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Abstract N-Methyl-D-Aspartate (NMDA) receptors containing NR1 and NR2A subunits have been expressed
with high efficiency in Human Embryonic Kidney 293 cells with the aid of a recombinant vaccinia virus. This expression
system produced functional receptors that sustained calcium influxes dependent on receptor agonists and inhibited by
receptor antagonists. Immunocytochemistry of the recombinant receptors demonstrated that they were properly
arranged in membrane structures. The entrance of calcium through the recombinant receptors induced delayed toxicity,
demonstrated by approximately a three-fold increase in the number of dead cells obtained 12 h after the antagonist
2-amino-phosphopentanoic acid (DL-AP5) was removed from the culture. This result correlated with more than 88%
inhibition in the expression of a reporter gene 24 h after antagonist removal. Calcium toxicity was completely abolished
by specific antagonists of the NMDA receptor. Treatment of cell extracts with N-glycosydase showed that both receptor
subunits were N-glycosylated. Tunicamycin prevented calcium toxicity; gel electrophoresis studies showed that this
protection was likely due to degradation of the NR1 subunit. J. Cell. Biochem. 72:135–144, 1999. r 1999 Wiley-Liss, Inc.
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Excitotoxicity is thought to be the main mech-
anism of brain injury during ischemia and acute
brain trauma, and it has also been related to
neurodegenerative disorders like Alzheimer’s
and Huntington’s diseases as well as AIDS-
associated dementia [reviewed by Lipton 1993].
It is well established that this phenomenon is
due to glutamate receptor overstimulation by
its natural agonists, producing a massive entry
of Ca21 in neurons [Choi 1987, 1988, 1995;

Michaels and Rothman, 1990; Tyaminski et al.,
1993]. The main candidate for this calcium
influx is the NMDA receptor, that exhibits a
great permeability to this ion [Mori and Mishina
1995]. However, it is now clear that a-amino-3-
hydroxy-5-methylisoxazole-4-propionate (AMPA)/
kainate receptors may also play a direct role in
excitotoxicity, not only by a rapid membrane
depolarization that eliminates Mg21 inhibition
of the NMDA receptor, but also due to high Ca21

permeability of AMPA/kainate receptors that
lack the GluR2 subunit [Brerson et al., 1994;
Turetsky et al., 1994]. The net accumulation of
intracellular Ca21 is a critical determinant of
neuronal injury [Lu et al., 1996], although it is
presently unknown how this ion mediates the
changes in cellular function that ultimately
cause cell death.

In order to understand the mechanisms un-
derlying excitotoxicity, it would be very interest-
ing to know whether this phenotype is exclu-
sively due to the presence of glutamate receptors
in neurons or whether there are also other
neuronal specific steps in the death pathway. It
has been shown that heterologous expression of
NMDA receptor subunits can lead to cell death
[Anegawa et al., 1995; Cik et al., 1993]. Al-
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though pharmacological and biophysical re-
sults obtained with recombinant receptors must
be interpreted with caution [Sucher et al., 1996],
the heterologous systems might be very useful
to identify the players involved in excitotoxicity
that are not neuronal specific.

In this investigation, we have used a power-
ful expression system, based on vaccinia virus
(VV), to produce recombinant NMDA receptors
in non neuronal cells. Vaccinia is a poxvirus
widely studied [Moss, 1996] that has a number
of useful characteristics as an expression vec-
tor, among others the capability of nearly 100%
infection of targeted cells. VV permits highly
efficient expression of recombinant proteins
which are correctly localized and modified in
cells of various species, including mammals,
birds, and amphibians [reviewed in Smith,
1993]. Recent reports have shown that VV can
be used to direct the expression of heterologous
proteins in neurons of the CNS of frogs, both in
vivo and in vitro [Wu et al., 1995], or in anatomi-
cally selected populations of neurons in rat
hippocampal slices, while maintaining intact
synaptic circuitry and function [Pettit et al.,
1995]. Inhibition of host nucleic acids and pro-
tein synthesis is produced early in infection
and, therefore, expression corresponds to viral
or viral-driven genes. In this work, Human
Embryonic Kidney (HEK293) cells were first
infected with a recombinant VV that expresses
the bacteriophage T7 RNA polymerase gene
[Fuerst et al., 1987] and then transfected with
plasmids carrying rat NR1 and NR2A cDNAs
under the control of the T7 promoter; as VV
replication is cytoplasmic, high levels of expres-
sion of heterologous proteins can be obtained
by transient transfection without the need of
recombinant viruses. We present here our re-
sults on the expression of NMDA receptors us-
ing this technology and the characterization
and properties of this new excitotoxicity sys-
tem.

