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The dopamine D1-class receptors (D1 and D5) regulate
movement, reward, and learning and are implicated in multiple
neurological and psychiatric conditions (1–3). This dopamine
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receptor class is positively coupled to Gs␣ to regulate the PKA/
DARPP-32/PP1 pathway (4 –7), leading to the regulation of
neuronal excitability, synaptic transmission and plasticity, and
gene expression (8). A key site of action for D1, the predominant subtype of the D1-class receptor, is the dendritic spine of
glutamatergic synapses, where the receptor is especially concentrated. Ultrastructural studies reveal that the majority of D1
receptors are localized postsynaptically in the neck, head, as
well as the postsynaptic density (PSD)2 of medium spiny neurons (9, 10) and cortical pyramidal neurons (11–13). This subcellular specialization thus provides a location where D1 can
modulate the channels and receptors located at spines to control the excitability and synaptic properties of the (glutamatergic) spines. The molecular and cellular mechanisms that regulate D1 targeting and signaling within spines are poorly
understood.
PSD-95 is a prototypical scaffolding protein highly enriched
in the PSD and belongs to the membrane-associated guanylate
kinase family (14). PSD-95 contains three PSD-95, Dlg, ZO-1
homology (PDZ) domains, a Src homology 3 (SH3) domain, and
a guanylate kinase-like (GK) domain, allowing the protein to
interact with a host of proteins of diverse functions, most notably N-methyl-D-aspartate (NMDA) receptors, and regulate the
functional integration of these receptors into the signaling
complexes in PSD (14, 15). Functionally, PSD-95 regulates
NMDA receptor internalization, synaptic transmission and
plasticity and plays essential roles in learning (16 –20).
We previously showed that PSD-95 regulates behavioral
responses to the psychostimulant cocaine in mice (21), suggesting that PSD-95 may play a role in dopaminergic signaling.
Here, we identify a novel interaction between PSD-95 and D1.
We demonstrate that PSD-95, through its NH2 terminus (NT),
induces robust internalization of the otherwise plasma membrane localized D1 receptors in the absence of agonist stimulation, leading to reduced surface D1 expression and diminished
D1 signaling. Consequently, mice lacking PSD-95 exhibits
enhanced behavioral responses to a D1 agonist and the psychostimulant amphetamine. Our studies establish a new molecular
2
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Dopamine D1 receptors play an important role in movement,
reward, and learning and are implicated in a number of neurological and psychiatric disorders. These receptors are concentrated in dendritic spines of neurons, including the spine head
and the postsynaptic density. D1 within spines is thought to
modulate the local channels and receptors to control the excitability and synaptic properties of spines. The molecular mechanisms mediating D1 trafficking, anchorage, and function in
spines remain elusive. Here we show that the synaptic scaffolding protein PSD-95 thought to play a role in stabilizing glutamate receptors in the postsynaptic density, interacts with D1
and regulates its trafficking and function. Interestingly, the
D1-PSD-95 interaction does not require the well characterized
domains of PSD-95 but is mediated by the carboxyl-terminal tail
of D1 and the NH2 terminus of PSD-95, a region that is recognized only recently to participate in protein-protein interaction.
Co-expression of PSD-95 with D1 in mammalian cells inhibits
the D1-mediated cAMP accumulation without altering the total
expression level or the agonist binding properties of the receptor. The diminished D1 signaling is mediated by reduced D1
expression at the cell surface as a consequence of an enhanced
constitutive, dynamin-dependent endocytosis. In addition,
genetically engineered mice lacking PSD-95 show a heightened
behavioral response to either a D1 agonist or the psychostimulant amphetamine. These studies demonstrate a role for a glutamatergic scaffold in dopamine receptor signaling and trafficking and identify a new potential target for the modulation of
abnormal dopaminergic function.

D1 Receptor Interaction with PSD-95
mechanism by which the synaptic delivery of the D1 receptor
and thus dopamine signaling can be regulated locally in spines
and identify a new potential target in abnormal dopaminergic
function.

EXPERIMENTAL PROCEDURES
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Mice and Behavioral Tests—All experiments were conducted
in accordance with the National Institutes of Health guidelines
for the care and use of animals and with an approved animal
protocol from the Harvard Medical Area Standing Committee
on Animals. PSD-95 wild-type (WT) and knock-out (KO) mice
(21) were housed at standard lab conditions (12 h light/dark
cycle) with food and water provided ad libitum.
