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Regulated Subcellular Distribution of the
NR1 Subunit of the NMDA Receptor

Michael D. Ehlers, Whittemore G. Tingley, Richard L. Huganir*

NMDA (N-methyl-D-aspartate) receptors are selectively localized at the postsynaptic
membrane of excitatory synapses in the mammalian brain. The molecular mechanisms
underlying this localization were investigated by expressing the NR1 subunit of the NMDA
receptor in fibroblasts. NR1 splice variants containing the first COOH-terminal exon
cassette (NR1A and NR1D) were located in discrete, receptor-rich domains associated
with the plasma membrane. NR1 splice variants lacking this exon cassette (NR1C and
NR1E) were distributed throughout the cell, with large amounts of NR1 protein present
in the cell interior. Insertion of this exon cassette into the COOH-terminus of the GluR1
AMPA (ax-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptor was sufficient to
cause GIuR1 to be localized to discrete, receptor-rich domains. Furthermore, protein
kinase C phosphorylation of specific serines within this exon disrupted the receptor-rich
domains. These results demonstrate that amino acid sequences contained within the NR1
molecule serve to localize this receptor subunit to discrete membrane domains in a
manner that is regulated by alternative splicing and protein phosphorylation.

Aggregation of neurotransmitter receptors
in the postsynaptic membrane is a process
crucial for synaptogenesis. Like acetylcho-
line receptors (AChRs) at the neuromuscu-
lar junction (I ), neurotransmitter receptors
in the central nervous system (CNS) are
localized at postsynaptic sites (2-6), al-
though the mechanisms involved are less
well understood. The NMDA class of glu-
tamate receptors plays a critical role in syn-
aptic plasticity, synaptogenesis, and excito-
toxicity (7). lontophoretic mapping and
immunoelectron microscopy reveal that
NMDA receptors are concentrated at syn-
aptic sites (4, 5). Moreover, actin filament
stabilization prevents Ca?*-induced run-
down of NMDA current (8), and NMDA
responses are sensitive to cytoskeletal strain
(9), suggesting a cytoskeletal association of
the NMDA receptor.

NMDA receptors consist of two families of
homologous subunits (NR1 and NRZA-D)
(10, 11). The NR1 subunit is able to form
functional homomeric channels (10), which
may be present in vivo (12, 13). Expression of
NR2 subunits with the NR1 subunit, howev-
er, increases NMDA receptor current, and
most NMDA receptors in the brain are
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thought to be heteromeric complexes of NR1
and NR2 subunits (11, 14). At least seven
NRI1 splice variants (NR1A-G) are expressed
in the brain (13, 15, 16) that differ in their
spatial and temporal expression patterns (17),
in their sensitivity to polyamines, phorbol
esters, and Zn?>™ (13, 16), and in their ability
to be phosphorylated by protein kinase C
(PKC) (18).

To examine the mechanism of subcellular
targeting of the NR1 subunit, we transfected
QT6 quail fibroblasts (19) with the comple-
mentary DNA (cDNA) encoding the NR1A
subunit and examined them by immunoflu-
orescent microscopy (20, 21). The QT6 cell
line has been used as a model system for
studying AChR clustering induced by the
synaptic protein 43K (22). Immunofluores-
cent staining revealed the presence of highly
concentrated regions of NR1A protein (Fig.
1A). These NR1-enriched domains mani-
fested themselves as patches or elongated
stripes as well as punctate microclusters. The
organization of NR1 into highly concentrat-
ed domains is unique among heterologously
expressed glutamate receptors we have ex-
amined. For example, the AMPA receptor
subunit GluR1 and the kainate receptor sub-
unit GluR6 are found throughout transfected
QT6 cells, with large amounts of intracellu-
lar staining and no regions of receptor en-
richment (Fig. 1, B and C). Indeed, within
the same cell cotransfected with both GluR1



e

B

and NR1 cDNAs, GluR1 protein was found
to be distributed throughout the cell (Fig.
1B), whereas NR1 protein was found in dis-
crete NR1-enriched domains (Fig. 1A). Im-
munoblot analysis of QT6 cell lysates
showed that QT6 cells do not express endo-
genous forms of these receptor subunits and
that GluR1, NR1, and GluR6 staining was
specific for transfected cells (23). The ob-
served receptor-rich domains of NR1 were
similar to the clusters of AChRs induced by
coexpression of AChR subunits with the
synaptic protein 43K (22), which suggests
that similar mechanisms might be involved
in the subcellular localization of these two
receptors.

