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Dopamine D1 Activation Potentiates Striatal NMDA
Receptors by Tyrosine Phosphorylation-Dependent
Subunit Trafficking
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Interactions between dopaminergic and glutamatergic afferents in the striatum are essential for motor learning and the regulation of
movement. An important mechanism for these interactions is the ability of dopamine, through D1 receptors, to potentiate NMDA
glutamate receptor function. Here we show that, in striatal neurons, D1 receptor activation leads to rapid trafficking of NMDA receptor
subunits, with increased NR1 and NR2B subunits in dendrites, enhanced coclustering of these subunits with the postsynaptic density
scaffolding molecule postsynaptic density-95, and increased surface expression. The dopamine D1 receptor-mediated NMDA receptor
trafficking is blocked by an inhibitor of tyrosine kinases. Blockers of tyrosine phosphatases also induce NMDA subunit trafficking, but
this effect is nonselective and alters both NR2A- and NR2B-containing receptors. Furthermore, tyrosine phosphatase inhibition leads to
the clustering of tyrosine-phosphorylated NR2B subunit along dendritic shafts. Our findings reveal that D1 receptor activation can
potentiate striatal NMDA subunit function by directly promoting the surface insertion of the receptor complexes. This effect is regulated
by the reciprocal actions of protein tyrosine phosphatases and tyrosine kinases. Modification of these pathways may be a useful thera-
peutic target for Parkinson’s disease and other basal ganglia disorders in which abnormal function of striatal NMDA receptors contrib-
utes to the symptoms of the diseases.
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Introduction
The striatum, the major input structure for the basal ganglia,
receives convergent input from two principal sources: dopami-
nergic afferents from the substantia nigra pars compacta and
glutamatergic afferents from the cerebral cortex. Interactions be-
tween these two types of inputs are a critical mechanism for ac-
quisition of motor learning and regulation of movement (Di Chi-
ara et al., 1994; Chase, 2004). The targets of the excitatory input
from the cortex are the striatal medium spiny projection neurons,
which make up �90% of the cells (Kawaguchi et al., 1995). Exci-
tatory corticostriatal afferents synapse on the heads of the den-
dritic spines of these neurons in which the effects of glutamate are
mediated by both NMDA and non-NMDA glutamate receptors
(Smith et al., 1994; Levine et al., 1996; Cepeda et al., 1998). The
dopaminergic inputs terminate principally on the shafts of the

spines and exert a strong modulatory action on the cortical inputs
(Hersch et al., 1995; Smith et al., 1998).

An important aspect of the striatal dopamine– glutamate in-
teractions is the ability of dopamine receptor activation to mod-
ulate the strength of the corticostriatal synapse. In both striatal
slice preparations and acutely dissociated striatal neurons, dopa-
mine or selective D1 receptor agonists potentiate NMDA receptor
currents (Cepeda et al., 1993, 1998; Levine et al., 1996; Flores-
Hernandez et al., 2002). Dopamine D1 activation is also required
for the induction of striatal long-term potentiation, an NMDA-
dependent form of synaptic plasticity induced by stimulation of
the corticostriatal pathway (Kerr and Wickens, 2001; Centonze et
al., 2003). Several pathways have been implicated in the dopa-
mine D1 receptor regulation of striatal NMDA receptors, includ-
ing intracellular Ca 2� (Liu et al., 2004) and the action of protein
kinase A (PKA), modulated by dopamine and cAMP-regulated
phosphoprotein-32 (DARPP-32) (Flores-Hernandez et al.,
2002), but the molecular mechanism by which D1 activation po-
tentiates NMDA receptor function has not been clearly
identified.

Recent studies have emphasized the importance of intracellu-
lar trafficking and synaptic clustering of NMDA receptor sub-
units as mechanisms to mediate synaptic plasticity (Grosshans et
al., 2002; Wenthold et al., 2003; Snyder et al., 2005). Functional
NMDA receptors are believed to be tetrameric complexes of NR1
and NR2 subunits (Dingeldine et al., 1999; Wenthold et al.,
2003). In the adult rat and human striatum, NR1, NR2A, and
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NR2B are the predominant subunits (Standaert et al., 1994; Ko-
sinski et al., 1998; Dunah et al., 2004). Three distinct components
of NMDA receptor trafficking have been identified, each with
their own regulatory features: (1) synthesis and assembly of re-
ceptor subunits within the endoplasmic reticulum; (2) packaging
and delivery of vesicles containing assembled receptors to spines;
and (3) insertion of receptor complexes into synaptic sites (Car-
roll and Zukin, 2002; Wenthold et al., 2003; Dunah et al., 2004).

In this study, we show that, in striatal neurons, dopamine D1

receptor activation leads specifically to the trafficking and in-
creased surface expression of NR2B-containing receptors. In
contrast, inhibition of tyrosine phosphatases produces traffick-
ing of both NR2A- and NR2B-containing receptors. These results
demonstrate that activation of the dopamine D1 receptors poten-
tiates striatal NMDA receptor function by directly promoting
insertion of the subunits into the surface membrane.

Materials and Methods
Antibodies. Affinity-purified mouse anti-NR2B (Wang et al., 1995) and
guinea pig anti-postsynaptic density-95 (PSD-95) (Wyszynski et al.,
2002) antibodies were described previously. The following antibodies
were obtained from commercial sources: mouse anti-NR1 antibody 54.1
(PharMingen, San Diego, CA); rabbit polyclonal anti-NR2A (Covance
Research Products, Berkeley, CA); rabbit polyclonal N-terminus anti-
NR2B (Zymed, San Francisco, CA); GABAA receptor �2/3 subunit
(Chemicon, Temecula, CA); mouse anti-phosphotyrosine (PY20) and
N-cadherin (Transduction Laboratories, Lexington, KY); rabbit anti-
phosphotyrosine (PY20) (Upstate Biotechnology, Lake Placid, NY); rab-
bit anti-NR2B subunit (phospho-Tyr1472) (Signet Laboratories, Ded-
ham, MA); rabbit anti-NR2B subunit (phospho-Tyr1472) (Imgenex,
Sorrento Valley, CA); rabbit anti-dopamine D1 receptor (Calbiochem,
La Jolla, CA); rabbit anti-dopamine D2 receptor (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA); Alexa Fluor 488-conjugated secondary antibodies
(Invitrogen, Carlsbad, CA); and cyanine 3 (Cy3)-conjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA). The pharma-
cological agents used for treatment of striatal neurons were purchased
from the following sources: genistein (Calbiochem); sodium orthovana-
date (Acros Organics, Fairlawn, NJ); and hydrogen peroxide (Fisher Sci-
entific, Pittsburgh, PA).

