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Subcellular localization of the NMDA receptor NR1 splice forms
was studied by expressing individual splice variants and their
epitope-tagged derivatives in mouse fibroblasts and in hip-
pocampal neurons. When NR1 splice variants were expressed
in fibroblasts, the amount of NR1 molecules expressed on the
cell surface varied among forms with different C-terminal cyto-
plasmic domains. The splice forms with the longest C-terminal
cytoplasmic tail (NR1–1a and NR1-1b) showed the lowest
amount of cell surface expression, and the splice forms with the
shortest C-terminal cytoplasmic tail (NR1–4a and NR1-4b)
showed the highest cell surface expression. Cell surface ex-
pression of NR1 was enhanced by the coexpression of the NR2
subunit. We measured the glutamate-induced increase of cal-
cium concentration in fibroblasts expressing one of the NR1

splice forms and the NR2B subunit. The increase of calcium
concentration after glutamate application had a positive corre-
lation with the amount of NR1 splice forms expressed on the
cell surface. When epitope-tagged NR1 splice variants were
expressed in primary hippocampal neurons using recombinant
adenoviruses, we also observed the differential expression on
the cell surface between splice variants. These results suggest
that the splicing of the C-terminal domain of the NR1 subunit
regulates the cell surface expression of the functional NMDA
receptors.
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Glutamate is the major excitatory neurotransmitter in the verte-
brate CNS. Ionotropic glutamate receptors are divided into
AMPA, kainate, and NMDA subclasses according to the specific
agonists that activate these receptor subclasses. NMDA receptors
are expressed widely in the mammalian CNS and play a central
role in synaptic plasticity, circuit formation, and excitotoxicity
(Nakanishi, 1992). NMDA receptors are comprised of NR1 and
NR2 subunits. Both subunits have a transmembrane topology that
is similar to that of other AMPA and kainate receptors (Holl-
mann et al., 1994; Wood et al., 1995; Hirai et al., 1996). They have
three transmembrane regions and one membrane-associated re-
gion with the N-terminal extracellular domain and the C-terminal
cytoplasmic domain. NR1 subunits exist in eight alternatively
spliced forms derived from a single gene product (Sugihara et al.,
1992; Hollmann et al., 1993), and NR2 subunits are the products
of four different genes, NR2A–NR2D (Kutsuwada et al., 1992;
Monyer et al., 1994). Although extensive electrophysiological and
biophysical studies have revealed the properties of the agonist
binding domains and the channel forming domains of the NMDA
receptor complex, little is known about the mechanism of cell
surface expression and accumulation at the synapse.

Several recent immunocytochemical and biochemical studies
have shed light on the distribution of the NMDA receptor mol-
ecules on the neuronal cell surface and the relationship between
the subunit assembly and cell surface expression. Only 40–50% of
the NR1 molecules are expressed on the cell surface in cultured
hippocampal neurons, whereas most of the NR2B molecules are
expressed on the cell surface (Hall and Soderling, 1997). Cell
surface staining experiments have shown that the NR1–1a splice
form requires NR2A molecules for efficient cell surface expres-
sion (McIlhinney et al., 1996). Identification of a family of pro-
teins containing multiple postsynaptic density 95/Discs large/zona
occludens 1 [PSD-95/Discs large/ZO-1 (PDZ)] domains, such as
PSD-95 and chapsyn-110 (PSD-93), has revealed the receptor
clustering activity of these proteins when expressed in a heterol-
ogous system (Kornau et al., 1995; Kim et al., 1996). Further-
more, splice variant-specific formation of receptor clustering was
observed in cells expressing NR1 molecules without other
receptor-associated proteins (Ehlers et al., 1995). These observa-
tions indicate that the NMDA receptor expression and clustering
on the cell surface is a complex process.

To elucidate the mechanisms of formation of the NMDA
receptor complex on the cell surface, subcellular distributions of
the eight splice variants of the NR1 subunit were analyzed in both
the absence and presence of the NR2 subunit in fibroblasts.
Differential efficiency of the cell surface expression among splice
variants was further tested by Ca21 imaging in fibroblasts and by
expressing epitope-tagged NR1 molecules in primary hippocam-
pal neurons. The results suggest a possible regulation of the cell
surface expression of the NMDA receptor complex by the alter-

Received Feb. 24, 1999; revised June 10, 1999; accepted June 28, 1999.
This work was supported by Special Coordination Funds of the Science and

Technology Agency of the Japanese Government. We thank Dr. Michael Hollmann
for providing NMDA NR1 cDNAs, Dr. Stephen Heinemann for NMDA NR2B
cDNA, and Drs. Yumi Kanegae and Izumu Saito for providing materials for
constructing recombinant adenoviruses.

Correspondence should be addressed to Shigeo Okabe, Department of Anatomy
and Cell Biology, School of Medicine, Tokyo Medical and Dental University,
1–5-45, Yushima, Bunkyo-ku, Tokyo, 113–8519, Japan.
Copyright © 1999 Society for Neuroscience 0270-6474/99/197781-12$05.00/0

The Journal of Neuroscience, September 15, 1999, 19(18):7781–7792



native splicing of the C-terminal domain of the NMDA receptor
NR1 subunit.

MATERIALS AND METHODS
Construction of NR1 subunit expression vectors. cDNAs encoding NR1
splice variants were provided by Dr. M. Hollmann (Gottingen, Germa-
ny). cDNAs were cloned into the mammalian expression vector pCMVb
(Clontech, Palo Alto, CA) after removal of the b-galactosidase cDNA.
Human c-myc tag (EQKLISEEDL) or influenza hemagglutinin protein
(HA) tag (YPYDVPDYA) was inserted between Ile26 and Val27 of the
NR1 cDNAs, and the cDNAs were cloned into the pCMVb vector.