MATERIALS AND METHODS
Chemicals

NMDA receptor antagonists 2-amino-
phosphonopentanoic acid (DL-AP5) and MK-
801 were from Tocris-Cookson (Bristol, UK);
NMDA and tunicamycin were from Sigma (St.
Louis, MO). N-glycosydase F was from Boeh-
ringer-Mannheim Biochemicals (Mannheim,
Germany). 45CaCl2 (36 mCi/mg) was obtained

from DuPont-NEN (Boston, MA).All other prod-
ucts were of the highest quality available.

Cell Culture

HEK293 cells (ATCC CRL 1573) were grown
in DMEM medium plus 10% fetal bovine se-
rum, 40 µg/ml gentamicin, and 2 mM gluta-
mine. African green monkey kidney cells
(BSC40) were grown as before but using new-
born calf serum. Cells were grown at 37°C in
5% CO2. When indicated NMDA (1 mM), DL-
AP5 (2 mM), or MK-801 (10 µM) were added to
the culture. Tunicamycin (2 µg/ml) was added
to the transfection mix and kept for the dura-
tion of the experiment. VV was always manipu-
lated in the P2 facility of the Instituto de Inves-
tigaciones Biomédicas.

Plasmids and Viruses

Plasmids coding for NR1 [Moriyoshi et al.,
1991] and NR2A [Ishii et al., 1993] subunits of
the rat NMDA receptor were kindly supplied by
Dr. S. Nakanishi. This NR1 subunit is the
NR1–1a splice variant in the nomenclature of
Hollmann et al. [1993]. Both plasmids contain
the coding sequence in the pBS plasmid (Strata-
gene, La Jolla, CA), under the control of the T7
promoter. pcDLUC was provided by Dr. M. Este-
ban and contains the luciferase gene under the
control of T7 and CMV promoters in the pcD-
NAI/Neo plasmid (Invitrogen, La Jolla, CA).
The recombinant virus vTF7–3 [Fuerst et al.,
1987] expressing the bacteriophage T7 RNA
polymerase gene under the control of the p7.5
VV promoter was provided by Dr. J. Ortı́n. This
virus was grown and titrated in BSC-40 cells
according to standard procedures [Earl et al.,
1991].

Expression of the NMDA Receptor

For expression experiments, HEK293 cells
(8 3 105, in 12-well plates) were infected with
vTF7–3 virus at a multiplicity of four plaque
forming units per cell for 1 h at 37°C. After
adsorption, virus inoculum was removed, cells
were washed once with DMEM with no serum
and transfected using Transfectace liposomes
[Rose et al., 1991] with a 1:1 relation of dimeth-
yldioctadecyl ammonium bromide and dioleyl
L-a-phosphatidyl ethanolamine [J. Ortı́n, per-
sonal communication]. Transfection of NR1 and
NR2A genes was performed with 2 µg each
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plasmid and 0.2 µg of the luciferase reporter
gene. Control transfections were done with 4 µg
of the NR1 plasmid together with the reporter
gene as before. Lipids and DNA were incubated
for 15 min in DMEM without serum and then
added to the infected cells for 5–6 h. Then,
DMEM with 10% serum and 2 mM DL-AP5 was
added and cells were incubated for the indi-
cated times. Cells were scraped off the plate
with the medium, centrifuged 1 min at 13,000
rpm, and the cell pellet lysed with 100 µl of lysis
buffer (25 mM glycylglycine, pH 7.8; 15 mM
MgSO4; 4 mM EGTA; 1 mM DTT; 1% Triton
X100). Extracts were again centrifuged for 5
min before assaying luciferase activity accord-
ing to Braiser et al. [1989]. The same extracts
were used for immunoblot analysis.