Neuron cultures and transfection. Primary striatal cultures were pre-
pared from embryonic day 18 rat brains as described previously (Goslin
and Banker, 1991). Cells were plated on coverslips coated with poly-D-
lysine (30 �g/ml) and laminin (2 �g/ml) at a density of 100,000 per well.
Striatal cultures were grown in Neurobasal medium (Invitrogen) and
supplemented with B27 (Invitrogen), 0.5 mM glutamine, and 12.5 �M

glutamate. At 21 d in vitro (DIV21), striatal neurons were used for the
described studies.

Pharmacological treatments of striatal neurons. The striatal neurons at
DIV21 were treated with pervanadate (sodium orthovanadate) (200 �M)
or genistein (50 �M) in dimethylsulfoxide (DMSO) for the time periods
of 10 or 30 min at 37°C in the incubator. A stock solution of the pervana-
date was prepared as described previously (Dunah et al., 1998). Striatal
neurons at DIV21 were also treated for 10 min with the following pharma-
cological agents: the dopamine D1 receptor agonist SKF-82958 (2,3,4,5,-
tetrahydro-6-chloro-7,8-dihydroxy-1-phenyl-1H-3-benz-azepine hydro-
bromide) (50 �M); the dopamine D2 receptor agonist quinpirole (100
�M); SKF-82958 (50 �M) in the presence of the dopamine D1 receptor
antagonist SCH23390 [R (�)-7-chloro-8-hydroxy-3-methyl-1-phenyl-
2,3,4,5-tetrahydro-1 H-3-benzazepine hydrochloride] (5 �M); and SKF-
82958 (50 �M) in the presence of genistein (50 �M). For control, DMSO
was added to a group of cells and subjected to the same conditions. The
treated striatal neurons were harvested and applied for biochemical ex-
periments, surface labeling, or fixed and used for immunocytochemical
studies.

Immunocytochemistry of striatal neurons. For endogenous protein
staining, striatal neurons were fixed with 4% paraformaldehyde and 4%
sucrose at room temperature or in 100% methanol at �20°C for 10 min,

washed in PBS three times for 5 min at room temperature, and incubated
with primary antibodies in staining buffer (GDB buffer: 30 mM phos-
phate buffer, pH 7.4, containing 0.2% gelatin, 0.5% Triton X-100, and
0.8 M NaCl) overnight at 4°C. Cells were then washed three times in PBS
for 10 min at room temperature. Cells were incubated with secondary
antibody in GDB buffer for 1 h at room temperature, washed three times
in PBS for 10 min, and visualized with Alexa Fluor 488-conjugated sec-
ondary antibody. PSD-95 was stained with anti-PSD-95 antibodies and
visualized with Cy3-conjugated secondary antibody.

Surface labeling of striatal neurons. Surface staining of endogenous
NR2B subunit of NMDA receptors was performed as described previ-
ously (Wyszynski et al., 2002) with minor modifications using antibodies
recognizing extracellular regions of NMDA receptor subunit NR2B
(Zymed) and �2/3 subunit of GABAA receptor (Chemicon). Briefly, stri-
atal neurons were prefixed in 1% paraformaldehyde/4% sucrose at room
temperature for 3 min, washed three times in PBS buffer, and incubated
with primary antibodies (20 �g/ml) in GDB buffer under nonpermeabi-
lizing conditions for 2 h at room temperature. Cells were then washed
three times in PBS and incubated with secondary antibody in GDB buffer
nonpermeabilizing conditions for 1 h, washed three times, and visualized
with Alexa Fluor 488-conjugated secondary antibody.

Surface biotinylation assay. High-density striatal neurons at DIV21
were used for surface biotinylation as described previously (Lin et al.,
2000). Neurons treated with the pharmacological agents described above
were washed three times with ice-cold PBS-plus (PBS containing 2.5 mM

CaCl2 and 1 mM MgCl2 at pH 7.4), and proteins on the surface of the
neurons were biotinylated with 600 �g/ml Sulfo-NHS-SS-Biotin (Pierce,
Rockford, IL) in PBS-plus for 20 min at 4°C. Unreacted Sulfo-NHS-SS-
Biotin was removed by washing with ice-cold 50 mM glycine/PBS-plus
three times and with ice-cold PBS. Cells were lysed with ice-cold lysis
buffer (20 mM sodium phosphate, pH 7.5, 150 mM NaCl, 0.1% SDS, 0.5%
NP-40, and 0.5% sodium deoxycholate) containing protease inhibitors
(1 �g/ml aprotinin, 1 �g/ml leupeptin, and 1 mM PMSF). Biotinylated
surface proteins were isolated using immobilized NeurtrAvidine beads
(Pierce) and immunoblotted using antibodies against NR1, NR2A,
NR2B, PSD-95, N-cadherin, and phosphotyrosine proteins.

Fluorescence lifetime imaging microscopy. Striatal neurons at DIV21
were treated with pervanadate as described above, fixed, and double
immunostained for total phosphotyrosine proteins (PY20) and the
NR2B subunit C-terminus antibody (Wang et al., 1995) to label total
receptors. Fluorescence lifetime imaging microscopy (FLIM) was per-
formed as described previously (Bacskai et al., 2003; Berezovska et al.,
2003). In each experiment, negative controls consisted of neurons im-
munostained with the donor fluorophore (Alexa Fluor 488). A mode-
locked titanium–sapphire laser (Spectra-Physics, Fremont, CA) was used
to generate a 100 fs pulse every 12 ns to excite the fluorophore. Images
were acquired using a Bio-Rad (Hercules, CA) Radiance 2000 multipho-
ton microscope. A high-speed Hamamatsu (Shizouka, Japan) MCP5900
detector and hardware/software from Becker and Hickl (Berlin, Ger-
many) was used to measure fluorescence lifetime on a pixel-by-pixel
basis. Excitation at 800 nm was empirically determined to excite Alexa
Fluor 488 but not Cy3. Donor fluorophor lifetimes were analyzed with
MetaMorph image analysis software (Universal Imaging Corporation,
West Chester, CA) (see below) to calculate within each pixel the interac-
tion with the acceptor fluorophor. Statistical testing was performed by
Student’s t test by Bonferroni’s post hoc correction.

