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Abstract 

The N-methyl-D-aspartate (NMDA) subtype of glutamate receptors plays a key role in synaptic 
transmission, synaptic plasticity, synaptogenesis, and excitotocity in the mammalian central ner- 
vous system. The NMDA receptor channel is formed from two gene products from two glutamate 
receptor subunit families, termed NR1 and NR2. Although the subunit composition of native 
NMDA receptors is incompletely understood, electrophysiological studies using recombinant 
receptors suggest that functional NMDA receptors consist of heteromers containing combinations 
of NR1, which is essential for channel activity, and NR2, which modulates the properties of the 
channels. The lack of agonists or antagonists selective for a given subunit of NMDA receptors has 
made it difficult to understand the subunit expression, subunit composition, and posttransla- 
tional modification mechanisms of native NMDA receptors. Therefore, most studies on NMDA 
receptors that examine regional expression and ontogeny have been focused at the level of the 
mRNAs encoding the different subunits using northern blotting, ribonuclease protection, and in 
situ hybridization techniques. However, the data from these studies do not provide clear informa- 
tion about the resultant subunit protein. To directly examine the protein product of the NMDA 
receptor subunit genes, the development of subunit-specific antibodies using peptides and fusion 
proteins has provided a good approach for localizing, quantifying, and characterizing the recep- 
tor subunits in tissues and transfected cell 'lines, and to s tudy  ~he-s~blxn~t-t~omposition and the 
functional effects of posttranslational processing of the NMDA subunits, particularly the phos- 
phorylation profiles of NMDA glutamate receptors. 
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Introduction 

Neurons communicate by releasing chemical 
substances into the synapses, which then 
mediate excitation or inhibition of the target 
cell. At most excitatory synapses in the mam- 
malian central nervous system (CNS), the 
released chemical substance is the amino acid 
L-glutamate. The field of excitatory amino 
acids began with the discovery of the convul- 
sive effects of L-glutamate and L-aspartate (1), 
and this was soon followed by the demonstra- 
tion of the depolarizing and excitatory actions 
of these amino acids on single brain neurons 
(2). Glutamate is now widely accepted as the 
principal excitatory neurotransmitter in the 
mammalian CNS, where it can bind to and 
activate a variety of receptors resulting in 
physiological effects and/or  pathological con- 
ditions. The diverse functions of glutamatergic 
neurotransmission in the mammalian CNS are 
mediated by a variety of glutamate receptors 
that are classified into two major categories, 
termed ionotropic and metabotropic glutamate 
receptors, based on pharmacological, biochem- 
ical, and electrophysiological studies (3). The 
ionotropic glutamate receptors can be subdi- 
vided into two distinct types of receptors: N- 
methyl-D-aspartate (NMDA) and non-NMDA 
receptors. The non-NMDA subtype of gluta- 
mate receptors can be further subdivided into 
two types of receptors: o~-amino-3-hydroxy-5- 
methyl-4-isoxazoepropionate (AMPA) and 
kainate receptors (3-5). 

The NMDA glutamate receptor subtype, 
which constitutes the subject of this review, is a 
ligand-gated ion channel characterized by high 
Ca 2+ permeability, voltage-dependent Mg 2+ 
block, requirement for glycine as a coagonist, 
and slow activation and deactivation kinetics 
(6-9). This receptor subtype plays a crucial role 
in many physiological, behavioral, and patho- 
physiological functions of the CNS. For 
instance, the NMDA receptor is important for 
glutamate-mediated neuronal plasticity and 
induction of long-term potentiation that is 
thought to underlie learning and memory 

(10-13). The NMDA receptor also appears to 
be involved in pathophysiological processes, 
such as epilepsy, stroke, and ischemic neuronal 
cell death, and may be involved in chronic 
neurodegenerative diseases like Alzheimer's, 
Parkinson's, and Huntington's diseases 
(14--19). 

Presently, two gene families encoding five 
NMDA receptor subunits have been cloned 
and characterized for both rat and mouse 
brain, and several of their human homologs 
have also been identified. It is believed that in 
native NMDA receptors these subunits are 
arranged in various combinations to generate 
heteromeric complexes. The exact stoichome- 
try is currently unknown. One of the gene fam- 
ilies of the NMDA receptors consists of 
NMDAR1 (NR1), which was the first NMDA 
receptor subunit cDNA characterized from the 
rat brain, and the protein it encodes has a pre- 
dicted molecular mass of 103 kDa (5). The open 
reading frame of the cDNA sequence isolated 
by Moriyoshi et al. (5) predicts a total of 938 
amino acids with a series of five hydrophobic 
sequences originally thought to represent four 
transmembrane domains (13). Following the 
characterization of the NR1 subunit, a second 
gene family of NMDA receptor subunits, 
termed NMDAR2 (NR2), was isolated from 
both rat and mouse brain (20-24). The NR2 
family consists of four members, termed 
NR2A, NR2B, NR2C, and NR2D for the rat 
subunits (22,24) and ~ 1, ~ 2, ~ 3, and ~ 4 for the 
mouse equivalents (21, 22). Analysis of cDNA 
clones now suggests the identification of as 
many as eight functional isoforms of NR1 gen- 
erated by alternative splicing from the primary 
transcript of the NR1 gene (25,26). There is also 
a truncated isoform of the NR1 subunit, con- 
taining only the first 181 amino-terminal 
amino acids, that fails to generate a functional 
NMDA receptor channel when expressed in 
Xenopus oocytes, even though its mRNA is 
found in the brain (25). The eight splice vari- 
ants of the NR1 subunit, each of which gener- 
ates functional NMDA receptors with different 
pharmacological properties (26), were inde- 
pendently cloned by several groups and as a 
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result have been assigned different names 
(20,25-30). Among the NR2 family, no splice 
variants have been reported for the NR2A, 
NR2B, and NR2C subunits. The NR2D sub- 
unit, however, exists in two splice isoforms, 
termed NR2D-1 and NR2D-2, with 1323 and 
1356 amino acids, respectively (24). 

The expression of the NR1 subunit in Xeno- 
pus oocytes but not mammalian cell lines 
forms channels responsive to glutamate and 
NMDA (5,20), although the electrophysiologi- 
cal responses are very small when compared 
with current responses observed for oocytes 
injected with poly(A) + RNA extracted from 
rat brain. This may be an indication that the 
NR1 subunit is capable of forming a homo- 
meric structure to produce a functional 
NMDA receptor or it may indicate that the 
oocyte is contributing an NR2-1ike protein 
that can assemble with NR1 to form some- 
what functional receptors. A recent report has 
shown that Xenopus oocytes express an 
endogenous,~protein that is thought to be a 
unitary glutamate receptor, termed XenU1, 
that interacts with the NR1 subunit to form a 
functional NMDA receptor (32). In contrast, 
the expression of one or two NR2 subunits 
using the Xenopus oocyte system was not 
linked to the generation of an electrophysio- 
logical response following the application of 
glutamate or NMDA, demonstrating that the 
NR2 subunits may not form functional homo- 
meric or heteromeric receptors (23,24,31). 
Interestingly, the combined expression of each 
of the NR1 splice variants, but not the trun- 
cated isoform of NR1 with any of the NR2 
subunits, produced highly active NMDA 
receptor channels with stronger responses to 
glutamate and NMDA (23-25,31). Because of 
this, native NMDA receptors are believed to 
consist of heteromeric complexes containing 
both NR1 and NR2 subunits, of which the 
NR1 is a fundamental subunit necessary for 
the formation of functional NMDA receptor 
channel complex. The combination of NR1 
with different subunits of NR2 generates 
NMDA receptors with functional variability 
in electrophysiological and pharmacological 

properties (9,23,24,31,33). The affinities for 
agonists and antagonists, the kinetics of 
responses, the sensitivities to Mg 2+ block, the 
stimulatory effects of glycine, and the modu- 
latory effects of polyamines and histamines 
are different, depending on the subunit com- 
positions of the NMDA receptors (5,23,33). 

A few studies have attempted to examine 
the heterogenous nature of NMDA receptors 
using pharmacological agents that recognize 
either particular subunits or subtypes of 
NMDA receptors. For instance, ifenprodil, a 
noncompetitive NMDA receptor antagonist, 
has been shown to bind homomeric NR1 and 
heteromeric NR1/NR2B receptors with high 
affinities, whereas the binding of ifenprodil 
to receptors composed of NR1/NR2A, 
NR1/NR2C, and NR1/NR2D was found to be 
with low affinity (34,35). Similarly, NMDA 
receptors formed in transiently transfected 
HEK293 cells and in Xenopus oocytes from 
cDNAs encoding NR1 and NR2A were seen to 
have fast deactivation kinetics and low affin- 
ity for blockade by haloperidol, a dopamine 
receptor antagonist and therapeutically useful 
antischizophrenic drug. On the other hand, 
NMDA receptors composed of NR1 and 
NR2B subunits showed slow deactivation 
kinetics and high affinity for haloperidol 
(36-38). These findings suggest that ifen- 
prodil and haloperidol bind to all the cloned 
subunits of the NMDA receptor, but both 
agents appear to be more selective for the 
NR2B subunit. 

Although ifenprodil and haloperidol can 
distinguish two populations of NMDA recep- 
tors in the brain, namely high- and low-affin- 
ity receptors, the lack of ligands, whether 
agonists or antagonists selective for a given 
NMDA receptor subunit, has made it difficult 
to understand the expression and composi- 
tion of these receptors. Therefore, most stud- 
ies on NMDA receptors that examine regional 
and developmental expressions have been 
focused only at the level of the mRNAs 
encoding the different subunits using either 
northern blot or in situ hybridization 
approaches (9,23,24). However, the data from 
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these studies do not provide adequate and 
clear information about the resultant subunit 
protein. To examine directly the protein prod- 
uct of the NMDA receptor subunit genes, the 
development of subunit-specific antibodies 
using synthetic peptides and fusion proteins 
has been useful for localizing, quantifying, 
and characterizing the receptor subunits in 
tissues and transfected cell lines, and for 
studying the subunit compositions and post- 
translational modification mechanisms of 
native NMDA receptors (38-46). To date, anti- 
bodies recognizing NR1 (39-41,46-50), NR2A 
(39,42,43,45,50,51), NR2B (39,42,43,45,51), NR2C 
(48,51,52), and NR2D (53,54) have been reported. 
The regional distributions (41-43,45,49,51,52), 
ontogenies (39,43,45,46,53-55), subunit com- 
positions (39,47,48,52,56,57), and phosphoryla- 
tion profiles (40,44,58-63) of some of these 
subunit proteins have been determined, and 
the data demonstrate that each protein is 
unique in these regards. This review focuses 
on how antibodies have been successfully 
applied as useful tools in the investigations of 
the structure and functions of NMDA recep- 
tors revolving around hypothetical questions, 
such as the anatomical and ontogenic expres- 
sions, subunit compositions, and functional 
effects of phosphorylation of NMDA gluta- 
mate receptors. 