Calcium Influx Through the NMDA Receptor

Cells infected/transfected as before were
washed three times with HCSS medium (120
mM NaCl; 5.4 mM KCl; 0.8 mM MgCl2; 1.8 mM
CaCl2; 15 mM Glucose; 20 mM Hepes; 10 mM
NaOH; 0.002% Phenol Red) containing 10 mM
CaCl2 and 10 µM glycine and then incubated
for 30 min at room temperature in 250 µl of the
same medium plus 1.25 µM 45CaCl2 (final con-
centration in the assay 5 µCi/ml [Lu et al.,
1996]). Agonists and antagonists were also
added as stated. Cells were then washed four
times with HCSS/calcium/glycine medium as
before. Cells were lysed with 0.4 ml of 2% SDS
for 20 min at room temperature with occasional
swirling, and counted.

Assessment of Cell Death

Transfections were carried out as described.
After 24 h of infection, cells were washed twice
with DMEM without serum, and then the same
media was added but containing agonists and
antagonists as stated. Incubation proceeded for
an additional 12 or 24 h. Luciferase activity
was assayed in cell extracts as before, and cell
death was estimated as the decrease of lucifer-
ase activity compared to controls [Memon et al.,
1995]. Cell viability was measured by prop-
idium iodide staining by addition of 5 µg/ml of
this DNA intercalator to the growth media just
before visualizing cells in an inverted fluores-
cence microscope, counting total and stained
cells. Mean values 6 standard deviations of the
percentage of dead cells were obtained from
four fields corresponding to two independent
experiments.

Immunocytochemistry

Cells were grown in coverslips and treated as
described [Ehlers et al., 1995]. Briefly, cells
were washed with phosphate buffered saline
(PBS) and fixed for 15 min at room temperature
with 4% formaldehyde in PBS plus 4% sucrose.
The coverslips were either washed with PBS
and processed immediately, or stored at 4°C in
PBS plus 0.05% sodium azide. Cells were perme-
abilized 5 min at room temperature with 0.25%
Triton X100 in PBS and then blocked for 1 h at
37°C in PBS plus 1% gelatin. The same condi-
tions were used for incubation with mouse anti-
NR1 (Pharmigen, San Diego, CA; at 1:100),
rabbit anti-NR2A/B (Chemicon, Temecula, CA,
at 1:50) or both antibodies. Rabbit anti-NR2A/B
antibodies were pre-adsorbed for 30 min at 4°C
to a dry acetone precipitate obtained from
HEK293 cells infected/transfected with the NR1
gene as before [Harlow and Lane, 1988]. Cover
slips were washed four times (10 min each)
with PBS, and incubated as before with 1:100
dilution of goat anti-rabbit (rhodamine labeled,
Jackson Laboratories, Bar Harbor, ME) or goat
anti-mouse (BODIPY-labeled, Molecular Probes,
Eugene, OR) antibodies. After four additional
washes with PBS, coverslips were mounted with
Mowioll. Cells were photographed using a Zeiss
Axiophot fluorescence microscope.

Other Methods

N-glycosidase F treatment was done in ex-
tracts from cells infected/transfected for 48 h in
the presence of DL-AP5. Thirty µg of protein in
24 µl lysis buffer were adjusted to 50 mM so-
dium phosphate, pH 7.2; 20 mM EDTA; 0.1%
2-mercaptoethanol; 0.4% SDS (final volume of
30 µl), and incubated with 20 units/ml of en-
zyme for 14 h at 37°C, according to Cik et al.
[1993].

