 

NMDAR subtypes differ in their pharmacology 
One way in which the functions of the various NMDAR sub-
units may be assessed is through the use of subunit selective
agonists and antagonists. A number of pharmacological agents
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Figure 2
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Functional properties of NMDARs conferred by specific subunits.
(a) Representative single-channel records of recombinant NMDARs
expressed in Xenopus oocytes, showing the high-conductance openings
of NR2A- and NR2B-containing receptors, and the low-conductance
openings of NR2C- and NR2D-containing receptors. Solid lines indicate
the closed state, and dotted lines indicate open states. Numbers
indicate conductance in picosiemens (data from [13]). (b) Example of
single-channel records of native NMDARs from cerebellar granule cells,
a dorsal horn neuron of the spinal cord, and a cerebellar Purkinje cell,
showing openings of high- and low-conductance (data from [21,22]). In

these examples, the high-conductance channels are thought to arise
from NR1/NR2B receptors and the low-conductance channels from
NR1/NR2D receptors in spinal cord and Purkinje cells, and from
NR1/NR2C receptors in granule cells. (c) Macroscopic currents from
recombinant NMDARs expressed in HEK293 cells, illustrating the NR2
subunit-dependent deactivation seen in response to 1-ms applications of
1 mM glutamate (data from [12]). (d) Macroscopic currents from
recombinant NMDARs illustrating the influence of NR1 splice varaiants
on deactivation (4-ms applications of 1 mM glutamate; data from [40])
τw is the weighted deactivation time constant.



have been shown to distinguish between certain NMDAR
subtypes (see Table 1). Competitive antagonists such as 
AP5 (2-amino-5-phosphonpentanoic acid) and D-CPPene 
(3-[2-carboxypiperazine-4-yl]-propenyl-1-phosphonic acid),
channel blockers such as MK-801 (dizocilpine), ketamine,
phencyclidine, amantadine and memantine, and novel non-
competitive antagonists such as felbamate show moderate
selectivity for certain subunit combinations. For example,
sensitivity to MK-801 is greater for recombinant NR1/NR2A
and NR1/NR2B receptors than for NR1/NR2C (see [42]).
More effective discrimination between receptors containing
different NR2 subunits can be achieved with non-competi-
tive antagonists that act through the proton sensor of the NR1
subunit [43–45]. The best characterised of these compounds
is ifenprodil, which has an IC50 (concentration producing half-
maximal inhibitor) that is about 400-fold lower for NR2B-
than for NR2A-, NR2C- or NR2D-containing receptors[46].

Several related phenylethanolamines and their derivatives
are thought to act in a similar manner (Table 1); thus both
haloperidol and the ifenprodil derivative CP101,606, are
highly effective at suppressing responses from NR1/NR2B
receptors [47,48]. These drugs suppress the activation of
NMDARs containing the NR2B subunit by enhancing
their sensitivity to inhibition by protons [43]. As a conse-
quence, inhibition by phenylethanolamines can be
overcome by increasing pH. Recently, conantokin-G, a
17-amino-acid peptide extracted from cone snail venom,
has been identified as a highly selective competitive antag-
onist of NR2B-containing NMDARs [49].

Although pharmacological agents that selectively block
NR2A-, NR2C- or NR2D-containing receptors have not
been described, PPDA ([±]-cis-1-[phenanthren-2yl-car-
bonyl]piperazine-2,3-dicarboxylic acid) has been suggested
to preferentially block NR2C- and NR2D-containing
NMDARs [50]. Also, NR2A-containing receptors can be
identified with the Zn2+ chelator TPEN (N,N,N′,N′-tetrakis-
[2-pyridylmethyl]-ethylenediamine), which enhances the
NMDAR response by removing the tonic inhibition caused

by low levels of Zn2+ present in experimental solutions [39].
By selectively potentiating responses from NR2A-containing
receptors, TPEN provides a convenient distinction between
NR2A- and NR2B-containing synaptic NMDARs [24,33].
Although the use of these subunit selective antagonists may
appear straightforward, consideration needs to be given to
the existence of triheteromeric NMDAR subunit assem-
blies, for which drug selectivity may not have been
determined (see below).

Developmental changes in synaptic NMDAR
subtypes 
One indicator of the functional importance of NMDAR
subunit diversity comes from examining the subunit
mRNA changes seen during development. At embryonic
stages, the NR2B subunit is found in most brain regions,
whereas the NR2D subunit is present in the diencephalon
and brainstem. Soon after birth, NR2A mRNA is found in
most regions, whereas NR2C appears later and is promi-
nent in the cerebellum (see [8,9]). Functional studies have
now examined the possible subunit composition of
NMDARs in a number of identified neurons in various
regions of the CNS. There appears to be a general trend
towards a decreasing (but still significant) contribution
from the NR2B subunit during development, which is
associated with an increasing contribution of NR2A-con-
taining NMDARs to the synaptic current. As discussed
below, however, the exact changes in subunit expression
vary with brain region, and there is also evidence for varia-
tion in the NR2 subunit composition of NMDARs at
different sites even within a single cell [20,23,24,51,52].

