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NMDA receptors are calcium-permeable ionotropic recep-
tors that detect coincident glutamate binding and membrane
depolarization and are essential for many forms of synaptic
plasticity in the mammalian brain. The obligatory GluN1
subunit of NMDA receptors is alternatively spliced at multi-
ple sites, generating forms that vary in N-terminal N1 and
C-terminal C1, C2, and C2� cassettes. Based on expression of
GluN1 constructs in heterologous cells and in wild type neu-
rons, the prevalent view is that the C-terminal cassettes reg-
ulate synaptic accumulation and its modulation by homeo-
static activity blockade and by protein kinase C (PKC). Here,
we tested the role of GluN1 splicing in regulated synaptic
accumulation of NMDA receptors by lentiviral expression of
individual GluN1 splice variants in hippocampal neurons cul-
tured from GluN1 (�/�) mice. High efficiency transduction
of GluN1 at levels similar to endogenous was achieved. Under
control conditions, the C2� cassette mediated enhanced syn-
aptic accumulation relative to the alternate C2 cassette,
whereas the presence or absence of N1 or C1 had no effect.
Surprisingly all GluN1 splice variants showed >2-fold
increased synaptic accumulation with chronic blockade of
NMDA receptor activity. Furthermore, in this neuronal res-
cue system, all GluN1 splice variants were equally rapidly
dispersed upon activation of PKC. These results indicate that
the major mechanisms mediating homeostatic synaptic accu-
mulation and PKC dispersal of NMDA receptors occur inde-
pendently of GluN1 splice isoform.

N-Methyl-D-aspartate (NMDA)3 type ionotropic glutamate
receptors are present at excitatory synapses in the nervous sys-
tem. These receptors play roles in neuronal development,
learning and memory and neurological diseases (1–4). They
require the simultaneous binding of glutamate and membrane
depolarization for the channel to open, which makes them
coincidence detectors of pre- and postsynaptic activity. Cal-
cium flux through NMDA receptors triggers signal transduc-
tion cascades that are necessary for inducing many forms of
synaptic plasticity. NMDA receptors are heteromeric cation
channels composed of GluN1 and GluN2 subunits, and more
rarely GluN3 subunits (5). The obligatory GluN1 subunit,
which binds the co-agonist glycine, is encoded by a single gene
which gives rise to eight GluN1 variants through alternative
splicing of exons 5, 21, and 22 (6). The expression of GluN1
splice variants changes during development and across brain
regions (7, 8), and can be regulated by neuronal activity (9, 10).
Therefore, the composition of NMDA receptor signaling com-
plexes may be dynamically regulated through the splicing of
GluN1.
At the region encoding the N-terminal domain of GluN1,

alternative splicing of exon 5 gives rise to splice variants con-
taining or lacking the N1 cassette which regulates receptor
deactivation kinetics as well as sensitivity to pH, Zn2�, and
spermine (11–13). Alternative splicing of exons 21 and 22 gen-
erates four different splice variants at the intracellular C termi-
nus of GluN1, varying in C1, C2, or C2� cassettes, and regulates
protein-protein interactions, early receptor trafficking, and
GluN1 phosphorylation. The C1 cassette is involved in GluN1
interaction with yotiao, a scaffold protein that physically
attaches PP1 and PKA to NMDA receptors to regulate channel
activity (14), with calmodulin (15), neurofilament-L (16), and
importin � (17).
Expression of GluN1 constructs in heterologous cells and in

wild type neurons has been used to identify alternatively spliced
C-terminal motifs important for cellular trafficking (for review,
see Ref. 3). The C1 cassette contains a RXR-type endoplasmic
reticulum (ER) retention/retrieval motif (18), which is sup-
pressed by phosphorylation of specific serine residues within
the C1 domain (19), or by the presence of an adjacent alterna-
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tively splicedC2� domain (18, 19), or by associationwithGluN2
(20, 21). The C-terminal TVV sequence of C2� is a type I PDZ-
binding sequence, which interacts with all PSD-95 family pro-
teins (18, 19), and was also found to bind components of the
COPII coats required for formation of vesicles destined for the
Golgi, and therefore to accelerate the forward trafficking of
GluN1 from the ER (10).
The synaptic accumulation of NMDA receptors has been

shown to be regulated by activity in a homeostatic manner (22,
23). Long-term NMDA receptor blockade increases synaptic
accumulation of NMDA receptors via a mechanism requiring
PKA, whereas increased synaptic activity promotes receptor
dispersal (22, 24). Chronic activity blockade increases the
expression of C2�-containing GluN1 whereas increasing neu-
ronal activity causes an increase in the expression of C2-con-
taining GluN1 subunits (10). Taken together, these results lead
to the hypothesis that the higher ratio of C2� to C2 in GluN1
mediates the enhanced synaptic accumulation of NMDA
receptors by homeostatic activity blockade. A second form of
regulated trafficking is rapid dispersal of NMDA receptors
from synaptic to extrasynaptic sites by activation of PKC (25).
Studies in heterologous cells and wild type neurons again sug-
gest a hypothesis involving C-terminal splice variants. PKC
phosphorylates three residues in the C1 cassette, serines 890,
896, and 897 (26, 27). Phosphorylation of Ser-890 induces dis-
persal of GluN1 clusters in non-neuronal cells (28), and phos-
phorylation of Ser-896 and Ser-897 increases surface expres-
sion of GluN1 (19). Thus, dispersal of GluN1 by PKC activation
in neurons may be mediated by phosphorylation of the C1 cas-
sette. However, the hypotheses that the C2�/C2 ratio controls
homeostatic synaptic accumulation and that C1 controls PKC
dispersal have not been tested in neurons expressing single
splice forms of GluN1. More generally, mechanisms responsi-
ble either for the long-term activity-regulated synaptic target-
ing of NMDA receptors or for the rapid dispersal of synaptic
NMDA receptors triggered by PKC activation are not well
understood, and it is not clear whether these regulatory mech-
anisms are specific for receptors containing particular GluN1
splice variants. Here, to assay the contribution of each of the
GluN1 splice variants to synaptic NMDA receptors in a physi-
ological context, we used hippocampal cultures from
GluN1(�/�) mice and a lentiviral expression system to re-in-
troduce the individual GluN1 splice forms.