Polyacrylamide gel electrophoresis and immu-
nodetection of proteins transferred to Immobi-
lon-P membranes (Millipore, Bedford, MA) were
performed by standard procedures using the
antibodies mentioned above or a rabbit poly-
clonal anti-vaccinia virus serum [Demkowicz et
al., 1992] kindly supplied by Dr. M. Esteban.
This serum recognizes both early and late viral
proteins. Immunocomplexes were detected with
the ECL kit from Amersham (Little Chalfont,
Bucks., UK), according to the manufacturers
instructions. Protein determination was done
using the BCA reagent from Pierce (Rockford,
IL).
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Aminoacids in the culture media were deter-
mined by HPLC after filtration through Ultra-
free-MC filters (Millipore) according to Her-
nanz and Polanco [1991].

RESULTS
Expression of Luciferase in the Presence

of NMDA Receptor Subunits

A simple assay to examine the effect of tran-
siently expressed genes on cell death has been
recently developed, based on cotransfection of
reporter genes [Memon et al., 1995]. In order to
verify the suitability of this method to study
excitotoxicity, we first characterized the pat-
tern of expression of a luciferase reporter gene
cotransfected with plasmids coding the NMDA
receptor subunits NR1 and NR2A, using condi-
tions where excitotoxicity is inhibited. In order
to maximize coexpression of luciferase and the
receptor subunits in the same cells, cultures of
HEK293 infected with high multiplicity of the
recombinant vTF7–3 virus were cotransfected
with both receptor subunits cDNAs and limited
amounts of the reporter gene.

Infection/transfection proceeded in the pres-
ence of the NMDA receptor antagonist DL-AP5.
Under these conditions there was a nearly lin-
ear increase in accumulation of luciferase up to
24 h after infection: 25.6 6 4.1, 58.2 6 1.3, and
92.1 6 0.9 relative luciferase units (RLUs) per
cell at 5, 10, and 24 h, respectively. Levels of
luciferase activity remained stable for the next
24 h with a value of 93.5 6 0.8 RLUs per cell at
48 h after infection. Similar results were also
found when transfecting only NR1 with the
reporter gene (data not shown). In these condi-
tions, changes in luciferase activity measured
48 h after infection/ transfection could be consid-
ered a good indicator of the amount of viable
cells (see below).

Expression and Localization of NMDA
Receptor Subunits

To study the kinetics of expression of the two
receptor subunits, extracts obtained in the above
experiment were subjected to immunodetection
analysis. Anti-NR1 antibody detected a promi-
nent band of 116 kDa both in cells transfected
with NR1 (Fig. 1, lanes 1–4, upper panel) or
NR1 plus NR2A (Fig. 1, lanes 5–8, upper panel).
The smear observed for NR1 is probably due to
protein glycosylation (see below), since nonspe-
cific proteolysis was ruled out by the fact that

NR2A or VV early and late proteins showed no
degradation in the same samples (Fig. 1, middle
and lower panels). The anti-NR2A antibody de-
tected a broad band of 180 kDa only in cells
transfected with the NR2A gene (Fig. 1, lanes
5–8, middle panel). The time-course of receptor
subunits and luciferase accumulation was simi-
lar up to 24 h after infection, reflecting that all
three genes depend on an early/late VV pro-
moter. Both subunits were detectable five hours
after infection/transfection; however, between
24 and 48 h, the kinetics of accumulation pre-
sented some differences. NR1 had a significant
increase, whereas NR2A levels raised moder-
ately in this period, more in accordance with
the luciferase activity mentioned earlier (Fig. 1,
lanes 7 and 8, upper and middle panels).

Immunocytochemistry of cells doubly trans-
fected with NR1 and NR2A genes as before is
shown in Figure 2. In permeabilized cells, in-
tense fluorescence corresponding to NR1 (Fig.
2A,C) or NR2A subunit (Fig. 2B,D) was ob-