Expression of the NR2A subunit and its role in
synaptic plasticity
A gradual replacement or supplementation of NR2B by
NR2A during postnatal development has been implicated in
the speeding of NMDAR-EPSC decay — a phenomenon
often linked with the ability of neuronal circuits to exhibit
experience-dependent synaptic plasticity [4]. For example, in
visual cortex the NMDAR-EPSCs are sensitive to
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Table 1

Agents selective for NMDAR subtypes.

Agent Action Subunit selectivity References

Ifenprodil Non-competitive inhibition of NR2B NR2B >> 2A/2B >> 2D = 2C = 2A [46,51]
Haloperidol Non-competitive inhibition of NR2B NR2B >> 2A/2B >> 2D = 2C = 2A [12,47]
Ro 8-4304 Non-competitive inhibition of NR2B NR2B > 2A [75]
CP 101,606 Non-competitive inhibition of NR2B NR2B >> 2C = 2A [76]
Felbamate Non-competitive inhibition of NR2B NR2B >> 2A = 2C [77]
Conantokin-G Competitive inhibition of NR2B NR2B > 2D = 2C = 2A [49]
D-CPPene Competitive inhibition of NR2B and 2A NR2A = 2B > 2C = 2D [50]
PPDA Competitive inhibition of NR2C and 2D NR2C = 2D > 2A = 2B [50]
Protons Inhibition with NR1 lacking exon 5 NR2A > 2B >> 2D > 2C [37]
Zn2+ Non-competitive inhibition of NR2A NR2A>NR2B>NR2C [39]
Spermine Glycine-independent potentiation NR2B only (with NR1-1a) Reviewed in [1]

Some of the agents shown to exhibit a degree of subunit-selective action on recombinant NMDARs. Symbols in subunit-selectivity rank orders
indicate roughly one (>) or two (>>) orders of magnitude difference in reported IC50 values. For more details, see also [1,44].



NR2B-selective antagonists when the NMDAR-EPSC decay
is slow (postnatal day [P] 3–5), and this sensitivity is lost by P7
when the NMDAR-EPSC decays rapidly. For some time it
has been known that acceleration of these NMDAR-EPSCs
is delayed if animals are deprived of light. A recent study has
shown that light exposure of dark-reared animals results in
the rapid insertion at the synapse of new NMDARs with a
higher NR2A:NR2B ratio [53] (see Update).

Experiments using single-cell PCR with reverse transcrip-
tion to correlate the expression of individual subunits with
the functional properties of NMDA receptors in neocorti-
cal cells [25] have indicated that relatively low levels of
NR2A mRNA may be sufficient to generate rapidly decay-
ing NMDAR-EPSCs. This implies that NR2A subunits
are preferentially targeted to the synapse, or that NR2A co-
assembles with NR2B to form receptors with fast kinetics.
But it is less clear in visual cortical cells whether this
NR2A-dependent kinetic change signals the end of ocular
dominance plasticity within the thalamo-cortical projec-
tion or, as has also been proposed, the onset of the peak of
cortical plasticity [54]. 

Similar changes in the functional and pharmacological
properties of NMDAR-EPSCs have been described in
other neurons, including hippocampal CA1 pyramidal
cells [55], anterior neostriatum and archistriatum (during
song learning in the zebra finch [56,57]), and in cerebel-
lar granule cells during the first 3 weeks of their
development [23,26]. All of these cells display a change
in the NMDAR-EPSC kinetics and ifenprodil sensitivity
consistent with a decreasing contribution of NR2B sub-
units and an increasing synaptic involvement of NR2A.
In each of these disparate systems the functional conse-
quence of the switch to a faster NMDAR-EPSC needs
further examination, as does the significance of the
altered Ca2+ signal that this change in the synaptic 
conductance would be expected to produce.

Subcellular variation in NMDAR subunit
composition
Growing evidence indicates that in some cells extrasynap-
tic and synaptic NMDARs differ in their subunit
composition. Whereas NMDAR-EPSCs in visual cortex
lose their sensitivity to NR2B-selective antagonists by P7,
the extrasynaptic receptors are still blocked at this stage,
suggesting that NR1/NR2B-containing receptors are 
present but are no longer targeted to the synapse [58].
Differences have also been noted between synaptic and
extrasynaptic NMDARs in young cerebellar granule cells
[23]. In dorsal horn spinal neurons both NR1/NR2D and
NR1/NR2B receptors are present extrasynaptically, where-
as the kinetic and pharmacological properties of the
NMDAR-EPSCs indicate that NR2A receptors predomi-
nate at the primary afferent inputs to mature cells [52].
Other cell types, including cerebellar Golgi, Purkinje and
stellate cells also express extrasynaptic NMDAR subtypes
that are absent from the synapse (see [59]). 

Finally, it is clear that NMDAR subtypes can be distrib-
uted in a ‘synapse-selective manner’ within a single cell.
Targeted disruption of the NR2A subunit gene selectively
reduces the NMDAR-EPSCs at distal apical dendrites of
CA3 pyramidal neurons, while disruption of the NR2B
subunit gene reduces the NMDAR-EPSC at synapses on
basal dendrites [20]. At present, the functional significance
of these differences in subunit targeting is far from clear.