Locomotion was evaluated using the automated ENV510
activity monitor (Med Associates Inc.). Age-matched mice
were placed in the monitor and their horizontal and vertical
activities were recorded at 4- or 5-min intervals. In each experiment, mice were habituated to the chamber environment and
their activities monitored for up to 60 min. Each of the mice
then received a dose of dopamine agonists or saline and their
locomotor activities were measured for up to 120 min. All injections were performed intraperitoneally.
cDNA Constructs, Cell Culture, and Transfections—The fulllength human dopamine D1 receptor cloned in pcDNA3 and a
green fluorescence protein (GFP) tagged PSD-95 (PSD-95GFP) in GW1 (22) were used to generate various D1 and
PSD-95 constructs. HA-D1 and HA-D1⌬CT lacking amino
acids 334 – 446 were constructed by placing the hemagglutinin
(HA) epitope at the NT of the full-length WT D1 and the truncated D1, respectively. D1-FLAG and D1⌬CT-FLAG were constructed by placing the FLAG epitope at the COOH terminus
(CT) of the full-length and the truncated D1, respectively. PSD95-FLAG and PSD-95⌬NT-FLAG lacking amino acids 1–72
were constructed by placing the FLAG epitope at the CT of the
full-length and the truncated PSD-95, respectively. Constructs
were subcloned into the mammalian expression vector
pcDNA5/FRT/TO (Invitrogen) unless otherwise specified.
GFP-tagged PSD-95 truncation mutants ⌬NT-GFP (lacking
amino acids 1–72), ⌬GK-GFP (lacking amino acids 533–712),
⌬SH3, GK-GFP (lacking amino acids 431–712), and ⌬PDZ1–3,
SH3, GK-GFP (i.e. NT-GFP, lacking amino acids 73–712) were
constructed by deleting the respective amino acid residues or
motif(s) from the full-length PSD-95 and subcloned into the
pEGFP-N2 vector (Clontech) in-frame. The rat dynamin I WT
(Dyn I-WT) and the K44A (Dyn I-K44A) mutant constructs
were described previously (23). All DNA constructs were generated by PCR and sequence verified.
Human embryonic kidney (HEK) 293, HEK293T (collectively referred as HEK293(T)), and HEK293 cells stably expressing the rhesus monkey D1 receptor (D1-stable cells) were cultured in a high glucose Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). Cells were grown to 70 – 80% conflunence
and transfected with 1–10 g of total DNA using TransFectin
(Bio-Rad). E14 rat striatal neurons were grown in Dulbecco’s
modified Eagle’s medium containing 10% heat-inactivated
horse serum, glucose (6.0 mg/ml), 1% penicillin/streptomycin,

and 2 mM glutamine (Invitrogen) for 4 days before subsequent
experiments.
Immunocytochemistry, Confocal Microscopy, and Immunofluorescence Analysis—Cultured HEK293 cells or primary neurons were briefly fixed with freshly made 4% paraformaldehyde.
After three washes with phosphate-buffered saline (PBS), cells
were permeabilized with 0.25% Triton X-100 for 5 min and
blocked with 10% goat serum (in PBS) for 30 min. Cells were
incubated with the following primary antibodies overnight at
4 °C: anti-HA (1:500, Covance), anti-D1 (1:50, a generous gift
from Dr. Allan Levey, Emery University; and from Sigma), antiPSD-95 (1:200, BD Biosciences), and anti-dynamin I (1:100;
Affinity BioReagents). Cells were incubated with appropriate
Alexa Fluor dyes (Invitrogen) at room temperature for up to 1 h
and mounted on glass slides.
To study D1 internalization processes, live cells were incubated with an HA antibody (1:50) at 4 °C for 1 h, washed, and
stimulated with or without SKF81297 (10 M, 30 min, 37 °C).
Cells were fixed and blocked before application of Alexa Fluor
647-conjugated secondary antibody to label surface HA-D1.
The internalized HA-D1 was recognized by an Alexa Fluor 568conjugated secondary antibody after permeabilizing the cells
with 0.25% Triton X-100.
Confocal images were acquired using a Leica confocal microscope. Alexa Fluor 488 (green), Alexa Fluor 568 (red), and Alexa
Fluor 647 (pseudo-colored “blue” as the emission wavelength of
this fluorophore is beyond the sensitivity of human vision) were
measured at the following excitation/emission wavelengths:
488/519, 568/604, and 647/669 nm, respectively. GFP fluorescence was measured directly in fixed cells without involving any
primary and secondary antibody staining using excitation/
emission at 488/508 nm.
For quantification of internalization, the confocal settings for
image acquisition were kept the same for all cells. Each acquired
image file was a stack of 10 images along the z axis. Image stacks
were flattened into a single image using a maximum projection
and analyzed with Metamorph (Universal Imaging Corp.). Surface and internal D1 fluorescence intensities were measured as
the integrated pixel intensities (i.e. total 8-bit intensity values
across all pixels contained in a cell) in the blue and red channels,
respectively. Total D1 fluorescence was determined as the sum
of the surface (blue) and the internal (red) fluorescence intensities. Internalized receptors were operationally defined as
those unambiguously localized inside the cells. These receptors
were selected by tracing the cytoplasm 4 m beneath the cell
surface in the blue channel and transferred to the red channel,
and the red fluorescence intensity was measured as the level of
the internalized receptors. For each cell, the internalization
index was defined as the ratio of the internalized fluorescence
intensity to the total fluorescence intensity.