Development and Characterization 
of NMDA Receptor Antibodies 

The development, purification, and charac- 
terization of antibodies selective for a protein 
product of interest using either bacterially 
expressed fusion proteins or synthetic peptides 
as antigens has now become a common but 
important practice in biochemical research. 
This approach has been successfully and 
extensively used in the generation of subunit- 
specific monoclonal and polyclonal antibodies 
against the NMDA receptor proteins and has 
proved useful in defining the structure and 
function of NMDA receptors. 

Fusion-Protein-Generated NMDA Receptor 
Antibodies 
The production of fusion proteins primar- 

ily involves the subcloning of a cDNA encod- 
ing a region of interest from the NMDA 
receptor gene into a bacterial expression vec- 
tor. The expression of the fusion protein can 
then be induced depending on the properties 
of the expression vector. Antibodies recogniz- 
ing the NMDA receptor are subsequently 
purified from the immune serum by affinity 
chromatography following immunization of 
such animals as rabbits (43) or guinea pigs 
(53) with the fusion protein antigen. The same 
fusion protein used for immunization of ani- 
mals typically is coupled to a resin, such as 
Reacti-Gel (6X) (Pierce, Rockford, IL), to form 
an affinity matrix for antibodies directed 
against the NMDA receptor subunit (43,46). 
Antibodies to the carrier portion of the fusion 
protein (e.g., glutathione-S-transferase) are 
removed by preincubating the serum with 
high concentrations of the carrier protein. The 
main advantage of using a fusion protein as 
an antigen for the development of antibodies 
against NMDA receptors and other gene 
products is that the resulting large protein 
fragment has more potential epitopes, thereby 
increasing the probability of obtaining useful 
antibodies. However, the large size of the 
fusion protein can also lead to the (undesir- 
able) production of antibodies that crossreact 
with other proteins. 

Synthetic Peptide Generated NMDA 
Receptor Antibodies 
Synthetic peptide antigens can induce the 

production of antibodies reactive with the cog- 
nate NMDA receptor subunit, and this 
approach of antibody development has pro- 
vided specific antipeptide antibodies that have 
proved useful in studies of NMDA receptors 
(41,42,48,53,54). The conventional approach for 
producing antipeptide antibodies involves the 
conjugation of a peptide to a known protein or 
synthetic polymer carrier, such as keyhole 
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Fig. 1. (A) Coomassie blue stain of NR2A antibod- 
ies purified using fusion protein affinity columns. The 
fusion protein used for immunization of rabbits to 
develop antibodies against the NR2A subunit was 
coupled to Reacti-Gel (6X) resin (Pierce) to form an 
affinty column and used in the purification of anti- 
bodies directed against the NR2A subunit. Shown is 
a Coomassie stain of a 2 ~tL load of the crude anti- 
serum prior to purification (lane 2, crude serum) and 
antibodies purified using affinity columns generated 
from the NR2A fusion protein (lane 3, NR2AFP IgG). 
Molecular-weight standard markers (lane 1) are indi- 
cated on the left of the figure. The 55-kDa band in 
lane 3 represents the heavy chain of IgG. (B) 
Coomassie blue stain of NR2D antibodies purified 
using peptide affinity columns. The linear forms of 
the MAP peptides used for the generation of antibody 
against NR2D subunit were acetylated at the N-ter- 
minus and coupled to Reacti-Gel (6X) resin (Pierce) 
to form an affinity matrix. Four NR2D affinity 
columns were made and each was used in the purifi- 

limpet hemocyanin, to give a macromolecular 
structure to the antigen suitable for immuniza- 
tion (64,65). A carrier is needed for most pep- 
tide antigens to render them immunogenic, 
because synthetic peptides are too small to ren- 
der them visible to the immune system. A 
novel approach for generating antipeptide 
antibodies is the use of Multiple Antigen Pep- 
tides (MAP), developed by Tam (64). This has 
been successfully employed in generating 
antipeptide antibodies against NMDA receptor 
subunits (48,53,54). In the MAP system, multi- 
ple copies, usually eight, of the peptide are 
synthesized onto a nonimmunogenic lysine 
backbone (64,65), and the resulting product is 
directly employed as a peptide antigen for 
immunizing animals. Antipeptide antibodies 
are usually purified by affinity chromatogra- 
phy prior to use. The MAP product itself is 
often not useful in generating an affinity col- 
umn but the linear form of the antigen used for 
immunization can be conjugated to a resin, 
such as Reacti-Gel, to form an affinity column 
for purification of antibodies. The use of syn- 
thetic peptides as antigens has the potential 
advantage of generating monospecific antibod- 
ies with low crossreactivity. A common disad- 
vantage of the synthetic peptide approach of 
antibody generation is the low probability of 
correctly choosing a good epitope. Two exam- 
ples of the successful application of both the 
fusion protein and synthetic peptide approaches 

cation of the same volume of crude NR2D rabbit 
antiserum. The purified antibodies from each of the 
four affinity columns were resolved on SDS-PAGE, 
and the gel was stained with Coomassie blue. The 
Coomassie-stained SDS-PAGE gel shows crude anti- 
serum prior to purification (lane 2, crude serum) and 
antibodies purified using affinity columns generated 
from the first peptide (lane 3, 1-1gG), second peptide 
(lane 4, 2-1gG), third peptide (lane 5, 3-1gG), and a 
mixture of the three peptides (lane 6, 1-3 IgG). The 
55 and 25 kDa bands in lanes 5 and 6 represent the 
heavy and light chains of IgG, respectively. Lane 1 
contains molecular weight markers as indicated on 
the left of the figure. 
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Fig. 2. Characterization of affinity-purified anti- 
NR2D receptor subunit-specific antibody. Western 
blot analysis using transfected HEK293 cells and a rat 
brain tissue was performed. Membrane protein sam- 
ples from untransfected HEK293 cells (lane 1; UNT), 
cells transfected with NRla cDNA (lane 2; NR1), 
cells cotransfected with NRla and NR2A cDNAs 
(lane 3; NR1/NR2A), cells cotransfected with NRla 
and NR2B cDNAs (lane 4; NR1/NR2B), cells cotrans- 
fected with NRla and NR2C cDNAs (lane 5; 
NR1/NR2C), and cells cotransfected with NRla and 
NR2D cDNAs (lane 6; NR1/NR2D) and rat thalamus 
(THALAMUS) were separated on an SDS gel. Each 
lane was loaded with 1 ~tg of membrane protein from 
the cells and 10 ~tg of thalamic tissue. The positions 
of molecular weight markers are indicated on the left 
of the figure. In lane 6 the upper band corresponds to 
the full-length, glycosylated subunit seen in brain 
(lane 7), the second band corresponds to unglycosy- 
lated, full-length subunit (see Fig. 3), and the rest of 
the bands appear to be truncated or proteolyzed por- 
tions of the NR2D protein. 

of antibody generation are shown in Fig. 1. 
Figure 1A shows the immunoglobulins (IgG), 
obtained from a rabbit and purified from a 
crude antiserum, that have been immunized 
with a fusion protein containing a unique por- 
tion (carboxy terminus amino acids 934-1442) 
of the NR2A subunit. Figure 1B shows the IgG 
purified from a crude antiserum obtained 
from a rabbit that had been injected with a 
mixture of three MAPs, all from the carboxy 
terminus the NR2D subunit. Note that only 

one (3-MAP; lane 5) of the three antigens pro- 
duced antibodies. 

The production of an NMDA receptor anti- 
body following animal immunization with 
either the fusion protein or synthetic peptide 
antigen can be monitored and quantified over 
time, using the respective antigen, by the 
enzyme-linked immunosorbent assay (ELISA). 
However, it is important to determine whether 
the antibody generated recognizes the native 
NMDA receptor subunit protein from which 
the antigen is derived. Expression of the 
cDNA encoding the receptor subunit in a 
eukaryotic cell line by either transient or sta- 
ble transfections yields tissues suitable for 
screening of the antibody by Western blot. The 
specificity of the antibody can be determined 
using membranes from cells transfected with 
the cDNAs encoding the various NMDA 
receptor subunits (43,46,54). An example of 
this approach of antibody characterization is 
shown in Fig. 2. The molecular size of the 
resulting immunoreactive band can be com- 
pared to the molecular size of the subunit pro- 
tein as deduced from its amino acid sequence, 
and questions examining posttranslational 
modifications, such as N-linked and O-linked 
glycosylation, can be addressed. The native 
and recombinant receptor subunits can be 
compared with regard to molecular size and 
types of posttranslational modifications. 

Biochemical Studies of NMDA 
Receptors Using Subunit-Specific 
Antibodies 

The advent of antibody development tech- 
nology has provided an avenue whereby sub- 
unit-specific antibodies against the various 
NMDA receptor proteins are generated and 
used as biochemical tools for research. In 
effect, this approach now provides clear infor- 
mation on the structure and function of 
NMDA glutamate receptor subunit proteins in 
the mammalian CNS. 
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Fig. 3 (Right). Enzymatic deglycosylation of NMDA 
receptor subunits expressed in the rat brain reveals 
that native NMDA subunits are N-linked glycopro- 
teins. Membrane proteins from adult rat cortex (NR1, 
NR2A, and NR2B), cerebellum (NR2C), or thalamus 
(NR2D) were incubated either without (-), or with (+) 
the glycosidase enzyme (PNGase F). The membrane 

Regional Expression of NMDA 
Receptor Subunit Proteins 

NR1 Subunit Protein 

The NR1 subunit mRNA has been shown to 
be ubiquitously expressed in neuronal cells 
throughout the CNS (5,9,26,27), including the 
spinal cord (66). On the other hand, the NR1 
subunit splice variant mRNAs have been 
reported to be differentially distributed in var- 
ious regions of the rat CNS (33, 67). 