Image analysis and quantification. Confocal images of single- and
double-stained neurons were obtained using a Leica (Nussloch, Ger-
many) 63� (numerical aperture 1.4) objective with sequential acquisi-
tion settings at the resolution of 1024 � 1024 pixels. Each image was a
z-series of 8 –10 images spaced at intervals of �0.5 �m, and the resultant
stack was “flattened” into a single image using a maximum projection.
The confocal microscope settings were kept the same for all scans. All
analysis and quantifications were performed using MetaMorph image
analysis software. Dendrites from treated and control (untreated) cells
were randomly selected and carefully traced, and the average intensity of
fluorescence staining was then determined for the traced regions or the
number of NMDA receptor subunit puncta that colocalized with PSD-95
clusters measured for the traced regions. Intensity measurements are
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expressed in arbitrary units of fluorescence per square area. Blind condi-
tions were used for the acquisition and quantification of images.

Immunoblotting and immunoprecipitation. Homogenates from intact
rat striatum or cultured striatal neurons at DIV21 were prepared and
immunoblotted as described previously (Dunah et al., 2000). For ty-
rosine phosphorylation studies, rat striatum and cultured striatal neuro-
nal homogenates were solubilized and denatured by boiling for 5 min in
1% SDS/TEVP buffer (10 mM Tris-HCl, pH 7.4, 5 mM NaF, 1 mM NaVO4,
50 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA) and precipitated with
anti-phosphotyrosine (PY20) antibody as described previously (Dunah
et al., 1998).

Results
NMDA receptor subunit expression in cultured striatal
neurons recapitulates the pattern in adult striatum
We characterized our cells in culture by staining for DARPP-32, a
phosphoprotein that is highly expressed in the medium spiny
projection neurons that constitute �90% of striatal cells. The
majority (�80%) of the cells were immunopositive for
DARPP-32 (data not shown). We further assayed for dendritic
spines in the cultured striatal neurons by overexpressing green
fluorescent protein to outline neuronal morphology. We ob-
served a moderate number of dendritic spines in most DARPP-
32-immunopositivecells(supplementalFig.1A, availableatwww.
jneurosci.org as supplemental material). The dopamine D1 and
D2 receptors are also expressed in the cultured neurons; these
proteins have a punctate somatodendritic distribution (supple-
mental Fig. 1B,C, available at www.jneurosci.org as supplemen-
tal material), as noted by others (Day et al., 2006; Falk et al.,
2006). Each of the D1 and D2 receptors is expressed by most of the
neurons present in our primary striatal cultures, which differs
from the segregation of these receptors observed in the intact
adult striatum (Hersch et al., 1995; Smith and Kieval, 2000).

The expression of NMDA receptor subunits in cultured stria-
tal neurons at DIV21 was compared with that in adult rat stria-
tum (Fig. 1A). Based on immunoblotting with antibodies specific
for the NMDA subunits, NR1, NR2A, and NR2B proteins are
enriched in both the intact striatum and cultured striatal neurons
(Fig. 1A). PSD-95, a scaffolding protein for the postsynaptic den-
sity that binds to the NMDA class of glutamate receptors, is also
abundant in both striatal tissue and striatal neurons (Fig. 1A). In
striatal neurons in low-density culture at DIV21, the NR1, NR2A,
and NR2B proteins and PSD-95 exhibited immunostaining pat-
terns characterized by fine and bright puncta along dendrites
(Fig. 1B). Some of these puncta appeared to be associated with
dendritic spines, but many appeared to be localized along the
shafts of dendrites. Clusters of the NMDA receptor subunits were
also seen in cell bodies. These patterns are compatible with pre-
vious light microscopic and ultrastructural studies of NMDA re-
ceptors in the brain (Petralia et al., 1994).

Cultured striatal neurons exhibit progressive clustering of
NMDA receptor subunits with components of the
postsynaptic density
Biochemical studies in rat brain have shown that the expression
of NR2A subunit in striatal neurons is low at birth, first becomes
apparent at postnatal day 7, and increases in abundance as the
brain matures. In contrast, NR2B is highly expressed at birth,
remains sustained during postnatal development, and declines at
adulthood. NR1 subunit expression is relatively high at birth and
is sustained during development and at adulthood (Monyer et al.,
1994; Sheng et al., 1994; Wang et al., 1995; Sans et al., 2000). We
investigated the expression and localization of NMDA receptors
in striatal neurons in culture at different ages by costaining the

various subunits with an antibody against PSD-95, a postsynaptic
density marker (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). At DIV7, NR1, NR2A, and NR2B
antibodies showed fine punctate immunostaining in cell bodies
and dendritic shafts of striatal neurons (supplemental Fig. 2a,d,g,
available at www.jneurosci.org as supplemental material). The
NMDA receptor clusters showed only partial colocalization with
PSD-95 puncta at DIV7 (supplemental Fig. 2a,d,g, available at
www.jneurosci.org as supplemental material). At DIV14 (supple-
mental Fig. 2b,e,h, available at www.jneurosci.org as supplemen-
tal material) and DIV21 (supplemental Fig. 2c,f,i, available at
www.jneurosci.org as supplemental material), the clusters for
NR1, NR2A, and NR2B subunits were more concentrated along
dendrites and exhibited more extensive colocalization with PSD-
95. Thus, there was a progression of NMDA receptor clusters
with neuronal maturation, with increasing concentration of sub-
units together with components of the postsynaptic density.

Tyrosine phosphorylation of NMDA receptor subunits in
cultured striatal neurons is regulated by tonically active
phosphatase activity
Protein phosphorylation is an important regulatory mechanism
of glutamate receptor function in the CNS. NMDA receptors
have been shown to be phosphorylated at tyrosine residues in the

Figure 1. Expression of NMDA receptor subunits in cultured striatal neurons. A, Expression of
subunits of NMDA receptors in striatal neurons. Total homogenates (10 �g of protein) from rat
striatum (lane 1) and mature (DIV21) striatal neurons (lane 2) were subjected to SDS-PAGE and
probed for NR1, NR2A, NR2B, and PSD-95 proteins. B, Localization of NMDA receptor subunits in
striatal neurons. Striatal neurons in dissociated culture at DIV21 were labeled for endogenous
NR1, NR2A, and NR2B subunits. Higher magnifications of individual dendritic segments are
shown below each panel. Scale bars: top panels, 80 �m; higher-magnification panels, 8 �m.
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brain (Lau and Huganir, 1995; Rosenblum et al., 1996; Dunah et
al., 1998). In striatal tissues, inhibition of endogenous tyrosine
phosphatases leads to a striking enhancement of phosphorylation
of NMDA receptor subunits, demonstrating the importance of
phosphatases in maintaining homeostasis (Dunah et al., 1998;
Dunah and Standaert, 2001).