EXPERIMENTAL PROCEDURES

Genotyping—GluN1(�/�) mice were kindly provided by
Drs. Michisuke Yuzaki and Tom Curran (29). Genotyping of
pups and embryos was performed according to a previously
described protocol (29). Briefly, DNA was extracted with phe-
nol/choloroform/isoamyl alcohol after tissue digestion with
proteinase K (0.1 mg/ml). PCR amplification was performed
with specific primers for GluN1 and for the neomycin cassette.
Because GluN1(�/�) mice die shortly after birth, heterozy-
gous mice were mated to obtain GluN1(�/�) and littermate
control GluN1(�/�) embryos, which were used to culture hip-
pocampal or cortical neurons.
Cell Culture—Hippocampal and cortical neuronal cultures

were prepared from 17–18 day embryonic mice. Briefly, hip-

pocampi and cortex were dissected and maintained in Hiber-
nate E (Brain Bits) supplementedwith B27 (Invitrogen or Stem-
cell Technologies) at 4 °C overnight while genotyping was
performed. Tissues from the same genotype were pooled
together and dissociated with papain (20 units/ml, 15 min,
37 °C) and deoxyribonuclease I (0.20 mg/ml).
Hippocampal neurons were plated on coverslips coated with

poly-L-lysine in 60 mm Petri dishes in minimal essential
medium (MEM) supplemented with 10% horse serum at an
approximate density of 300,000 cells/dish. Once the neurons
attached to the substrate, coverslips were inverted on top of a
glial cell monolayer and maintained in serum-free MEM with
N2 supplements, B27, and insulin (20�g/ml), essentially as pre-
viously described (30, 31). Cortical neurons were plated on
6-well plates coated with poly-L-lysine in MEM supplemented
with 10% horse serum at an approximate density of 870,000
cells/well. Cortical neurons were maintained in Neurobasal
medium supplementedwith B27, glutamine (0.5mM), and insu-
lin (20 �g/ml) at 37 °C. Neurons were maintained in a humidi-
fied incubator of 5% CO2. Cultures were used after 14–15 days
in vitro (DIV). When indicated, 2-amino-5-phosphonovalerate
(APV) (100 �M) and (�)-5-methyl-10,11-dihydro-5H-diben-
zo[a,d] cyclohepten-5,10-iminemaleate (MK-801) (5 �M) were
added directly to the culture medium from 6 DIV, every 3 days.
As indicated, neurons were treated with 200 nM 12-O-tetradec-
anoylphorbol-13-acetate (TPA) in culture medium containing
100 �M APV in the 37 °C incubator for 45 min and then imme-
diately fixed.
Lentivirus Constructs and Transduction—The cDNAs en-

coding the GluN1 splice variants were PCR amplified from
previously described constructs (GluN1-1a (U08261) and
GluN1-2a (X63255) were provided by Dr. Morgan Sheng,
GluN1-3a (U08265), GluN1-4a (U08267) and GluN1-1b
(U08263) were provided byDr. JimBoulter). Rat GluN1 cDNAs
were used since preliminary experiments were performed in rat
neurons and there is 100% identity at the amino acid level with
mouse. GluN1 cDNAs were subcloned into a derivative of
pLL3.7 (32) under the control of the synapsin I promoter (a
generous gift of Dr. A. El-Husseini). Plasmids for second gen-
eration lentiviral packaging, p8.9 and pVSVg, were a kind gift
from Dr. D. Trono (33). For virus packaging, HEK293FT cells
were transfected with the two packaging plasmids and the pLL-
syn-GluN1 splice variants constructs using Lipofectamine
2000. The cell medium was harvested 48 h after transfection,
centrifuged, and the filtered supernatant was used for viral
transduction of neurons at 3 DIV.
RNA Extraction and Real-time PCR—Total RNA from 15

DIV cultured cortical neurons was extracted with Trizol rea-
gent (Invitrogen), following the manufacturer’s specifications.
The total amount of RNA was quantified by optical density
measurements at 260 nm, and the quality evaluated based on
the ratio of OD at 260 and 280 nm and on the 18 S and 28 S
ribosomal RNA bands in agarose gel.
For first strand cDNA synthesis, 1 �g of total RNA and

SuperScript III reverse transcriptase (Invitrogen) were used.
For quantitative gene expression analysis, 20 �l reactions were
prepared with 2 �l of 1:100 diluted cDNA, 10 �l of 2� SYBR
Green Master Mix (Bio-Rad), specific primers at 250 nM, and
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TaqDNA polymerase. The GluN1-specific primers, which rec-
ognize all the GluN1 splice variants, were 5�-CGGCTCTTG-
GAAGATACAG-3� and 5�-GAGTGAAGTGGTCGTTGG-3�,
and the primers for tubulin were 5�-CATCCTCACCACCCA-
CAC-3� and 5�-GGAAGCAGTGATGGAAGAC-3�. The fluo-
rescent signal was measured after each elongation step of the
PCR reaction, in the iQ5Multicolor Real-Time PCR Detection
System (Bio-Rad), and was used to determine the threshold
cycle (Ct), as previously described (34). Melting curves were
performed in order to detect nonspecific amplification prod-
ucts, a non-template control was included in all assays, and for
each set of primers a standard curve was performed to assess
primer efficiency. Reactions were run in duplicate. The level of
expression of each splice variant was determined relative to the
level of expression of all GluN1 splice variants combined (con-
trol) amplified fromRNA isolated fromwild type neurons from
the same culture. The differences between the threshold cycle
(Ct) of one condition and the control were measured after cor-
rection for primer efficiency and normalized to tubulin, the
internal control (Pfaffl method).
Differential Detergent Solubilization, SDS-PAGE and Immuno-

blotting—Protein extracts were prepared according to a modi-
fied version of a previously described protocol (35). Briefly, cor-
tical neurons were washed twice with ice-cold PBS and once
more with PBS supplemented with amixture of protease inhib-
itors (0.1mMPMSF, 1�g/ml leupeptin, 1�g/ml aprotitin). The
cells were then scraped into lysis buffer (50 mM Tris-HCl, pH
7.4, 5mMEGTA, 1mMDTT) supplementedwith themixture of
protease inhibitors. After centrifugation at 16,100 � g for 30
min at 4 °C, supernatant was discarded and the pellet was dena-
turated with sample loading buffer (Bio-Rad) at 95 °C for 5min.
For the differential detergent solubilization experiments, the

cellular pellet was solubilized in 40 �l of lysis buffer (same as
above) with 1% Triton X-100 and incubated for 5 min at 37 °C.
After centrifugation for 30 min at 16,100 � g at 4 °C the result-
ant supernatant was collected (Triton X-100 soluble fraction).
The remaining pellet was resuspended in 40 �l of lysis buffer
with 1% sodiumdeoxycholate (DOC), pH9.0, and incubated for
15min at 37 °C. Samples were centrifuge again at 16,100� g for
30min, at 4 °C, and the supernatantwas collected (DOCsoluble
fraction). The remaining pellet was resuspended in lysis buffer
plus 2% SDS and incubated for 5 min at 37 °C (SDS soluble
fraction). All the collected samples were denaturated with 5�
denaturating buffer (125 mM Tris, pH 6.8, 100 mM glycine, 10%
SDS, 200 mM DTT, 40% glycerol, 3 mM sodium orthovanadate,
and 0.01% bromphenol blue), at 95 °C for 5 min, and the total
volume was loaded in the gel for SDS-PAGE and Western blot
analysis.
The extracts obtained were resolved by SDS-PAGE in 8%