The presence of NR2C subunits in synaptic
NMDARs
As described above, NMDARs containing NR2C (or
NR2D) exhibit a low sensitivity to Mg2+. The functional
significance of this reduced Mg2+ sensitivity has not been
examined in detail, but it would be expected to allow these
NMDARs to operate at more negative membrane potentials
than conventional NR2A/B-containing receptors. This dif-
ference may explain, in part, the ability of antagonists with
moderate selectivity for NR2A/B- or NR2C/D-containing
receptors to differentially block long-term potentiation
(LTP) and long-term depression (LTD) in the hippocampus
[50]. It is important to note, however, that the NR2C sub-
unit is present at high levels only in cerebellar granule cells.

The gradual increase in mRNA for NR2C and NR2A seen
during granule cell development is accompanied by the
expression of a mixed population of low- and high-conduc-
tance NMDAR channels [21]. Only low-conductance
openings are observed in granule cells from mice lacking
NR2A [18], whereas only high-conductance openings are
present in mice lacking NR2C [19]. Recent studies have
indicated that, although NMDAR-EPSC sensitivity to
Mg2+ is low in the third postnatal week, consistent with
the presence of NR2C-containing receptors, their decay
time is fast and matches that of NR1/NR2A NMDARs
[23,26]. It is not until around maturity that the NMDAR-
EPSC decay time slows to a value characteristic of
NR1/NR2C receptors, suggesting that a high level of
NR2C expression is required for the switch from 
triheteromeric (NR1/NR2A/NR2C) to diheteromeric
(NR1/NR2C) synaptic receptors [26].

NR1/NR2D receptors have been identified
extrasynaptically, but not at the synapse 
Although there is good evidence that diheteromeric
NR2A-, NR2B- and NR2C-containing NMDARs partici-
pate in synaptic transmission, there is no evidence for
NR1/NR2D-containing receptors at any central synapse,
despite the fact that the distinctive single-channel proper-
ties of NR1/NR2D receptors have enabled their
identification in the extrasynaptic membrane of several
cell types [22,59]. Recombinant NR1/NR2D receptors
exhibit a remarkably slow macroscopic deactivation
[8,11,12]. Therefore, if native NR1/NR2D receptors also
exhibit prolonged deactivation kinetics, their involvement
in synaptic transmission should be apparent from a 
conspicuously slow EPSC decay that would occur on the
timescale of seconds rather than hundreds of milliseconds. 
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Recently, rapid application of glutamate onto Purkinje cell
patches, at a stage when these cells express a pure popula-
tion of NR1/NR2D receptors extrasynaptically, has shown
that these receptors do indeed deactivate very slowly [27],
consistent with data from recombinant receptors. In other
cell types that express an extrasynaptic population of
NR1/NR2D receptors, the decay of NMDAR-EPSCs is
fast [22,24,52], leading to the conclusion that NR1/NR2D
receptors are absent from the postsynaptic membrane. 

The possibility still exists that the NR2D subunit is pre-
sent at the synapse but is preferentially co-assembled
with other NR2 subunits. Such triheteromeric assem-
blies (NR1/NR2B/NR2D) may not exhibit the slow
deactivation of pure NR1/NR2D receptors but may dis-
play other NR2D-like properties. In this context it is of
interest to note that immunohistochemical data suggest
that all NR2D-containing receptors in the midbrain are
triheteromeric [14]. Finally, although apparently exclud-
ed from the synapse, the unusually high affinity of
NR1/NR2D receptors for glutamate may allow them 
to serve some novel function associated with an 
extrasynaptic location.

Evidence for functionally distinct
triheteromeric NMDARs in neurons
Molecular biological and immunoprecipitation studies have
provided compelling evidence that some native NMDARs
contain more than one type of NR2 subunit in the same
assembly [14,60,61]. As described above, there is also evi-
dence from studies of recombinant receptors that the NR3
subunit co-assembles with NR1/NR2 receptors to produce
a functionally distinct triheteromeric NMDAR [7,10].
However, the issue of whether triheteromeric assemblies
represent a sizeable fraction of the synaptic NMDARs, or
whether these are predominantly diheteromeric (NR1 plus
one type of NR2) remains unresolved.

Until recently it has also been unclear to what extent the
inclusion of a second NR2 subunit type influences the func-
tional properties of the receptor. NMDARs are thought to
contain two copies of NR1 ([62]; but see also [63]), and two
copies of NR2 [31,63]. If the receptors are indeed tetrameric,
then we would expect cells expressing two types of NR2 to
display only one form of triheteromeric receptor. Co-expres-
sion of NR2A and NR2D has been shown to generate three
recombinant channels types: high- and low-conductance
openings, and a novel receptor channel thought to arise from
a triheteromeric assembly [64]. In contrast, studies of native
NMDARs in cells expressing a mixture of high- (NR2A- or
NR2B-containing) and a low-conductance (NR2C- or NR2D-
containing) channels have generally identified only these two
types of channel openings ([21,22,24,52,59]; but see also [19]).
This might suggest that any additional channel types repre-
sent only a small fraction in the extrasynaptic population.