To study tyrosine-phosphorylated NMDA receptors in cul-
tured striatal neurons, denatured protein extracts from adult rat
striatum (Fig. 2A, lanes 1, 2) and striatal neurons (Fig. 2A, lanes
3, 4) were precipitated with anti-phosphotyrosine antibody and
immunoblotted for NR2A, NR2B, and NR1 subunits, as well as
for total phosphotyrosine proteins (Fig. 2A, PY). Consistent with
previous reports (Dunah et al., 2000), the NR2A and NR2B sub-
units, but not the NR1 subunit, were tyrosine phosphorylated in
the extracts of striatal tissue (Fig. 2A, lane 2). Tyrosine phosphor-
ylation of NR2A and NR2B, but not NR1, was also detected in
striatal neurons (Fig. 2A, lane 4) but to a lesser extent than that in
the tissues (Fig. 2A, compare lanes 2, 4). Thus, the tyrosine phos-
phorylation of NMDA receptor subunits NR2A and NR2B in
cultured neurons closely resembles that of adult striatum under
nonstimulated conditions.

To test whether interfering with the activity of protein ty-
rosine phosphatases in cultured striatal neurons might alter the
tyrosine phosphorylation levels of NMDA receptors, we treated
mature striatal neurons (DIV21) in culture for 30 min with per-
vanadate (a protein tyrosine phosphatase inhibitor) (Fig. 2A).
Extracts of treated and control (untreated) striatal neurons were
precipitated with anti-phosphotyrosine antibody and probed for
NR2A, NR2B, NR1, and total phosphotyrosine proteins (Fig. 2A,

lanes 3– 6, PY). Compared with control
cells, pervanadate-treated cells exhibited a
robust increase in tyrosine phosphoryla-
tion of NR2A and NR2B subunits (Fig. 2A,
compare lanes 4, 6), and a drastic enhance-
ment in the levels of total phosphotyrosine
proteins that could be observed by both
immunoprecipitation and staining neu-
rons with an anti-phosphotyrosine anti-
body (Fig. 2A, PY, compare lanes 4 and 6,
B). These results demonstrate that the
NMDA receptor NR2A and NR2B sub-
units are tyrosine phosphorylated in cul-
tured striatal neurons and strongly regu-
lated by tonically active protein tyrosine
phosphatases.

Tyrosine phosphorylation regulates the
targeting and localization of NMDA
receptor subunits
Modifications in tyrosine phosphoryla-
tion of the NR2 subunits of NMDA recep-
tors have been observed in several models
of synaptic plasticity (Rostas et al., 1996) as
well as in animal models of Parkinson’s
disease after treatment with dopaminergic
agents (Menegoz et al., 1996; Oh et al.,
1998; Dunah et al., 2000). Taking advan-
tage of the striking effect of inhibition of
protein tyrosine phosphatase activity on
the tyrosine phosphorylation of NMDA
receptors (Fig. 2), we investigated whether
the targeting and localization of subunits
of NMDA receptors in striatal neurons is

regulated by their phosphorylation states. We applied pervana-
date, a tyrosine phosphatase inhibitor, or genistein, a tyrosine
kinase blocker, to mature striatal neurons (DIV21) in culture for
10 or 30 min and double labeled the cells for NR1, NR2A, or
NR2B, and PSD-95 (Fig. 3). We used quantitative morphometric
analysis (Wyszynski et al., 2002; Dunah et al., 2005) to measure
the intensity of staining in neuronal dendrites and the density of
stained clusters along dendrites.

After 10 min of pervanadate treatment, the staining intensity
of NR2A subunits in neuronal dendrites was significantly in-
creased, whereas a longer duration of treatment (30 min) resulted
in marked enhancement in the dendritic staining for NR1, NR2A,
and NR2B (Figs. 3, 4A). In contrast, treatment of striatal neurons
with the tyrosine kinase inhibitor genistein exhibited a general
trend for reduction in the immunofluorescence staining intensi-
ties of NR1, NR2A, and NR2B; this effect was statistically signif-
icant for NR1 at both time points examined and for NR2A at 30
min.

We assayed the targeting of NMDA receptors to postsynaptic
sites by measuring the intensity of NMDA subunit staining in
dendritic regions defined by the presence of PSD-95-positive
clusters (Fig. 3, quantified in Fig. 4B). Treatment with pervana-
date markedly enhanced the association of NR1, NR2A, and
NR2B subunits with PSD-95 clusters at both of the time points
studied (Figs. 3, 4B). In contrast, genistein appeared to decrease
the targeting of NMDA subunits to sites containing PSD-95, an
effect that was statistically significant for NR1 at both time points
and for NR2B at 30 min (Figs. 3, 4B). These results demonstrate
that tyrosine phosphatases and kinases reciprocally modulate the

Figure 2. Tyrosine phosphorylation of NMDA receptor subunits in striatal neurons. A, Tyrosine-phosphorylated NR2A and
NR2B subunits in striatal neurons. SDS extracts of rat striatum and control (untreated; lanes 3, 4) or pervanadate-treated (lanes 5,
6) striatal neurons in culture at DIV21 were immunoprecipitated with anti-phosphotyrosine antibody (PY20). The input (lanes 1,
3, 5) and precipitates (P; lanes 2, 4, 6) were immunoblotted for the NR2A, NR2B, and NR1 subunits and phosphotyrosine (PY)
proteins as indicated. B, Control (untreated, top) and striatal neurons at DIV21 treated with pervanadate (bottom) were stained
for endogenous phosphotyrosine proteins (PY). Higher magnifications of individual dendritic segments are shown below each
panel. Scale bars: top panels, 80 �m; higher-magnification panels, 8 �m.
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localization of NMDA receptors in striatal
neurons and the clustering of subunits
with PSD-95.

Tyrosine phosphorylation promotes the
insertion of NMDA receptor subunits
into plasma membranes
Increased glutamate receptor activity re-
quires not only the clustering of receptors
together with elements of the postsynaptic
density but also incorporation into the
plasma membrane so that the ligand bind-
ing domains are accessible to the extracel-
lular environment. Thus, to directly mea-
sure the effect of pervanadate or genistein
on the surface expression of NMDA recep-
tors, striatal neurons at DIV21 treated with
these pharmacological agents were labeled
with antibodies against the extracellular
region of NR2B (Zymed) (Fig. 5A). Speci-
ficity of the N-terminus polyclonal NR2B
antibody for its cognate subunit was con-
firmed on immunoblots of COS-7 cells
transfected with NR2B, cultured neurons,
and rat brain tissues (data not shown).
Unlike the studies described above, these
experiments were performed in the ab-
sence of cell-permeabilizing agents to keep
the plasma membrane intact. To confirm
the integrity of the cell membranes under
these conditions, we stained for PSD-95
using the same approach and observed no
detectable signal (data not shown).