polyacrylamide gels and immunoblotted as previously de-
scribed (36). Membranes were blocked for 1 h at room temper-
ature in Tris-buffered saline (137 mM NaCl, 20 mM Tris-HCl,
pH 7.6) containing 0.1% (v/v) Tween 20 (TBS-T), and 5% (w/v)
low-fat milk and probed overnight with the primary antibodies
(anti-GluN11:500,Millipore) diluted inTBS-T containing 0.5%
low-fat milk at 4 °C. Following five washes in TBS-T, mem-
branes were incubated for 1 h with the alkaline phosphatase-
conjugated secondary antibody (anti-mouse 1:20000, Amer-

sham Biosciences) at room temperature. The membranes were
then washed again, incubated with chemifluorescence sub-
strate for 5 min, and scanned with the Storm 860 scanner
(Amersham Biosciences). Where indicated, the membranes
were stripped and re-probed with mouse anti-transferrin
receptor antibody (1:1000, Invitrogen) or mouse anti-tubulin
antibody (1:300000, Sigma) 1 h at room temperature.
Immunocytochemistry and Quantitation—Hippocampal

neuronswere fixed at 14–15DIV in coldmethanol for 10min at
�20 °C. The coverslips were incubated with 10% bovine serum
albumin (BSA) in PBS for 1 h at 37 °C to block nonspecific
staining and incubated overnight with the primary antibodies
in 3% BSA at room temperature, with mild shaking. GluN1
splice variants were labeled with mouse anti-GluN1 antibody
(1:1500, Invitrogen mAb 54.1), pre-synaptic sites were labeled
with guinea pig anti-VGLUT1 antibody (1:4000, Millipore
AB5905), post-synaptic sites were labeled with rabbit anti-Syn-
GAP antibody (1:3000, Thermo PA1–046), and dendrites were
stained with a chicken antibody against MAP2 (1:100, Abcam
ab5392). Secondary antibodies (anti-mouse-Alexa 568, anti-
rabbit-Alexa 488, anti-guinea pig-Alexa 647 (Molecular
Probes) and anti-chicken-AMCA (Jackson ImmunoResearch))
were also prepared in 3% BSA and incubated at 37 °C for 1 h.
The coverslips were mounted in elvanol (Tris-HCl, glycerol,
and polyvinyl alcohol with 2% 1,4-diazabi-cyclo[2,2,2]octane).
Fluorescence images of neurons were obtained with a Zeiss

Axioplan microscope with a 63�, 1.4 numerical aperture oil
objective and a Photometrics Sensys cooledCCD camera, using
MetaVue imaging software (Molecular Devices) with custom-
ized filter sets. Images in each channel were captured using the
same exposure time across all fixed cells; images were acquired
as gray scale from individual channels andpseudocolor overlays
were prepared using Adobe Photoshop software. To quantitate
the data from the immunocytochemistry, hippocampal neu-
rons were chosen randomly for image acquisition and pro-
cessed using Metamorph imaging software (10–15 cells each
from three-four separate experiments for paired control and
NMDAR blockade). For each neuron, two dendrites were cho-
sen for analysis from the dendritic marker image, and their
length was measured. To quantify GluN1 or SynGAP clusters
per dendrite length, the digital images were subjected to a user-
defined intensity threshold to select clusters and measured for
cluster intensity, number, and area for the selected region. The
number of synaptic clusters was determined as the number of
clusters overlapping thresholded VGLUT dilated by 2 pixels.
The ratio of GluN1-positive area to MAP2-positive area was
measured with an absolute intensity threshold for GluN1. All
imaging and analysis was done blind to rescue construct and
treatment condition.

RESULTS

Rescue of GluN1 (�/�) Neurons by Lentiviral Expression of
Individual Splice Variants—Hippocampal neurons were cul-
tured at low density with glial feeder layers to optimize for
GluN1 imaging (22, 31). Neurons from wild type mice grown
for 14–15DIV showed dendritic clusters of GluN1 (Fig. 1). The
majority of clusters were synaptic, as they colocalized with the
postsynaptic component SynGAP opposite terminals bearing
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the presynaptic vesicular glutamate transporter VGLUT. Some
cells also exhibited a few bright clusters of GluN1with SynGAP
that were not apposed to VGLUT and thus non-synaptic (Fig.
1A), as described previously for GluN1, PSD-95, and GKAP
(37). Such non-synaptic clusters were present in low numbers

and appeared to be intracellular, thus we focused our study on
the potentially functional synaptic clusters. As also previously
described in rat neurons (22), synaptic clustering of GluN1
largely increased upon prolonged treatment with NMDA
receptor antagonists APV andMK-801 (Fig. 1B). Hippocampal

FIGURE 1. Rescue of GluN1 synaptic clustering in GluN1(�/�) neurons transduced with lentivirus expressing GluN1-1b. Low density hippocampal
cultures from wild type (A, B) or GluN1(�/�) (C–F) mice were fixed at 14 –15 DIV and immunostained for GluN1, the excitatory postsynaptic component
SynGAP, the excitatory presynaptic marker VGLUT, and the dendritic marker MAP2. As indicated, cultured neurons were treated with a mixture of the NMDAR
blockers APV (100 �M) and MK801 (5 �M) from 6 DIV, to homeostatically increase synaptic clustering of NMDA receptors (B, D, F). GluN1(�/�) hippocampal
neurons exhibited no immunoreactivity for GluN1 (C, D). GluN1(�/�) neurons transduced at 3 DIV with lentivirus expressing GluN1-1b under the control of the
synapsin I promoter showed successful rescue of GluN1 immunofluorescence (E, F). No changes in SynGAP, VGLUT or MAP2 immunoreactivity were observed
in the GluN1(�/�) transduced neurons compared with wild type neurons. Quadruple staining of hippocampal cultures from GluN1 wild type and GluN1(�/�)
mice transduced with GluN1-1b showed in both cases a similar distribution of GluN1. In control conditions, GluN1-1b like wild type GluN1 formed a few bright
non-synaptic clusters co-localizing with SynGAP but not VGLUT, shown enlarged in panels A and E, and a greater number of synaptic clusters co-localizing with
SynGAP and VGLUT1 (shown enlarged in Fig. 3A for GluN1-1b). Long-term NMDAR blockade increased synaptic accumulation of rescued GluN1-1b (F) like that
of wild type GluN1 (B). Scale bars: 10 �m for color overlays, 5 �m for single channel enlarged regions.
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neurons cultured from GluN1(�/�) mice for 14–15 DIV pre-
sented noGluN1 clusters as expected (Fig. 1,C andD). Neurons
from GluN1(�/�) mice showed robust staining for MAP2, a
dendritic marker, with no apparent changes in dendritic mor-
phology, and showed no apparent changes in clustering of the
pre- and post-synaptic markers VGLUT and SynGAP com-
pared with wild type neurons.
To study each NMDA receptor splice variant individually in