The finding that the NR1 subunit was
concentrated in discrete subcellular do-
mains very similar to those reported for
43K-induced AChR clusters suggested that
the NR1 molecule contains a region re-
sponsible for targeting the receptor subunit
to these domains. To determine the region
of the NR1 molecule necessary for the for-
mation of the NR1-enriched domains, we
expressed four different NR1 splice variants
(NR1A, C, D, and E) in fibroblasts and
examined their subcellular distribution.
The four NR1 splice variants differed only
in the presence or absence of two exon
cassettes (referred to here as CI and CII) in
the COOH-terminal domain of the mole-
cule. Deletion of the 37-amino acid CI
exon cassette occurs in-frame, whereas de-
letion of the 38—amino acid CII exon cas-
sette causes a reading frame shift that results
in an altered and slightly truncated COOH-
terminal amino acid sequence (15). Serines
within the CI exon cassette are phospho-
rylated by PKC (18), which suggests that
the COOH-terminal region of NR1 is in-
tracellular and could potentially interact
with cytoskeletal elements involved in or-
ganizing the NR1-enriched domains.

Localization of NR1 protein by immuno-
fluorescent staining showed that the splice
variants NR1A and NR1D were concentrat-
ed in discrete domains when expressed in
QT6 cells, whereas the splice variants NR1C
and NRI1E were distributed throughout the
cell in a manner similar to GluR1 and
GluR6 (Fig. 2A). The primary difference
between these two pairs of NR1 splice vari-
ants is that the CI exon cassette is present in
NRI1A and NR1D but absent in NR1C and
NRIE (Fig. 2A, blue bar). Thus, the 37—
amino acid CI exon cassette was necessary
for the formation of NR1-enriched domains,
which indicates that alternative splicing can
regulate the subcellular distribution of the
NR1 subunit. Immunoblot analysis of QT6
cell lysates confirmed the specificity of the
antibodies and showed that the expression
levels of the different splice variants were
approximately equal (23).

To further examine the effect of the CI

Fig. 1. Expression and
distribution of glutamate
receptor subunits in fi-

broblasts. QT6 cells
were transiently cotrans-
fected with expression
vectors containing NR1

and GIuR1 cDNAs (A
and B) or transiently
transfected with GIuR6
cDNA (C) (20). Cells
were fixed and stained
with either antibodies to
both NR1 (A) and GIuR1

(B) or antibodies to GIuR6 (C

) and appropriate secondary antibodies conjugated with rhodamine (B) and

fluorescein isothiocyanate (FITC) [(A) and (C)] and visualized by immunofluorescent microscopy (21) The
percentages of transfected cells exhibiting enriched domains of receptor protein were 72 + 8% for NR1,
0% for GluR1, and 0% for GIuR6 (n = 3, >100 cells counted for each experiment). Bar, 10 um.

cassette on the subcellular distribution of the
NR1 subunit, we performed scanning laser
confocal microscopy (24). Serial 1- to 2-pm
optical sections of QT6 cells transfected with
either NR1A or NRIC and stained with an
NR1 antibody revealed a marked difference
in the subcellular location of these two NR1
splice variants. NR1A protein was observed
to be associated with the plasma membrane,
where it was found in discrete stretches (Fig.
2B). Very little NR1A protein was observed
in the interior region of the cell. In contrast,
NRI1C protein was distributed throughout
the entire interior of the cell, excluding the
nucleus (Fig. 2B). These findings suggest
that the CI cassette, which is present in
NRI1A but not NRIC, is responsible for the
targeting or anchoring of NR1A to struc-
tures associated with the plasma membrane,
perhaps through a direct interaction with
cytoskeletal elements or constituents of the
plasma membrane. However, because cell