Using this surface staining methods,
untreated (control) cells stained under
nonpermeabilizing conditions show sur-
face staining for endogenous NR2B in a
punctate pattern that is mostly confined to
the dendrites, without detectable signal in
the cell body (Fig. 5A, Control). This is
quite different from the immunofluores-
cence staining pattern observed using per-
meabilizing conditions, in which NMDA
receptor staining is observed in both den-
drites and cell soma (Fig. 1B). Treatment
with pervanadate strongly increased the
surface labeling for NR2B on striatal neu-
ronal dendrites, measured by either the total
intensity of the signal or counting the num-
ber of NR2B puncta. Genistein, the tyrosine
kinase inhibitor, produced the opposite ef-
fect (Fig. 5A–C).

Because efforts to identify antibodies
that are capable of labeling surface NR1
and NR2A subunits were unsuccessful,
and as a means of confirming the results obtained with the NR2B
antibody, we used a surface biotinylation assay to study the effect
of perturbing tyrosine phosphatase or tyrosine kinase activity on
these subunits (Fig. 5D). Using this approach, we found that
treatment of high-density cultured striatal neurons with pervana-
date significantly increased the surface localization of all three
NMDA receptor subunits relative to control, NR1 (156 � 10%;
p � 0.01), NR2A (144 � 8%; p � 0.01), and NR2B (179 � 6%;

p � 0.001) (Fig. 5D). Conversely, genistein reduced the surface
levels of NR1 (81 � 8%; p � 0.05), NR2A (73 � 9%; p � 0.05),
and NR2B (61 � 6%; p � 0.01) proteins (Fig. 5D). Surface
N-cadherin (positive control), but not PSD-95 (negative con-
trol), was detected with this method, demonstrating specificity of
the biotinylation assay (Fig. 5D). Thus, these data corroborate the
results from immunohistochemical surface labeling experiments
with the NR2B antibody and provide evidence that the surface

Figure 3. Inhibition of protein tyrosine phosphatases and tyrosine kinases modify the localization and clustering of NMDA
receptor subunits. Control (untreated; a– c) and mature striatal neurons at DIV21 were treated with pervanadate (d–f ) or
genistein (g–i) and double labeled for endogenous NR1, NR2A, and NR2B (green) and PSD-95 (red). Higher-magnification panels
show individual dendrite segments, in grayscale for NMDA receptor subunits (top), PSD-95 (middle), and in color for merged green
and red channels (bottom). Scale bars: top panels, 80 �m; higher-magnification panels, 8 �m.
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expression of NR1, NR2A, and NR2B are each modified by pro-
tein phosphatase inhibition.

Nonetheless, these results imply that tyrosine phosphoryla-
tion not only regulates the targeting and clustering of NMDA
receptors but also their insertion into the plasma membrane. The
effect of pervanadate or genistein on the surface expression of
these subunits seems to be relatively specific for the NMDA re-
ceptors because surface GABAA receptors (assayed with antibod-
ies directed against the extracellular domain of the �2/3 subunits)

were not altered by any of these pharma-
cological interventions (data not shown).

Dopamine D1 receptor activation
selectively regulates targeting and
clustering of the NR2B subunit in
cultured striatal neurons
We treated striatal neurons at DIV21 with
the specific dopamine D1 receptor agonist
SKF-82958 (50 �m) for 10 min (Fig. 6)
and assessed the effect on localization, tar-
geting, and clustering of receptor subunits.

Using immunohistochemical staining
of neurons under permeabilizing condi-
tions, we found that treatment with SKF-
82958 markedly increased the intensity of
staining for NR2B in the dendrites of stri-
atal neurons (Fig. 6) and the colocalization
of NR2B with PSD-95-positive clusters
(127 � 6%; p � 0.01) compared with con-
trol. Interestingly, the effect on NR1 inten-
sity (Fig. 6) and colocalization with
PSD-95 (116 � 4%; p � 0.05) was less, and
the D1 agonist had no effect on the inten-
sity (Fig. 6) or colocalization of NR2A with
PSD-95 (NR2A, 104 � 7%). Using the as-
say for surface receptors, performed under
nonpermeabilizing conditions, we ob-
served a similar striking enhancement of
surface NR2B receptor proteins after stim-
ulation with SKF-82958 (Fig. 7A). Com-
pared with the control, treatment with
SKF-82958 significantly increased both
the surface signal intensity (183 � 15%;
p � 0.001) and the number of clusters
(240 � 14.8%; p � 0.0001) of the NR2B
subunit. Analysis of data from individual
neurons demonstrated that D1 stimula-
tion increased the surface expression in the
majority of the neurons present (sup-
plemental Fig. 1D, available at www.
jneurosci.org as supplemental material),
consistent with our observation that most
of the neurons in this culture system ex-
press the D1 receptor protein. We also con-
firmed these results using the surface bioti-
nylation assay, which again demonstrated
selective enhancement of surface NR2B
(182 � 6%; p � 0.001) and NR1 (146 �
4%; p � 0.01) relative to control by the D1

agonist, without any effect on the NR2A
subunit (116 � 7%; p � 0.30). In these
assays, treatment with quinpirole, a spe-
cific dopamine D2 receptor agonist (100

�M), showed no detectable effect on the staining intensity or
targeting of any of the NMDA subunits (Fig. 7B). Moreover, the
SKF-82958-mediated increase in dendritic staining intensity and
targeting of the NR2B subunit was blocked when neurons were
pretreated with either genistein (tyrosine kinase inhibitor) or
with SCH23390, a selective D1 receptor antagonist (Figs. 6A,D,
7B).

These results demonstrate that dopamine D1 receptor activa-
tion produces a rapid trafficking of NMDA receptors containing

Figure 4. Quantitation of immunofluorescence staining intensity and colocalization of NMDA receptors with PSD-95 in
pervanadate- and genistein-treated neurons. A, B, Histograms (mean � SEM) show immunofluorescence staining intensity
(arbitrary units of fluorescence per square area, A), and clusters of NR1, NR2A, and NR2B that colocalized with PSD-95 puncta (B)
in striatal neurons treated with pervanadate or genistein for time periods of 10 and 30 min (experiment depicted in Fig. 4) were
analyzed as described in Materials and Methods. *p � 0.05; **p � 0.01.