Transfection of 3T3 cells. Transfection of 3T3 cells was performed using
lipofectamine (Life Technologies, Grand Island, NY) reagent at 40–50%
confluence. Cells were plated onto polyornithine-coated coverslips for
immunofluorescence microscopy or onto 60 mm tissue culture dishes for
immunoelectron microscopy and for preparation of cell extracts, or they
were plated onto poly-L-lysine-coated coverslips attached to the bottom
of 35 mm tissue culture dishes with holes of 10 mm diameter for Ca 21

imaging. Cells were assayed 2 d after transfection.
Antibodies. We obtained monoclonal anti-NR1 antibody (clone 54.1)

from PharMingen (San Diego, CA) and used it at a concentration of
1:100 for immunofluorescence and 1:1000 for immunoblotting. Monoclo-
nal anti-HA antibody (clone 12CA5) came from Boehringer Mannheim
(Indianapolis, IN) and were used at a concentration of 1:100. We
obtained polyclonal anti-synaptophysin antibody from Zymed (San Fran-
cisco, CA) and monoclonal anti-a-tubulin (DM-1A) from Seikagaku
Corporation (Tokyo, Japan). Mouse hybridoma cell line 9E10 was obtained
from Developmental Studies Hybridoma Bank (Iowa City, IA). Anti-myc
monoclonal antibody was purified from hybridoma supernatant by protein
G-Sepharose column and used at the concentration of 1 mg/ml.

Fluorescein-conjugated anti-mouse IgG antibody and rhodamine-
conjugated anti-rabbit IgG were obtained from Dako (Glostrup, Den-
mark). Rhodamine-conjugated anti-mouse IgG antibody was from Cap-
pel (West Chester, PA), fluorescein-conjugated goat Fab9 anti-mouse
IgG was from Protos Immunoresearch (San Francisco, CA), and Cy3-
conjugated goat anti-mouse IgG was from Jackson ImmunoResearch
(West Grove, PA).

Cell surface staining of 3T3 cells, COS7 cells, and PC12 cells. We added
anti-myc antibody directly to the culture medium at a concentration of 1
mg/ml and incubated the cells for 20 min at 37°C. Cells were washed with
prewarmed culture medium and then reacted with fluorescein-
conjugated IgG or Fab9 against mouse IgG for 10 min. Cells were rinsed
in HBSS (Life Technologies) and fixed with 2% paraformaldehyde in
PBS for 25 min at room temperature. In some experiments, samples were
further processed for the detection of intracellular antigens after perme-
abilization in 0.2% Triton X-100. We also performed cell surface label-
ing of cells after fixation with 2% paraformaldehyde in PBS and obtained
basically identical staining pattern.

Immunoblotting and immunoprecipitation. Immunoblotting and immu-
noprecipitation were done as described previously (Okabe et al., 1998a).
For immunoblotting, cells were directly dissolved in SDS gel sample
buffer (2% SDS, 50 mM Tris-HCl, pH 7.5, 0.75% DTT, 5% glycerol,
Bromophenol blue) and heated to 95°C for 5 min. Immunoprecipitation
of NR1 from brain extract was performed using monoclonal anti-NR1 in
combination with protein A-Sepharose (Amersham Pharmacia Biotech,
Uppsala, Sweden).

Immunofluorescence microscopy. Cells were washed in PBS and fixed in
2% paraformaldehyde in PBS for 20 min at room temperature. After the
brief wash in PBS, cells were permeabilized in 0.1–0.2% of Triton X-100
for 5 min, and then nonspecific binding was blocked by incubation in 5%
normal goat or horse serum in PBS for 30 min. Then, the cells were
washed in PBS and incubated with primary antibodies in PBS for 30 min
at room temperature. After washing in PBS three times, samples were
incubated with fluorescein or rhodamine-conjugated secondary antibod-
ies in PBS plus 2% normal goat or horse serum for 30 min. Cells on the
coverslips were washed in PBS three times, mounted in 70% glycerol in
PBS, and examined under a Zeiss (Oberkochen, Germany) Axiophoto
microscope or a Zeiss LSM501 confocal laser scanning microscope.
Quantitation of fluorescence was done using a Zeiss LSM501 confocal
laser scanning microscope. We made optical sections through the depth
of the cells for each preparation, and the fluorescence intensity was
calculated from the single optical slice at the cell surface for cell surface
intensity and from summation and averaging of the total z-axis stack for
total cellular intensity.

Calcium imaging of transfected 3T3 cells. We performed imaging of

intracellular Ca 21 by calculating the background-corrected fluorescence
ratio of fura-2 at 340 and 380 nm excitation, using an Axon Imaging
Workbench system (Axon Instruments, Foster City, CA). The exposure
time at each wavelength was 132 msec, with a single frame pair captured
every second. We estimated the free calcium concentration from a
standard curve between the F340/F380 ratio and [Ca 21], using the estab-
lished calibration method (Grynkiewicz et al., 1985). 3T3 cells were
loaded with fura-2 by incubation in fura-2 AM (Molecular Probes,
Eugene, OR) at a concentration of 5 mM in HEPES-buffered saline
(HBS) (in mM: 20 Na-HEPES, pH 7.4, 115 NaCl, 5.4 KCl, 1 CaCl2, and
13.8 glucose) for 30 min at room temperature. Experiments were per-
formed at room temperature in a perfusion chamber. HBS was used as a
recording saline. L-glutamate and glycine were dissolved in recording
solution at 10 and 1 mM, respectively. Application of drugs was accom-
plished by complete bath exchange. Pseudocolor images were created
from raw eight-bit images using NIH Image software.

Calcium concentrations were calculated by averaging intracellular
calcium of cells expressing a red-shifted variant of green fluorescent
protein (eGFP), that is, those cells of which average intensity of eGFP
signal was .30 (on a scale of 0–256 eight-bit digital images) after
background subtraction. In most transfection experiments, one micro-
scopic field (under a 403 oil immersion lens) contained 10–20 eGFP-
positive 3T3 cells. Four fura-2 image pairs before perfusion and seven
fura-2 image pairs 20–26 sec after perfusion of 0.5 ml of glutamate-
containing HBS were recorded. No large fluctuation of fura-2 signals was
observed during the period of 20–27 sec after perfusion in general.

Primary culture of mouse hippocampal neurons. Mouse hippocampal
cells were prepared from embryos at the age of embryonic day 17 (E17).
The method of dissection and dissociation was basically identical to the
method of rat hippocampal cell culturing described previously (Okabe et
al., 1998b). The cell suspension was plated onto glass coverslips in
24-multiwell plates, coated with 1 mg/ml poly-L-lysine, at a density of
200–500 cells/mm 2. Cells were incubated at 37°C under 5% CO2 in an
MEM medium (Life Technologies) containing 2% B-27 supplement
(Life Technologies), 5% fetal bovine serum (Equitech-Bio, Ingram, TX),
and 0.2 mM L-glutamine. Ara-C (10 mM) was added 2 d after plating to
prevent glial proliferation. One-fifth of the medium was replaced every
3–4 d.