Fig. 1. Time-course of expression of NMDA receptor subunits.
Cells were infected/transfected with NR1 and NR2A genes, or
NR1 alone, together with pcDLUC in the presence of 2 mM
DL-AP5 as described (see Materials and Methods). Cell extracts
(30 µg) were fractionated in 6% SDS-polyacrylamide gels,
transferred to PVDF membranes, and immunoblotted as de-
scribed using monoclonal antibodies specific for the NR1 sub-
unit (upper panel), rabbit polyclonal antiserum against NR2A
(middle panel), or a rabbit polyclonal anti-VV serum (lower
panel). Results presented are representative of several indepen-
dent experiments. These samples were also used to measure
luciferase activity as mentioned in the text.
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served in approximately 60% of the total cell
population. Although some cells could be de-
tected that produce only one receptor subunit,
approximately 40% of them synthesized the
two subunits that colocalized. Some protein
was detected in the cytoplasm, but the pattern
of staining was compatible with a localization
mainly in the plasma membrane, as shown by
taking photographs at different focusing planes
(Fig. 2A,C for NR1 and 2B,D for NR2A).

Functionality of Recombinant NMDA Receptors

The recombinant proteins expressed by the
VV system produced NMDAreceptors that were
functional as shown by Ca21 influx experiments
(Fig. 3). Expression of the NR1 subunit alone
did not produce any 45Ca21 accumulation. On
the contrary, coexpression of both NR1 and
NR2A subunits produced receptors that al-
lowed calcium entry into the cells in a NMDA-
dependent manner, demonstrated by a six-fold
increase in the amount of 45Ca21 accumulated
in the presence of the agonist. Influx of 45Ca21

was blocked by the use of MK-801, a noncom-

petitive and irreversible antagonist with affin-
ity for the open channel.

Induction of Cell Death by Treatment
With Receptor Agonists

The experiments above showed that lucifer-
ase activity could be used to estimate cell death
dependent on calcium influx. To this aim, cells
were infected/transfected as before and incu-
bated for 24 h in the presence of DL-AP5. At
this time, when the steady state of luciferase
was reached, cells were treated with NMDA for
the next 24 h in the absence or presence of
receptor antagonists, and luciferase activity
measured. Figure 4 shows that reporter gene
expression was reduced more that 88% in cells
producing both subunits compared to controls
that expressed NR1 alone. This reduction was
abolished by the presence of DL-AP5 or MK-
801 in the media.

As these results were independent of the
presence of NMDA (Fig. 4), we measured the
concentration of glutamate in the culture me-
dium from cells infected/transfected for 48 h.
The concentration of L-glutamate in the media
was found to be 120 µM, larger than the EC50

for the NR1/NR2A heteromeric recombinant re-
ceptor [Kutsuwada et al., 1992], and enough to
induce cell death in cultured neurons [Choi,
1987]. No differences in L-glutamate concentra-
tion was observed between media collected from

Fig. 2. Immunocytochemistry of cells expressing NMDA recep-
tor subunits. Cells grown in coverslips were infected/transfected
with NR1 and NR2A genes. Infections proceeded for 24 h in the
presence of 2 mM DL-AP5. Cells fixed and permeabilized as
described were incubated with mouse anti-NR1 (A,C) or rabbit
anti-NR2A/B (B,D). Samples were visualized with a fluores-
cence microscope using a 1003 oil immersion objective, and
upper (A and B) or lower (C and D) focusing planes were
photographed. Arrowheads indicate regions where colocaliza-
tion of both subunits is more evident. Scale bar is 10 µm.

Fig. 3. Calcium influx through the NMDA receptor. Infected
cells were transfected with NR1 alone or NR1 plus NR2A as
before. After 24 h of infection in the presence of 2 mM DL-AP5,
the antagonist was removed, and influx of calcium was mea-
sured as indicated in Methods during 30 min in the presence or
absence of 1 mM NMDA or the antagonist MK-801 (100 µM).
Mean values and standard deviations corresponding to three
independent experiments are given.
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cells expressing only NR1 or NR1 and NR2A
and, in this case, the results were independent
of the presence of antagonists (L-glutamate con-
centration in the medium prior to the experi-
ment was 3.5 µM).