Subcellular Fractionation—PSD fraction was isolated from
mouse forebrain structures (containing the striatum, hippocampus, and cerebral cortex) according to Carlin et al. (24)
using sucrose density gradient centrifugation. Briefly, brain tissues were homogenized in ice-cold 0.32 M sucrose containing 1
mM Hepes, 1 mM MgCl2, 1 mM NaHCO3 and protease inhibitor
mixture (Roche Applied Science), and centrifuged at 700 ⫻ g
for 10 min (P1). The supernatant was centrifuged at 1300 ⫻ g
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night with lysates of HEK293T cells overexpressing PSD-95GFP or D1-FLAG, or mouse brain extracts, followed by extensive washes with ice-cold PBS containing 0.1% Triton X-100.
The pulled down proteins were resolved by SDS-PAGE and
analyzed by Western blotting.
cAMP Enzyme Immunoassay—D1-stable HEK293 cells were
transiently transfected with mock or PSD-95-GFP cDNA plasmids and split into 24-well plates 12 h after transfection. The
cells were serum-starved for 1 h and stimulated by SKF81297
for 30 min. Whole-cell cAMP concentrations were measured
using the Direct cAMP Enzyme Immunoassay Kit (Sigma) following the manufacturer’s instructions. Optical density was
measured at 405 nm by a microplate reader (PerkinElmer Life
Sciences).
Radioligand Competition Binding—Cells were rinsed, harvested, and homogenized with a Polytron homogenizer in 5 mM
Tris-HCl containing 2 mM EDTA and protease inhibitors and
centrifuged at 3400 ⫻ g for 30 min at 4 °C. The resulting pellet
was resuspended in binding buffer (5 mM Tris containing 8.5
mM Hepes, 120 mM NaCI, 5.4 mM KCl, 1.2 mM CaCl2, 1.2 mM
MgSO4, and 5 mM glucose, pH 7.4) and protein concentrations
were determined by the DC protein assay (Bio-Rad). 200 g of
sample was incubated with 0.4 nM of [3H]SCH23390 (86
Ci/mmol, Amersham Biosciences) in the presence of increasing
concentrations of SKF81297 (10⫺12 to 10⫺4 M) at 4 °C for 2 h.
Nonspecific binding was determined in the presence of 1 M
SCH39166 (25). All experiments were performed in triplicate.
Binding data were analyzed by fitting the data with a sigmoidal
dose-response curve to derive Bmax and IC50 using Graphpad
Prism software.
Cell Surface Biotinylation—Confluent monolayers of
HEK293T cells transfected with HA-D1 in the absence and
presence of PSD-95-GFP co-transfection were washed three
times with PBS and then incubated with gentle agitation for 30
min at 4 °C with 2 ml of 1 mg/ml Sulfo-NHS-SS-biotin (Pierce)
in PBS (pH 7.4). The reaction was quenched by incubating the
cells for an additional 10 min with 50 mM glycine in PBS. Cells
were rinsed twice with a Tris-buffered saline buffer, dissolved
in cold radioimmune precipitation assay buffer, and briefly sonicated. Each sample was divided into two aliquots. One aliquot
was used for isolation of biotinylated proteins after immobilizing them to NeutrAvidin (Pierce). The second aliquot was used
to determine the total proteins. Samples were analyzed by
Western blotting.

RESULTS
PSD-95 Interacts with D1 in Vitro and in Vivo—We first
investigated whether PSD-95 can interact with D1. HEK293T
cells were transfected with PSD-95-GFP, HA-D1, or both.
Immunoblot analysis (Fig. 1A) of whole-cell lysates showed that
PSD-95-GFP was co-precipitated with an anti-HA antibody
only when both proteins were expressed in these cells. Conversely, HA-D1 was co-precipitated with an anti-PSD-95 antibody only when both proteins were expressed, suggesting that
D1 and PSD-95 were closely and specifically associated in these
cells. To investigate whether PSD-95 may associate with D1 in
vivo, we performed immunoprecipitation on protein extracts
prepared from WT and PSD-95 KO mouse forebrain structures
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for 15 min to yield a crude synaptosome and mitochondria (P2).
The P2 pellet was resuspended in ice-cold 0.32 M sucrose containing 1 mM Hepes and 1 mM NaHCO3, loaded onto a sucrose
gradient of 0.85, 1.0, and 1.2 M, and centrifuged at 82,000 ⫻ g for
2 h. The synaptosome fraction isolated between 1.0 and 1.2 M
was centrifuged at 32,800 ⫻ g for 30 min. The resulting pellet
was resuspended and centrifuged at 201,800 ⫻ g for 2 h over a
sucrose gradient of 1.0, 1.5, and 2.0 M. The PSD fraction
between 1.5 and 2.0 M was obtained after centrifugation at
201,800 ⫻ g for 30 min.