NR1D

I

N

surface labeling experiments have failed to
reveal quantitative differences between cell
surface NR1A and NR1C, and surface anti-
body staining has as yet been unsuccessful,
we cannot rule out the possibility that the
NR1A-enriched domains might lie just be-
neath the plasma membrane.

The finding that the CI exon cassette was
required for localizing the NR1 subunit to
plasma membrane-associated NR1-enriched
domains, combined with the previous results
that serines contained within the CI exon
cassette are phosphorylated by PKC (18), sug-
gested the possibility that protein phosphory-
lation might also regulate NR1 distribution.
Treatment of NR1A-expressing QT6 cells
with the PKC-activating phorbol ester 12-O-
tetradecanoyl  phorbol-13-acetate  (TPA)
caused rapid disruption of the NRI1A-en-
riched domains, resulting in an altered NR1A
subcellular distribution resembling the normal
distribution seen for NR1C, GluR1, and

Fig. 2. Regulation of NR1 distribution in fibroblasts by alternative splicing. (A) QT6 cells were transiently
transfected with the cDNAs for four different NR1 splice variants (NR1A, NR1C, NR1D, and NR1E) that
differ in the presence or absence of two.exon cassettes (Cl and Cll) in the COOH-terminal region of the
protein [indicated by blue (Cl) and yellow (Cll) boxed regions] (20). Cells were fixed and stained with
antibodies to NR1 that recognize COOH-terminal peptide sequences, along with FITC-conjugated
secondary antibodies, and visualized by immunofluorescent microscopy (27). (B) NR1A- and NR1C-
expressing QT6 cells were fixed and stained with an NR1 antibody and an FITC-conjugated secondary
antibody as in (A), and horizontal optical sections (1 to 2 uwm thick) approximately 2 um above the level of
cell attachment were obtained by scanning laser confocal microscopy (24). The percentages of trans-
fected cells exhibiting enriched domains of receptor protein were 72 + 8% for NR1A, 0% for NR1C, 68
+ 8% for NR1D, and 0% for NR1E (n = 3, >100 cells counted for each experiment). Bar, 10 um.
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GIluR6 (Fig. 3A, top). Mutation of two serines
in the CI exon cassette (S889A and S890A,
where S is Ser and A is Ala), which are
phosphorylated by PKC (18), completely
eliminated the phorbol ester—induced disrup-
tion of the NR1A-enriched domains (Fig. 3A,
middle). However, mutation of two nearby
serines in the CI cassette (S896A and
S897A), which are also phosphorylated by
PKC, had no effect on the phorbol ester—
induced disruption of the NR1-enriched do-
mains (Fig. 3A, bottom).

The finding that PKC phosphorylation of
different serines located just six residues apart
had different effects on the subcellular distri-
bution of NR1 suggests a high degree of spec-
ificity in the interaction or interactions re-
sponsible for the formation of the receptor-

Fig. 3. Regulation of
NR1 distribution by pro-
tein phosphorylation. (A)
QT6 cells were transient-
ly transfected with the
cDNA  for  wild-type
NR1A (top), an NR1A
mutant with Ser (S) at
positions 889 and 890
converted to Ala (A)
(middle), or an NR1A
mutant with Ser at posi-
tions 896 and 897 con-
verted to Ala (bottom)
(20). The cells were
treated for 1 hour with ei-
ther 100 nM TPA (right
panels) or control solu-
tion (left panels) immedi-