In order to demonstrate that the decrease in
accumulation of luciferase was due to reduced
viability of cells expressing the NMDA receptor
subunits, we measured the percentage of dead
cells by staining with propidium iodide. Cells
infected/transfected as before were treated with
NMDA for 12 h in the presence or absence of
DL-AP5. In cells expressing the NR1 subunit
alone, the percentages of dead cells were, respec-
tively, 9.3 6 1.6 and 13.6 6 0.8 in the absence or
presence of the receptor antagonist. These val-
ues were due to VV cytophatic effects since
control cells infected but not transfected pre-
sented comparable percentages of death (9.9 6
1.8 and 10.5 6 0.5, respectively). Although cells
expressing NR1 and NR2A subunits showed
similar values in the presence of DL-AP5 (12.4 6
0.2), they presented a percentage of 35.8 6 1.0
dead cells when the receptor antagonist was
omitted. This three-fold increase in the number
of dead cells confirms the results obtained with
the reporter gene expression and demonstrate
delayed cytotoxicity mediated by NMDA recep-
tors in our expression system.

The reduction in reporter gene expression
also correlated with a decrease in the accumula-
tion of receptor subunits, as explained below.

Requirement of N-Glycosylation for NMDA
Receptor Functionality

As mentioned earlier, NR1 immunoblots per-
sistently showed a smear between 116 kDa and
97 kDa which was not due to nonspecific prote-
olysis. Likewise, NR2A was also detected as a
thick band. This is a common behavior of glyco-
proteins, and indeed, NR1 subunit has ten pos-
sible N-glycosylation sites [Moriyoshi et al.,
1991], whereas NR2A subunit has six putative
sites [Ishii et al., 1993].

To analyze the glycosylation status of the
receptor subunits in our expression system,
extracts from cells infected/transfected for 48 h
in the continuous presence of DL-AP5 were
treated with N-glycosidase F and subjected to
immunodetection (Fig. 5A). The size of the pro-
teins observed after treatment with the glycosi-
dase (Fig. 5A, lanes 2 and 4) was reduced com-
pared to the untreated samples (Fig. 5A, lanes
1 and 3), and coincident with the expected mo-
lecular weight of the recombinant polypeptides
(97,000 and 165,000, respectively for NR1 and
NR2A genes).

After showing that both receptor subunits
were N-glycosylated, we were interested in
studying the effect of glycosylation inhibition
on NMDAreceptor synthesis and function. Cells
expressing the receptor subunits were treated
with tunicamycin, an inhibitor of the GlcNAc-
1-P transferase and analyzed by immunoblot-
ting (Fig. 5B). In the presence of tunicamycin,
the NR1 peptide was undetectable, both in
single or double transfections, independently of
the addition of DL-AP5 (Fig. 5B, lanes 3, 4, 7,
and 8, upper panel). In the case of the NR2A
subunit, a sharper band of lower molecular
weight than that of the corresponding protein
in non-treated cells was observed (Fig. 5B, lanes
7 and 8, lower panel). The size of the NR2A
subunit (165 kDa) obtained in cells treated
with tunicamycin was similar to that observed
after N-glycosidase treatment (Fig. 5A, lanes 4
and 5, lower panel). This figure also shows the
reduction in the levels of subunits due to cell
death. In the absence of tunicamycin, whereas
in NR1 transfected cells levels of this protein
were independent of the presence of DL-AP5
(Fig. 5B, lanes 1 and 2, upper panel), in doubly
transfected cells, both NR1 and NR2A protein
levels were diminished if DL-AP5 was omitted
(lanes 5 and 6, upper and lower panel, respec-
tively).

Fig. 4. Estimation of cell death by decreased luciferase activ-
ity. Cells were infected/transfected as before for 24 h in the
presence of 2 mM DL-AP5. After removing the antagonist,
infection proceeded for another 24 h in the presence or absence
of 1 mM NMDA, with or without the NMDA receptor antago-
nists DL-AP5 (2 mM) or MK-801 (10 µM). Luciferase activity was
measured in cell extracts and mean values of luciferase units
obtained per well with standard deviations corresponding to
three independent experiments are given.
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Inhibition of N-glycosylation has a dramatic
effect on NMDA receptor function. In cells ex-
pressing the receptor subunits there was no cell
death in the presence of tunicamycin, whereas
more than 94% of the cells died in the absence
of the antibiotic (Fig. 6). There was a significant
effect of tunicamycin in luciferase activity (com-
pare values obtained in cells transfected with
both subunits in the presence DL-AP5, with or
without tunicamycin) that is probably due to
partial inhibition of protein synthesis described
to occur in cells treated with this antibiotic
[Elbein, 1981].