Generation of recombinant adenoviruses. Construction of replication-
deficient adenovirus was performed using the cosmid-terminal protein
complex (COS–TPC) method described previously (Miyake et al., 1996).
Recombinant adenoviruses expressing NR1 molecules (AxCMV-
NR1–1b or AxCMV-NR1–4b) are human adenoviruses serotype 5,
removing sequences in the E1A, E1B, and E3 regions, with an insertion
of an NR1–1b or NR1–4b expression unit (Kanegae et al., 1995). The
NR1–1b or NR1–4b expression unit contains an NR1–1b or NR1–4b
coding region under the control of the cytomegalovirus immediate early
gene promoter, together with the rabbit b-globin polyadenylation signal.
The recombinant viruses were purified by CsCl step gradients and were
stored at 280°C (Kanegae et al., 1994).

Adenovirus infection. Day 16–18 hippocampal neurons, COS7 cells, or
PC12 cells were exposed for 60 min to viruses at a multiplicity of
infection of 100. Cells were then washed, reincubated in the previously
removed media, and after 48 hr, assayed by immunocytochemistry or
immunoblotting.

Cell surface labeling of primary neurons. Primary neurons were incu-
bated in HBS containing 1 mg/ml anti-myc antibody for 20 min at room
temperature, washed with HBS three times, and then fixed by methanol
at 220°C for 10 min. Fixed cells were treated with 5% normal horse
serum to block nonspecific binding, and the first antibody was visualized
by secondary antibody staining using goat anti-mouse IgG conjugated to
Cy3. Cells were then reacted with either anti-myc antibody again to
detect total myc-tagged NR1 protein or anti-synaptophysin antibody
to detect the presynaptic structure, using fluorescein-conjugated second-
ary antibody. When cells were fixed before cell surface labeling, similar
distribution of cell surface NR1 molecules were detected by successive
reaction with Cy3-conjugated secondary antibody. However, the intensity
of staining was weaker, possibly because of the reduction of antigenicity
of the myc epitope.

Expression of the results of cell counting. To determine the number of
cells, a total of 10–30 randomly chosen fields per coverslip was counted
using 200 or 4003 magnification under a fluorescence microscope. Re-
sults of double-staining experiments (see Figs. 3, 7) were expressed as the
percentage of cells positive with cell surface staining in the population of
cells positive with total cellular staining. All numerical values were the
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mean 6 SEM of data from three to four independent culture
experiments.

Immunofluorescence microscopy of transfected 3T3 cells using anti-
NR1 or anti-myc antibody revealed that .30% of cells were transfected
and expressed NR1 molecules. Because cells having faint staining of
total NR1 molecules were included in cell counting, proportion of cells
showing surface staining fell in a range of 4.0–35% of transfected cells.
However, cell surface expression of NR1 splice variants was not a rare
event, because most of the cells expressing large amount of NR1 mole-
cules showed cell surface expression, except cells expressing NR1–1
splice forms.

RESULTS
Immunofluorescence analysis of subcellular
distribution of NMDA receptor NR1 subunits
The anti-NMDA receptor NR1 antibody (clone 54.1) recognizes
the NMDAR1 residues 660–811 [according to Moriyoshi et al.
(1991)], which correspond to the extracellular loop between M3
and M4 (Brose et al., 1994) (Fig. 1). Human c-myc or influenza
HA tag was added to the N-terminal domain of the eight splice
variants of the NR1 molecules to detect extracellular epitopes
distinct from the epitope of clone 54.1. Native NR1 splice vari-
ants or their epitope-tagged derivatives were expressed in mouse
3T3 fibroblasts, and transfected cells were examined by immuno-
fluorescence microscopy using anti-NR1 monoclonal antibody

(clone 54.1), anti-myc monoclonal antibody (clone 9E10), or
anti-HA monoclonal antibody (clone 12CA5).

We examined total cellular distribution of NR1 splice variants
by immunolabeling detergent-treated 3T3 cells (Fig. 2A–L). Lo-
calization of NR1–1a and NR1–1b splice forms was distinct from
the other six splice variants. NR1–1a and NR1–1b proteins
formed discrete subcellular domains that were closely associated
with the plasma membrane. The other six splice variants were
distributed throughout the cells and did not form discrete clus-
ters. Cell counting of 3T3 cells transfected with “b” splice forms,
and their myc-tagged molecules confirmed that only NR1–1
splice forms formed discrete clusters (Fig. 2M).

To detect NR1 molecules expressed on the cell surface, live
3T3 cells transfected with NR1 splice forms were labeled with
anti-NR1, anti-myc, or anti-HA antibody, and the cells were
subsequently reacted with fluorescein-conjugated anti-mouse IgG
antibody. Cell surface expression of the NR1 molecules was
found in the cells expressing NR1–2a, NR1–2b, NR1–3a, NR1–
3b, NR1–4a, NR1–4b (Fig. 3A–F), or their epitope-tagged de-
rivatives (Fig. 3I, 4bmyc) (data not shown for other myc-tagged
splice forms). In contrast, no cell surface staining was detected in
the cells expressing NR1–1a, NR1–1b, NR1–1amyc, or NR1–
1bmyc (Fig. 3G, 1bmyc). The presence or absence of the
N-terminal exon cassette did not influence the cell surface ex-
pression of the NR1 molecules.

To quantitate the difference of the cell surface expression of
the NR1 splice variants, percentages of cells showing cell surface
staining of NR1 molecules were calculated by labeling both cell
surface and total cellular NR1 molecules with different chro-
mophores and subsequently analyzing them with immunofluores-
cence microscopy (Fig. 3G–J). The most striking difference was
that the cells expressing the NR1–1b or NR1–1bmyc splice form
did not show any surface staining, whereas 4.0–35% of trans-
fected cells (corresponding to 2.0–15% of total cell population)
expressing the other three splice forms showed cell surface ex-
pression of the NR1 molecules (Fig. 3K). The proportion of cells
having the NR1 molecules on the cell surface was statistically
different among the NR1–2b, NR1–3b, and NR1–4b subunits
(NR1–2b, NR1–3b, NR1–4b, one-way ANOVA; F 5 39.35; p ,
0.004; NR1–2bmyc, NR1–3bmyc, NR1–4bmyc, F 5 24.8; p ,
0.001). A similar amount of the NR1 protein was detected in
samples from cells transfected with different splice variants by
immunoblotting (Fig. 4A–C). This result shows that the differen-
tial cell surface expression cannot be explained by the differential
amount of the expressed proteins.