Recombinant NMDARs in cells transfected with NR1,
NR2A and NR2B subunits, display reduced ifenprodil

sensitivity and exhibit kinetics of recovery from ifenprodil
block that differ from those of NR1/NR2B receptors, sug-
gesting the formation of triheteromeric assemblies [12,51].
From their pharmacological and kinetic properties, the
extrasynaptic NMDARs in cultured hippocampal cells are
thought to be NR1/NR2B assemblies [51]. In contrast, the
NMDAR-EPSCs in these cells arise from two populations
of receptors, most of which show a response to ifenprodil
that is consistent with the presence of NR1/NR2A/NR2B
triheteromeric assemblies. Similarly, the presence of tri-
heteromeric assemblies (NR1/NR2A/NR2C) could also
explain the apparently discrepant kinetic behaviour and
Mg2+ sensitivity of NMDAR-EPSCs at immature mossy
fibre-granule cell synapses [26]. Therefore, there is grow-
ing support for the presence at certain synapses of
triheteromeric assemblies that exhibit distinct functional
and pharmacological properties.

NMDAR diversity and disease
Inappropriate activation of NMDARs has been implicated
in the aetiology of several disease states. In particular,
excessive calcium influx through NMDARs can cause
excitotoxic neuronal death, and thus blockade of
NMDARs is neuroprotective in animal models of both
stroke and seizure [65]. Stroke was, therefore, the first clin-
ical indication considered for NMDAR antagonists, but
the usefulness of most drugs was limited by their actions
on normal synaptic transmission or by additional side
effects. Most dramatically, reduction of NMDAR activity
by non-competitive antagonists such as ketamine or phen-
cyclidine resulted in dopaminergic hyperactivity and
behavioural changes characteristic of schizophrenia.
Parenthetically, although the mechanism linking NMDAR
hypofunction and psychosis remains to be established (see
[66]), mice with reduced NR1 subunit expression [67] or
NR2A subunit deletion [68] have been proposed as useful
animal models of schizophrenia.

Despite these initial concerns, many NMDAR antagonists
lacking psychotic side-effects have been considered for the
treatment of stroke. For example, in recent years the chan-
nel blocker aptiganel (CNS 1102), the competitive
glutamate antagonist selfotel (CGS 19755) and the com-
petitive glycine site antagonist gavistinel (GV150526) have
all completed phase III clinical trials. Unfortunately, all
have failed to live up to preclinical expectations showing
little or no therapeutic benefit [69,70]. Whether these neg-
ative results reflect an initially over optimistic view of the
NMDAR’s involvement in ischaemic damage, or the diffi-
culties associated with the interpretation of this clinical
data, remains an open question [69]. 

There is evidence to suggest that not all NMDAR subtypes
are equally important for producing the neuronal death
associated with ischaemia. NMDARs incorporating NR1
subunits that lack exon 5 are much less sensitive to inhibi-
tion by H+ when co-assembled with NR2C or NR2D
subunits [38]. It would therefore be anticipated that, during
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ischaemia, activity of NR2C- or NR2D-containing
NMDARs would not be suppressed to the same extent as
that of other NMDARs by the accompanying increase in
extracellular H+ concentration. This conclusion is consis-
tent with experimental results showing that neuronal death
after vascular occlusion is reduced in transgenic mice 
lacking the NR2C subunit [71].

NMDAR antagonists have also been considered to be of
potential use in treating several neurodegenerative condi-
tions, as well as chronic pain, and there is some evidence to
suggest that NMDAR subunit-selective drugs may be 
beneficial (see [44]). For example, the high density of
NR2B-containing NMDARs in the basal ganglia raises the
possibility that NR2B-selective antagonists may be more
useful than broad-spectrum antagonists in the develop-
ment of future treatments for Parkinson’s disease (see [72]). 

More speculatively, the cognitive enhancement reported
to occur in mice following overexpression of the NR2B
subunit has led to the suggestion that targeting specific
NMDAR subtypes might prove a useful strategy for devel-
oping novel drugs to combat cognitive disabilities [73]. As
our current knowledge regarding the functional signifi-
cance of specific NMDAR subtypes is far from complete,
however, it is difficult to predict how the future develop-
ment of subunit-selective drugs will impact on the
treatment of CNS disorders.

Conclusions
It is now possible able to make use of the characteristic
biophysical and pharmacological properties of NMDARs
to establish the subunit composition of many native 
subtypes. Recent studies using such approaches have
described the targeting of particular NMDAR subtypes to
specific locations in single cells, and have identified devel-
opmental changes occurring in the subunit composition of
synaptic and extrasynaptic NMDARs. 

Until fairly recently, only four types of functionally distinct
NMDARs — associated with the different NR2 subunits —
had been clearly distinguished in the CNS. With the
recognition of functionally distinct triheteromeric receptors,
the identification of the NR3 subunit family, and the added
functional complexity conferred by NR1 splice variants, it is
now apparent that the functional diversity of native
NMDARs is much greater than thought previously.
Establishing the significance of this heterogeneity, both in
normal and disease states, continues to be a major challenge.