Immunoprecipitation and Western Blotting—Mouse forebrain structures were rapidly dissected and homogenized in
ice-cold Tris-HCl (50 mM, pH 7.4) containing protease inhibitor mixture, and centrifuged at 100,000 ⫻ g for 30 min. The
pellet was solubilized in a DOC buffer (50 mM Tris-HCl, pH 9.0,
1% DOC, 1 mM EDTA, 1 mM EGTA and protease inhibitors) at
37 °C for 45 min and centrifuged at 100,000 ⫻ g for 30 min.
Isolated PSD proteins were incubated in the solubilization
buffer (25 mM Tris-HCl, pH 7.5, containing 1% SDS, 68.5 mM
NaCl, 1.35 mM KCl, 2.5 mM EDTA, 2.5 mM EGTA, 25 mM NaF,
50 M Na vanadate, protease inhibitor mixture, and 1 mM dithiothreitol) at 4 °C for 30 min, supplemented with five volumes
of dilution buffer (50 mM Tris-HCl, pH 7.5, containing 2% Triton X-100, 137 mM NaCl, 2.7 mM KCl, 5 mM EDTA, 5 mM
EGTA, 50 mM NaF, 100 M Na vanadate and protease inhibitor
mixture), incubated at 4 °C for an additional 2 h, and centrifuged at 13,000 ⫻ g for 20 min. Transfected HEK293(T) cells
were sonicated in 25 mM Tris-HCl containing 150 mM NaCl, 3
mM KCl, 1 mM EDTA and protease inhibitors and centrifuged at
13,000 ⫻ g for 20 min. The protein extracts of the supernatant
from brain tissues, PSD, or HEK293(T) cells were used in
immunoprecipitation and pulldown assays.
Protein extracts were incubated with an anti-D1 (10 l,
Sigma), an anti-PSD-95 (8 l, BD Biosciences), an anti-HA (5
l, Covance), or an anti-FLAG antibody (5 l, Sigma) at 4 °C
overnight with gentle rotation. Immunocomplexes were captured by protein A/G-agarose (Santa Cruz Biotechnology),
resolved by SDS-PAGE, and transferred to polyvinylidene difluoride membranes. Blots were immunostained with desired primary antibodies and horseradish peroxidase-conjugated secondary antibodies, and immunoreactive signals were detected
with an ECL-based LAS-3000 image system (Fujifilm). Densitometric analysis was carried out within linear range using
ImageGauge (Fujifilm).
Glutathione S-Transferase (GST) Fusion Proteins and Pulldown Assay—The coding sequences of the intracellular loop 2
(IL2, amino acids 117–139), loop 3 (IL3, amino acids 218 –273),
and CT (amino acids 334 – 446) of the D1 receptor and the NT
(amino acids 1–72), PDZ 1 (PDZ1, amino acids 73–167), PDZ 2
(PDZ2, amino acids 168 –320), PDZ 3 (PDZ3, amino acids 321–
430), SH3 (SH3, amino acids 431–532), and GK (GK, amino
acids 533–712) domains of PSD-95 were generated by PCR and
cloned into pGEX4T-1 vector in-frame and verified by automated sequencing. The GST fusion protein production was
induced by 0.5 mM isopropyl-␤-D-thiogalactopyranoside (Promega) for 2 h in BL21 bacterium and immobilized on glutathione-Sepharose 4B-agarose (Amersham Biosciences). Equal
amounts of GST fusion proteins were incubated at 4 °C over-
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(Fig. 1B). A rat monoclonal anti-D1 antibody was able to precipitate PSD-95 in WT but not in KO mice. Similarly, an antiPSD-95 antibody was able to precipitate D1 (Fig. 1B).
Previous studies suggest that PSD-95 is localized primarily in
the PSD of dendritic spines (26). For D1 to interact with PSD-95
in the PSD, the receptor needs to travel to this postsynaptic site
of glutamatergic transmission. Consistent with the electron
microscopic (9, 10) and biochemical (27) studies, we found that
D1 was enriched in the PSD purified from mouse forebrain
structures. The high purity of our isolated PSD fraction was
confirmed by its enrichment of PSD-95, PSD-93, and NMDA
receptor subunits compared with other subcellular fractions,
but the lack of the presynaptic protein synaptophysin (Fig. 1C).
Moreover, D1 co-precipitated with PSD-95 in the purified PSD
(Fig. 1D).
To confirm the immunoprecipitation data, we examined the
subcellular localization of PSD-95 and D1 in cultured striatal
neurons using immunofluorescence confocal microscopy. As
expected, the more diffusive D1 staining co-localized with a
subset of discrete clusters immunopositive to PSD-95 along
neuronal processes (Fig. 1E). Together, these data demonstrate
that PSD-95 interacts with D1 in vivo, possibly in the PSD.