Figure 5. Inhibition of tyrosine phosphatase or tyrosine kinase activity alters the surface expression and targeting of striatal
NMDA receptors. A, Striatal neurons at DIV21 were treated with pervanadate or genistein for 30 min and labeled for endogenous
surface NR2B (s-NR2B). Higher-magnification panels show individual dendrite segments in grayscale. Scale bars: top panels, 80
�m; higher-magnification panels, 8 �m. B, C, Quantitation of surface levels of endogenous NR2B in striatal neurons treated with
pervanadate or genistein in A. Histograms (mean � SEM) show surface immunofluorescence staining intensity (arbitrary units of
fluorescence per square area) (B) or number of puncta per 10 �m (C) of NR2B. *p � 0.05; **p � 0.01. D, Surface biotinylation of
NMDA receptors in high-density striatal neuron culture at DIV21 treated with pervanadate or genistein. The biotinylated proteins
were purified, and both the total/input (T) and surface/biotinylated (S) proteins were resolved on SDS-PAGE and immunoblotted
for NR1, NR2A, NR2B, N-cadherin (cadherin), PSD-95, and total phosphotyrosine proteins (PY).
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the NR2B subunit, with increases in both
the total amount of protein present within
dendrites and increased insertion into the
plasma membrane. The ability of genistein
to block the process suggests a require-
ment for a tyrosine kinase in this process.
The effect of dopamine D1 activation,
however, differs from the nonselective in-
hibition of tyrosine kinases produced by
pervanadate in that it enhances surface
NR2B and to a lesser extent NR1, whereas
nonselective tyrosine kinase inhibition in-
creases surface signals for NR1, NR2A, and
NR2B subunits.

Tyrosine-phosphorylated NR2B protein
is clustered in the dendritic shafts
The NR2B subunit is the predominant
phosphotyrosine protein in the postsyn-
aptic density (Kennedy, 1997), and its car-
boxy tail constitutes a potential substrate
for tyrosine phosphorylation-mediated
modulation of NMDA receptor function.
Because the major site for phosphoryla-
tion of NR2B has been identified to be
Tyr1472, which is a substrate for Fyn ty-
rosine kinase (Moon et al., 1994; Suzuki
and Okumura-Noji, 1995; Nakazawa et al.,
2001), we investigated whether stimula-
tion of the dopamine D1 receptor modifies
the phosphorylation of this tyrosine resi-
due. Striatal neurons at DIV21 were
treated with specific dopamine D1 recep-
tor agonist as above and stained with
NR2B antibody against the tyrosine 1472
residue (Fig. 7C). We observed punctate
staining in the dendrites and cell soma
(Fig. 7C). Compared with control cells,
treatment with SKF-82958 increased the
signal intensity of phosphotyrosine 1472 of NR2B (NR2B-
Tyr1472) subunit (152 � 6%; p � 0.001), and this effect was
further confirmed by immunoblotting (Fig. 7D). A similar in-
crease in the intensity of phosphorylation of NR2B at tyrosine
1472 was also seen in pervanadate-treated striatal neurons (data
not shown).

To confirm the localization of tyrosine-phosphorylated NR2B
subunit in intact cells, we applied FLIM, a fluorescence resonance
energy transfer (FRET)-based approach to detect protein–pro-
tein interactions (Fig. 8A, quantified in B). Untreated and
pervanadate-treated striatal neurons at DIV21 were double im-
munostained under permeabilizing conditions for the NR2B
subunit using an antibody to the C terminus (Wang et al., 1995)
and for phosphotyrosine proteins with the anti-phosphotyrosine
antibody; the donor fluorophore (NR2B) was labeled with Alexa
Fluor 488 and the acceptor fluorophore (phosphotyrosine pro-
teins) with Cy3. Proximity of the two fluorophores results in
resonance energy transfer and shortens the fluorescence lifetime
of the donor. We measured the donor lifetime in each image pixel
using a pulsed laser and dual-photon confocal system. For nega-
tive controls, cells stained with only the donor fluorophore (Al-
exa Fluor 488) were used (Fig. 8Aa,Ab).

Using this approach, we detected robust staining for NR2B in
both the soma and dendrites of neurons. In the untreated cells,

only a small proportion of pixels exhibited a shortened donor
lifetime, and these were concentrated along the dendritic regions
(Fig. 8Ad,B), indicating the presence of tyrosine-phosphorylated
NR2B. Treatment of striatal neurons with the phosphatase inhib-
itor pervanadate markedly enhanced the number of pixels with a
short fluorescent lifetime, indicating a large increase in the extent
of tyrosine phosphorylation of the carboxy tail of NR2B. Quan-
titative analysis of the signals in both the soma and the dendrites
revealed that tyrosine-phosphorylated NR2B was increased in
both compartments, but the effect was more than six times
greater in the dendrites than in the soma (Fig. 8Af,B). These data
demonstrate a strong association between tyrosine phosphoryla-
tion of NR2B and dendritic localization of the receptor protein.

Discussion
Dopamine D1 receptor-mediated trafficking of striatal
NMDA receptors
In our studies, we observed a selective effect of dopamine D1

receptor activation on the localization of NMDA subunits in stri-
atal neurons. Treatment with a D1, but not a D2, receptor agonist
leads to increased dendritic localization and surface expression of
NR2B subunit. Dopamine D1 receptor activation induces ty-
rosine phosphorylation of NR2B and causes it to cocluster with
PSD-95, a prerequisite for assembly of NMDA receptors at

Figure 6. The dopamine D1 receptor agonist SKF-82958 enhances the localization and clustering of NMDA receptors. A, Control
(untreated; a, d, g) and striatal neurons at 21 d in vitro were treated with SKF-82958 (b, e, h) or SKF-82958 in the presence of
genistein (c, f, i) and double labeled for endogenous NR1, NR2A, and NR2B (green) and PSD-95 (red). Higher-magnification panels
show individual dendrite segments, in grayscale for NMDA receptor subunits (top), PSD-95 (middle), and in color for merged green
and red channels (bottom). Scale bars: top panels, 80 �m; higher-magnification panels, 8 �m. B–D, Quantitation of immuno-
fluorescence staining intensity of NMDA receptor subunits in neurons treated with SKF-82958 and SKF-82958 plus genistein
(SKF-82958�Genistein). Histograms (mean � SEM) show immunofluorescence staining intensity of NR1, NR2A, and NR2B in
striatal neurons treated with SKF-82958 and SKF-82958 plus genistein (SKF-82958�Genistein). **p � 0.01; ***p � 0.001.
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postsynaptic densities. A modest increase in surface NR1 is also
observed, consistent with the view that coassembly of NR1 and
NR2 subunits is required for cell surface expression of NMDA
receptors (McIlhinney et al., 1998; Wenthold et al., 2003).