rich domains. Scanning laser confocal micros-
copy of NR1A-expressing QT6 cells treated
with either control solution or phorbol ester
showed that TPA treatment induced the rap-
id redistribution of NR1A protein from dis-
crete, concentrated stretches associated with
the plasma membrane to interior regions of
the cell (Fig. 3B) (24). Again, this altered
distribution of NR1A was very similar to the
normal distribution of the NR1C subunit ob-
served in QT6 cells. Moreover, the phorbol
ester—induced redistribution of NR1A protein
was reversible upon washout of the phorbol
ester (25). Our findings thus indicate that
phosphorylation of specific serines contained
in the CI exon cassette can regulate the sub-
cellular distribution of the NR1A subunit.
To determine whether the CI cassette was

NR1A + TPA

ately before fixation and staining with an NR1 antibody and an FITC-conjugated secondary antibody (27).
Stained cells were then visualized by immunofluorescent microscopy (27). Bar, 10 um. (B) NR1A-
expressing QT6 cells treated with either 100 nM TPA (bottom) or control solution (top) were fixed and
stained with an NR1 antibody and an FITC-conjugated secondary antibody as in (A), and horizontal
optical sections (1 to 2 um thick) approximately 1 um above the level of cell attachment were obtained by
scanning laser confocal microscopy (24). Bar, 10 um.

Fig. 4. |dentification of
NR1 sequences suffi-
cient to induce the for-
mation of GluR1-en-
riched domains. QT6
cells were transiently
transfected with the
cDNA for GluR1 (A),
NGIuR1-Cterm (B), or
NGIUR1-(Cl), (C) (20),
and stained with a GluR1
antibody and an FITC-
conjugated secondary antibedy (27). (D and E)
QT-6 cells transiently transfected with either
NGIuR1-Cterm (D) or NGIuR1-(Cl), (E) chimeric
cDNA were treated with 100 nM TPA for 1 hour
immediately before fixation and staining with an
antibody to GluR1 and an FITC-conjugated sec-
ondary antibody. Stained cells were then visual-
ized by immunofluorescent microscopy (27). The
percentages of transfected cells exhibiting en-
riched domains of receptor protein were 0% for
GluR1, 27 = 4% for NGIuR1-Cterm, and 49 + 6%
for NGIuR1-(Cl), (n = 3, >100 cells counted for
each experiment). Bar, 10 um.
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both necessary and sufficient for localizing the
NR1 subunit to receptor-enriched domains,
we constructed GluR1-NR1 chimeric recep-
tors containing NR1 sequences inserted into
the AMPA receptor subunit GluR1 (26). The
first GluR1-NR1 chimera tested, NGluR1-
Cterm, contained the entire NR1 COOH-
terminal region from putative transmembrane
domain IV to the COOH-terminus (amino
acids 834 to 938 of NR1A) inserted into the
COOH-terminal region of GluR1 between
residues 887 and 888. Wild-type GluR1 pro-
tein is normally present throughout trans-
fected QT6 cells, with large amounts of intra-
cellular staining (Fig. 4A). However, transfec-
tion of the NGluR1-Cterm cDNA into QT6
cells followed by fixation and immunofluores-
cent staining with an antibody to GluR1 re-
vealed that the COOH-terminal region of
NR1A was sufficient to induce the formation
of highly concentrated domains of the
NGIuR1-Cterm chimeric receptor (Fig. 4B).

To narrow down the region of NR1 suffi-
cient to induce the formation of GluR1-en-
riched domains, we made a second NRI-
GluR1 chimera containing two copies of the
CI exon cassette of NR1 (amino acids 859 to
902) inserted in series in the COOH-terminal
region of GluR1 between residues 887 and
888 [referred to as NGIuR1-(CI),]. Immu-
nofluorescent staining of QT6 cells expressing
the NGIuR1-(CI), chimera revealed the
characteristic concentrated domains of recep-
tor protein observed with NR1A (Fig. 4C).
Immunoblot analysis of QT6 cell lysates indi-
cated that the GluR1 antibody specifically
recognized wild-type GluR1 and NGIuR1 chi-
meras and that expression levels of the three -
receptors were approximately equal (23). Fur-
thermore, treatment of both NGIuR1-Cterm
(Fig. 4D) and NGIuR1-(CI), (Fig. 4E) ex-
pressing QT6 cells with phorbol ester resulted
in the rapid disruption of the chimeric recep-
tor-rich domains in a manner similar to that
of NR1A. These results demonstrated that the
Cl exon cassette was sufficient to induce
GluR1 to form receptor-enriched subcellular
domains, which were completely disrupted by
treatment with phorbol ester.