Update
Experience-dependent changes in the subunit composition
of synaptic NMDARs have been shown to modify the tem-
poral summation of EPSCs in the visual cortex, although
the effect of these changes on neuronal integration and/or
Ca2+ influx remains unknown [78]. Importantly, however, a
temporal dissociation between changes in the pharmacology
(subunit composition) and the kinetic behaviour of

NMDARs seen during a critical period of development at
thalamocortical synapses casts doubt on the idea that accel-
eration of NMDAR-EPSCs is a direct cause of the loss 
of LTP [79].

Overexpression of NR2B in the forebrain has been shown
to increase sensitivity to inflammatory pain [80], an effect
suggested to be distinct from the previously described 
cognitive enhancement. This has led to the suggestion
that NR2B-selective antagonists may be useful in the
treatment of chronic pain.

Paradoxically, tissue plasminogen activator (tPA), a clot-
busting drug used in the treatment of acute stroke, has
been found to potentiate NMDAR-induced Ca2+ influx
and neuronal death. This action has been suggested to
result from cleavage of the N-terminus of the NR1 subunit
[81]. In contrast, potentiation of NMDARs by another 
protease, thrombin, does not involve receptor cleavage,
but has been linked to activation of the PAR1 receptor
[82]. Unravelling the NMDAR subunit-selective actions of
these proteases may identify new therapeutic targets
(see [83]).

Acknowledgements
We are grateful to the Wellcome Trust for support, and to our colleagues for
many helpful discussions that have contributed to this article. 

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

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

2. O’Brien RJ, Lau LF, Huganir RL: Molecular mechanisms of
glutamate receptor clustering at excitatory synapses. Curr Opin
Neurobiol 1998, 8:364-369.

3. Hollmann M: Structure of ionotropic glutamate receptors. In
Ionotropic Glutamate Receptors in the CNS. Edited by Jonas P,
Monyer H. Berlin: Springer; 1999:1-98. 

4. Constantine-Paton M, Cline HT: LTP and activity-dependent
synaptogenesis: the more alike they are, the more different they
become. Curr Opin Neurobiol 1998, 8:139-148.

5. Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi S:
Molecular cloning and characterization of the rat NMDA receptor.
Nature 1991, 354:31-37.

6. Sugihara H, Moriyoshi K, Ishii T, Masu M, Nakanishi S: Structures and
properties of seven isoforms of the NMDA receptor generated by
alternative splicing. Biochem Biophys Res Commun 1992,
185:826-832.

7. Das S, Sasaki YF, Rothe T, Premkumar LS, Takasu M, Crandall JE,
Dikkes P, Conner DA, Rayudu PV, Cheung W et al.: Increased NMDA
current and spine density in mice lacking the NMDA receptor
subunit NR3A. Nature 1998, 393:377-381.

8. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH:
Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 1994,
12:529-540.

9. Akazawa C, Shigemoto R, Bessho Y, Nakanishi S, Mizuno N:
Differential expression of five N-methyl-D-aspartate receptor
subunit mRNAs in the cerebellum of developing and adult rats.
J Comp Neurol 1994, 347:150-160.

NMDA receptor subunits Cull-Candy, Brickley and Farrant    333



10. Perez-Otano I, Schulties CT, Contractor A, Lipton SA, Trimmer JS,
Sucher NJ, Heinemann SF: Assembly with NR1 subunit is required
for surface expression of NR3A-containing NMDA receptors.
J Neurosci 2001, 21:175-218.

11. Wyllie DJ, Behe P, Colquhoun D: Single-channel activations and
concentration jumps: comparison of recombinant NR1a/NR2A
and NR1a/NR2D NMDA receptors. J Physiol (Lond) 1998,
510:1-18.

12. Vicini S, Wang JF, Li JH, Zhu WJ, Wang YH, Luo JH, Wolfe BB,
Grayson DR: Functional and pharmacological differences between
recombinant N-methyl-D-aspartate receptors. J Neurophysiol
1998, 79:555-566.

13. Behe P, Colquhoun D, Wyllie DJ: Activation of single AMPA- and
NMDA-type glutamate-receptor channels. In Ionotropic Glutamate
Receptors in the CNS. Edited by Jonas P, Monyer H. Springer; Berlin
1999:175-218. 

14. Dunah AW, Luo J, Wang YH, Yasuda RP, Wolfe BB: Subunit
composition of N-methyl-DD-aspartate receptors in the central
nervous system that contain the NR2D subunit. Mol Pharmacol
1998, 53:429-437.

15. Plant T, Schirra C, Garaschuk O, Rossier J, Konnerth A: Molecular
determinants of NMDA receptor function in GABAergic neurones
of rat forebrain. J Physiol (Lond) 1997, 499:47-63.

16. Petralia RS, Wang YX, Wenthold RJ: The NMDA receptor subunits
NR2A and NR2B show histological and ultrastructural localization
patterns similar to those of NR1. J Neurosci 1994, 14:6102-6120.

17. Thompson CL, Drewery DL, Atkins HD, Stephenson FA, Chazot PL:
Immunohistochemical localization of N-methyl-D-aspartate
receptor NR1, NR2A, NR2B and NR2C/D subunits in the adult
mammalian cerebellum. Neurosci Lett 2000, 283:85-88.