Interaction between NR1 splice variants
To see how different splice variants interact with each other in a
single cell, 3T3 cells were cotransfected with either NR1–1a plus
NR1–2amyc or NR1–4b plus NR1–1bmyc, and the distributions
of myc-tagged splice forms were examined. When NR1–2amyc
was coexpressed with NR1–1a, NR1–2amyc molecules formed
distinct receptor-rich domains and were colocalized with NR1–1a
molecules (Fig. 5A,B,E). No subcellular clustering of NR1–
2amyc was observed without NR1–1a. This result suggests that
NR1 splice variants can interact with each other in the intracel-
lular membrane organelles, because NR1–1a-rich domains are
the intracellular structure.

To see whether the coexpression of NR1–4b facilitates the cell
surface expression of the NR1–1bmyc, 3T3 cells were cotrans-
fected with NR1–4b and NR1–1bmyc, and the NR1–1bmyc ex-
pressed on the surface was detected by anti-myc antibody (Fig.

Figure 1. Membrane topology and location of three exon cassettes of the
NMDA receptor NR1. NMDA receptor NR1 molecules have three
membrane-spanning domains (M1, M3, and M4) and one membrane-
associated domain (M2). A human c-myc and influenza HA tag was
inserted at the N-terminal extracellular region of the NR1 molecule.
Monoclonal anti-NR1 (clone 54.1) recognizes the extracellular region
between M3 and M4. Exon cassettes N, C1, and C2 are shown as open
boxes. The NR1–3 and NR1–4 splice forms lack a C2 exon cassette, and
this results in the creation of an additional coding region of 22 amino acids
(C29 cassette). Eight splice variants are formed by the presence and
absence of these three exon cassettes. We used the nomenclature of NR1
splice forms by Hollmann et al. (1993) in this study.
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5C,D). Eight percent of cotransfected cells showed unambiguous
surface staining with anti-myc antibody (Fig. 5F). Control cells
expressing NR1–1bmyc alone did not show any surface staining.
This result suggests that the association of the NR1–1b subunit
with the NR1–4b subunit enhances the cell surface expression of
NR1–1b molecules.

Enhancement of cell surface expression of NR1 splice
variants by NR2B
To see whether the coexpression of NR2 subunits alters the cell
surface expression of NR1 splice variants, 3T3 cells were cotrans-
fected with myc-tagged NR1 splice variants and NR2B. After
transfection, cells were maintained in a medium containing 1 mM

D-2-amino-5-phosphonovaleric acid (D,L-APV) to suppress acti-
vation of NMDA receptors by glutamate present in the culture
medium (Anegawa et al., 1995; Raymond et al., 1996). Immuno-
blotting experiments have confirmed that the cells maintained
without NMDA antagonists showed reduced amounts of the NR1
protein and that the amount of the NR1 protein in transfected
cells was maintained to be similar in the presence of D,L-APV
(Fig. 4D,E).

The presence of NR2B significantly enhanced the cell surface
expression of myc-tagged NR1–1b molecules (Fig. 6A–D). The

counting of immunostained cells confirmed that the proportion of
cells having myc-tagged NR1–1b molecules on the cell surface
increased up to 6.7% of the transfected cells in the presence of
NR2B (Fig. 6E). The coexpression of NR2B also enhanced the
proportion of cells showing surface staining of NR1–2bmyc (t
test; p , 0.05) but not that of NR1–3bmyc and NR1–4bmyc
(NR1–3bmyc, t test; p 5 0.17; NR1–4bmyc, p 5 0.09). The
relative fluorescence intensities of cell surface labeling and the
total cellular labeling were measured separately (Fig. 6F). The
presence of NR2B specifically increased the fluorescence inten-
sity of the cell surface staining of NR1–2bmyc (t test; p , 0.05)
but not that of NR1–3bmyc and NR1–4bmyc (NR1–3bmyc, t test;
p 5 0.12; NR1–4bmyc, p 5 0.09). The fluorescence intensity of
the total cellular staining was not different among the splice
variants (among cells transfected with NR1–1bmyc, NR1–2bmyc,
NR1–3bmyc, and NR1–4bmyc plus or minus NR2B, one-way
ANOVA; F 5 0.328, p 5 0.91). Although the coexpression of
NR2B enhanced the cell surface expression of NR1–1bmyc and
NR1–2bmyc, the differences of the amount of NR1 on the cell
surface among splice variants were preserved. There were differ-
ences in both the number of cells positive with surface staining
(among cells transfected with NR1–1bmyc, NR1–2bmyc, NR1–

Figure 2. Subcellular localization of NR1 splice forms in 3T3 fibroblasts. 3T3 cells were transfected with eight splice forms of NR1 molecules and their
epitope-tagged derivatives and examined by immunofluorescence. A–L, NR1–2a ( C), NR1–2b ( D), NR1–3a ( E), NR1–3b ( F), NR1–4a ( G), NR1–4b
(H ), and their epitope-tagged molecules [NR1–2amyc ( J ), 2aHA (L)] were localized throughout the cytoplasm. In contrast, NR1–1a (A), NR1–1b ( B),
and their epitope-tagged molecules [NR1–1amyc ( I ), 1aHA ( K )] formed distinct subcellular domains (arrows). M, Percentage of cells having distinct
domains of anti-NR1 or anti-myc immunoreactivity in cells transfected with four splice variants of NR1 (NR1–1b to NR1–4b) and their myc-tagged
derivatives (NR1–1bmyc to NR1–4bmyc). More than 200 cells immunopositive with anti-NR1 or anti-myc antibodies were examined for the presence
of distinct receptor-rich domains in each transfection experiment. Four independent experiments were performed. Scale bar, 20 mm.
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3bmyc, and NR1–4bmyc plus NR2B, one-way ANOVA; F 5
19.68; p , 0.0001) and the intensity of the cell surface staining
(among cells transfected with NR1–1bmyc, NR1–2bmyc, NR1–
3bmyc, and NR1–4bmyc plus NR2B, one-way ANOVA; F 5
10.77, p , 0.001).