a neuronal background, we optimized a lentiviral expression
system to rescue GluN1 expression in hippocampal neurons
cultured from GluN1(�/�) mice. At 3 DIV, GluN1(�/�) hip-
pocampal neurons were transduced with lentivirus expressing
individualGluN1 splice variants in the pLentiLox3.7 vector (32)
under the control of the synapsin I promoter.We first tested the
GluN1-1b splice variant, which contains both the C1 and the
C2 cassettes at the C-terminal domain, and the N1 cassette at
the N-terminal domain (Fig. 2A). At 2 weeks in culture,
GluN1(�/�) hippocampal neurons transducedwithGluN1-1b
showed immunoreactivity for GluN1 similar to sister wild type
neurons using an antibody against a constitutively expressed
domain (Fig. 1). In addition to low diffuse levels in dendrites,
there were many synaptic GluN1-1b clusters colocalizing with
SynGAP apposed to VGLUT and a few bright non-synaptic
clusters of GluN1-1b colocalizing with SynGAP but not
apposed to VGLUT (Fig. 1E). The number of synaptic

GluN1-1b clusters inGluN1(�/�) transduced neurons (13.6�
2.6 clusters/100�mdendrite length)was close to the number of
GluN1 clusters in wild type mouse hippocampal neurons
(16.7 � 2.9 clusters/100 �m dendrite length), and these GluN1
cluster densities are similar to what has been reported in low
density rat hippocampal cultures (22). In cells chronically incu-
bated with the NMDA receptor blockers APV andMK801, the
expressed GluN1-1b subunit showed a dramatic increase in the
number of bright clusters, similarly to wild type GluN1 (Fig. 1),
with no visible changes in SynGAP, VGLUT orMAP2 staining.
Moreover the GluN1 clusters in rescued GluN1(�/�) neurons
chronically treated with APV and MK801, similarly to GluN1
wild type clusters, colocalized with pre- and post-synaptic
markers along dendrites (Fig. 1F). Thus the developed lentiviral
system successfully rescues GluN1 staining in GluN1(�/�)
hippocampal neurons and the expressed GluN1 protein is inte-
grated in receptors which are properly addressed to the syn-
apse. Importantly, the expressed GluN1 subunit showed regu-
lation of its synaptic localization by activity.
All GluN1 Splice Variants Are Expressed at Near Native

GluN1 Levels in Transduced GluN1 (�/�) Neurons—The
GluN1 gene undergoes alternative splicing to generate eight
different splice variants, which differ in theirN- andC-terminal
domains (Fig. 2A; (38)). At the N-terminal domain of GluN1,
two configurations (a or b) are generated by alternative splicing

FIGURE 2. The lentiviral expression system drives expression of all GluN1 splice variants at similar levels in GluN1(�/�) neurons. A, GluN1 subunit
schematic representation indicating the alternatively spliced cassettes, both in the N and C terminus and the transmembrane domains. B–D, high density
cortical cultures from GluN1(�/�) mice were transduced at 3 DIV with lentivirus expressing each of 5 different GluN1 splice variants (GluN1-1b, GluN1-1a,
GluN1-2a, GluN1-3a, and GluN1-4a) under the control of the synapsin I promoter. B, relative mRNA levels for the GluN1 splice variants were assessed by
quantitative real-time PCR. No significant differences (p � 0.05 ANOVA, n � 3 independent experiments) in the mRNA levels were found among GluN1 splice
variants. C and D, total GluN1 protein levels were assessed by Western blot using an antibody against the GluN1 N-terminal region and normalized using the
transferrin receptor as a loading control (D). No significant differences among the protein levels of all splice variants were found (D, p � 0.05 ANOVA, n � 6
independent experiments). In this system, GluN1 splice variants were expressed at about 50% of the expression level of total GluN1 in wild type cultures. Data
are presented as mean � S.E. Graph bar fills here and in Figs. 3 and S1 indicate cassette usage: cross-hatch contains N1 and C1, diagonal lines contain C1,
horizontal lines lack C1, white background contain C2, and gray background contain C2�.
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of exon 5, which encodes the N1 segment. The variability
between splice variants is higher at the C-terminal domain,
because of the alternative splicing of exons 21 and 22, which
encode the C1 and C2 cassettes, respectively. GluN1-1 and
GluN1-3 contain the C1 domain (GluN1-C1) while GluN1-2
andGluN1-4 lack this cassette (GluN1-�C1). TheC2 cassette is
present in GluN1-1 and GluN1-2 (GluN1-C2), while GluN1-3
and GluN1-4 lack this domain but express instead another cas-
sette named C2� (GluN1-C2�).

In the lentiviral expression system optimized to rescue
expression of GluN1 individual splice variants in hippocampal
cultures from GluN1(�/�) mice, we routinely achieved
expression in �50% of transduced neurons. To compare the
expression pattern of different GluN1 splice variants, we
started by comparing their total expression levels. Due to lim-
iting numbers of hippocampal neurons, for these assays we
used high density cortical cultures. Evidence suggests that the
high density cortical cultures regulateNMDAreceptor traffick-
ing in a similarmanner as the low density hippocampal cultures
(39). The mRNA levels of every splice variant individually
expressed inGluN1(�/�) cortical neuronswere quantified rel-
ative to themRNA level ofGluN1 inwild type neurons by quan-
titative real time PCR (Fig. 2B). All splice variants exhibited
mRNA levels, which are 64 to 85.5% of the mRNA levels for
total GluN1 splice variants combined expressed in wild type
neurons. Furthermore, no significant differences in the mRNA
levels between any of the different GluN1 splice variants were
observed (Fig. 2B, ANOVA p � 0.05).
The total protein levels for the GluN1 splice variants