Biochemical analysis of NMDA receptors in 
the adult rat brain showed that a subunit-spe- 
cific antibody against the NR1 subunit 
detected a single immunoreactive band 
migrating at an apparent molecular mass of 
about 115-117 kDa on immunoblots (46,48). 
The band was consistent with the predicted 
molecular mass of the NR1 subunit protein as 
deduced from its amino acid sequence of 
approx 105 kDa (5), taking into account possi- 
ble contributions in molecular mass from post- 
translational modification processes, such as 
N-linked glycosylation. The deglycosylation 
of the NR1 protein in both rat brain (Fig. 3; 
panel NR1) and transfected cells using N-gly- 
cosidase F enzyme caused a shift in molecular 
size from about 115 to about 97 kDa in sodium 
dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE), indicating that the 
NR1 subunit is an N-linked glycoprotein (46). 
Studies on the regional distribution of NR1 
protein in rat CNS by quantitative 
immunoblotting technique shows that this 
subunit is expressed in the cortex, hippocam- 
pus, olfactory bulb, midbrain, and cerebellum, 
as indicated in Fig. 4, with a molecular size of 
about 115 kDa on immunoblots (46). In a simi- 
lar investigation that employed conventional 

proteins were resolved on SDS-PAGE and the resul- 
tant blots were probed with anti-NR1 (first panel; 
NR1), anti-NR2A (second panel; NR2A), anti-NR2B 
(third panel; NR2B), anti-NR2C (fourth panel; NR2C), 
or anti-NR2D (fifth panel; NR2D). The positions and 
sizes of molecular weight markers are shown on left 
of the figure. 
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Fig. 4. Regional distribution of NMDA receptor 
subunits in the adult rat brain. Adult rat brain regions 
were dissected and homogenized. Membrane pro- 
teins from olfactory bulb (OB), cortex (CX), hip- 
pocampus (HP), midbrain (MB), and cerebellum (CB) 
were subjected to SDS-PAGE by loading 5 (NR1, 
NR2A, and NR2B) and 10 ~tg (NR2D) of protein per 
lane, and the immunoblots were probed with anti- 
bodies against NR1, NR2A, NR2B, and NR2D sub- 
units. Results of the experiments were analyzed using 
computer-assisted densitometry. Values from the 
brain regions that gave the darkest band intensity 
were used as the maximum (100%) for the subunits. 
Hippocampus (Hp) gave the maximum values for 
NRI, NR2A, and NR2B subunits (43,46), whereas 
thalamus (not shown) gave the darkest band intensity 
for NR2D (54) and was accordingly used as the 
100% value for quantitation of the NR2D subunit. 
Data are mean _+ SE (bars) obtained from three rats. 

western blot analysis, NR1 subunit expression 
was found in the cerebral cortex, hippocampal 
formation, olfactory bulb, thalamus, caudate- 
putamen, brainstem, and cerebellum (68). 
These studies demonstrate a ubiquitous 
expression profile for the NR1 subunit in rat 
brain. Consistent with the NR1 immunoblot 
data are immunocytochemical findings show- 
ing that the NR1 protein has a distinct 
anatomical expression in neuronal cells in 
addition to its widespread distribution in the 
rat CNS. Thus, using a immunocytochemical 
technique with subunit-specific antibodies 
against NR1, Petralia et al. (41), Brose et al. 

(49), and Aoki et al. (68) reported prominent 
immunostaining for NR1 in all layers of the 
cerebral cortex, the pyramidal cells of CA1, 
CA2, and CA3 of hippocampal formation, the 
mitral cells, olfactory nerve, and granule cells 
of the olfactory regions, the caudate-putamen, 
nucleus acumbens, globus pallidus, and sub- 
stantia nigra of the basal ganglia, neuronal 
nuclei of the thalamus, hypothalamus, and 
brainstem, the granule cells of the dentate 
gyrus, and the granule, Purkinje, and Golgi 
cells, including the deep cerebellar nuclei of 
the cerebellum. NR1 immunolabeling was not 
seen in nonneuronal tissues and glia, suggest- 
ing that it may be exclusively localized to neu- 
ronal cells and that glial cells do not express 
NMDA receptors. Most of the immunostain- 
ings for NR1 protein were confined to the den- 
drites, dendritic spines, and postsynaptic 
membranes of cells (41,49,68), indicating that 
NR1 is predominantly expressed as a postsy- 
naptic receptor. Noteworthy, however, is the 
fact that several authors have observed that a 
sizable fraction of the NR1 protein is found 
intracellularly (41,49). The functional signifi- 
cance of such a pool of receptors is currently 
unclear. Collectively, the data on the regional 
expression of the NR1 subunit protein in the 
rat CNS determined by either immunoblot or 
immunocytochemistry match the distribution 
of the mRNA encoding the NR1 subunit, 
which has previously been shown to be ubiq- 
uitously expressed in the brain by either 
Northern blot analysis (5) or in situ hybridiza- 
tion studies (5,9,26,69). 

Also, a good correlation is observed when 
the immunoblot data on distribution of NR1 is 
compared to reports on density of NMDA 
receptors obtained from ligand binding studies 
in mammalian brain. Cik et al. (50) initially 
showed that when mammalian cells are trans- 
fected with either the cDNA encoding NR1 
alone or with cDNAs encoding both NR1 and 
NR2A subunits, binding activities for [3H]MK- 
801 were obtained from both types of recep- 
tors, indicating that the NR1 subunit is 
involved in [3H]MK-801 binding. In line with 
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this, ligand binding and autoradiography 
studies using either either [3H]MK-801 or L- 
[3H]glutamate in both young and adult rat and 
mouse brain have revealed several binding 
sites with differing intensities in the CNS 
(43,48,50,70-72). These findings reflect the 
widespread expression of NR1 subunit and 
suggest that most NMDA receptors in the 
brain contain at least one NR1 subunit. 

Most immunolocalization studies involving 
immunocytochemistry have revealed only 
the existence of postsynaptic NMDA receptors 
on the postsynaptic densities and dendrites, 
and dendritic spines of neurons in the CNS 
(41,49,68). An antibody directed against the 
NR1 subunit showed that the NR1 subunit 
was exclusively expressed on postsynaptic 
structures of the CA1 region of the hippocam- 
pus on immunocytochemistry (73), which cor- 
relates well with the report from Petralia et al. 
(41). In the spinal cord, however, NR1 
immunostaining was found in the presynaptic 
terminal adjacent to the vesicle release site at 
the active zone in about 30% of labeled 
synapses, demonstrating that glutamatergic 
terminals in the spinal cord dorsal horn neu- 
rons express presynaptic NMDA receptors. 
Further experiments revealed more than 70% 
of the NR1 immunoreactive terminals to be 
positive for glutamate, suggesting that the 
presynaptic NR1 receptor was an autoreceptor 
that might be important for contributing to 
neuronal plasticity by increasing the release of 
neurotransmitters from primary afferent fibers 
(73). In a separate investigation that involved 
immunoelectron microscopy, NR1 immunore- 
activity was identified along the presynaptic 
and postsynaptic membranes of adult rat 
visual cortex (68), demonstrating the existence 
of NR1 protein as presynaptic and postsynap- 
tic receptor. Such biochemical studies are espe- 
cially important in providing information 
about the cellular mechanisms for the involve- 
ment of NMDA receptors, particularly in post- 
synaptic membrane excitability and regulation 
of neurotransmitter release by neuronal cells of 
the CNS. 

NR2 Subunits 

In contrast to the ubiquitous expression of 
NR1 mRNA, the anatomical expression of the 
four NR2 subunit mRNAs shows overlapping 
but restricted patterns in the adult rat brain. 
For instance, NR2A mRNA is widely distrib- 
uted in the brain, but high expression levels 
are found in the cerebral cortex, hippocampal 
formation, and cerebellar cortex, whereas the 
NR2B subunit mRNA is more selectively 
expressed in the forebrain, with high levels of 
expression in the cerebral cortex, hippocampal 
formation, septum, caudate-putamen, olfac- 
tory bulb, and thalamus (9,26,27,30). The 
mRNA for NR2C subunit is expressed pre- 
dominantly in the cerebellum, with weak 
expression levels in the olfactory bulb and 
thalamus, whereas the NR2D mRNA expres- 
sion is mainly confined to the thalamus, brain- 
stem regions, and spinal cord (9,27). 

The distinct distributions of NR2A and 
NR2B subunits have been determined in the 
rat brain using selective antibodies for NR2A 
and NR2B by the quantitative immunoblot 
technique. The NR2A and NR2B subunits were 
reported to be glycoproteins having full-length 
apparent molecular masses of approx 175 and 
180 kDa, respectively (Fig. 3; panels NR2A and 
NR2B, respectively). The NR2A protein was 
found to be expressed at its highest level in the 
cerebral cortex and hippocampus, with inter- 
mediate levels detected in the striatum, olfac- 
tory tubercle, midbrain, olfactory bulb, and 
cerebellum, and lowest levels in the pons- 
medulla (Fig. 4). On the other hand, the expres- 
sion of the NR2B protein was seen to be at the 
highest levels in the olfactory tubercle, hip- 
pocampus, olfactory bulb, and cerebral cortex. 
Intermediate levels of NR2B subunit were 
expressed in the striatum and midbrain, and 
low levels were detected in the pons-medulla 
(43), as shown in Fig. 4. In a similar study, 
Portera-Cailliau et al. (45) reported data on the 
regional distributions of NR2A and NR2B pro- 
teins in the rat CNS which closely matches 
results from Wang et al. (43). However, the 
reports on NR2A protein expression in the 
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cerebellum by the two independent investiga- 
tors are different. Wang et al. (43) observed 
intermediate levels of NR2A protein in the 
cerebellum, whereas Portera-Cailliau et al. (45) 
found that low levels of NR2A protein could 
only be detected after longer exposures of 
western blot films. Consistent with findings of 
Wang et al. (43) are data from histo-blot studies 
of the regional distribution of the NR2A and 
NR2B subunits in rat brain using subunit-spe- 
cific anti-NR2A and anti-NR2B antibodies, 
which showed strongest NR2A immunoreac- 
tivity in the hippocampus, cerebral cortex, 
cerebellum, thalamus, and striatum, whereas 
the NR2B immunoreactivity was restricted to 
the rat forebrain regions, such as hippocam- 
pus, striatum, olfactory bulb, and cerebral cor- 
tex (51). In fact, such a discrepancy in 
biochemical data can be postulated to be 
because of variations in the sensitivities of the 
antibodies in recognizing their corresponding 
receptors, or differences in the processing and 
denaturing of tissues for immunoblot. It 
should be noted, though, that data on the 
regional distributions of mRNA encoding the 
NR2 subunits in the cerebellum determined by 
in situ hybridization (26,27,30) show promi- 
nent expression of NR2A mRNA in the cerebel- 
lum, which supports the results of Wang et al. 
(43). The immunoblot data on the regional dis- 
tribution of the NR2A and NR2B proteins 
appear to be generally consistent with the dis- 
tribution of the mRNA encoding their cognate 
subunits (26,27,30) with the exception of the 
result on NR2A protein expression in the cere- 
bellum reported by Portera-Cailliau et al. (45). 