18. Takahashi T, Feldmeyer D, Suzuki N, Onodera K, Cull-Candy SG,
Sakimura K, Mishina M: Functional correlation of NMDA receptor
epsilon subunits expression with the properties of single-channel
and synaptic currents in the developing cerebellum. J Neurosci
1996, 16:4376-4382.

19. Ebralidze AK, Rossi DJ, Tonegawa S, Slater NT: Modification of
NMDA receptor channels and synaptic transmission by targeted
disruption of the NR2C gene. J Neurosci 1996, 16:5014-5025.

20. Ito I, Futai K, Katagiri H, Watanabe M, Sakimura K, Mishina M,
Sugiyama H: Synapse-selective impairment of NMDA receptor
functions in mice lacking NMDA receptor εε1 or εε2 subunit.
J Physiol (Lond) 1997, 500:401-408.

21. Farrant M, Feldmeyer D, Takahashi T, Cull-Candy SG:
NMDA-receptor channel diversity in the developing cerebellum.
Nature 1994, 368:335-339.

22. Momiyama A, Feldmeyer D, Cull-Candy SG: Identification of a native
low-conductance NMDA channel with reduced sensitivity to Mg2+

in rat central neurones. J Physiol (Lond) 1996, 494:479-492.

23. Rumbaugh G, Vicini S: Distinct synaptic and extrasynaptic NMDA
receptors in developing cerebellar granule neurons. J Neurosci
1999, 19:10603-10610.

24. Misra C, Brickley SG, Farrant M, Cull-Candy SG: Identification of
subunits contributing to synaptic and extrasynaptic NMDA
receptors in Golgi cells of the rat cerebellum. J Physiol (Lond)
2000, 524:147-162.

25. Flint AC, Maisch US, Weishaupt JH, Kriegstein AR, Monyer H: NR2A
subunit expression shortens NMDA receptor synaptic currents in
developing neocortex. J Neurosci 1997, 17:2469-2476.

26. Cathala L, Misra C, Cull-Candy S: Developmental profile of the
changing properties of NMDA receptors at cerebellar mossy fiber-
granule cell synapses. J Neurosci 2000, 20:5899-5905.

27. Misra C, Brickley SG, Wyllie DJ, Cull-Candy SG: Slow deactivation
kinetics of NMDA receptors containing NR1 and NR2D subunits in
rat cerebellar Purkinje cells. J Physiol (Lond) 2000, 525:299-305.

28. Dzubay JA, Jahr CE: Kinetics of NMDA channel opening. J Neurosci
1996, 16:4129-4134.

29. Anson LC, Chen PE, Wyllie DJA, Colquhoun D, Schoepfer R:
Identification of amino acid residues of the NR2A subunit that
control glutamate potency in recombinant NR1/NR2A NMDA
receptors. J Neurosci 1998, 18:581-589.

30. Anson LC, Schoepfer R, Colquhoun D, Wyllie DJ: Single-channel
analysis of an NMDA receptor possessing a mutation in the
region of the glutamate binding site. J Physiol (Lond) 2000,
527:225-237.

31. Laube B, Kuhse J, Betz H: Evidence for a tetrameric structure of
recombinant NMDA receptors. J Neurosci 1998, 18:2954-2961.

32. Kuryatov A, Laube B, Betz H, Kuhse J: Mutational analysis of the
glycine-binding site of the NMDA receptor: structural similarity
with bacterial amino acid-binding proteins. Neuron 1994,
12:1291-1300.

33. Tovar KR, Sprouffske K, Westbrook GL: Fast NMDA receptor-
mediated synaptic currents in neurons from mice lacking the εε2
(NR2B) subunit. J Neurophysiol 2000, 83:616-620.

34. Wyllie DJ, Behe P, Nassar M, Schoepfer R, Colquhoun D: Single-
channel currents from recombinant NMDA NR1a/NR2D receptors
expressed in Xenopus oocytes. Proc R Soc Lond B 1996,
263:1079-1086.

35. Burnashev N, Zhou Z, Neher E, Sakmann B: Fractional calcium
currents through recombinant GluR channels of the NMDA, AMPA
and kainate receptor subtypes. J Physiol (Lond) 1995,
485:403-418.

36. Schneggenburger R: Simultaneous measurement of Ca2+ influx
and reversal potentials in recombinant N-methyl-D-aspartate
receptor channels. Biophys J 1996, 70:2165-2174.

37. Traynelis SF, Hartley M, Heinemann SF: Control of proton sensitivity
of the NMDA receptor by RNA splicing and polyamines. Science
1995, 268:873-876.

38. Traynelis SF, Burgess MF, Zheng F, Lyuboslavsky P, Powers JL:
Control of voltage-independent zinc inhibition of NMDA receptors
by the NR1 subunit. J Neurosci 1998, 18:6163-6175.

39. Paoletti P, Ascher P, Neyton J: High-affinity zinc inhibition of NMDA
NR1-NR2A receptors. J Neurosci 1997, 17:5711-5725.