Correlation between the cell surface expression of
NR1 splice variants and the increase of intracellular
calcium concentrations after glutamate application
To see whether there is any differences of the amount of calcium
influx after glutamate application among 3T3 cells expressing
different NR1 splice variants, calcium imaging experiments were
performed. 3T3 cells were transfected with each NR1 splice
variants together with NR2B and eGFP (Levy et al., 1996). Two
different molar ratios (1:1 and 1:16) of NR1 and NR2B plasmids
were chosen for transfection experiments. Fluorescent signals
from eGFP were first visualized to confirm the similar number of
transfected cells per microscopic field, and the intracellular cal-
cium concentrations of eGFP positive cells were measured before
and after application of 10 mM L-glutamate (Fig. 7). Figure 8, A
and B, shows the summary of calcium imaging experiments. At
the ratio of 1:1 of NR1 to NR2B, increases of calcium concen-
trations were highest with NR1–4b and lowest with NR1–1b. The

other two variants showed the value intermediate between
NR1–4b and NR1–1b. By reducing the ratio to 1:16, the differ-
ence between NR1–4b and other three variants increased. The
differences of the increases of calcium concentration among splice
variants were statistically significant (ratio of 1:1, one-way
ANOVA; F 5 4.14; p , 0.01; ratio of 1:16, F 5 13.91; p ,
0.000001). It is likely that the amount of NR1 molecules on the
cell surface becomes a limiting factor for the amount of func-
tional receptor complex when the ratio of NR1 to NR2B is
reduced. Significant reduction of calcium influx with NR1–1b,
NR1–2b, and NR1–3b variants at the lower NR1/NR2B ratio
supports the idea that NR1–4b variant is most efficiently ex-
pressed on the cell surface.

Increases of calcium concentrations in cells transfected with
NR1–4bmyc were also measured and found to be similar to the
value of native NR1–4b molecules, suggesting that NR1–4bmyc
forms functional NMDA receptors in combination with NR2B
(Fig. 8C).

Cell surface expression of myc-tagged NR1–1b and
NR1–4b in COS7 cells and PC12 cells
We generated recombinant adenovirus to express myc-tagged
NR1–1b and NR1–4b in various cell types. When COS7 cells

Figure 3. Cell surface expression of NR1 splice forms in 3T3 fibroblasts. 3T3 cells were transfected with eight splice forms of NR1 molecules and their
epitope-tagged derivatives, and NR1 molecules on the cell surface were detected by reacting live 3T3 cells with primary antibodies and fluorescein-
conjugated secondary antibodies. A–F, Cell surface staining was detected in cells transfected with NR1–2a (A), NR1–2b (B), NR1–3a (C), NR1–3b (D),
NR1–4a (E), and NR1–4b ( F). Similar cell surface staining was detected in cells transfected with corresponding myc-tagged derivatives. G–J,
Transfected cells reacted with anti-myc antibody and fluorescein-conjugated secondary antibody were fixed, permeabilized, and further processed for the
detection of total myc-epitopes by anti-myc antibody and rhodamine-conjugated secondary antibody. Cells transfected with NR1–1bmyc did not show cell
surface staining (G), even in the presence of abundant total cellular staining (H ). Cells transfected with NR1–4bmyc had both strong cell surface
staining ( I ) and total cellular staining ( J ). K, Quantitation of cell surface expression of NR1 splice variants. Cells were double-labeled for cell surface
staining and total cellular staining, as shown in G–J, and we then determined the percentages of cells having cell surface staining with either anti-NR1
or anti-myc. More than 100 cells immunopositive with anti-NR1 or anti-myc antibodies were examined for the presence of cell surface staining in each
transfection experiment. Four independent experiments were performed. Scale bar, 20 mm.
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(kidney fibroblast-like cells) were infected with recombinant ad-
enoviruses at the same multiplicity of infection, similar amounts
of NR1–1bmyc and NR1–4bmyc proteins were detected by im-
munoblotting (Fig. 4F). We next examined the subcellular distri-
bution of NR1–1bmyc and NR1–4bmyc in COS7 cells and PC12
cells (rat pheochromocytoma cell line). In both cell types, we
could detect cell surface expression of NR1–4bmyc molecules.
However, there were few NR1–1bmyc molecules on the surface of
infected cells (Fig. 9). This result indicates that differential cell
surface expression of NR1 splice forms takes place in a variety of
cell types and is not a particular phenomenon in specific cell
types. Figure 9, A and B, shows a COS7 cell having discrete
subcellular domain of NR1–1bmyc without detectable cell sur-

Figure 4. SDS-PAGE analysis of the amount of NR1 molecules. A–C,
The amount of NR1 proteins in 3T3 cells transfected with NR1 splice
variants NR1–1b (lane 1), NR1–2b (lane 2), NR1–3b (lane 3), NR1–4b
(lane 4 ), and their myc-tagged derivatives. Total proteins were solubilized
in sample buffer and detected with anti-NR1 antibody ( A) or anti-myc
antibody ( B). Anti-NR1 antibody detects 120 kDa NR1 polypeptides in
cells transfected with authentic NR1 splice forms and their myc-tagged
derivatives. Anti-myc antibody specifically detects 120 kDa proteins in
cells transfected with myc-tagged NR1 splice variants. The similar
amount of proteins loaded on the gel was confirmed by blotting using
anti-tubulin antibody (C). Arrowheads indicate the positions of molecular
weight markers (120, 90, 48, and 35 kDa). Lane B in A shows the
electrophoretic mobility of native NR1 molecules immunoprecipitated
from brain extract. D, E, The amount of NR1 protein in 3T3 cells
transfected with NR1 splice variants NR1–1b, NR1–2b, NR1–3b, and
NR1–4b together with NR2B. Cells were maintained for 2 d with or
without NMDA receptor antagonist D,L-APV, and total proteins were
extracted in sample buffer. The amount of NR1 protein in cells main-
tained with D,L-APV was higher than that in cells maintained without
NMDA antagonist. A similar amount of NR1 protein was detected
among different splice variants in the presence of D,L-APV (D). The
similar amount of proteins loaded on the gel was confirmed by blotting
using anti-tubulin antibody (E). F, The amount of NR1 protein in COS7
cells infected with recombinant adenoviruses. Infected cells were main-
tained for 2 d after viral infection, and total proteins were extracted in
sample buffer. Blotting using anti-NR1 antibody and anti-myc antibody
revealed similar amounts of NR1–1bmyc (lane 1) and NR1–4bmyc (lane
4 ). Arrowheads indicate the positions of molecular weight markers (120,
90, 48, and 35 kDa).