Immunocytochemical studies that examined 
the anatomical distribution of the NR2A and 
NR2B subunits in the rat brain using antibod- 
ies recognizing both the NR2A and NR2B sub- 
units showed significant immunostaining 
throughout the CNS. The NR2A and NR2B 
subunits were prominently immunostained in 
the olfactory bulb, cerebral cortex, hippocam- 
pus, caudate-putamen, brainstem nuclei, and 
neurons of the spinal cord and sensory ganglia 
(42), which concurs with the immunoblot data 
on regional expression of NR2A and NR2B 

subunits in rat brain (43,45,51). It has been 
reported that immunolabeling for NR1, NR2A, 
and NR2B subunits were not observed in non- 
neuronal tissues. In addition, a clearly defined 
staining of the glia for NR2A and NR2B sub- 
units was not seen in rat brain (41,42). These 
results may suggest that the synthesis of 
NMDA receptors may be restricted only to 
neuronal cells and that glia cells do not make 
NMDA receptors. In contrast to the observa- 
tion that NR1 protein was prominently 
immunolabeled in the Purkinje cells of the 
cerebellum (41), the immunostaining for NR2A 
and NR2B was undetectable in these cells. 
These findings are in accord with a report from 
in situ hybridization studies showing that sig- 
nificant levels of NR1 mRNA are expressed in 
Purkinje cells of the cerebellum compared to 
low or undetectable levels of mRNA for NR2 
subunits (5). However, recently Cull-Candy et 
al. (74) have shown that Purkinje cells contain 
NMDA receptor-mediated responses consis- 
tent with NR1/NR2D subunit composition. 

Overall, the immunohistochemical distribu- 
tions of NR2A and NR2B show a similar pat- 
tern to that of the NR1 protein, indicating that 
the NR1 and NR2 subunits are colocalized in 
most neurons in the CNS. This finding has been 
further supported by data from in situ 
hybridization studies (23,24,30). The colocaliza- 
tion of NR1 and NR2 subunits in neurons of the 
brain is pivotal to the formation of functional 
NMDA receptors of varying subunit composi- 
tions, as demonstrated by physiological and 
pharmacological studies (9,23,36,38,75). 

The observation that strongest immunoreac- 
tivities for NR2A and NR2B (43,45,51) and NR1 
(41,46,49,68) subunits are seen in the cerebral 
cortex and hippocampus relative to other brain 
regions, especially the cerebellum (43), appears 
to be in good agreement with the distribution 
data for these subunits obtained from ligand- 
binding and quantitative autoradiography 
studies (70,76-78). The results from these stud- 
ies have shown the presence of very high bind- 
ing sites, especially for [3H]MK-801, 
representing the distribution of receptor densi- 
ties in the cerebral cortex and hippocampus 
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compared to the cerebellum, suggesting a reg- 
ulation in the regional expression of NMDA 
subunits in the CNS. 

The expression of NR2C protein has been 
demonstrated in the mouse cerebellum using 
antibodies selective for NR2C subunit (51). 
Similarly, we have identified, using a subunit- 
specific NR2C antibody, that the NR2C protein, 
like the other NMDA receptor subunits, is 
posttranslationally modified by N-glycosyla- 
tion. This is because treatment with N-glycosi- 
dase F enzyme decreased the apparent 
molecular size from approx 140 kDa to about 
130 kDa in rat brain as shown in Fig. 3 (panel 
NR2C). A similar result was also obtained in 
cells transfected with cDNAs encoding NR1 
and NR2C subunits and treated with the 
enzyme N-glycosidase F (Wang and Wolfe, 
unpublished results). In addition, we found 
that the highest level of NR2C protein expres- 
sion is in the cerebellum, with undetectable 
levels in the other rat brain areas examined 
(Wang and Wolfe, unpublished results). 

Moreover, histo-blot analysis of the 
regional expression of the NR2C protein 
using a subunit-specific NR2C fusion protein 
antibody demonstrated that NR2C im- 
munoreactivity was present in only three rat 
brain regions, with strong expression found 
in the cerebellum and comparably weak and 
faint immunostaining seen in the thalamus 
and olfactory bulb, respectively (52). This 
result parallels the data on the regional 
expression of mRNA for NR2C in rat brain, 
which indicate high expression levels in the 
cerebellum and low levels in the olfactory 
bulb and thalamus (9,27). However, our anti- 
body only showed immunoreactivity for 
NR2C in the cerebellum and did not recog- 
nize the receptor in the olfactory bulb and 
thalamus. This mismatch between the protein 
and mRNA for NR2C may represent a com- 
monly encountered problem in studies with 
antibodies, i.e., the sensitivity of the antibody 
in detecting its cognate protein, especially in 
brain regions in which the expression of the 
protein is very low, such as the olfactory bulb 
and thalamus in this case. 

The NR2D is the most recently cloned 
among the NMDA glutamate receptor sub- 
units. NR2D appears to be a particularly inter- 
esting subunit because both its mRNA (9) and 
protein (53,54) are highly expressed in neona- 
tal and prenatal brain, suggesting a significant 
role in brain development. Moreover, coex- 
pression of NMDA receptors composed of NR1 
and NR2D subunits have been shown to pos- 
sess unique electrophysiological properties, 
including remarkably long decay times and 
weak Mg 2+ block relative to the other NMDA 
receptor subunit combinations (9,27,38). These 
properties may be related to the alterations in 
function observed in NMDA receptors during 
development (78). The expression of the NR2D 
protein has been shown to be mainly restricted 
to the diencephalic, mesencephalic, and brain- 
stem structures in adult rat brain using both 
immunoblot and histo-blot methods, with sub- 
unit-specific antibodies developed against the 
NR2D-2 splice isoform of the NR2D subunit 
(51,53). The NR2D protein signals were found 
to be strongest in the thalamic regions, includ- 
ing subthalamic nuclei, globus pallidus, and 
brainstem, whereas only weak to faint bands 
could be detected in other brain areas, such as 
olfactory bulb, cerebral cortex, striatum, hip- 
pocampal formation, and cerebellum (51,53). 

In a similar study, the NR2D subunit was 
demonstrated to be an N-linked glycoprotein 
(Fig. 3; panel NR2D), and its relative densities 
in young and adult rat brains were determined 
by quantitative immunoblot using a selective 
antibody for NR2D generated from a peptide 
antigen common to both splice isoforms of the 
NR2D subunit (54). In both young and adult 
rat brains, the NR2D protein was found to be 
expressed at highest levels in the thalamus, 
midbrain, medulla, and spinal cord, whereas 
intermediate levels of this subunit protein 
were detected in the cortex and hippocampus, 
and low or undetectable levels of NR2D were 
seen in the olfactory bulb, striatum, and cere- 
bellum (54). Figure 4 illustrates the regional 
distribution of the NR2D protein in some 
regions of the adult rat brain. The immunoblot 
data on the regional distribution of NR2D pro- 
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Developmental Expression of NMDA 
Receptor Subunit Proteins 

0 45 

NR1 Subunit 

In situ hybridization studies of the mRNA 
encoding the NR1 subunit of NMDA receptors 
in the developing rat CNS have shown that the 
NR1 mRNA is expressed in virtually all neu- 
rons at all stages of development (9). This may 
be related to the role the NR1 plays as the 
essential subunit for the formation of func- 
tional NMDA receptor channels. 

The ontogenic profile of the NR1 subunit in 
the olfactory bulb, cortex, hippocampus, mid- 
brain, and cerebellum of rat brain at postnatal d 
2-42 (P2-P42) was determined by quantitative 
immunoblot using a subunit-specific NR1 anti- 
body that recognized all splice variants of the 
NR1 subunit. The results indicated that the NR1 
protein is expressed widely in but varies quan- 
titatively from region to region and with age. 
For instance, in all the rat brain regions exam- 
ined, the levels of NR1 protein are low at birth 
and rise with a similar pattern two- to fourfold, 
reaching adult levels by approx 20-30 d after 
birth (46). Similar observations in the temporal 
expression profile of NR1 protein were seen in 
the rat cortex (39) and mouse cerebellum (52). 
Significant differences in the absolute amounts 
of NR1 protein were seen, with the hippocam- 
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tein shows a good correlation, with the distrib- 
ution of the mRNA encoding the NR2D sub- 
unit from in situ hyridization and northern blot 
studies (9,27). 

Altogether the biochemical results demon- 
strate that NR2 receptor subunits are differen- 
tially expressed in various regions of the rat 
CNS, which strongly supports the notion that 
the anatomical and functional variations of the 
NR2 subunits may provide the molecular basis 
for the generation of the heterogeneity 
observed in the physiological and pharmaco- 
logical properties of the NMDA receptors that 
is thought to occur in different neuronal cells 
and brain regions. o-/ ~ ; NPaB 
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Fig. 5. Ontogenic expression of NMDA receptor 
subunits NR1, NR2A, and NR2B in the rat cerebel- 
lum. Membrane proteins from postnatal (P2-P42) rat 
cerebellum were subjected to SDS-PAGE by loading 
5 ~g of protein per lane. The resultant immunoblots 
were probed with anti-NR1 (upper panel; NR1), anti- 
NR2A (second panel; NR2A), or anti-NR2B (third 
panel; NR2B) antibodies. The results were analyzed 
by computer-assisted densitometry as shown in the 
lower panel. Values on the abscissa represent the age 
of rat in days, and values on the ordinate indicate the 
amount of NMDA subunits given as a percentage of 
the maximum value obtained for each subunit. Data 
are mean _+ SE (bars) from five rats at each age. 

pus expressing the highest amount of NR1, fol- 
lowed by cerebral cortex, then olfactory bulb 
and midbrain, and lowest levels of NR1 sub- 
unit in the cerebellum. In addition, the absolute 
levels (pmol/mg) of NR1 obtained from the 
quantitative immunoblot were observed to be 
close to those found using [3H]MK-801 binding 
(46). This may suggest that many of the NR1 
subunits expressed in the brain exist in active 
forms. The temporal expression profile of the 
NR1 subunit from immunoblot studies in the 
cerebellum is shown in Fig. 5. 