40. Rumbaugh G, Prybylowski K, Wang JF, Vicini S: Exon 5 and
spermine regulate deactivation of NMDA receptor subtypes.
J Neurophysiol 2000, 83:1300-1306.

41. Laurie DJ, Seeburg PH: Regional and developmental heterogeneity
in splicing of the rat brain NMDAR1 mRNA. J Neurosci 1994,
14:3180-3194.

42. Chazot PL, Coleman SK, Cik M, Stephenson FA: Molecular
characterization of N-methyl-D-aspartate receptors expressed in
mammalian cells yields evidence for the coexistence of three
subunit types within a discrete receptor molecule. J Biol Chem
1994, 269:24403-24409.

43. Mott DD, Doherty JJ, Zhang S, Washburn MS, Fendley MJ,
Lyuboslavsky P, Traynelis SF, Dingledine R: Phenylethanolamines
inhibit NMDA receptors by enhancing proton inhibition. Nat
Neurosci 1998, 1:659-667.

44. Brauner-Osborne H, Egebjerg J, Nielsen EO, Madsen U, Krogsgaard-
Larsen P: Ligands for glutamate receptors: design and therapeutic
prospects. J Med Chem 2000, 43:2609-2645.

45. Yamakura T, Shimoji K: Subunit- and site-specific pharmacology of
the NMDA receptor channel. Prog Neurobiol 1999, 59:279-298.

46. Williams K: Ifenprodil discriminates subtypes of the N-methyl-D-
aspartate receptor: selectivity and mechanisms at recombinant
heteromeric receptors. Mol Pharmacol 1993, 44:851-859.

47. Ilyin VI, Whittemore ER, Guastella J, Weber E, Woodward RM:
Subtype-selective inhibition of N-methyl-D-aspartate receptors by
haloperidol. Mol Pharmacol 1996, 50:1541-1550.

48. Chenard BL, Bordner J, Butler TW, Chambers LK, Collins MA, De
Costa DL, Ducat MF, Dumont ML, Fox CB, Mena EE et al.: (1S,2S)-1-
(4-hydroxyphenyl)-2-(4-hydroxy-4-phenylpiperidino)-1-propanol: a
potent new neuroprotectant which blocks N-methyl-D-aspartate
responses. J Med Chem 1995, 38:3138-3145.

49. Donevan SD, McCabe RT: Conantokin G is an NR2B-selective
competitive antagonist of N-methyl-D-aspartate receptors. Mol
Pharmacol 2000, 58:614-623.

50. Hrabetova S, Serrano P, Blace N, Tse HW, Skifter DA, Jane DE,
Monaghan DT, Sacktor TC: Distinct NMDA receptor subpopulations
contribute to long-term potentiation and long-term depression
induction. J Neurosci  2000, 20:RC81.

334 Signalling mechanisms



51. Tovar KR, Westbrook GL: The incorporation of NMDA receptors
with a distinct subunit composition at nascent hippocampal
synapses in vitro. J Neurosci 1999, 19:4180-4188.

52. Momiyama A: Distinct synaptic and extrasynaptic NMDA receptors
identified in dorsal horn neurones of the adult rat spinal cord.
J Physiol (Lond) 2000, 523:621-628.

53. Quinlan EM, Philpot BD, Huganir RL, Bear MF: Rapid, experience-
dependent expression of synaptic NMDA receptors in visual
cortex in vivo. Nat Neurosci 1999, 2:352-357.

54. Roberts EB, Ramoa AS: Enhanced NR2A subunit expression and
decreased NMDA receptor decay time at the onset of ocular
dominance plasticity in the ferret. J Neurophysiol 1999,
81:2587-2591.

55. Kirson ED, Schirra C, Konnerth A, Yaari Y: Early postnatal switch in
magnesium sensitivity of NMDA receptors in rat CA1 pyramidal
cells. J Physiol (Lond) 1999, 521:99-111.

56. Livingston FS, Mooney R: Development of intrinsic and synaptic
properties in a forebrain nucleus essential to avian song learning.
J Neurosci 1997, 17:8997-9009.

57. White SA, Livingston FS, Mooney R: Androgens modulate NMDA
receptor-mediated EPSCs in the zebra finch song system.
J Neurophysiol 1999, 82:2221-2234.

58. Stocca G, Vicini S: Increased contribution of NR2A subunit to
synaptic NMDA receptors in developing rat cortical neurons.
J Physiol (Lond) 1998, 507:13-24.

59. Cull-Candy SG, Brickley SG, Misra C, Feldmeyer D, Momiyama A,
Farrant M: NMDA receptor diversity in the cerebellum:
identification of subunits contributing to functional receptors.
Neuropharmacology 1998, 37:1369-1380.

60. Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY: Changing subunit
composition of heteromeric NMDA receptors during development
of rat cortex. Nature 1994, 368:144-147.

61. Chazot PL, Stephenson FA: Molecular dissection of native
mammalian forebrain NMDA receptors containing the NR1 C2
exon: direct demonstration of NMDA receptors comprising NR1,
NR2A, and NR2B subunits within the same complex. J Neurochem
1997, 69:2138-2144.