NMDA receptors aggregate at synaptic
sites (4, 5) and may associate directly or
indirectly with the cytoskeleton (8, 9). In
addition, neurons in the CNS contain intra-
cellular pools of glutamate receptors, includ-
ing NMDA receptors (3, 4). In this study,
alternative splicing and phosphorylation of
the NR1 subunit of the NMDA receptor
were shown to regulate the subcellular dis-
tribution and plasma membrane association
of NR1 subunits expressed in QT6 quail
fibroblast cells. Alternative splicing and pro-
tein phosphorylation may provide regulatory
mechanisms for control of the distribution of
the NMDA receptor between intracellular
pools and the postsynaptic membrane. In-
deed, the temporal pattern of NR1 splice



variant expression appears to be develop-
mentally regulated, with the CI cassette-
containing splice variants exhibiting in-
creased expression levels around, and imme-
diately after, the time of birth, a time of
intense synaptogenesis in the mammalian
CNS (17). The role of NR2 subunits in the
subcellular localization of NMDA receptors
is unknown. The NR2 subunits contain large
COOH-terminal domains that are likely to
contain additional targeting sequences. Reg-
ulation of the cellular distribution, mem-
brane density, and cytoskeletal interactions
of NMDA receptors at the synapses may
prove to be important processes in both syn-
aptogenesis and in long-term alterations of
synaptic efficiency that underlie synaptic
plasticity.
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Domain Interaction Between NMDA
Receptor Subunits and the Postsynaptic
Density Protein PSD-95

Hans-Christian Kornau, Leslie T. Schenker, Mary B. Kennedy,
Peter H. Seeburg*

The N-methyl-D-aspartate (NMDA) receptor subserves synaptic glutamate-induced trans-
mission and plasticity in central neurons. The yeast two-hybrid system was used to show
that the cytoplasmic tails of NMDA receptor subunits interact with a prominent postsyn-
aptic density protein PSD-95. The second PDZ domain in PSD-95 binds to the seven-
amino acid, COOH-terminal domain containing the terminal tSXV motif (where S is serine,
X is any amino acid, and V is valine) common to NR2 subunits and certain NR1 splice
forms. Transcripts encoding PSD-95 are expressed in a pattern similar to that of NMDA
receptors, and the NR2B subunit co-localizes with PSD-95 in cultured rat hippocampal
neurons. The interaction of these proteins may affect the plasticity of excitatory synapses.

NMDA receptors comprise a family of
ionotropic glutamate receptors (1) with
properties that indicate they have a central
role in synaptic plasticity and memory for-
mation (2). These receptors are formed by
assembly of the principal subunit NR1 (3)
with different modulatory NR2 subunits
(NR2ZA-D) (4). A conspicuous structural
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feature of the NR2 subunits is their extend-
ed, intracellular COOH-terminal sequence
distal to the last transmembrane region (5),
which may anchor the receptors or assemble
a signal-transducing complex for the volt-
age-dependent Ca?" entry through the glu-
tamate-activated ion channel (6). Thus, we
set out to identify intracellular proteins that
bind to the NR2 subunits at synapses.

We used the two-hybrid system (7) to
identify such cellular targets for the COOH-
terminal domain of NR2 subunits. A bait
consisting of the yeast GAL4 DNA binding
domain (amino acids 1 to 147) fused to the
entire COOH-terminal domain (627 amino
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