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FIGURE 1. Interaction between D1 and PSD-95. A, D1 interaction with
PSD-95 in HEK293T cells. Cells were transfected with cDNA constructs encoding HA-D1 or PSD-95-GFP or both. Immunoprecipitation (IP) was performed
by incubation of cell lysates with the indicated antibodies followed by immunoblotting (IB). IgG was used as a control in all immunoprecipitation experiments. B, D1 association with PSD-95 in the brain of WT but not PSD-95 KO
mice. DOC-extracted mouse forebrain tissues were immunoprecipitated with
an anti-D1 antibody or an anti-PSD-95 antibody, and the blots were revealed
by PSD-95 and D1 antibodies, respectively. C, subcellular distribution of D1.
Subcellular fractionation was performed on mouse forebrain structures. 40
g of fractionations were loaded to each lane for Western blot analysis. D1
was particularly enriched in the PSD (one Triton) fraction compared with total
homogenates (H), nuclear fraction (P1), the crude synaptosome (P2), and synaptosome (SSM). D, D1 association with PSD-95 in the PSD. Solubilized PSD
was immunoprecipitated with an anti-D1 antibody, and the blot was revealed
by an antibody against PSD-95. E, D1 co-localized with PSD-95 clusters in
processes of cultured striatal neurons.

Interaction between PSD-95 and D1 Receptors through the
PSD-95 NH2 Terminus and the D1 COOH Terminus—We next
mapped the protein domains on PSD-95 and D1 that mediate
their interaction using recombinant GST affinity purification
assays (Fig. 2, A–D). The intracellular loops and carboxyl tail of
D1 contain putative protein-protein interaction domains
important for intracellular signaling (28 –30). Several domains
of PSD-95, including the PDZs, the SH3, and the GK, are well
characterized protein-protein interaction motifs (14). Recently,
the NT of PSD-95, a region not previously known to be involved
in protein-protein interaction, has been shown to interact with
Src (31). GST fusion proteins encoding the various domains of
D1 and PSD-95 were constructed (Fig. 2, A and B) and used as
baits to precipitate associated proteins. Incubation of GST,
GST-D1-IL2, GST-D1-IL3, or GST-D1-CT fusion proteins
with PSD-95-GFP-expressing HEK293T lysates revealed a copurification of PSD-95 and GST-D1-CT only. To our surprise,
GST-PSD-95-NT, but not other GST-PSD-95 fusion proteins
or GST alone, could precipitate solubilized D1 from HEK293T
cells expressing the FLAG-tagged D1 (D1-FLAG). These data
show that the D1 CT and the PSD-95 NT may mediate the
interaction between these proteins.
To investigate whether the D1 CT and the PSD-95 NT are
responsible for D1-PSD-95 interaction in the brain, we performed GST pulldown assays on brain protein extracts using
the above GST fusion proteins. GST-D1-CT, but not other
GST-D1 fusion proteins or GST alone, was able to pull down
PSD-95 from mouse forebrain extracts (Fig. 2C). Similarly,
GST-PSD-95-NT, but not other GST-PSD-95 fusion proteins
or GST alone, was able to pull down D1 from brain extracts (Fig.
2D). These data support our finding that the D1 CT and the
PSD-95 NT may mediate the interaction seen between these
two proteins in the brain.
To further confirm the interaction domains involved, we
generated truncation mutants that lack the PSD-95 NT or the
D1 CT. Immunoprecipitation analysis in HEK293T cells demonstrated that these mutations completely abolished the interaction between PSD-95 and D1 (Fig. 2, E and F). Thus, we conclude that the interaction between PSD-95 and D1 is mediated
by PSD-95 NT and D1 CT.
PSD-95 Inhibits D1-mediated cAMP Production—We investigated how PSD-95 may regulate D1 function by measuring
D1-mediated cAMP production in response to agonist stimulation in a HEK293 cell line stably expressing the rhesus
macaque dopamine D1 receptor that shares all but two amino
acid residues with its human homolog (referred as D1 stable
cells) (Fig. 3). Basal cAMP levels were minimally detectable in
these cells in the absence of agonist stimulation. However, stimulation of D1 by the full agonist SKF81297 (10 M) produced a
robust accumulation of cAMP in these cells (Fig. 3A). This
effect was blocked by the D1 antagonist SCH23390, suggesting
that the cAMP accumulation was mediated specifically by D1.
Overexpression of PSD-95-GFP in these cells significantly
inhibited the SKF81297-induced whole-cell cAMP accumulation (Fig. 3A). To evaluate whether PSD-95 overexpression may
alter the ability of SKF81297 to stimulate cAMP production, we
determined the dose-response curve of cAMP production in
response to increasing concentrations of SKF81297 (Fig. 3B).