Considering the above results, we conclude
that glycosylation is essential for the expres-
sion of functional NMDA receptors, and that
degradation of nonglycosylated NR1 subunit is
probably the mechanism accounting for the de-
crease in cell death observed in our expression
system in the presence of tunicamycin.

DISCUSSION

The results presented here show that the VV
expression system, based on the synthesis of
the T7 RNA polymerase in mammalian cells,
efficiently promotes the expression of NMDA
receptor subunits NR1 and NR2A. Two differ-
ent types of experiments demonstrate that these
subunits form functional receptors: first, they

allow calcium influxes that are dependent on
agonists (NMDA) and are inhibited by specific
antagonists (MK-801). Second, when challenged
with agonists, cell death is induced. This death
is dependent on functional NMDA receptors, as
transfection of only the NR1 subunit does not
induce death, and antagonists specific for the
NMDA receptor (DL-AP5 and MK-801) arrest
cell death.

High concentrations of DL-AP5 are used in
this system (2 mM) to completely protect cells
from toxic calcium influx. This value represents

Fig. 6. Effect of inhibition of receptor N-glycosylation in cell
viability. Assay of luciferase activity was performed in samples
prepared as in Figure 5B. Mean values with standard deviations
corresponding to three independent experiments are given.

Fig. 5. Analysis of N-glycosylation of NMDA receptor sub-
units. A: In vitro deglycosylation. Protein extracts (30 µg) pre-
pared from cells infected/transfected for 48 h in the continuous
presence of 2 mM DL-AP5 as before, were treated with N-
glycosidase F (lanes 2 and 4) or left untreated (lanes 1 and 3). For
comparison, the same amount of protein prepared from cells
infected/transfected similarly but in the presence of 2 µg/ml of
tunicamycin was analyzed in lane 5. B: Inhibition of in vivo

glycosylation. Cells were infected/transfected as before for 24 h
in the presence of 2 mM DL-AP5 and for additional 24 h with 1
mM NMDA in the presence or absence of DL-AP5 as above.
When indicated, 2 µg/ml tunicamycin was added for the dura-
tion of the experiment. Cell extracts (30 µg) were fractionated
and immunoblotted as before. Upper panels: Mouse anti-NR1
antibodies. Lower panels: Rabbit anti-NR2A/B antibodies. These
results are representative of several independent experiments.
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approximately 20-fold excess over the IC50 of
DL-AP5 in our experimental conditions (using
the Cheng-Prussoff equation with EC50 of 1.7
µM for glutamate [Kutsuwada et al., 1992], a Ki

for DL-AP5 of 1.93 µM [Benveniste and Mayer,
1991] and 120 µM as the concentration of gluta-
mate). Other systems have also been reported
in which similar high concentrations of DL-AP5
were necessary to completely protect cells from
toxic calcium influx [Anegawa et al., 1995; Choi,
1988; Freese et al., 1990]. The concentration of
glutamate in the media of infected cells appears
to be high enough to induce cell death in the
absence of NMDA. Other authors have ob-
served similar glutamate levels in media from
noninfected growing HEK293 cells [Anegawa
et al., 1995], ruling out that these levels were
due to this expression system. A different situa-
tion is found in the experiment where calcium
influxes were measured (Fig. 3), since in this
case incubation was performed for only 30 min
in HCSS, a medium without glutamine or gluta-
mate, we find a strict dependence on NMDA
addition.