expressed from the lentiviral system were analyzed in cortical
extracts of GluN1(�/�) neurons transduced with the different
splice variants. Western blot using an antibody against the
GluN1 N-terminal region confirmed similar expression levels
for every splice variant (Fig. 2C). Quantification of GluN1 levels
normalized to the levels of the transferrin receptor confirmed
no significant differences among the analyzed splice variants,
which are expressed to 	40–60% of the expression level of all
GluN1 splice variants combined in wild type cortical neurons
(Fig. 2D, ANOVA p � 0.05). Nor was there any significant dif-
ference inmRNAor protein level comparingGluN1 splice vari-
ants grouped according to cassette usage, GluN1-N1 with
GluN1-�N1, GluN1-C1 with GluN1-�C1, or GluN1-C2� with
GluN1-C2 (t-tests p � 0.05). The developed lentiviral system,
which avoids overexpression of the GluN1 splice variants, pro-
vides a suitable model for assessing the individual contribution
of each splice variant to the synaptic localization of NMDA
receptors in a neuronal background.
The C2 and C2� Cassettes Regulate Synaptic Accumulation

and Detergent Extraction of NMDA Receptors under Basal
Conditions—We next compared synaptic accumulation of
GluN1 splice variants in GluN1(�/�) neurons following lenti-
viral-mediated expression of GluN1-1b, GluN1-1a, GluN1-2a,
GluN1-3a, or GluN1-4a. All splice variants were able to rescue
GluN1 immunoreactivity in transduced GluN1(�/�) hip-
pocampal neurons, forming clusters colocalizing with SynGAP
and apposed to VGLUT (Fig. 3A). The synaptically localized
GluN1 clusters were selected based on their colocalizationwith
VGLUT and quantified. There was a significant difference

among GluN1 splice variants in number and area of synaptic
GluN1 clusters (Fig. 3, B and C, ANOVA p 
 0.05). To further
assess the role of specific cassettes in synaptic accumulation,
GluN1 splice variants were grouped according to cassette
usage. The presence or absence of the N1 cassette (comparing
GluN1-1b with GluN1-1a) or C1 cassette (comparing
GluN1-1a � GluN1-3a with GluN1-2a � GluN1-4a) did not
affect the number, area or integrated intensity of synaptic
GluN1 clusters (t test p � 0.1). However, GluN1-3a and
GluN1-4a containing the C2� cassette had significantly higher
number, area, and integrated intensity of synaptic GluN1 clus-
ters, by 1.5-fold to 1.9-fold, compared with GluN1-1a and
GluN1-2a containing the C2 cassette (Fig. 3, B–D, t test p 

0.05 and p 
 0.01). Thus, consistent with data from heterolo-
gous cells and expression in wild type neurons (10, 18, 19),
GluN1 C2� mediates higher basal synaptic accumulation than
GluN1 C2 upon rescue in GluN1(�/�) neurons.
To further assess differences in behavior of GluN1 splice

variants by an independent method, we used differential deter-
gent extraction. Differential detergent extraction is part of the
larger procedure to prepare postsynaptic density fractions, and
alone is feasible with the limiting amount of material generated
by the molecular rescue approach. A difference among splice
variants in the fraction of GluN1 extracted by a specific deter-
gent would support a difference in molecular associations. Cell
lysates of GluN1(�/�) cortical neuron cultures transduced
with GluN1-1b, GluN1-1a, GluN1-2a, GluN1-3a, or GluN1-4a
were sequentially extracted with buffer containing non-ionic
detergent 1% Triton X-100, then ionic detergent 1% DOC, and
finally with 2% SDS to solubilize remainingGluN1 (supplemen-
tal Fig. S1). Western blot analysis using an antibody against a
common N-terminal region of GluN1 showed no significant
difference among the five GluN1 splice variants in solubility in
Triton X-100 (supplemental Fig. S1, A and B, p � 0.05,
ANOVA), a fraction thought to represent mainly GluN1 in the
endopasmic reticulum not associated with GluN2 (40). How-
ever, there was a significant difference among splice variants in
solubility in 1% DOC (supplemental Fig. S1, A and C, ANOVA
p 
 0.005). Specifically, the C2�-containing splice variants
showed higher solubility in DOC than splice variants contain-
ing the C2 cassette (supplemental Fig. S1C; t test p 
 0.001).
The C2� variants also showed lower subsequent solubility in 2%
SDS than C2 variants (supplemental Fig. S1D; t test p 
 0.005),
presumably because of the higher solubility in DOC in the
sequential assay. The presence or absence of the N1 or C1 cas-
settes did not affect detergent solubility (t-tests p � 0.1). These
experiments support a difference in molecular associations of
GluN1 C2� variants compared with C2 variants.
All GluN1 Splice Variants Show Homeostatic Regulation of

Synaptic Targeting upon Rescue in GluN1(�/�) Neurons—A
hypothesis based on previous studies (10) is that alternative
splicing increasing incorporation of C2� and reducing incorpo-
ration of C2 in GluN1 mediates enhanced synaptic accumula-
tion upon prolonged NMDA receptor blockade. Indeed, our
results above showing increased synaptic incorporation of
GluN1-C2� relative to GluN1-C2 in part supports this idea.
Another prediction of this hypothesis is that NMDA receptor
blockade would have no effect on synaptic accumulation of
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individual GluN1 splice variants expressed in a GluN1(�/�)
background. We tested this prediction by incubating
GluN1(�/�) hippocampal cultures transduced with GluN1-
1b, GluN1-1a, GluN1-2a, GluN1-3a, or GluN1-4a splice vari-
ants with NMDA receptor antagonists APV and MK-801 from
6DIV until analysis at 14–15DIV.However, hippocampal neu-
rons expressing each individual splice variant showed a strong
homeostatic increase inGluN1 clustering (Fig. 4A). Quantifica-
tion of the number, area, and integrated intensity of synaptic
GluN1 clusters showed a significant increase upon NMDA
receptor blockade for all splice variants (Fig. 4, B–D, ANOVA
p 
 0.0001 and pairwise post-hoc Bonferroni p 
 0.01). Synap-
tic clustering of all splice variants increased bymore than 2-fold
upon prolonged NMDA receptor blockade. Comparison
among GluN1-1b, GluN1-1a, GluN1-2a, GluN1-3a, or
GluN1-4a just under conditions of NMDA receptor block-
ade revealed no significant difference in synaptic accumula-
tion of splice variants (ANOVA p� 0.1 for number, area, and
integrated intensity). This evidence taken together indicates
that the different GluN1 splice domains do not contribute
major differences to the homeostatic regulation of NMDA
receptor synaptic targeting upon chronic blockade of
NMDA receptors.
All GluN1 Splice Variants Show Rapid PKC-induced Disper-