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co-expression was not due to a
decrease in the whole-cell levels of
the receptor or altered D1 pharmacological properties.
PSD-95 Reduces Surface but
Increases Intracellular D1 Expression—One mechanism by which
PSD-95 inhibits D1 signaling is to
reduce the surface expression of
the receptor. To examine this possibility, we performed surface
biotinylation experiments using
Sulfo-NHS-SS-biotin on HEK293T
cells transfected with an extracellularlly tagged HA-D1 and PSD-95GFP or the HA-D1 and an empty
vector (Fig. 4, A and B). Sulfo-NHSSS-biotin binds to free amino
groups of proteins and, because it is
membrane impermeable, can be
used to distinguish between cell surface and intracellular proteins.
Membrane-bound proteins labeled
with Sulfo-NHS-SS-biotin were isolated with NeutrAvidin beads and
analyzed by Western blotting using
an anti-HA antibody. Total levels of
D1 receptors expressed in these
cells were determined by Western
blotting on whole-cell lysates. We
found that the expression of D1 on
the cell membrane was decreased
FIGURE 2. Domain mapping of D1-PSD-95 interaction. A, D1 CT binds PSD-95 in HEK293T cells. A1, schematic when PSD-95 was co-expressed. In
diagram showing D1 domain structures. A2, GST-D1-CT, but not GST-D1-IL2, GST-D1-IL3, or GST alone, was able contrast, total D1 levels were similar
to precipitate PSD-95 from HEK293T cells overexpressing PSD-95-GFP. GST fusion proteins used in the pull- in cells expressing D1 and cells
down assays are shown at the bottom. B, PSD-95 NT binds D1 in HEK293T cells. B1, PSD-95 domain structures.
B2, GST-PSD-95-NT, but not other GST-PSD-95 fusion proteins or GST alone, was able to precipitate D1 from expressing both D1 and PSD-95
HEK293T cells overexpressing D1-FLAG. C, GST-D1-CT, but not other GST-D1 fusion proteins or GST, alone was (Fig. 4, A and B).
able to precipitate PSD-95 from mouse forebrain extracts. D, GST-PSD-95-NT, but not other GST-PSD-95 fusion
The selective reduction of the
proteins or GST alone, was able to precipitate D1 from mouse forebrain extracts. The GST fusion proteins shown
above were used to precipitate brain extracts. E, the D1 truncation mutant D1⌬CT-FLAG failed to interact with surface, but not the total, D1 expresPSD-95 in HEK293T cells. Cells were transfected with cDNAs encoding PSD-95-GFP and D1-FLAG or D1⌬CT- sion by PSD-95 suggests that
FLAG. F, the PSD-95 truncation mutant PSD-95⌬NT-FLAG failed to interact with HA-D1 in HEK293T cells. Cells
were transfected with cDNAs encoding HA-D1 and PSD-95-FLAG or PSD-95⌬NT-FLAG. Expression of the trun- PSD-95 should increase the intracated PSD-95, compared with the full-length protein, in the cells are shown at the bottom. IP, immunoprecipi- cellular localization of D1. To
tation. IB, immunoblotting.
directly test this, we examined the
subcellular localization of D1 recepPSD-95 co-expression decreased the maximal cAMP levels tors in D1 stable cells in the presence and the absence of PSD(Bmax) induced by saturating doses of SKF81297 but did not 95-GFP overexpression. Consistent with previous reports (29,
significantly alter the EC50 of SKF81297 (D1 stable ⫹ mock: 32), the stably expressing D1 receptors were predominantly
4.95 ⫾ 0.64 ⫻ 10⫺8 M; D1 stable ⫹ PSD-95: 4.45 ⫾ 1.41 ⫻ 10⫺8 localized on the plasma membrane (Fig. 4C). The overexpressed PSD-95 co-localized with the stably expressed D1
M; p ⫽ 0.72, Student’s t tests).
To test whether PSD-95 may modulate the agonist binding receptors at the plasma membrane and, to a lesser extent, in the
properties of the D1 receptor, radioligand competition binding cytosol (Fig. 4C). Significantly, co-expression with PSD-95
experiments were performed to quantify the number as well as resulted in a redistribution of D1 receptors evident by the subagonist binding parameters of D1 in both mock- and PSD-95- stantially increased levels of intracellular D1. Together, our
GFP-transfected D1 stable cells using the ligand [3H]SCH23390 data suggest that PSD-95 diminishes surface D1 expression by
and increasing concentrations of SKF81297 (Fig. 3C). PSD-95 promoting the internalization of D1 receptors.