Trafficking of NMDA receptors provides a mechanistic basis
for the changes in function of striatal NMDA receptors that are
observed after D1 receptor stimulation. In both striatal slice prep-
arations and dissociated neurons, dopamine or selective D1 acti-
vation potentiates NMDA receptor currents (Cepeda et al., 1993,
1998; Levine et al., 1996; Flores-Hernandez et al., 2002). PKA and
voltage-dependent Ca 2� conductances participate in this inter-
action (Cepeda et al., 1998; Flores-Hernandez et al., 2002). Stud-
ies of the effects of clozapine, which indirectly activates D1 recep-
tors, have implicated both PKA and the Src family of tyrosine
kinases in NMDA receptor potentiation (Wittmann et al., 2005).
The DARPP-32 signaling pathway has been implicated in the
ability of D1 receptor activation to potentiate NMDA currents,
yet genetic deficiency of DARPP-32 reduces but does not elimi-
nate NMDA receptor potentiation, pointing to the importance of
DARPP-32-independent mechanisms (Flores-Hernandez et al.,
2002). We have shown previously that, in intact striatal tissue,
D1-dependent NMDA receptor redistribution is not altered by
genetic deficiency of the DARPP-32 protein (Dunah et al., 2004).

Striatal projection neurons in vivo are densely studded with
dendritic spines, in which PSD-95 and glutamate receptors are
concentrated (Smith et al., 1994; Levine et al., 1996; Cepeda et al.,
1998). In these studies, we used primary cultures of striatal neu-
rons that lack cortical excitatory input, exhibit little spontaneous
activity and form fewer spines than neurons in intact brain or

corticostriatal culture (Segal et al., 2003).
They also exhibit coexpression of D1 and
D2 receptor proteins, which are primarily
segregated in adult brain (Hersch et al.,
1995; Smith and Kieval, 2000), and clus-
tering of PSD-95 and NMDA receptors
both within spines and along dendritic
shafts. Our data suggest that, despite the
less mature phenotype of cultured striatal
neurons, they contain all of the mecha-
nisms required for D1-dependent traffick-
ing and surface localization of NMDA re-
ceptors and that these mechanisms reside
within the postsynaptic structures. We ob-
served that D1 activation increases the to-
tal intensity of the NMDA receptor stain-
ing in dendrites, suggesting trafficking
from the somatic compartment into den-
dritic regions, and increases surface acces-
sibility and colocalization of the subunits
with PSD-95. Because we have not directly
labeled individual subunits, we cannot ex-
clude the alternative possibility that D1 ac-
tivation reduces endocytosis and degrada-
tion of subunits rather than enhancing
insertion into the membrane. It is possible
that both types of effects are important.

Role of tyrosine phosphorylation in
striatal NMDA receptor trafficking
In cultured striatal neurons, inhibition of
tyrosine phosphatases with pervanadate
leads to dramatic alterations in NMDA
subunit localization. In contrast to the ef-

fects of the D1 receptor agonist, the effect of tyrosine phosphatase
inhibition is nonselective and leads to increased NR1, NR2A, and
NR2B in dendritic shafts. Tyrosine phosphatase inhibition also
increases the surface expression of all three NMDA subunits and
enhances their coclustering with PSD-95. Although pervanadate
treatment likely alters the phosphorylation state of many cellular
proteins, a prominent effect is enhanced phosphorylation of
NR2A and NR2B subunits. Reciprocal effects are produced by the
tyrosine kinase inhibitor genistein. These results demonstrate the
pivotal role of tyrosine phosphorylation as a mechanism of reg-
ulating the synaptic localization and clustering of NMDA recep-
tors in striatal neurons.

The drastic effects of tyrosine phosphatase inhibition on stri-
atal NMDA receptor phosphorylation and distribution point to
the importance of a tonically active tyrosine phosphatase in stri-
atal neurons. A candidate for this role is the striatal enriched
phosphatase (STEP), a protein tyrosine phosphatase that is ex-
pressed in striatal neurons and demonstrated to be present in a
complex with NMDA receptors (Boulanger et al., 1995; Pelkey et
al., 2002). This provides a potential mechanistic link between
dopamine D1 receptor activation and enhanced tyrosine phos-
phorylation, because STEP is inhibited by the action of PKA (Paul
et al., 2000).

The NR2B subunit is a substrate of the tyrosine kinases and
phosphatases regulating NMDA receptor trafficking
Several lines of evidence suggest that a key substrate for the reg-
ulation of NMDA receptor trafficking by tyrosine phosphoryla-
tion is the carboxy tail of NR2B subunit, the most abundant

Figure 7. Dopamine D1 receptor activation increases the surface expression and targeting of striatal NMDA receptors. A,
Cultured striatal neurons at DIV21 were treated with the dopamine D1 receptor agonist SKF-82958 and labeled for surface NR2B
(s-NR2B). Higher-magnification panels show individual dendritic segments in grayscale. Scale bars: top panels, 80 �m; higher-
magnification panels, 8 �m. B, Surface biotinylation of NMDA receptors in high-density striatal neurons at DIV21 treated with
SKF-82958 (lanes 3, 4), quinpirole (lanes 5, 6), SKF-82958 plus SCH23390 (lanes 7, 8), and SKF-82958 plus genistein (lanes 9, 10).
The biotinylated proteins were purified, and both the total/input (T) and surface/biotinylated (S) proteins were resolved on
SDS-PAGE and immunoblotted for NR1, NR2A, NR2B, N-cadherin (cadherin), and PSD-95. C, Striatal neurons at 21 d in vitro were
treated with the D1 receptor agonist SKF-82958 and stained for phosphorylation of NR2B at tyrosine 1472 (NR2B-Tyr1472) (Signet
Laboratories). Higher-magnification panels show individual dendritic segments in grayscale. Scale bars: top panels, 80 �m;
higher-magnification panels, 8 �m. D, Immunoreactivity of NR2B-Tyr1472 in striatal neurons. Striatal neurons at DIV21 were
treated with SKF-82958, resolved on SDS-PAGE, and probed for NR2B-Tyr1472 (Imgenex).
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phosphotyrosine protein in the postsynaptic density (Moon et
al., 1994). The major site for tyrosine phosphorylation of NR2B is
Tyr1472, a substrate for the Src family kinase Fyn (Moon et al.,
1994; Suzuki and Okumura-Noji, 1995; Nakazawa et al., 2001).
We showed previously that Fyn knock-out mice lack dopamine
D1-dependent redistribution of striatal NMDA receptors (Dunah
et al., 2004). A scaffolding protein, receptor for activated C
kinase-1, has been shown to link Fyn and NR2B proteins, main-
taining physical approximation and participating in regulation of
NR2B phosphorylation (Yaka et al., 2002). Our results demon-
strate that activation of the D1 receptor enhances phosphoryla-
tion of NR2B at Tyr1472. In addition, Tyr1472 is also a site for
interaction of the clathrin adapter activator protein-2; thus,
phosphorylation of Tyr1472 may promote synaptic stability of
NR2B by preventing clathrin-dependent internalization (Lavez-
zari et al., 2003; Prybylowski et al., 2005).