Using the immunocytochemical approach 
Aoki et al. (68) investigated qualitatively the 
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developmental expression of NR1 protein in 
the rat visual cortex and observed very 
dynamic changes in the localization of NR1 
protein during the few weeks after birth. At 
early stages of development, NR1 appeared 
diffusely localized to the dendrites. During 
postnatal development, NR1 immunoreactivity 
appeared in axons and also became localized to 
spinous postsynaptic densities. At later stages 
of development NR1 immunoreactivity was 
also seen in astrocytes (68). A comparison of the 
biochemical results on temporal expression of 
NR1 protein with the data from mRNA studies 
determined by in situ hybridization and ligand- 
binding studies using [3H]MK-801 shows a 
good correlation. Thus, semiquantitative analy- 
sis for developmental studies on expression of 
the mRNA for NR1 subunit demonstrated that 
increases in levels of mRNA in cortex, hip- 
pocampus, midbrain, and cerebellum occured 
mainly during the first few weeks of postnatal 
development (9,30,71,80,81). In particular, the 
NR1 subunit mRNA was shown to develop 1 
wk earlier in the hippocampus relative to the 
cerebellum and the periods for half maximal 
development were approx 6 d in the hippocam- 
pus and 14 d in the cerebellum (81) which 
matches the NR1 protein data from studies of 
Luo et al. (46). The quantitative changes may 
possibly be caused by alterations in the cell 
types expressing the NR1 protein. Although the 
time courses of the developmental expression 
of the NR1 protein appear to be in good agree- 
ment with that of the expression of its mRNA, 
the relative amounts of NR1 protein reported 
by Luo et al. (46) do not correlate well with data 
on the relative amounts of NR1 mRNA 
obtained from quantitative solution hybridiza- 
tion studies (82). The relative levels of NR1 
mRNA in, for example, the hippocampus, cor- 
tex, and cerebellum, were found to be the same 
(82), whereas protein levels showed marked 
differences among these rat brain regions, espe- 
cially between the hippocampus and the cere- 
bellum (46). Similarly, a study that examined 
the expression of both NR1 mRNA and protein 
in PC12 cell line demonstrated that these cells 
expressed NR1 mRNA levels similar to the hip- 

pocampus, but expressed much lower NR1 
protein levels than the hippocampus (83). 

NR2 Subunits 

Unlike NR1 mRNA, the expression of the 
individual NR2 subunit mRNAs are differen- 
tially regulated during the development of the 
CNS (9,69,82,84-86). In the rat brain, the NR2B 
and NR2D subunit mRNAs are expressed pre- 
natally and at early stages of development, 
whereas the mRNA encoding NR2A and 
NR2C subunits are first detected near birth 
and become pronounced postnatally (9). In 
addition, dynamic changes in the temporal 
expression patterns of mRNAs for the NR2 
subunits occur during ontogenesis of the CNS, 
particularly during the first 2 wk after birth 
(85). For instance, in some regions of the rat 
CNS, mRNA levels for the NR2A, NR2B, and 
NR2C subunits have been shown to plateau 
around P20, whereas the NR2D mRNA level 
peaks around P7 and then decreases to adult 
levels (9). 

The ontogenic profiles of NR2A and NR2B 
proteins in the adult rat cerebellum have been 
determined by quantitative immunoblot using 
subunit-specific NR2A and NR2B antibodies. 
As shown in Fig. 5, NR2A was undetectable at 
P2, whereas NR2B was expressed at amounts 
easily quantifiable at that age. At about P12, 
the levels of NR2A were found to rise rapidly 
and reached adult levels by P22, and at the 
same postnatal stage (P12), levels of NR2B pro- 
tein began to decline, reaching undetectable 
levels by 22 d after birth, as shown in Fig. 5 
(43). Similar findings were reported when the 
developmental expression of NR2A and NR2B 
subunits in the developing mouse cerebellum 
were investigated by immunoblot analysis. 
The NR2A level increased during the first three 
postnatal weeks and remained almost constant 
toward adult stages, whereas NR2B protein 
increased transiently from birth, reaching max- 
imum levels around P9, and then decreased to 
barely detectable levels toward the end of the 
third week after birth (52). In the rat cortex, 
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studies on the temporal expression of NR2A 
and NR2B subunits using antibodies selective 
for NR2A and NR2B subunits demonstrated 
that NR2A was undetectable at birth but the 
protein level increased progresively over the 
next 3 wk to reach adult levels, whereas the 
NR2B was highly expressed at P1 and the 
protein levels remained fairly constant 
through adult stages of development (39). 
Taken together, these results suggest similar 
patterns in the developmental expressions of 
NR2A and NR2B proteins in the cortex and 
cerebellum of rat and mouse, which is consis- 
tent with in situ hybridization data (9) on the 
ontogeny of the mRNAs encoding NR2A and 
NR2B subunits. 

However, another study that examined the 
developmental expressions of NR2A and 
NR2B subunits in four areas of the rat brain, 
cortex, striatum, cerebellum, and spinal cord 
using immunoblot analysis with antibodies 
specific for NR2A and NR2B reported that 
NR2A protein was not detectable in the cortex 
and striatum at birth, but its expression 
increased during the second and third postna- 
tal weeks, and adult levels were attained at 
about d 26 after birth. In contrast, NR2B was 
expressed at birth and the protein levels 
remained comparably constant toward adult 
stages of development in the cortex and stria- 
turn (45). The findings for NR2A and NR2B in 
the cortex agree with the report of Sheng et al. 
(39) on developmental expression of these 
NMDA subunit proteins in rat cortex. In the 
spinal cord, the NR2A subunit was reported to 
occur at uniform but low expression levels 
throughout development, whereas NR2B pro- 
tein expression was seen to be moderate but 
transient around P7, and then decreased 
rapidly by the third postnatal week of develop- 
ment. In the cerebellum, the NR2B was 
reported to be present at low levels during the 
first postnatal week, followed by a transient 
increase around the second week of develop- 
ment, and the protein levels subsequently 
decreased to undetectable levels by P26. This 
latter result agrees with the report of Wang et 
al. (43) on the developmental expression of 

NR2A and NR2B subunits in the cerebellum. 
The authors reported that an immunoreactive 
band with an approximate molecular mass of 
150 kDa was seen around the first week of 
postnatal development of the cerebellum 
instead of the full-length 172 kDa band for 
NR2A subunit. This band was speculated to 
represent either an immature form or a splice 
isoform of NR2A, or an unrelated protein con- 
taining an epitope that crossreacted with 
NR2A antibody. This finding is in contrast to 
that of Wang et al. (43), who demonstrated the 
presence of full-length 175 kDa NR2A protein 
during the first week of rat cerebellar develop- 
ment. Possible explanations for such inconsis- 
tent observations include differences in 
detection sensitivities of the antibodies and in 
experimental protocols with respect to process- 
ing and solubilization of membrane proteins 
for immunoblot. 

Histo-blot studies with antibodies that 
specifically recognize NMDA receptor sub- 
units NR2A and NR2B have further demon- 
strated changes in the developmental 
expressions of NMDA receptor subunits NR2A 
and NR2B in rat brain. The data showed that at 
birth, NR2A immunoreactivity was low and 
restricted to the cerebral cortex, hippocampus, 
and striatum. NR2B protein was also detected 
at this age, but its expression was virtually 
ubiquitous. Within the first three postnatal 
weeks, NR2A protein became abundantly 
expressed throughout the rat brain, whereas 
the NR2B subunit became restricted to fore- 
brain regions and both NR2A and NR2B 
immunoreactivities were found to decrease to 
adult levels after the third postnatal week (55). 

The temporal expression of the NR2C pro- 
tein in the developing mouse cerebellum has 
been determined using the immunoblot 
approach with antibodies specific for NR2C 
subunit. NR2C protein was not detectable until 
P9 and its expression increased thereafter, 
reaching maximum levels around postnatal 
day 15, and remained constant at adult stages 
of development (52). However, histo-blot stud- 
ies with subunit-specific antibody against the 
NR2C subunit has revealed a more complete 
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ontogeny of NR2C protein in rat brain. NR2C 
immunoreactivity was not detected in any 
region of the brain at birth, but it appeared in 
the olfactory bulb, thalamus, and vestibular 
nuclei at P5. The NR2C immunostaining 
became very intense in the cerebellar granule 
cells between P10 and P21, and it remained 
constant toward adult stages of life (55). This 
result shows excellent correlation with the data 
on the developmental expression of mRNA for 
NR2C. In addition, it demonstrates the expres- 
sion of NR2C protein not only in the cerebel- 
lum, but also in the olfactory bulb and 
thalamus, which also contain the mRNA for 
NR2C subunit (9). 

The developmental expression profile of the 
NR2D subunit has been analyzed at the pro- 
tein level in whole rat brain using both 
immunoblot and histo-blot techniques with a 
subunit-specific NR2D antibody. NR2D pro- 
tein level was high at birth and gradually 
increased, reaching a maximum level at P10, 
which was followed by a moderate decline in 
the level of protein during late postnatal 
stages. However, the NR2D subunit remained 
detectable at adult stages of development, con- 
sistent with mRNA data on temporal expres- 
sion of NR2D in rat brain determined by 
ribonuclease protection assay (53). More 
specifically, immunstaining data shows that at 
birth, the strongest NR2D immunoreactivity 
was detected in the thalamus and subthalamic 
nucleus as well as the midbrain. Weak staining 
was observed in the cerebral cortex, olfactory 
bulb, hippocampal formation, deep cerebellar 
nucleus, and brainstem. NR2D signals were 
not detected in the striatum and cerebellum 
except in the deep cerebellar nuclei. The NR2D 
protein was detected transiently only in certain 
brain areas, such as the ventrobasal complex of 
the thalamus, hippocampus, inferior collicu- 
lus, and reticular formation of the brainstem, 
during postnatal stages of development, and 
significant levels of NR2D were found to be 
present at adult stages, particularly in the thal- 
amus, subthalamic nucleus, superior collicu- 
lus, and globus pallidus. An additional 
noteworthy observation from this study was 

the ribonuclease protection assay experiments, 
indicating that between the two cloned splice 
variants of the NR2D subunit, only the mRNA 
for the NR2D-2 isoform was found in the rat 
brain (53). This may suggest that protein for 
the NR2D-2 variant represents the predomi- 
nantly expressed form of NR2D in the brain. 

In a similar study, more complete ontogenic 
expression profiles of NR2D protein in the rat 
telencephalon (cortex, hippocampus, and stria- 
turn), diencephalon (septum, thalamus, and 
hypothalamus), and spinal cord were deter- 
mined using a quantitative immunoblot 
approach. The NR2D protein was found to be 
expressed at high levels at embryonic stages of 
development (E14 and E18), which rose to a 
peak by d 7 after birth and then decreased dur- 
ing the following 2-3 postnatal weeks but 
remained at easily quantifiable levels during 
adult stages of life (54). These results are in 
good agreement with a report by Wenzel et al. 
(53) showing that in whole rat brain, NR2D 
receptor protein levels peak between 5 and 10 
d after birth. An interesting observation was 
that the developmental expression patterns of 
the NR2D subunit in the three rat brain areas 
examined were similar, but vary in the relative 
levels of NR2D protein among these three 
areas. Early in development, the diencephalon 
and spinal cord have twice as much protein as 
telencephalon. The levels of NR2D protein in 
all three rat brain regions begin to decrease 
around P14, and in the spinal cord the decrease 
is largest. Thus, at the latest postnatal ages 
examined the protein levels remain highest in 
the diencephalon, whereas the telencephalon 
and spinal cord both have NR2D protein levels 
that are only half that found in the dien- 
cephalon (54). In comparison, the data on the 
time course of the developmental expression of 
NR2D qualitatively corresponds with the 
report on the mRNA-encoding NR2D subunit 
in that NR2D mRNA levels are highest prena- 
tally and in early postnatal stages relative to 
that of an adult rat (9). However, the NR2D 
mRNA was found to be barely detectable at 
adult stages, which is in contrast to a report by 
Wenzel et al. (53). Thus, using a ribonuclease 
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protection assay to measure mRNA from 
whole rat brain, Wenzel et al. (53) showed that 
levels of NR2D mRNA declined only by about 
twofold from d 10 to adult, which matches the 
quantitative data on the temporal expression 
profile of NR2D protein. It should be noted 
that the quantitative dissociation between 
mRNA and protein observed in this case may 
only suggest that mRNA levels can not be 
inferred from autoradiographs of in situ hy- 
bridization studies. 