N-glycosylation sites in the NMDA receptor
subunits have been deduced from their primary
sequence. Extensive studies on the glycosyla-
tion of the glutamate receptor GluR1 have been
made by Hollmann et al. [1994] to demonstrate
that, in this protein, all six putative N-glycosyl-
ation sites are actually glycosylated. In Xeno-
pus laevis oocytes, tunicamycin does not pre-
vent the synthesis of functional GluR1 although
maximal currents are usually decreased by 40–
50% [Hollmann et al., 1994]. However, there
are also some other reports on the importance
of N-glycosylation for the functionality of NMDA
receptors. Kawamoto et al. [1995] have re-
ported that nonglycosylated forms of the mouse
NR1 subunit have lost the capacity of binding
antagonists to the glycine site. Another group
[Chazot et al., 1995] has shown that tunicamy-
cin treatment of cells expressing recombinant
receptors protects them from excitotoxic cell
death in a dose-dependent manner: 0.1 µg/ml of
tunicamycin reduced mortality to approximately
50% of values obtained for untreated cells, while
0.5 µg/ml reduced mortality to 13%. Using the
lower concentration of antibiotic, Chazot and
coworkers did not find any change in the num-
ber of binding sites for MK-801/mg of protein,
but a decrease in affinity, while still being able
to detect some glycosylation in the NR1 protein
by immunoblotting. However, they did not fur-

ther characterized binding of MK-801 at higher
concentrations of the drug, were glycosylation
of NR1 is absent. In a different context, data
recently published point to the great impor-
tance of the protein primary structure in the
binding of agonists and antagonists to the
NMDAreceptors. Site-directed mutagenesis has
identified binding of glycine and glutamate to
homologous regions in, respectively, the NR1
[Hirai et al., 1996] and NR2B subunits [Laube
et al., 1997], consisting of pockets formed by the
interaction between the N-terminal extracellu-
lar domain and the loop separating transmem-
brane domains M3 and M4 of each protein.
Interestingly, these regions in the different sub-
units of the glutamate receptor present signifi-
cant sequence similarity with a family of bacte-
rial amino acid-binding proteins, suggesting
that there is a phylogenetically conserved amino
acid binding fold that created the binding pock-
ets of diverse types of glutamate receptors
[Laube et al., 1997]. Results obtained in our
expression system suggest that the protection
from cell death elicited by 2 µg/ml tunicamycin
is due to the absence of the NR1 subunit, most
likely as a consequence of degradation of this
protein. It has to be kept in mind that tunicamy-
cin is a powerful inducer of the Endoplasmic
Reticulum (ER) stress response [Wang et al.,
1996] that can inhibit progression through the
ER and promote degradation of some proteins
while sparing others.

The method we have used to study cell death
deserves some consideration. We have observed
that luciferase activity remains constant from
24 to 48 h after infection with the recombinant
VV expressing T7 polymerase. This is likely
due to continuous synthesis and degradation of
the enzyme, as it has been shown that lucifer-
ase has a half-life of only 3 h in mammalian
cells [Thompson et al., 1991]. This relatively
short half-life makes luciferase a good probe for
cell integrity or death, as any small alteration
in the equilibrium between synthesis and deg-
radation would be readily detectable. Direct
measurement of cell death by propidium iodide
staining confirms the adequacy of this method.

The results presented here were obtained
with a heterogeneous population of cells ex-
pressing or not the NMDA receptor subunits
after transient transfection. The fact that only
40% of the cells synthesize both subunits reveal
the power of the expression system derived
from VV. However, more efficient expression
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could be still obtained by using recombinant VV
coding the NMDA receptor subunits. Several
reports have already shown the use of these
recombinants viruses to test proteins relevant
to neuronal functionality, like the Kv1.3 K1

channel [Spencer et al., 1997] and calcium-
calmodulin-dependent protein kinase II [Pettit
et al., 1994] among others. More important,
recombinant vaccinia viruses have been shown
to be good candidates for expression of heterolo-
gous proteins in the nervous system while main-
taining intact synaptic function [Pettit et al.,
1995; Wu et al., 1995].

The high efficiency of the VV system for ex-
pressing recombinant NMDA receptors makes
it a very useful alternative for biochemical and
electrophysiological studies.
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