PSD-95 Facilitates Constitutive D1 Internalization—We
overexpression had no effect on either the total number of D1
receptors expressed or the IC50 of SKF81297 (Fig. 3D). These next investigated whether the increased intracellular D1 localresults indicate that the inhibition of D1 activity by PSD-95 ization in PSD-95 co-expressing cells may be due to an
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degrees of D1 internalization in the
presence and absence of PSD-95 coexpression in these cells (Fig. 5C). It
is interesting to note that, while the
agonist stimulation caused a large
portion (⬃40% induced compared
with ⬃5% basal) of surface D1
receptors to internalize in cells
transfected with HA-D1 alone, the
same stimulation only induced an
additional 15% (45% induced compared with 30% basal) of D1 receptors to internalize in cells overexpressing both HA-D1 and PSD-95GFP. Thus, the constitutive and
agonist-induced endocytic processes may act on the same pool of
surface receptors, and PSD-95 may
be a regulatory component of the
agonist-induced D1 endocytosis
pathway.
PSD-95 NT Mediates Constitutive
FIGURE 3. Inhibition of D1-mediated cAMP accumulation by PSD-95. A, PSD-95 co-expression diminishes
SKF81297-induced cAMP accumulation in D1 stable HEK293 cells. PSD-95-GFP- or mock-transfected cells were D1 Internalization—To investigate
treated with saline or SKF81297 (10 M) in the presence or absence of SCH23390 (10 M) for 30 min. cAMP
accumulation was measured with an enzyme immunoassay. **, p ⬍ 0.01, Student’s t test. B, dose-response whether the D1-PSD-95 interaction
curves of cAMP production in mock- or PSD-95-GFP-transfected D1 stable cells. Cells were stimulated with mediated by PSD-95 NT was
increasing concentrations of SKF81297 for 30 min. The maximum cAMP accumulation (Bmax) was reduced by responsible for the constitutive D1
PSD-95 co-expression. C, unaltered competition binding curves for mock- or PSD-95-GFP-transfected D1 stable
cells. D, PSD-95 co-expression did not alter IC50 or the total binding determined at the saturating doses. The internalization, we generated a
data represent the mean ⫾ S.E. of three independent experiments. Competition binding experiments were series
of PSD-95 truncation
carried out using 400 pM [3H]SCH23390 and nine concentrations of competing SKF81297 ranging from 1 pM to
mutants
and analyzed their effects
100 M. Each data point represents the mean ⫾ S.E. of three replications. All experiments were repeated at least
on constitutive D1 internalization
three times with essentially identical results.
in co-transfected HEK293 cells (Fig.
enhanced constitutive endocytosis of D1. We specifically 6). Removing the GK and SH3-GK domains of PSD-95 (Fig. 6A)
labeled the surface D1 receptors with an anti-HA antibody and still induced robust constitutive D1 internalization not distinfollowed the internalization of these receptor-antibody com- guishable from that induced by the full-length PSD-95. In conplexes in live cells for 30 min (Fig. 5). The unique extracellular trast, deletion of PSD-95 NT completely abolished the PSD-95
position of the HA epitope at the NH2 terminus of D1 allowed induced constitutive D1 internalization. Significantly, PSD-95
the labeling of the surface receptors under non-permeabilized NT, the 72-amino acid peptide alone in the absence of the three
or live conditions followed by intracellular staining under per- PDZ, SH3, and GK domains, while displaying altered subcellumeabilized conditions for the same cell. We observed that, lar distribution compared with the full-length PSD-95, retained
when expressed alone, HA-D1 displayed little constitutive the full potential in inducing constitutive D1 endocytosis (Fig.
endocytosis, consistent with previous reports (32). In contrast, 6, B and C). These data demonstrate that the constitutive D1
robust D1 internalization occurred in cells co-expressing D1 internalization in cells expressing both D1 and PSD-95 is
and PSD-95 (Fig. 5A), suggesting that PSD-95 promotes the entirely mediated by PSD-95 NT, with little contribution from
other regions of the protein.
constitutive endocytosis of D1 receptors.
PSD-95 Promotion of Constitutive D1 Internalization is
Agonist-stimulated receptor internalization, a process in
which activated receptors move from the cell surface into intra- Dynamin-dependent—D1 is known to internalize via the
cellular vesicles, is a common feature of G protein-coupled dynamin-dependent, clathrin-coated vesicle-mediated endoreceptors important for regulation of the receptor responsive- cytic pathway (32). Dynamin, a GTPase, catalyzes the GTP-deness (33). D1 undergoes agonist-dependent internalization (32, pendent pinching off of endocytic vesicles from the plasma
34, 35) mediated by residues in the carboxyl tail (36). Because membrane (37, 38). The Lys-44 dynamin mutants defective in
PSD-95 selectively binds the D1 CT, we examined the degree to GTPase activity can block endogenous dynamin function and
which co-expression of PSD-95 with D1 might affect the ago- inhibit clathrin-dependent endocytosis in many cell types (39),
nist-induced D1 internalization process. In agreement with thus these dominant negative mutants serve as powerful tools
previous reports (32, 34, 35), SKF81297 induced robust D1 in determining whether a process is dynamin-dependent. We
internalization in HA-D1 transfected HEK293 cells (Fig. 5B) or investigated whether the PSD-95-elicited constitutive D1 interD1 stable cells (data not shown), regardless of the PSD-95 over- nalization was mediated by the dynamin-dependent endocytic
expression. Quantification of the SKF81297-induced D1 inter- pathway in HEK293 cells (Fig. 7). Consistent with previous
nalization in HA-D1 transfected HEK293 cells indicated similar studies, the neuronal isoform dynamin I (40) was not detectable
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in HEK293 cells (data not shown), which presumably express
the ubiquitous dynamin II as the endogenous dynamin (41).