Nevertheless, the reported data on the 
developmental expression of the NMDA recep- 
tor subunit protein clearly suggest that NMDA 
receptors are composed of different subunits in 
different regions of the brain and that even in 
the same neuron, the receptors are likely to 
exhibit different properties at various times 
during the development of the brain, possibly 
because of alterations in the subunit composi- 
tion of the receptor. 

Subunit Composition of Native 
NMDA Glutamate Receptors 

Diversity in the molecular composition of 
NMDA glutamate receptors and their func- 
tions is not only attributed to the presence of 
multiple mRNA splice variants of the single 
gene encoding for the NR1 subunit (5,20,28), 
but also from the expression of four distinct 
genes that code for the members of the NR2 
gene family (22,25-27). Many differences in the 
functional properties of the NMDA receptors 
are observed in electrophysiological and phar- 
macological studies, with recombinant NMDA 
receptors depending on which subunits are 
used to generate the receptors. Expression 
studies using Xenopus oocyte translation sys- 
tems have suggested that homomeric NR1, but 
not homomeric NR2 subunits, form functional 
NMDA receptor channels that are responsive 
to glutamate and NMDA, and coexpression of 
NR1 and NR2 subunits in these systems 
elicited even stronger responses to glutamate 
and NMDA, which are characteristic of native 

NMDA receptors (5,9,25,26). Native NMDA 
receptors are therefore thought to consist of 
heteromeric assemblies of NR1, which is 
mandatory for channel activity and NR2 sub- 
units, which modulate the properties of the 
channel in yet unknown stoichiometric ratios 
of NR1 and NR2 subunits (9,27,84). It is there- 
fore clear that a number of distinct NMDA 
receptors could thereotically be generated 
depending on the subunit composition. More- 
over, heterogeneity of native NMDA receptors 
in the CNS has been inferred by previous phar- 
macological studies using radioligand binding 
(76,87-89), and some comparisons have been 
made from data obtained from recombinant 
heteromeric NMDA receptors (7,30,88). It 
therefore seems that at least some of the poten- 
tial molecular compositions of NMDA recep- 
tors that display distinct functional properties 
appear to have physiological relevance. In 
addition, a few studies have examined the sub- 
unit composition of native NMDA receptors 
using an immunoprecipitation approach with 
NMDA receptor subunit-specific antibodies. 

Coimmunoprecipitation studies with anti- 
bodies selective for NR1, NR2A, and NR2B sub- 
units at different postnatal ages has provided 
some understanding of the changes in the mole- 
cular composition of native NMDA receptors 
containing NR1, NR2A, and NR2B subunits 
during the development of rat cortex (39). The 
results from this study indicated that the NR1 
antibody immunoprecipitated NR2B from the 
rat cortical membrane at all the postnatal stages 
examined, whereas the amount of NR2A pre- 
cipitated at P1 was not detectable, but increased 
progressively to adult levels by the third post- 
natal week. In addition, both NR2A and NR2B 
were substantially coimmunoprecipitated by 
antibodies to either of the two subunits from P7 
to adult rat cortex (39). These results suggest 
that in the rat cortex functional NMDA recep- 
tors containing NR1, NR2A, and NR2B subunits 
are present in three different heteromeric 
NMDA receptor subtypes: two binary com- 
plexes consisting of NR1/NR2A and 
NR1/NR2B subunits, and a ternary complex 
composed of NR1/NR2A/NR2B subunits. The 
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key observation is that different subtypes of the 
NMDA receptors appear at different stages of 
postnatal development. For example, during 
the first postnatal week the predominant recep- 
tor is the binary complex consisting of 
NR1/NR2B, and toward the end of this period, 
i.e., around P7, the expression of NR2A 
protein began, resulting in the formation of 
additional receptors, such as NR1/NR2A and 
NR1/NR2A/NR2B, which continued through- 
out rat cortical development. This observation is 
consistent with a report describing a switch in 
the sensitivity of NMDA receptors for ifenprodil 
during postnatal development of rat brain (34). 
Thus, at early postnatal stages the NR1/NR2B 
receptors were formed that had high sensiti- 
vity for ifenprodil, whereas at late postnatal life 
receptors presumably composed of 
NR1/NR2A, and NR1/NR2A/NR2B were 
formed that showed low sensitivity to ifen- 
prodil. It should be noted that the time courses 
of the expression of NR1, NR2A, and NR2B pro- 
teins in this study very closely followed the in 
situ hybridization mRNA data for the develop- 
mental expression profiles of these subunits (9). 

Recently the quantitative immunoprecipita- 
tion technique was developed and used to 
study the subunit composition of native 
NMDA receptors in the adult (47). Each of the 
antibodies selectively immunopredpitated 
only its cognate subunit when the immunopre- 
cipitation was performed under denaturing 
conditions of receptor solubilization in which 
the receptor subunits were dissociated from 
one another. When immunoprecipitation was 
performed under nondenaturing conditions of 
receptor solubilization in which the receptor 
subunits appeared to remain associated with 
one another, each of the antibodies immuno- 
precipitated a sizeable fraction of the other two 
NMDA receptor subunits, indicating an in situ 
interaction among these subunits in the rat cor- 
tex (Fig. 6). Results from quantitative 
immunoblot analysis of NR1, NR2A, and 
NR2B subunits in both the pellets and super- 
natants from the immunoprecipitations 
showed that the dominant NMDA receptor 
complex in adult rat cortex contained at least 
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Fig. 6. Coimmunoprecipitation of NMDA receptor 
subunits solubilized under native conditions using 
subunit-specific NMDA receptor antibodies. 
Immunoprecipitation of soluble proteins from corti- 
cal membranes solubilized under nondenaturing 
conditions was performed with anti-NR1 (lanes 24) ,  
anti-NR2A (lanes 5-7), or anti-NR2B (lanes 8-10) as 
indicated across the top of the gel. The pellet (P) and 
supernatant ($1) contain equal fractions of protein, 
whereas the supernatant ($2) contains five times the 
fraction of protein sample as P or $1 from the same 
immmunoprecipitation. Each lane denoted by either 
P or $1 contains 1 mg equivalents of original pro- 
teins. Lane 1 (U) contains 1 ~g equivalent of soluble 
protein without precipitation. All the pellets and 
supernatants resulting from the immunoprecipita- 
tions were resolved on SDS-PAGE and the blots 
probed with subunit-specific fusion protein antibod- 
ies against NR1 (A), NR2A (B), or NR2B (C) as 
shown on the left of the figure. Positions of molecular 
weight markers are indicated on the left of the figure. 

three subunits, NR1/NR2A/NR2B (50-60%), 
and a smaller fraction of NMDA receptors was 
composed of only two subunits, NR1/NR2A 
(10-20%) or NR1/NR2B (25-35%). These find- 
ings are in excellent correlation with the results 
of Sheng et al. (39) showing that the most 
abundant NMDA receptor subtype in the rat 
cortex is the ternary complex containing NR1, 
NR2A, and NR2B subunits. These results are 
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also consistent with the report on immunohis- 
tochemical distributions of NR1, NR2A, and 
NRB in rat brain demonstrating that these 
NMDA subunits are colocalized in most neu- 
rons to form functional receptors (41,42). Col- 
lectively, these findings may suggest that 
functional studies involving ternary NMDA 
receptors may be the most physiologically rele- 
vant. These investigators also found that there 
were no receptor complexes consisting of 
NR2A/NR2B without NR1 subunit and only a 
small fraction of each of the subunit was not 
associated with any other NMDA receptor sub- 
unit, suggesting that most of the NMDA recep- 
tors in rat cortex are functionally active. 
Coimmunoprecipitation of noncognate sub- 
units did not occur unless the subunits were 
assembled with one another in situ and there 
was no physical interaction between these 
NMDA receptor subunits and the AMPA 
receptor GluR2 or GluR3 (47), indicating that 
NMDA receptors do not form heteromeric 
complexes with members of non-NMDA 
receptor families. 

Some studies have shown that the pharma- 
cological and physiological properties of 
NMDA receptor channels are determined by 
the interaction of the various NR1 splice vari- 
ants with members of the NR2 family 
(25,26,89). In this regard, coimmunoprecipita- 
tions in the rat forebrain with antibodies selec- 
tive for the four NR1 cassettes that vary in the 
NR1 splice isoforms in combination with sub- 
unit-specific antibodies for NR2A and NR2B 
have provided some understanding of the bio- 
chemical interactions between the different 
splice variants of NR1 and the NR2 subunits. 
Interestingly, preferential coassembly between 
particular NR1 splice isoforms and NR2A or 
NR2B subunits was not seen, and at least two 
NR1 splice variants were found in the same 
NMDA receptor complex, suggesting that dif- 
ferent NR1 splice variants can be part of the 
same complex (57). In contrast to the previous 
reports demonstrating that the dominant 
NMDA receptor complex in adult rat cortex is 
composed of at least three subunits, NR1/ 
NR2A/NR2B (39,47), these authors found that 

coimmunoprecipitation with either NR2A or 
NR2B antibodies showed little precipitation of 
both subunits, suggesting that majority of the 
NMDA receptors in rat forebrain consists of 
binary complexes of NR1/NR2A and NR1/ 
NR2B, and only a minor fraction contains the 
ternary complex NR1/NR2A/NR2B. This is 
not an uncommon problem encountered in 
studies of the subunit composition of native 
NMDA receptors involving coimmunoprecipi- 
tations with NMDA receptor antibodies. How- 
ever, such disparity can, among other things, 
be attributed in particular to the differences in 
the efficiencies of solubilization of NMDA 
receptors reported by these independent inves- 
tigators. For instance, Luo et al. (47) reported 
that over 80% of NMDA receptors were solubi- 
lized from rat cortical membranes using 1% 
sodium desoxycholate at pH 9.0, whereas Bla- 
hos and Wenthold (57) showed only 35% solu- 
bilization under the same conditions. It is 
therefore possible that inadequate solubiliza- 
tion of NMDA subunits can cause significant 
variations, especially on quantitative studies of 
subunit compositions of NMDA receptors. 