sal upon Rescue in GluN1(�/�) Neurons—Activation of PKC
induces rapid dispersal of NMDA receptors from synaptic to

extrasynaptic sites (25). Phosphorylation of a residue in the C1
cassette mediates similar NMDA receptor cluster dispersal in
non-neuronal cells (28). Using the same strategy as described
above, we studied the individual role of the C1 and other splice
cassettes in the dispersal of synaptic NMDA receptors by PKC
in neurons (Fig. 5). Low density hippocampal cultures from
GluN1(�/�) mice were transduced at 3 DIV with lentivirus
encoding GluN1-1b, GluN1-1a, GluN1-2a, GluN1-3a, or
GluN1-4a and cultured in the presence of NMDAR antagonists
tomaximize synaptic clustering of the expressedNMDArecep-
tor subunits. PKC was activated with 200 nM TPA; as shown
previously, the effects of TPA on NMDA receptor distribution
were blocked by bisindolylmaleimide an inhibitor of PKC and
did not occur with 4�-TPA which does not activate PKC (25).
As before with rat hippocampal neurons, we saw a dispersal of
GluN1 from synaptic clusters to a nearly uniform plasmamem-
brane distribution within 45min of TPA treatment in wild type
mouse hippocampal neurons (Fig. 5A). The distribution of Syn-
GAP, VGLUT, and MAP2 was not affected by the TPA treat-
ment. Surprisingly, TPA induced a similar rapid dispersal of all
rescued GluN1 splice variants from synaptic clusters to extra-
synaptic plasma membrane (Fig. 5, C–G). GluN1-2a and
GluN1-4a, which lack the C1 cassette bearing the known PKC
phosphorylation sites showed a similar redistribution as
GluN1-1a,GluN1-3a, andGluN1-1b,which contain theC1 cas-
sette (Fig. 5, E and G versus Fig. 5, C, D, F).

FIGURE 3. The GluN1 C2 and C2� cassettes regulate synaptic accumulation of NMDA receptors under basal conditions. A, low density hippocampal
cultures generated from GluN1(�/�) mice were transduced at 3 DIV with lentiviral vectors encoding the GluN1--1b, -1a, -2a, -3a, and -4a splice variants.
Neurons were fixed at 14 –15 DIV and immunostained for the GluN1 subunit, SynGAP and VGLUT (A) and for MAP2 (not shown). All splice variants show some
co-clustering at synapses with SynGAP and VGLUT, although synaptic clustering of GluN1-3a and GluN1-4a appears highest. Scale bar, 5 �m. B–D, quantifica-
tion of the GluN1 signal in randomly selected cells transduced with GluN1 splice variants. The number (B), total area (C), and integrated intensity (D) of synaptic
(opposed to VGLUT) GluN1 clusters per dendritic length were analyzed. Significant differences among GluN1 splice variants were found, p 
 0.05 ANOVA for
number and area, p � 0.06 ANOVA for intensity, n�28 neurons from 3– 4 independent experiments. To determine the role of specific splice cassettes, data were
then analyzed by grouping GluN1 variants according to cassette usage. Only groups showing a significant difference are graphed, specifically GluN1-C2�
(GluN1-3a � GluN1-4a) compared with GluN1-C2 (GluN1-1a � GluN1-2a) (*, p 
 0.05; **, p 
 0.01 t test).
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To quantify the effect of PKC activation on GluN1 splice
variants, we first classified transduced GluN1-expressing cells
as bearing or lackingGluN1 clusters.While essentially all trans-
duced neurons had GluN1 clusters under the baseline NMDA
receptor blockade conditions, TPA reduced the percent of neu-
rons with any clusters of GluN1 to 
5% for all GluN1 splice
variants (Fig. 6A). Thus, synaptic clusters as measured in the
previous analyses were essentially eliminated by PKC activa-
tion. As an objective measure to compare the extent of GluN1
redistribution among splice variants, we chose an absolute
intensity and measured the fraction of dendrite area with
GluN1 at or above this intensity. The baseline values for this
measure, mainly representing synaptic NMDA receptor clus-
ters, did not differ significantly among splice variants (white
bars in Fig. 6B), consistent with the previous figures under
activity blockade conditions. Importantly, the fraction of den-
drite areawithGluN1 above this set intensity increased�5-fold
for all splice variants (ANOVA p 
 0.0001 and post-hoc Bon-
ferroni p 
 0.001, Fig. 6B). Nor was there any significant differ-
ence in fraction of dendrite area above threshold for GluN1
comparingGluN1 splice variants grouped according to cassette

usage, GluN1-N1 with GluN1-�N1, GluN1-C1 with GluN1-
�C1, or GluN1-C2� with GluN1-C2 (t-tests p � 0.05). More-
over, the fraction of dendrite area with GluN1 above threshold
following PKC activation did not differ among GluN1-1b,
GluN1-1a, GluN1-2a, GluN1-3a, or GluN1-4a (black bars in
Fig. 6B, ANOVA p � 0.1). As a control, VGLUT clusters mea-
sured in the same cells showed no change with TPA treatment
(Fig. 6C, ANOVA p � 0.1). Thus, PKC induces a robust and
equal dispersal of NMDA receptors irrespective of GluN1
splice isoform composition and independently from phos-
phorylation sites in the C1 cassette.

DISCUSSION

In this work we developed a lentiviral system for rescuing
GluN1 clustering at synapses in GluN1(�/�) hippocampal
neurons in culture. Using this system, we studied individually
the role of five GluN1 splice variants (GluN1-1b, GluN1-1a,
GluN1-2a, GluN1-3a, or GluN1-4a) in the synaptic expression
of NMDA receptors, in the homeostatic regulation of their syn-
aptic clustering, and in their rapid dispersal by activation of
PKC. The lentiviral delivery system used transduced �50% of

FIGURE 4. NMDA receptor blockade increases synaptic clusters of all GluN1 splice variants. A, hippocampal cultures from GluN1(�/�) mice were
transduced at 3 DIV with lentiviral vectors encoding each GluN1 splice variant. Where indicated, cultures were treated with NMDAR antagonists APV (100 �M)
and MK801 (5 �M) from 6 DIV. Neurons were fixed at 14 –15 DIV and immunostained for GluN1, SynGAP, VGLUT (co-localization appears white in the triple
overlay) and MAP2 (not shown). After the prolonged treatment with NMDAR antagonists, all splice variants show increased synaptic clustering of GluN1. The
distribution of GluN1 splice variants under control culture conditions is reproduced from Fig. 3A for comparison. Scale bar, 5 �m. B–D, GluN1(�/�) neurons
transduced with GluN1 splice variants were selected randomly and analyzed for number (B), area (C), and integrated intensity (D) of GluN1 synaptic clusters per
dendritic length, identified by their apposition to VGLUT staining. All measures showed an increase in synaptic GluN1 for all splice variants under conditions of
NMDA receptor blockade (black bars) compared with control (white bars), p 
 0.0001 ANOVA, ***, p 
 0.001, **, p 
 0.01 by pairwise post-hoc Bonferroni’s test.
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the neurons in the culture, and the protein levels obtained for
eachGluN1 splice variantwere 40–60%of the protein levels for
GluN1 in wild-type neurons (Fig. 2). Therefore, little if any
overexpression of the different GluN1 splice variants occurs in
this system,which also avoids artifacts that can arise fromusing
GluN1 modified constructs in a wild-type background, or
working with heterologous systems.
We demonstrated that all splice variants are able to rescue