Our FLIM data further corroborate the importance of NR2B
tyrosine phosphorylation and also reveal the dynamic aspects of
the process. This method has important advantages and disad-
vantages compared with conventional immunocytochemical ap-
proaches to studying phosphoproteins. Antibodies recognizing
phosphorylated subunits can be used for immunohistochemical
localization (Lau and Huganir, 1995; Hall and Soderling, 1997;
Dunah et al., 1998), but it is difficult to demonstrate their speci-
ficity in situ, especially under conditions of nonselective tyrosine
phosphatase inhibition. In contrast, the FLIM method relies on
detecting the physical approximation of two well characterized
antibodies, one on the carboxy tail of NR2B and the other to
phosphotyrosine proteins, producing a signal when the two flu-
orophores are �100 Å apart (Spoelgen et al., 2006). A limitation
of the FLIM method, however, is that it may not distinguish
between direct phosphorylation of NR2B and tyrosine phosphor-
ylation of another protein that interacts with the carboxy tail of
NR2B. Because NR2B is the dominant phosphoprotein found in
the PSD (Moon et al., 1994), it is likely that the majority of the
signal is attributable to direct NR2B phosphorylation.

Using the FLIM method, we found that, under basal condi-
tions, NR2B protein is present in both the neuronal soma and
dendrites, but tyrosine-phosphorylated NR2B was concentrated
in clusters along dendritic shafts. Inhibition of tyrosine phospha-
tases with pervanadate produced a marked enhancement of the
abundance of tyrosine-phosphorylated NR2B with a strong gra-
dient in favor of dendritic, rather than somatic, localization. This
implies that either phosphorylation of NR2B occurs primarily in
the dendrites or phosphorylation in the cell body results in the
rapid translocation of NR2B to dendrites.

Physiological significance of striatal NMDA
receptor trafficking
Dopamine-dependent trafficking of striatal NMDA receptors is
likely important both for physiological regulation of synaptic
strength, such as occurs in motor learning, and in the patholog-
ical state in Parkinson’s disease (Picconi et al., 2005; Pisani et al.,
2005). Experimentally, a major mechanism for strengthening of
corticostriatal connections is long-term potentiation, which re-
quires both NMDA receptor activity and dopaminergic input
(Calabresi et al., 1992; Partridge et al., 2000). In dopamine deple-

4

fluorescence lifetimes (red) in pixels expressed as percentage of total fluorescence lifetimes
(red, green, and blue) in the cell soma (white bars) and dendrites (gray bars) for control and
pervanadate-treated neurons. **p � 0.01; ***p � 0.01.

Figure 8. Inhibition of tyrosine phosphatases enhances the dendritic clustering of tyrosine-
phosphorylated NR2B subunit. A, Pervanadate-treated and untreated striatal neurons at DIV21
were double labeled for the NR2B subunit and phosphotyrosine proteins and subjected to
fluorescence lifetime imaging microscopy analysis as described in Materials and Methods. a, b,
Negative control experiment in which neurons were immunostained with only the donor flu-
orophore (Alexa Fluor 488). c, d, Untreated neurons double labeled for donor (Alexa Fluor 488,
NR2B) and acceptor (Cy3, phosphotyrosine proteins) fluorophores. e, f, Pervanadate-treated
neurons double labeled for donor (Alexa Fluor 488, NR2B) and acceptor (Cy3, phosphotyrosine
proteins) fluorophores. Intensity images of the Alexa Fluor 488 staining for negative control (a),
untreated (c), and pervanadate-treated (e) cells. Color-coded FLIM images of the Alexa Fluor
488 lifetimes of negative control (b), untreated (d), and pervanadate-treated (f ) neurons.
Pseudocolored FLIM images are presented for clarity using discrete colors to designate different
fluorescence lifetimes: red (short lifetimes), between 200 and 1000 ps; green (moderate life-
times), 1001–2000 ps; blue (long lifetimes), 2001–2500 ps. Both red and green denote FRETing
populations (shorter Alexa Fluor 488 lifetime reflects closer NR2B and phosphotyrosine protein
proximity), representing functionally active phospho-NR2B proteins. A population with a ma-
jority of non-FRETing NR2B proteins (longer Alexa Fluor 488 lifetime, NR2B and phosphoty-
rosine protein are far apart) is shown in blue. B, Quantitation of fluorescence lifetimes of FRET-
ing and non-FRETing populations of NR2B proteins. Histograms (mean � SEM) show shorter
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tion that models Parkinson’s disease, NMDA receptors are al-
tered and striatal long-term potentiation is absent (Centonze et
al., 1999). Long-term potentiation can be restored by chronic
dopaminergic treatment, but, in animal models and humans with
Parkinson’s disease, such treatment is associated with the devel-
opment of dyskinesias (Chase, 2004). Dyskinesias can be pre-
vented or attenuated by low doses of NMDA antagonists in ro-
dent models (Hallett and Standaert, 2004). In animal models,
dopamine depletion leads to loss of NR1 and NR2B subunits
from striatal membranes, whereas dyskinetic animals have nor-
malized or increased NMDA receptors in synaptic compartments
(Dunah et al., 2000; Hallett et al., 2005). In these animals, long-
term potentiation is persistent and can no longer be depotenti-
ated by a subsequent low-frequency stimulus (Picconi et al.,
2003). Together, these observations reveal dysregulation of
NMDA receptors in the pathogenesis of parkinsonism and dys-
kinesia (Chase and Oh, 2000; Hallett and Standaert, 2004; Hallett
et al., 2005).

The findings from this investigation demonstrate that a major
mechanism for the dopaminergic modulation of striatal NMDA
receptors is enhanced dendritic localization, clustering, and sur-
face expression of NMDA subunits, regulated by the action of D1

receptors and tyrosine phosphatases and kinases. Because alter-
ations in NMDA receptor function contribute to the clinical fea-
tures of Parkinson’s disease and may underlie the development of
dyskinesias, therapies targeted at interrupting or regulating stri-
atal NMDA receptor trafficking may be useful in the treatment of
Parkinson’s disease.
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