The subunit compositions and the sizes of 
native NMDA receptor complexes from solubi- 
lized synaptic membranes can also be stud- 
ied by the chemical crosslinking approaches 
involving immunostaining. Using this approach 
along with antibodies against NR1, NR2A, and 
NR2B, a crosslinked product containing three 
molecular complexes of 603, 700, 750 kDa 
immunolabeled by these NMDA antibodies 
were identified in the rat forebrain (57). The 
cross-linked products appeared to be identical 
in pattern and size, demonstrating that the 
NR1, NR2A, and NR2B subunits were present 
in the same native receptor complex. A similar 
experiment using only antibodies selective 
for NR1 subunit showed that this antibody 
immunostained a protein complex having a 
molecular mass of 730 kDa (49), indicating 
that the NR1 subunit is part of the receptor 
protein complex in the rat brain. These results 
support the data from coimmunoprecipitation 
studies (39,47) demonstrating that in the rat 
forebrain the NR1, NR2A, and NR2B subunits 
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are assembled with one another to form func- 
tional receptors. 

The coassembly of NR1 and NR2 subunits in 
the mouse cerebellum during postnatal devel- 
opment has been determined by the immuno- 
precipitation approach using antibodies 
selective for NR1, NR2A, NR2B, and NR2C sub- 
units. The results showed that following 
immunoprecipitation with NR2B antibody, a 
ternary complex consisting of NR2B subunit 
assembled with NR2A and NR1 (NR1/ 
NR2A/NR2B) was present at 6 and 12 d after 
birth (52). This finding concurs with the report 
from Sheng et al. (39) in the developing rat cor- 
tex. The ratio of NR2A assembled with NR2B 
subunit in the ternary complex was seen to be 
reduced after P12, and by 3 wk after birth the 
NMDA receptors became mostly binary com- 
plexes of NR1/NR2A and NR1/NR2B. Also, 
the NR2B antibody did not precipitate NR2C 
subunit at any of the postnatal stages examined. 
On the other hand, the NR2C antibody 
immunoprecipitated more than 50% of NR1 but 
not NR2A or NR2B from P1 through P21, indi- 
cating that NMDA receptors composed of 
NR1/NR2C are present, whereas heteromeric 
complexes containing NR1/NR2A/NR2C or 
NR1/NR2B/NR2C were not detected at any 
stages of the mouse development (52). These 
data suggest that at early postnatal stages of the 
mouse cerebellar development the dominant 
NMDA receptor is a ternary complex contain- 
ing NR1/NR2A/NR2B subunits. At late post- 
natal stages, however, the binary complex 
composed of NR1/NR2C becomes the predom- 
inant NMDA receptor. The switch in the compo- 
sition of NMDA receptors may be related to the 
very high levels of expression of NR2C mRNA 
(27,51) and protein (51; Wolfe and Wang, 
unpublished observation) seen in the adult cere- 
bellum. The binary complexes composed of 
NR1/NR2A and NR1/NR2B are also present in 
the cerebellum but seem to represent only a 
minor fraction of NMDA receptors relative to 
NR1/NR2C receptors. In contrast to the obser- 
vation that ternary complexes containing 
NR1/NR2A/NR2C subunits were not detected 
in the mouse cerebellum are reports from stud- 

ies in which three NMDA subunits were trans- 
fected in a mammalian cell line to generate 
heterotrimeric NMDA receptors whose phar- 
macological profile was found to be similar to 
that found in adult mouse cerebellum. Thus, 
Chazot et al. (48) demonstrated that the affinity 
of [3H]MK-801 for binding to the ternary recep- 
tor complex NR1/NR2A/NR2C transiently 
expressed in HEK293 cells was similar to those 
found in the mouse cerebellum and was dissim- 
ilar to binary receptors composed of 
NR1/NR2A and NR1/NR2C subunits. This 
result suggests the presence of a heteromeric 
NMDA receptor composed of NR1/NR2A/ 
NR2C subunits in the mouse cerebellum. Addi- 
tionally, these investigators have shown by 
coimmunoprecipitation in transfected HEK 293 
cells that the ternary receptor containing 
NR1/NR2A/NR2C subunits can form if all 
mRNAs are expressed in the same cell (90). 

Experimental evidence demonstrating the 
subunit composition of native NMDA recep~ 
tors that contain the NR2D protein in the rat 
CNS using quantitative immunoprecipitation 
with selective antibodies against NR1, NR2A, 
NR2B, and NR2D has been reported (56). The 
data from immunoprecipitations of NMDA 
receptor-subunit proteins from rat cortex, stria- 
tum, thalamus, and spinal cord solubilized 
under nondenaturing conditions followed by 
quantitative immunoblot analysis of NR1, 
NR2A, NR2B, and NR2D subunits: 

1. Showed that the NR2D protein is predominantly 
associated with NR1 subunit and only a small 
fraction of NR2D did not form heteromeric com- 
plexes with NR1 subunit (data from thalamus 
are shown in Fig. 7), consistent with the exis- 
tence of functional NMDA receptors in the brain; 

2. Showed that the NR2D subunit forms a het- 
eromeric assembly with NR1, NR2A, and NR2B 
subunits, which appears to reflect at least ternary 
complexes composed of NR1/NR2A/NR2D and 
NR1/NR2B/NR2D subunits in the spinal cord, 
cortex, and thalamus of adult rat brain (data 
from spinal cord are shown in Fig. 8), consistent 
with the hypothesis that native NMDA receptors 
in the brain are composed of heteromeric com- 
plexes of NR1 and two or more different NR2 
subunits (24); 
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Fig. 7. The NR2D protein is mostly assembled with 
the NR1 subunit in the thalamus of rat. Membrane 
proteins from the thalamus of adult rat were solubi- 
lized using nondenaturing conditions and the solubi- 
lized proteins were immunoprecipitated with 
anti-NR1 antibody coupled to protein A sepharose 
beads. The immunoprecipitates were electrophoresed 
on SDS-polyacrylamide gel, and the resultant 
immunoblots were probed with either anti-NR1 (A) or 
anti-NR2D (B) as indicated on the left of the figure. 
Each lane contains 10 I, tg equivalent protein load of 
all the samples. The lane marked TOTAL (lane 1 ) con- 
tains soluble proteins without immunoprecipitation, 
whereas lane marked PELLET (lane 2) contains sam- 
ples from the resuspended immunoprecipitates, and 
the lane marked SUPERNATANT (lane 3) contains 
samples from the supernatant. 

. 

. 

Supported the results of Sheng et al. (39) and 
Luo et al. (47) showing that the most abundant 
and physiologically important NMDA receptor 
subtype in the brain are ternary complexes con- 
taining NR1 and NR2 subunits; and 
Showed that NMDA receptor binary complex 
comprised of NR1/NR2D subunits was only 
found in the thalamus, not the midbrain, where 
the complexes also contained either NR2A or 
NR2B, consistent with a report indicating that 
certain thalamic nuclei express NMDA receptors 
whose pharmacological properties are similar to 
that of NR1/NR2D receptor subtype (87,88). 

Taken together, the reports on subunit com- 
positions of native NMDA receptors suggest 
that different subtypes of NMDA receptors are 
present in the CNS, which vary in both spatial 
and temporal expression. These differences may 
reflect distinct physiologic and behavioral roles 
these receptor subtypes play in the CNS. 

Phosphorylation of NMDA 
Glutamate Receptors 

Protein phosphorylation is a posttransla- 
tional modification process that alters the func- 
tional properties of many proteins and is 
widely recognized as a major regulatory mech- 
anism involved in the control of neuronal and 
synaptic functions in the CNS (91-94). Protein 
phosphorylation involves the transfer of the 
phosphate group of adenosine triphosphate 
(ATP) to a serine, threonine, or tyrosine amino 
acid residue of a substrate protein, often result- 
ing in alterations of its functional properties 
(95, 96). The process of protein phosphorylation 
is catalyzed by protein kinases, which usually 
have selectivity for serine, threonine, or tyro- 
sine residues. Tremendous interest has been 
focused on tyrosine phosphorylation of pro- 
teins because of its potentially important role in 
the regulation of cellular processes, such as 
growth, differentiation, and maturation (97, 
98). Moreover, several studies have shown that 
tyrosine kinases and phosphatases are widely 
expressed in the CNS and found particularly at 
high levels in neuronal synapses, suggesting 
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Fig. 8. Some of the NR2D protein is complexed 
with NR2A and NR2B subunits in addition to the NR1 
subunit in the spinal cord of rat. Spinal cord mem- 
brane proteins of adult rat were solubilized under 
native conditions. The solubilized proteins were 
immunoprecipitated with anti-NR2D antibody cou- 
pled to protein A sepharose beads. The resulting pellet 
and supernatant samples were separated on SDS- 
PAGE by loading 10 and 5 p~g equivalents of each 
sample per lane as indicated across the top of the fig- 
ure. Lanes marked PELLET (lanes 1 and 2) contain 
samples from the immunoprecipitation pellet, and 
lanes marked SUPERNATANT (lanes 3 and 4) contain 
samples from the supernatant. The blots were probed 
with anti-NR1 (A), anti-NR2A (B), anti-NR2B (C), or 
anti-NR2D (D) as indicated on the left of the figure. 

that tyrosine phosphorylation may be involved 
in the regulation of neuronal processes, includ- 
ing synaptic transmission and plasticity 
(98-101). 

Some studies have provided evidence that 
tyrosine phosphorylation of ion channels mod- 
ulates their functions (61,62,102-109). The reg- 
ulation of glutamate receptors, especially the 
NMDA subtype, by protein tyrosine phospho- 
rylation has only been recently investigated. 
For instance, long-term potentiation (LTP) in 
the hippocampus, a brain region implicated in 
learning and memory, was shown to be 
blocked by inhibitors of protein tyrosine 
kinases (107), suggesting that tyrosine kinase 
activity might be a requirement for induction 
of long-term synaptic plasticity in the hip- 
pocampus. Electrophysiological studies in the 
dorsal horn of the spinal cord and hippocam- 
pal neurons demonstrated that NMDA recep- 
tor-mediated responses were potentiated by 
protein phosphatase inhibitors or by protein 
tyrosine kinase phosphorylation, and NMDA 
receptor activity was found to be attenuated by 
protein tyrosine kinase inhibitors (108). Also, 
in vitro electrophysiological studies using 
recombinant NMDA receptors have shown 
that protein tyrosine kinases of the src family 
increased glutamate-activated currents with- 
out affecting desensitization and deactivation 
kinetics in NR1/NR2A receptors and had no 
effect on NR1/NR2B, NR1/NR2C, and 
NR1/NR2D receptor channels (102). The 
endogenous tyrosine kinase src was reported 
to regulate the activity of NMDA channels in 
membrane patches from rat spinal dorsal horn 
(109). These authors speculated that the 
observed responses of NMDA receptors to pro- 
tein tyrosine kinases, protein phosphatase 
inhibitors, and tyrosine kinase inhibitors might 
be caused by regulation of NMDA receptors by 
protein tyrosine phosphorylation resulting 
from the direct phosphorylation of the recep- 
tors on tyrosine amino acid residues. In this 
regard, recent studies employing antiphospho- 
tyrosine antibodies along with selective 
NMDA receptor subunit antibodies have pro- 
vided evidence for the direct tyrosine phos- 
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phorylation of some NMDA receptor subunit 
proteins. 