Figure 5. Interaction between NR1 splice variants. A, B, 3T3 cells
transfected with NR1–1a and NR1–2amyc and reacted with anti-myc
antibody (A) for the detection of NR1–2amyc and with anti-NR1 anti-
body ( B) for the detection of total NR1 molecules. NR1–2amyc was
colocalized with NR1–1a to form distinct subcellular domains (arrows in
A and B). C, 3T3 cells were transfected with NR1–4b and NR1–1bmyc.
NR1–1bmyc molecules were detected by surface staining with anti-myc
antibody. Intense surface staining was observed in the presence of NR1–
4b. D, 3T3 cells transfected with NR1–4b and NR1–4bmyc. Cell surface
NR1–4bmyc molecules were detected by anti-myc antibody. E, Cell
counting of 3T3 cells transfected with either NR1–1amyc or NR1–2amyc
with or without NR1–1a. Without NR1–1a, no 3T3 cells formed distinct
NR1–2a-rich domains. With NR1–1a, NR1–2a-rich domains were ob-
served in .4% of transfected cells. More than 100 cells were counted for
each transfection experiment; three independent transfection experi-
ments were performed. F, Cell counting of 3T3 cells transfected with
either NR1–1bmyc or NR1–4bmyc with or without NR1–4b. Without
NR1–4b, no 3T3 cells transfected with NR1–1bmyc showed cell surface
staining with anti-myc antibody. With NR1–4b, NR1–1bmyc was present
on the cell surface in 8% of transfected cells. More than 100 transfected
cells were examined for each transfection experiment; three independent
transfection experiments were performed. Scale bar, 20 mm.
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face expression. This further supports the notion that the
NR1–1b clusters are not on the cell surface.

Cell surface expression of myc-tagged NR1–1b and
NR1–4b in primary hippocampal neurons
To evaluate the function of the C-terminal domain of NR1
molecules in a native environment, we expressed myc-tagged
NR1 splice variants NR1–1b and NR1–4b in primary neurons
using recombinant adenoviruses. Hippocampal neurons were
maintained more than 2 weeks in culture before infection. Both
NR1–1bmyc and NR1–4bmyc were selectively localized to the
cell body and dendrites of infected neurons, but they were not
localized to the axon (data not shown). Intracellular distribution
of NR1–1bmyc and NR1–4bmyc was diffuse, and no large dis-
tinct subcellular domains were detected in cells expressing myc-
tagged NR1 (Fig. 10B,E).

We examined cell surface expression of NR1–1bmyc and
NR1–4bmyc by reacting live neurons with anti-myc antibody.
Detectable amounts of NR1–1bmyc and NR1–4bmyc molecules
were present on the cell surface, and the staining pattern was
punctate on the cell body and the dendrites (Fig. 10A–F). Colo-
calization of cell surface NR1 clusters and presynaptic structure
was examined by double immunofluorescence microscopy. Sixty-
two percent of NR1–4bmyc-positive puncta were in apposition to
presynaptic structure detected by anti-synaptophysin immunore-
activity (Fig. 10G–L, 10 dendritic segments of 10 neurons count-
ed). Nonsynaptic clusters of NR1–1bmyc or NR1–4bmyc were
also evident. Similar nonsynaptic clusters of native NR1 mole-
cules were reported previously (Rao and Craig, 1997). To esti-
mate the efficiency of the surface expression of the myc-tagged
NR1, cell surface myc-tagged NR1 and total myc-tagged NR1
were labeled with different chromophores and the fluorescence
intensities were quantitated separately. Figure 10M shows that
the density of cell surface NR1–4bmyc is significantly higher than
that of cell surface NR1–1bmyc (t test; p , 0.01), despite the
slightly lower expression level of total NR1–4bmyc in infected
cells. We calculated the ratio of fluorescence intensity between
cell surface and total myc-tagged NR1 (Fig. 10N) and found that
the difference between splice variants was significant (t test; p ,
0.001). This experiment suggests that the efficiency of the
NR1–4b splice form to be expressed on the cell surface is higher
than that of the NR1–1b splice form in the native environment of
the primary neurons.

DISCUSSION
This study shows that the splicing of the C-terminal domain of the
NR1 subunit plays an important role on the cell surface expres-
sion of the NMDA receptor complex. This differential cell sur-
face expression was also modulated by the coexpression of NR2
subunits.

Regulated cell surface expression of NR1
splice variants
A previous study has shown that the presence of NR2A is
necessary for the efficient cell surface expression of the NR1–1a
subunit (McIlhinney et al., 1996). This observation is consistent
with the acetylcholine receptor expression on the cell surface in
which the cell surface expression requires all four principal sub-
units (Gu et al., 1991). However, the present study indicates that
the requirement of both NR1 and NR2 subunits holds true only
in the case of the NR1–1 splice variants and that the other three
C-terminal splice forms can be expressed on the cell surface
without NR2. Acetylcholine receptor and NMDA receptors have

Figure 6. Interaction between NR1 splice variants and NR2B. A–D, 3T3
cells transfected with NR1–1bmyc (A), NR1–2bmyc (B), NR1–3bmyc
(C), or NR1–4bmyc (D) together with NR2B. Cell surface myc epitopes
were detected by immunofluorescence microscopy. All four NR1 splice
variants were detected on the cell surface. E, Cell counting of 3T3 cells
having cell surface staining against anti-myc antibody. Cells were trans-
fected with either NR1–1bmyc, NR1–2bmyc, NR1–3bmyc, or NR1–
4bmyc with or without NR2B. Without NR2B, no cell surface expression
of NR1–1bmyc was observed. Coexpression of NR2B enhanced the
surface expression of NR1–1bmyc. More than 100 transfected cells were
examined for each transfection experiment; three independent transfec-
tion experiments were performed. F, Quantitation of fluorescence inten-
sity of cell surface staining and total cellular staining of 3T3 cells trans-
fected with either NR1–1bmyc, NR1–2bmyc, NR1–3bmyc, or NR1–
4bmyc with or without NR2B. Coexpression of NR2B enhanced the
amount of NR1–1bmyc and NR1–2bmyc on the cell surface. Similar total
cellular staining was observed with or without NR2B. Fluorescence
intensities of 25 transfected cells were measured for each transfection
experiment. The presented data are derived from a single transfection
experiment. Two other independent experiments showed a similar differ-
ence of fluorescence intensity. Scale bar, 20 mm.
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different membrane topology, and the regulation of intracellular
processing and sorting might differ substantially. In this sense,
AMPA–kainate receptors have similar membrane topology with
NMDA receptors, and single subunits of AMPA receptors are
expressed on the cell surface and correctly oriented in the plasma
membrane (Verdoorn et al., 1991; Hall et al., 1997). This suggests
that the family of ionotropic glutamate receptors can be ex-
pressed on the cell surface as single subunits in general, with the
exception of the NR1–1 splice form.