GluN1 clustering at synapses in GluN1(�/�) hippocampal
neurons (Figs. 1 and 3). Synaptic clustering under basal condi-
tionswas significantly higher forGluN1-C2� variants compared
with GluN1-C2, consistent with differential detergent extrac-
tion specifically of these variants (supplemental Fig. S1). How-
ever, contrary to expectations based on previous studies in non-
neuronal cells and in wild type neurons, all GluN1 splice
variants showed significantly enhanced synaptic accumulation
upon prolonged activity blockade (Fig. 4) and rapid dispersal
upon activation of PKC (Figs. 5 and 6). Thus, the major mech-

anisms mediating homeostatic activity and PKC regulation of
synaptic NMDA receptor accumulation occur independently
of GluN1 splice variant.
The prevailing view is that the N1 domain at the N-terminal

region of the GluN1 subunit influences receptor sensitivity to
modulators as well as its desensitizing properties. Accordingly,
we observed no major differences in the synaptic targeting or
detergent extraction of NMDA receptors containing either the
GluN1-1b or the GluN1-1a splice variants (Figs. 1–3, supple-
mental Fig. S1). We also demonstrate that the N1 cassette does
not contribute to the homeostatic or PKC regulation of NMDA
receptor distribution (Figs. 4–6).
GluN1-1 subunits are retained in the ER when expressed

individually in heterologous systems (21), because of the pres-
ence of the ER retention signal in the C1 cassette (18, 19). Upon
receptor assembly in the ER, the GluN1 retention signal is
masked by GluN1 oligomerization with the GluN2 subunits,
which promotes forward traffic of the heteromeric receptors to

FIGURE 5. All GluN1 splice variants show similar rapid redistribution to extrasynaptic plasma membrane upon activation of protein kinase C. Cultures
from the hippocampus of wild type (A) or GluN1(�/�) (B–G) mice were fixed at 14 –15 DIV and immunostained for GluN1, SynGAP, VGLUT (A–G), and MAP2 (not
shown). GluN1(�/�) neurons were transduced at 3 DIV with lentiviral vectors encoding GluN1-1b (C), GluN1-1a (D), GluN1-2a (E), GluN1-3a (F), and GluN1-4a
(G). Cultures were treated with NMDAR antagonists from 6 DIV to maximize synaptic clustering of NMDA receptors, and then treated as indicated for 45 min
with TPA to activate PKC. All splice variants show a similar basal synaptic clustering of NMDA receptors, as assessed by the GluN1 clusters co-localized with
SynGAP and apposed to VGLUT. Activation of PKC induced a rapid dispersal of all GluN1 splice variants to fill the extrasynaptic dendritic membrane, with no
change in distribution of SynGAP, VGLUT (A–G), or MAP2 (not shown). Scale bars: 10 �m for whole cell images in A, 5 �m for dendrite regions.
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the cell surface (20). Accordingly, once assembled with GluN2,
GluN1 subunits are delivered to the cell surface both in heter-
ologous cells and in neurons (21, 41) and are targeted to syn-
apses (42). This mechanism ensures that only correctly assem-
bledNMDAreceptors pass the ER quality control and reach the
cell surface. Shorter GluN1 splice variants, lacking the C1
domain or containing the C2� cassette, are less retained in the
ER when expressed alone in heterologous systems (21). How-
ever, in our GluN1(�/�) cultured hippocampal neurons,
GluN1 clustering at synaptic sites was similar for neurons
expressing the C1-containing or C1-lacking splice variants of
GluN1 (Fig. 3). These results indicate that in this neuronal sys-
temwhere GluN2 subunits are available, the GluN1 splice vari-
ants, independently of the presence of the C1 cassette, were
assembled into heteromeric complexes that could efficiently
traffic to the cell surface and to the synapse. In these experi-
ments, the level of expressed GluN1 individual splice variant
per GluN1(�/�) neuron is estimated to be a little lower than
the combined level of all GluN1 splice variants in wild type
neurons, based on comparing immunofluorescence intensity
(e.g. Fig. 1B versus Fig. 1F) and based on total Western blot
signal (Fig. 2,C andD) relative to transduction efficiency. Thus,
in this rescue system, GluN2 levels may be sufficient to form
heteromerswithmuch of the expressedGluN1, andwe propose
that under such conditions the C1 cassette may not limit for-
ward trafficking to control steady state levels of synaptic
NMDA receptors. On the other hand, in neurons where GluN1
is in greater excess relative to GluN2 (43) or in response to
stimuli where rapid forward trafficking is required, a role of the
C1 cassette in limiting forward trafficking of GluN1 may be
more apparent.
The major identified PKC phosphorylation sites in NMDA

receptor subunits are in theC1 cassette, and phosphorylation at
Ser-890 in the C1 cassette disperses recombinant GluN1 clus-
ters in fibroblasts (27, 28). However, we show here that the C1
cassette plays no role in the dispersal of NMDA receptors in
neurons upon activation of PKC; this formof regulated traffick-
ing is completely independent of GluN1 splice variant (Figs. 5
and 6). Thus PKC must be acting on GluN2 subunits or acces-

sory trafficking proteins. GluN2A and GluN2B can be phos-
phorylated by PKC (44) but the sites and functional conse-
quences are not yet known; phosphorylation in the PDZ-
binding domain of GluN2B that regulates its trafficking is
controlled by casein kinase 2 but not by PKC (45, 46). PKC
induces plasma membrane insertion of NMDA receptors in
heterologous cells and extrasynaptically in neurons (47), a
process that likely contributes to the redistribution we
observed. Importantly, it was recently found that PKC promo-
tion of NMDA receptor cell surface delivery occurs via PKC
phosphorylation of the SNARE protein SNAP-25 (48). This
enhanced insertion of NMDA receptors into extrasynaptic
plasma membrane via PKC phosphorylation of SNAP-25 at
Ser-187 is likely to apply to all GluN1 splice variants. It is pos-
sible that this recently discovered mechanism (48), in addition
to directly increasing extrasynaptic levels of all GluN1 variants,
may contribute to dispersal of synaptic NMDA receptors, for
example by recruiting receptor-associated proteins away from
the synapse, proteins that might normally function to stabilize
synaptic receptors.
Despite the fact that the presence of the C1 cassette did not