NR1 Subunit 

Although the NR1 subunit has been shown 
to be phosphorylated predominantly on serine 
residues and to some extent on threonine 
residues (40,58), data from immunoprecipita- 
tion of rat cerebral cortical synaptic plasma 
membranes with antiphosphotyrosine and 
NR1 antibodies have shown that the NR1 sub- 
unit was not phosphorylated on tyrosine 
residues (44). In a similar study that used a 
[32p] metabolic labeling approach along with 
antiphosphotyrosine, NR1, and NR2 antibod- 
ies to examine the surface expression and 
phosphorylation of NMDA receptor subunits 
in rat hippocampal primary culture cells, basal 
phosphorylation of NR1 subunit was not 
detectable, whereas high basal phoshorylation 
levels were obtained for the NR2 subunits (58). 
These data suggest that the NR1 protein is not 
tyrosine phoshorylated. In this regard, an 
attempt was made to determine whether NR1 
subunit is phosphorylated at serine and threo- 
nine residues in cells transiently expressing 
recombinant NR1 protein and primary cul- 
tures of cortical neurons using NR1 antibody. 
The results showed detectable levels of basal 
phosphorylation of NR1 protein, which was 
found to increase upon activation of protein 
kinase C with phorbol esters. However, phos- 
phopeptide tryptic digest assay of the phos- 
phorylated NR1 protein confirmed that protein 
kinase C phosphorylation occured mostly on 
serine amino acid residues with only a trace 
amount of phosphorylation seen on threonine 
residues (40), suggesting that the NR1 subunit 
is predominantly serine phosphorylated. 

In a recent study, Tingley et al. (59), exam- 
ined the phosphorylation of the NR1 subunit 
in vitro and in situ using site-specific antiphos- 
phopeptide NR1 antibodies that recognized 
the NR1 protein only when specific serine 
amino acid residues were phosphorylated. The 
results demonstrated that in addition to pro- 
tein kinase C, protein kinase A also phosphory- 

lated of the carboxyl terminus of NR1 subunit. 
Whereas protein kinase C specifically phos- 
phorylated NR1 protein at threonine 879 and 
serines 890 and 896, the protein kinase A phos- 
phorylated NR1 at serine 897, but only phos- 
phorylation of NR1 at serine 890 by protein 
kinase C was found to induce the dispersal of 
clusters of NR1 protein, suggesting that pro- 
tein kinase C and protein kinase A might dif- 
ferentially regulate NR1 subunits in the CNS. 

NR2 Subunit 

Experimental data from immunoprecipita- 
tion of rat forebrain proteins using either 
antiphosphotyrosine or subunit-specific NR2B 
antibodies revealed that the NR2B subunit was 
not only highly enriched in the postsynaptic 
density but it also represented the major tyro- 
sine-phosphorylated protein in the rat fore- 
brain postsynaptic densities (60). In another 
investigation, immunoprecipitation with 
antiphosphotyrosine antibodies and antibod- 
ies selective for NR1, NR2A, and NR2B sub- 
units was used to determine whether NMDA 
receptors are tyrosine phosphorylated in the 
CNS. The results showed that both NR2A and 
NR2B subunits but not the NR1 subunit were 
phosphorylated on tyrosine amino acid 
residues in the rat cerebral cortex, and the tyro- 
sine phosphorylation was found to vary quan- 
titatively for both NR2A (2.1%) and NR2B 
(3.6%) subunits (44). These biochemical find- 
ings were supported by data from immunocy- 
tochemical staining revealing the presence of 
abundant levels of phosphotyrosine proteins 
that colocalized with the NMDA receptor sub- 
units at excitatory synapses in cultured rat hip- 
pocampal neurons (44). The observation that 
NR2A and NR2B but not NR1 is tyrosine phos- 
phorylated supports the notion that the NR2 
subunits are required for modulation of 
NMDA receptor functions, whereas the NR1 
subunit is important for its fundamental activi- 
ties. The finding that tyrosine phosphorylation 
levels of NR2B are more than that of NR2A 
supports the reports of Moon et al. (60) show- 
ing that NR2B is the major tyrosine-phospho- 
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rylated protein in the postsynaptic densities of 
rat forebrain. In contrast to the results showing 
that NR2A and NR2B but not NR1 are tyrosine 
phosphorylated in rat forebrain (44,60), Hall 
and Soderling (58) demonstrated in a related 
study that the tyrosine phosphorylation of 
these NMDA subunits was not detectable in 
primary cultures of the rat hippocampus. This 
suggests that neither NR1 nor NR2 subunits 
are tyrosine phosphorylated when hippocam- 
pal neurons are grown in primary cultures, 
and it is likely that some factors responsible for 
inducing tyrosine phosphorylation of NR2 
subunits might be present in the brain but 
absent from primary hippocampal cultures. 

Phosphorylation of NMDA receptors has 
been implicated in the process of LTP. The 
effects of changes in the levels of tyrosine 
phosphorylation of the NR2B subunit in rela- 
tion to the induction of LTP in the dentate 
gyrus of adult rats were investigated using 
immunoprecipitations with antiphosphotyro- 
sine and NR2B antibodies. Interestingly, the 
amount of tyrosine-phosphorylated NR2B pro- 
tein was found to increase without a change in 
the total NR2B protein levels after induction 
LTP in the dentate gyrus of rat hippocampal 
formation (61, 62). This indicates that induc- 
tion of LTP caused an increase in the levels of 
tyrosine-phosphorylated NR2B and not an 
increase in de novo synthesis of NR2B subunit. 
The blockade of the LTP with an NMDA recep- 
tor antagonist inhibited the observed increase 
in tyrosine-phosphorylated NR2B protein (61), 
suggesting that LTP results from direct phos- 
phorylation of NMDA receptors. It was also 
observed that an increase in tyrosine phospho- 
rylation of NR2B protein was not detectable at 
5 rain but was easily measurable by 15 min 
after induction of LTP, after which the increase 
persisted for more than 3 h (61, 62). This sup- 
ports the hypothesis that tyrosine phosphory- 
lation of NMDA receptors is involved in the 
maintenance of LTP. 

The phosphorylation profile of the NMDA 
receptor subunit NR2C still remains to be 
investigated. However, immunoprecipitation 
with subunit-specific antibody against the 

NR2D along with an antiphosphotyrosine anti- 
body have been used to determine quantita- 
tively the developmental profile of the tyrosine 
phosphorylation of NR2D subunit in the rat 
CNS (63). NMDA receptor proteins from the 
thalamus at P1, P7, P21 and P49 were solubi- 
lized using denaturing conditions and used for 
immunoprecipitations with anti-NR2D and 
antiphosphotyrosine antibodies. The NR2D 
protein in the resulting immunopellets was 
subjected to quantitative immunoblot analysis. 
The results indicated that the NR2D subunit is 
tyrosine phosphorylated in rat brain, which is 
consistent with previous reports demonstrat- 
ing the tyrosine phosphorylation of NR2A and 
NR2B subunits in the rat CNS (44,60). The 
quantified data of the developmental profile of 
tyrosine phosphorylation of NR2D in the thal- 
amus showed that at P1 1.2 + 1.2% of the recep- 
tors were phosphorylated, which increased to 
14.4 +_ 1.5% at P49. These results seem to impli- 
cate development in the regulatation of tyro- 
sine phosphorylation of NR2D protein in vivo. 

Overall, the phosphorylation data are consis- 
tent with the presence of serine, threonine, and 
tyrosine consensus phosphorylation sites for 
protein kinases in the amino acid sequences of 
these subunits based on reports from molecular 
cloning studies of the NMDA glutamate recep- 
tor subunits (9,27). The results strongly suggest 
that tyrosine phosphorylation is important for 
regulating the functions of NMDA receptor 
subunit in the mammalian CNS. 

Conclusion 

Prior to the advent of antibody development 
technology, the lack of ligands, whether ago- 
nists or antagonists, that selectively recognized 
a given subunit of NMDA receptor posed a 
tremendous limitation to investigations into 
the molecular biology of NMDA glutamate 
receptors. The availability of a few techniques 
that allow for the development of NMDA 
receptor subunit-specific monoclonal and 
polyclonal antibodies using either fusion pro- 
tein or synthetic peptide approaches has over 
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the past few years provided a better under- 
standing of the structure and function of the 
NMDA receptor channels, especially in the 
areas of regional and developmental  expres- 
sion, subunit assembly, and posttranslational 
modification mechanisms of NMDA receptors 
in the mammalian CNS. 

Although subunit-specific NMDA receptor 
antibodies constitute a panel of important and 
useful probes for investigating the structure 
and function of the NMDA subtype of ligand- 
gated ion channels either in the CNS or in 
recombinant receptor expression systems, the 
procedures involved in the generation of anti- 
bodies are obviously not inexpensive or trivial. 
The choice and design of the antigen, whether  
synthetic peptide or fusion protein, and the 
purification and characterization of the result- 
ing antibodies need to be performed carefully 
and properly to obtain meaningful experimen- 
tal data. Despite the relatively high economic 
and labor-intensive requirements for antibody 
production, biochemical studies of NMDA 
receptors using subunit-specific antibodies 
have advantages over conventional tech- 
niques, such as northern blot analysis and in 
situ hybridization, that examine only the 
mRNA encoding the NMDA subunits. This is 
because mRNA studies do not provide clear 
and adequate information about the resulting 
subunit protein, whereas subunit-specific anti- 
bodies allow for direct examination of the pro- 
tein product of the NMDA receptor subunit 
genes, thereby providing a useful approach for 
localizing, quantifying, and characterizing the 
receptor subunits, and to allow study of the 
subunit assembly and posttranslational modi- 
fication mechanisms of native NMDA recep- 
tors in both brain tissues and eukaryotic cell 
lines. 
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