The mechanism of the retention of the NR1–1 splice form
within the cell is currently unknown. In the case of the shaker
(Kv1) a subunit of K1 channels, the association of the Kvb2
subunit with the N-terminal cytoplasmic domain of the Kv1 a
chain enhances cell surface expression of the channel complex
(Shi et al., 1996). The effect of the Kvb2 subunit is interpreted to
enhance proper folding of the N-terminal domain of the Kv1 a
subunit. The NR1–1 has the longest C-terminal cytoplasmic
domain among the four C-terminal splice variants, and the cor-
rect folding of this largest cytoplasmic tail might require the
association of NR2 subunits or other NR1 splice variants.
The observation that the coexpression of NR1–4b or NR2B
resulted in the appearance of NR1–1 on the cell surface supports
this view.

Another possibility is that the interaction of cytoplasmic pro-
teins with the domain of the C1 or C2 exon cassette inhibits
proper cell surface sorting of NR1 splice variants. Several pro-
teins are identified as interacting with specific sequences in the
C-terminal tail of the NR1 subunit. Among these, a recently
cloned cytoplasmic protein, yotiao, specifically interacts with the
region corresponding to the C1 exon cassette (Lin et al., 1998).
Another protein that interacts with the region of the C1 exon

cassette is the neurofilament L protein (NF-L) (Ehlers et al.,
1998). Because yotiao is a protein containing many putative
coiled-coil domains and the interaction of NF-L to NR1 is me-
diated by the coiled-coil domain of NF-L, it is likely that the
region of the C1 exon cassette preferentially associates with the
coiled-coil motif of several proteins. It is possible that one of these
proteins has a higher affinity for the C-terminal domain of the
NR1–1 splice variant and inhibits the proper sorting of the
NR1–1. This hypothesis could explain the formation of receptor-
rich intracellular domains in NR1–1 transfected cells by possible
cross-linking of NR1–1 with the associated proteins (Ehlers et al.,
1995).

Regulated calcium influx by the C-terminal splicing of
the NR1 subunit
In the presence of NR2B subunit, all the C-terminal splice
variants of NR1 were expressed on the cell surface and formed
functional NMDA receptors. The cell counting and fluorescence
measurement analyses indicate that there was still a difference in
the amount of cell surface NR1 subunits among splice variants.
The order of the amount of NR1 on the surface was estimated to
be NR1–1 , NR1–2 and NR1–3 , NR1–4. It is likely that the
difference of NR1 splice forms on the cell surface regulates the
amount of functional NMDA receptor complex, because the cal-
cium imaging experiments showed that the difference of the
calcium increase was also in the order of NR1–1 , NR1–2 and
NR1–3 , NR1–4.

NMDA receptor is inactivated by intracellular calcium (Leg-
endre et al., 1993), and this inactivation is regulated by the
binding of Ca21–calmodulin to the C-terminal domain of the
NR1 subunit (Ehlers et al., 1996). Because one of the binding site

Figure 7. Calcium imaging of 3T3 cells transfected with
NR1 splice variants, NR2B, and eGFP. 3T3 cells were trans-
fected with expression plasmids of NR1 splice variants
(NR1–1b in A, C, E: NR1–4b in B, D, F ) together with
NR2B and eGFP, and the increase of intracellular calcium
was measured. Microscopic fields containing 10–20 eGFP-
positive cells were selected (A, B), and fluorescence ratio
images were obtained before (C, D) and 20 sec after (E, F )
application of 10 mM glutamate. A few cells transfected with
NR1–1b and NR2B at the molar ratio of 1:1 showed .200 nM
calcium increase (E). In contrast, more than half of the cells
transfected with NR1–4b and NR2B at the molar ratio of 1:1
showed .200 nM of calcium increase (F).
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Figure 8. Quantitation of calcium increase in 3T3 cells expressing NR1
splice variants and NR2B after glutamate application. A, B, Intracellular
calcium concentration before and after 10 mM glutamate application. NR1
splice variants and NR2B were transfected at the molar ratio of 1:1 ( A)
and 1:16 (B). 3T3 cells positive with eGFP fluorescence were selected,
and the calcium concentrations were determined and averaged. The result
is the summary of two independent transfection experiments. Three
culture dishes for each splice variant were examined in each transfection
experiment. Transfected cells (10–20) were measured in each culture
dish. C, Similar increase of intracellular calcium after 10 mM glutamate
application in 3T3 cells transfected with either NR1–4b or NR1–4bmyc
together with NR2B. The result is the summary of two independent
transfection experiments. Four culture dishes were examined for either
NR1–4b or NR1–4bmyc. Transfected cells (10–20) were measured in
each culture dish.

Figure 9. Cell surface expression of NR1–1bmyc and NR1–4bmyc in
COS7 cells and PC12 cells. A, B, A COS7 cell expressing myc-tagged
NR1–1b molecules using recombinant adenoviruses. Total NR1–1bmyc
molecules (A) and molecules expressed on the cell surface (B) were
detected by anti-myc antibody and fluorescein- or Cy3-conjugated sec-
ondary antibody in COS7 cells. Distinct subcellular domains of NR1–
1bmyc molecules were observed (arrows in A), but there were few mole-
cules on the cell surface (B). C, D, A COS7 cell expressing myc-tagged
NR1–4b molecules using recombinant adenoviruses. Total NR1–4bmyc
staining revealed diffuse intracellular distribution (C). Arrowheads in C
indicate the region of strong perinuclear staining. Cells expressing NR1–
4bmyc showed strong cell surface expression (D). E, F, A PC12 cell
expressing myc-tagged NR1–1bmyc molecules using recombinant adeno-
viruses. Cells expressing NR1–1bmyc did not show cell surface staining
(F), even in the presence of abundant total cellular NR1–1bmyc (E). G,
H, A PC12 cell expressing myc-tagged NR1–4b. Cells expressing NR1–
4bmyc showed both strong cell surface staining (H ) and total cellular
staining (G). Scale bar: A–D, 7 mm; E–H, 5 mm.