significantly influence regulated synaptic accumulation of
NMDAreceptors, themacromolecular complexes and thus sig-
naling by NMDA receptors may be influenced by the presence
of the C1 cassette. Indeed, a rescue approach in young cultured
GluN1(�/�) neurons comparing NR1-1a and NR1-2a showed
that the presence of the C1 cassette increased CREB phosphor-
ylation and CRE-dependent reporter gene expression (49).
The C2� cassette contains the C-terminal -STVV signal,

which is a binding site for PDZ-domain scaffold proteins such
as PSD-95, SAP102, PSD-93, SAP97 (18) and for the coatomer
COPII (10), which coats export vesicles from the ER destined
for the Golgi. Interactions of C2� both with COPII and with
PDZ domain proteins might be expected to increase synaptic
accumulation ofNMDAreceptors, and indeedwe observed sig-
nificantly higher number, area, and integrated intensity of syn-
aptic GluN1-C2� compared with GluN1-C2 (Fig. 3). Further-
more, detergent extraction showed a significant difference for
GluN1-C2� compared with GluN1-C2 (supplemental Fig. S1).

FIGURE 6. Activation of protein kinase C induces rapid dispersal of clusters of all splice variants of GluN1. GluN1(�/�) neurons transduced with GluN1
splice variants were selected randomly and analyzed in conditions of NMDAR blockade with (black bars) or without (white bars) 45 min treatment with TPA to
activate PKC, as in Fig. 5. In blind classification, TPA treatment reduced the percentage of neurons bearing clusters of GluN1 for all splice variants (A; 200 – 400
cells each, statistics not applicable). Because there were few or no GluN1 clusters to measure following TPA treatment, the area of GluN1 immunoreactivity
above a set intensity threshold was measured per MAP2-positive dendrite area (B), ANOVA p 
 0.0001, ***, p 
 0.001 by pairwise post-hoc Bonferroni’s test. The
same cells were analyzed for number of VGLUT clusters per dendritic length (C), ANOVA p � 0.1.
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Naively, onemight expect the greater synaptic accumulation of
C2� compared with C2 containing GluN1 splice variants
observed by imaging to result in lower solubility inDOC, rather
than greater solubility in DOC as found here. However, non-
synaptic GluN1 is partially sequestered in extremely dense
extrasynaptic clusters in poorly characterized organelles in hip-
pocampal dendrites, as shown in Fig. 1, A and E. Immunoreac-
tivity for such extrasynaptic clusters was abolished in
GluN1(�/�) neurons, indicating these are true GluN1 pools,
andGluN1 associatedwith dendritic vesicular organelles is also
observed in vivo (50). According to our previous measures,
nearly half of the extrasynaptic GluN1 is sequestered in these
dense non-synaptic clusters in control low density hippocam-
pal cultures (22).We suggest that GluN1 in these extrasynaptic
dendritic clusters may be resistant to extraction with 1% DOC,
in contrast to synaptic pools which are partially solubilized by
1% DOC (40).
The prevalent idea, proposed byMu et al. (10), is that homeo-

static accumulation of NMDA receptors occurs via regulation
of GluN1 splicing at exon 22. Chronic activity blockade pro-
motes the generation of C2� domain variants proposed to accu-
mulate strongly at synapses, and chronic activity promotes gen-
eration of C2 variants proposed to exhibit lower synaptic
accumulation. Indeed, the proposed difference in synaptic
accumulation of these variants was confirmed here under basal
conditions (Fig. 3). However, both GluN1-C2 and GluN1-C2�
showed significantly enhanced synaptic targeting upon pro-
longed NMDA receptor blockade, with �2-fold increase in
number, area, and integrated intensity of synaptic clusters (Fig.
4). Thus, clearly the C2�/C2 ratio is not the primarymechanism
mediating the homeostatic blockade-induced increase in syn-
aptic accumulation of NMDA receptors. Indeed, a mechanism
independent of new protein synthesis (and thus independent of
altering C2�/C2 ratio) was suggested previously (24). This pre-
vious study (24) also found that the effects of activity blockade
onNMDA receptor synaptic accumulation required cAMP-de-
pendent protein kinase (PKA), and that activation of PKA alone
increased synaptic accumulation of NMDA receptors, mimick-
ing the effects of activity blockade. The key target of PKA that
mediates this effect is still not identified, it could beGluN1 (in a
region common to all splice variants, not at the PKA site in C1
based on the results shown here), GluN2A, or GluN2B, all of
which can be phosphorylated by PKA and show some basal
phosphorylation in hippocampal tissue (27, 44), or an NMDA
receptor interacting protein. The blockade-induced increase in
synaptic NMDA receptor is accompanied by increased surface
association of GluN1 (24) and loss of the dense non-synaptic
aggregates in dendrites (22), suggesting a change in exocytic
trafficking or recycling.
All the splice cassettes in the GluN1 subunit are regionally

and developmentally regulated (7) and all are found in cortical
and cerebellar PSD fractions (51). As discussed above, specific
binding partners for the splice cassettes in GluN1 have been
described which impart specific characteristics to the NMDA
receptor signaling complex and may regulate functional prop-
erties. A preference for pairing GluN2 subunits with different
GluN1 splice variants has been suggested (52). Although bio-
chemical studies from whole forebrain do not support prefer-

ential GluN1/GluN2 co-assembly (40), immunogold localiza-
tion in retina suggests that preferential association and
localization can occur in some neurons. At bipolar to ganglion
cell synapses in the rat retina, C2-containing GluN1 together
with GluN2B localize perisynaptically, whereas C2�-containing
GluN1 together with GluN2A are more abundant at the PSD
(53). The lentiviral delivery system that we developed for
expressing GluN1 splice variants in a GluN1-null neuronal
background may be useful for further testing selective associa-
tion with GluN2 and GluN3 subunits. More generally, this
approach may be useful for analyzing the composition and
physiological roles of macromolecular signaling complexes
brought together by receptors formed by individual splice vari-
ants. Our rescue approach showing that all GluN1 splice vari-
ants undergo similar homeostatic and PKC regulation of traf-
ficking indicates the importance of assessing GluN1 trafficking
and function in a neuronal context with physiological stoichi-
ometry of interacting partners.
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