62. Behe P, Stern P, Wyllie DJ, Nassar M, Schoepfer R, Colquhoun D:
Determination of NMDA NR1 subunit copy number in
recombinant NMDA receptors. Proc R Soc Lond B Biol Sci 1995,
262:205-213.

63. Premkumar LS, Auerbach A: Stoichiometry of recombinant
N-methyl-D-aspartate receptor channels inferred from single-
channel current patterns. J Gen Physiol 1997, 110:485-502.

64. Cheffings CM, Colquhoun D: Single channel analysis of a novel
NMDA channel from Xenopus oocytes expressing recombinant
NR1a, NR2A and NR2D subunits. J Physiol (Lond) 2000,
526:481-491.

65. Lee JM, Zipfel GJ, Choi DW: The changing landscape of ischaemic
brain injury mechanisms. Nature 1999, 399:A7-14.

66. Rowley M, Bristow LJ, Hutson PH: Current and novel approaches to
the drug treatment of schizophrenia. J Med Chem 2001,
44:477-501.

67. Mohn AR, Gainetdiner RR, Garon MG, Koller BH: Mice with reduced
NMDA receptor expression display behaviors related to
schizophrenia. Cell 1999, 98:427-436.

68. Miyamoto Y, Yamada K, Noda Y, Mori H, Mishina M, Nabeshima T:
Hyperfunction of dopaminergic and serotonergic neuronal
systems in mice lacking the NMDA recptor εε1 subunit. J Neurosci
2001, 21:750-757.

69. De Keyser J, Sulter G, Luiten PG: Clinical trials with neuroprotective
drugs in acute ischaemic stroke: are we doing the right thing?
Trends Neurosci 1999, 22:535-540.

70. Lees KR, Asplund K, Carolei A, Davis SM, Diener HC, Kaste M,
Orgogozo JM, Whitehead J: Glycine antagonist (gavestinel) in
neuroprotection (GAIN International) in patients with acute
stroke: a randomised controlled trial. GAIN International
Investigators. Lancet 2000, 355:1949-1954.

71. Kadotani H, Namura S, Katsuura G, Terashima T, Kikuchi H:
Attenuation of focal cerebral infarct in mice lacking NMDA
receptor subunit NR2C. NeuroReport 1998, 9:471-475.

72. Steece-Collier K, Chambers LK, Jaw-Tsai SS, Menniti FS,
Greenamyre JT: Antiparkinsonian actions of CP-101,606, an
antagonist of NR2B subunit-containing N-methyl-D-aspartate
receptors. Exp Neurol 2000, 163:239-243.

73. Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo M,
Liu G, Tsien JZ: Genetic enhancement of learning and memory in
mice. Nature 1999, 401:63-69.

74. Rafiki A, Bernard A, Medina I, Gozlan H, Khrestchatisky M:
Characterization in cultured cerebellar granule cells and in the
developing rat brain of mRNA variants for the NMDA receptor 2C
subunit. J Neurochem 2000, 74:1798-1808.

75. Kew JN, Trube G, Kemp JA: State-dependent NMDA receptor
antagonism by Ro 8-4304, a novel NR2B selective, non-
competitive, voltage-independent antagonist. Br J Pharmacol
1998, 123:463-472.

76. Brimecombe JC, Gallagher MJ, Lynch DR, Aizenman E: An NR2B
point mutation affecting haloperidol and CP101,606 sensitivity of
single recombinant N-methyl-D-aspartate receptors. J Pharmacol
Exp Ther 1998, 286:627-634.

77. Kleckner NW, Glazewski JC, Chen CC, Moscrip TD: Subtype-
selective antagonism of N-methyl-D-aspartate receptors by
felbamate: insights into the mechanism of action. J Pharmacol Exp
Ther 1999, 289:886-894.

78. Philpot BD, Sekhar AK, Shouval HZ, Bear MF: Visual experience
and deprivation bidirectionally modify the composition and
function of NMDA receptors in visual cortex. Neuron 2001,
29:157-169.

79. Barth AL, Malenka, RC: NMDAR EPSC kinetics do not regulate the
critical period for LTP at thalamocortical synapses. Nat Neurosci
2001, 4:235-236.

80. Wei F, Wang G-D, Kerchner GA, Kim SJ, Xu H-M, Chen Z-F, Zhuo M:
Genetic enhancement of inflammatory pain by forebrain NR2B
overexpression. Nat Neurosci 2001, 4:164-169.

81. Nicole O, Docagne F, Ali C, Margaill I, Carmeliet P, MacKenzie ET,
Vivien D, Buisson A: The proteolytic activity of tissue-plasminogen
activator enhances NMDA receptor-mediated signalling. Nat Med
2001, 7:59-64.

82. Gingrich MB, Junge CE, Lyuboslavsky P, Traynelis SF: Potentiation of
NMDA receptor function by the serine protease thrombin.
J Neurosci 2000, 20:4582-95.

83. Gingrich MB, Traynelis SF: Serine proteases and brain damage —
is there a link? Trends Neurosci 2000, 23:399-407.

NMDA receptor subunits Cull-Candy, Brickley and Farrant    335