Okabe et al. • Cell Surface Expression of NMDA Receptors J. Neurosci., September 15, 1999, 19(18):7781–7792 7789



of Ca21–calmodulin is localized within the alternatively spliced
C1 exon cassette, it is possible that NR1 splice variants containing
the C1 exon cassette (NR1–1 and NR1–3) are specifically sensi-
tive to this type of inactivation. In this sense, it is possible that our
Ca21 imaging experiments underestimated the amount of func-
tional receptors containing NR1–1 and NR1–3. However, when

the comparison was made within splice forms having C1 exon
cassette (between NR1–1 and NR1–3) or within splice forms
lacking C1 exon cassette (between NR1–2 and NR1–4), there
still remained substantial differences in the Ca21 increase. These
differences still hold a positive correlation with the amount of the
surface NR1 subunits. Furthermore, recent studies have shown

Figure 10. Cell surface expression of NR1–1bmyc and NR1–4bmyc molecules in primary hippocampal neurons. A–C, A hippocampal neuron
expressing NR1–1bmyc using recombinant adenoviruses. A, Cell surface staining detected by Cy3-conjugated secondary antibody. B, Total NR1–1bmyc
staining detected by FITC-conjugated secondary antibody in the same dendrite. C, The superimposed image of A and B. Diffuse intracellular staining
and punctate cell surface staining of NR1–1bmyc were observed. D–F, A hippocampal neuron expressing NR1–4bmyc using recombinant adenoviruses.
D, Cell surface staining. E, Total NR1–4bmyc staining. F, The superimposed image of D and E. The amount of NR1–4bmyc molecules on the cell
surface is higher than that of NR1–1bmyc. G–L, Colocalization of cell surface NR1–4bmyc puncta and synaptophysin immunoreactivity. G, J, Cell
surface staining using anti-myc antibody of distal (G) and proximal ( J ) dendrites. H, K, Anti-synaptophysin staining of the same dendrites. I, L, The
superimposed image of G and H, or J and K, respectively. NR1–4bmyc-positive puncta were in apposition to the presynaptic structure detected by
anti-synaptophysin antibody (arrows). M, N, Fluorescence quantitation of hippocampal neurons. M, Fluorescence intensity (Cy3 fluorescence for cell
surface NR1 and FITC fluorescence for total NR1) within a region of 50 mm 2 was measured from 20 randomly selected neurons expressing myc-tagged
NR1–1b or NR1–4b. The differences between NR1–1b and NR1–4b were significant for surface staining (t test; p , 0.005) but not for total staining
(t test; p . 0.05). N, Fluorescence intensity ratio (cell surface NR1/total NR1) calculated from the data shown in M. Scale bar: A–F, 10 mm; G–L, 5 mm.
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that C1 exon cassette is not a critical region for Ca21-dependent
inactivation (Zang et al., 1998; Krupp et al., 1999). Therefore, we
conclude that differential efficiency of cell surface expression of
NR1 splice forms is one of the critical factors regulating the
amount of Ca21 influx by glutamate stimulation.

Biological roles of the C-terminal splicing of the
NR1 subunit
We observed differential cell surface expression of NR1 splice
variants when NR1–1bmyc and NR1–4bmyc were expressed in
primary hippocampal neurons using recombinant adenoviruses.
Cell surface NR1 molecules were correctly sorted to the synaptic
sites. This result was consistent with a previous report using
HA-tagged NR1 molecules expressed in hippocampal neurons
(Lissin et al., 1998). It is likely that the C-terminal splicing of
NR1 molecules regulates cell surface expression of NMDA re-
ceptor complex in a native environment.

Studies using probes and antibodies specific to the C-terminal
exon cassettes have shown that the expression of each splice
variant follows a complex spatiotemporal pattern (Tolle et al.,
1993, 1995; Laurie and Seeburg, 1994; Laurie et al., 1995). A
recent immunohistochemical study has shown that nNOS-positive
neurons in the forebrain lack the immunoreactivity for the C1
exon cassette and are selectively positive for the antibody against
the C29 exon cassette (Weiss et al., 1998). This result indicates
that nNOS-positive neurons are enriched with the NR1–4 splice
variant and lack the NR1–1 and NR1–3 splice variants. The
present study predicts that nNOS-positive neurons have a higher
density of NMDA receptors on their surface and are likely to be
more sensitive to glutamate. Because glutamate acting through
NMDA receptors is one of the most potent activators of nNOS
(Iadecola, 1997), a higher sensitivity of nNOS-positive neurons to
glutamate should have an important role in the nitric oxide-
mediated signaling system.

Our experiments have revealed that the presence of NR2B
subunit attenuates the difference of the amount of cell surface
receptors among splice variants. In this sense, it is likely that
neurons expressing less amounts of NR2 subunits are more sen-
sitive to the differential composition of NR1 splice forms. Previ-
ous studies have shown that certain populations of spinal cord
neurons contain very low amount of transcripts for NR2 subunits
(Tolle et al., 1993, 1995). Interestingly, these neurons express
higher amount of NR1–2 and NR1–4 splice forms. It is possible
that the preferential expression of NR1–2 and NR1–4 splice
forms compensates the low amount of NR2 molecules in these
neurons and facilitates sorting of functional NMDA receptors to
the cell surface.

Iwasato et al. (1997) have reported that the expression of the
NR1–1a splice form can rescue the lethal phenotype of NR1 null
mice. Rescued mice were not completely healthy and became
wasted and spastic with age, suggesting the deteriorative effects of
lacking other splice forms of NR1. Mice expressing only the
NR1–1a splice form showed a normal ratio of NMDA and
AMPA responses in cortical neurons. The present study predicts
less NMDA response in neurons containing only NR1–1a sub-
units. The reason for this discrepancy is not clear at present. One
possibility is that the density of NMDA receptors at the synaptic
site is controlled by additional cellular mechanisms. Another
possibility is that a major NR1 splice form in cortical neurons is
indeed NR1–1. A previous direct cloning study has suggested that
NR1–1a and NR1–1b are major NR1 splice forms in the fore-
brain (Sugihara et al., 1992).

In this study, the cell surface expression of NMDA receptors
was analyzed in both non-neuronal and neuronal cells. The re-
sults suggest that the splicing of the C-terminal domain of the
NR1 subunit regulates the cell surface expression. Further anal-
ysis of the cell surface sorting and retrieval of the NMDA
receptor complex in neuronal cells may shed light on the cellular
mechanisms of the formation and maintenance of the excitatory
synapses in the CNS.
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