Transfection of the WT (Dyn I-WT) and the dominant negative
K44A mutant (Dyn I-K44A) of dynamin I constructs (23)
resulted in their expression in HEK293 cells (Fig. 7A). Co-expression of Dyn I-WT in cells expressing HA-D1 and PSD-95GFP did not affect the intracellular localization of D1 in these
cells. However, Dyn I-K44A overexpression abolished the constitutive D1 endocytosis, as D1 receptors remained associated
with the plasma membrane in these cells.
To quantify the effect of K44A on D1 endocytosis, we performed a series of experiments on HA-D1-expressing or
HA-D1/PSD-95-GFP-co-expressing cells in the presence or
absence of Dyn I-WT or Dyn I-K44A co-transfection using the
above D1 internalization assay. In the absence of Dyn I-WT or
Dyn I-K44A transfection, D1 showed little constitutive endocytosis in HA-D1 expressing cells but displayed robust constitutive internalization when PSD-95 is present, and SKF81297
stimulation induced D1 internalization regardless of PSD-95
overexpression (Fig. 7B; also see Figs. 5 and 6). Overexpression
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FIGURE 5. PSD-95 promotes constitutive D1 internalization in HEK293
cells. A, constitutive D1 endocytosis in HEK293 cells. B, SKF81297-stimulated
D1 endocytosis in HEK293 cells. C, quantification of constitutive and agonistinduced D1 internalization. HEK293 cells were transfected with cDNAs encoding HA-D1 in the presence or absence of PSD-95-GFP co-transfection. Surface
receptors were live-conjugated with an anti-HA antibody and were allowed
for endocytosis (37 °C, 30 min) in the absence or presence of SKF81297 (10
M), and processed for differential staining of remaining surface (before permeabilization) and internalized (after permeabilization) receptors. Internalization index, defined as the ratio of internalized to total fluorescence intensities, was presented as mean ⫾ S.E. for 15 cells in each condition. **, p ⬍ 0.01;
***, p ⬍ 0.0001 versus controls, Student’s t tests.

of Dyn I-WT (Fig. 7, C and E) only slightly affected the constitutive and agonist-induced D1 internalization profiles compared with the no Dyn I transfection control. In contrast, overexpression of Dyn I-K44A (Fig. 7, D and E) essentially blocked
the agonist-induced D1 internalization and the PSD-95-induced constitutive D1 internalization, compared with the noDyn I (Fig. 7B) or the Dyn I-WT (Fig. 7C) controls. It is worthy
noting that our D1 internalization assay precluded a simultaneous monitoring of the dynamin I expression with the surface
VOLUME 282 • NUMBER 21 • MAY 25, 2007
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FIGURE 4. PSD-95 reduces D1 surface expression and promotes intracellular D1 localization. A, reduced surface D1 expression by PSD-95. Cell surface biotinylation experiments were performed on HEK293T cells transiently
trancfected with HA-D1 and an empty vector or HA-D1 and PSD-95-GFP. Biotin-labeled surface D1 and total D1 were analyzed by Western blots. B, quantification of surface and total D1 levels. Mean ⫾ S.E. represents three independent experiments. *, p ⬍ 0.05, Student’s t test. C, increased presence of
intracellular D1 in PSD-95-GFP co-expressing cells. D1 stable HEK293 cells
were transiently transfected with a mock vector or PSD-95-GFP. Following
immunostaining, fluorescence was visualized by confocal microscopy. For
this and the following figures, confocal images shown were single focal plane
scannings through the middle of cells.
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D1, internal D1, and PSD-95 expression in the same cells, thus
the expression level of transfected Dyn I-K44A in individual
cells could not be confirmed. However, our independent experiments evaluating the transfection efficiency of dynamin I suggest that greater than 85% of cells expressed the transfected
constructs at significant levels (data not shown). Thus, our
quantitative analysis based on a large number of randomly sampled cells (Fig. 7E) represents an underestimate of the K44A
effect on D1 internalization. Taken together, these data demonstrate that PSD-95 promotes D1 internalization through a
dynamin-dependent mechanism.
Enhanced Behavioral Responses to D1 Agonists in PSD-95 KO
Mice—To explore the in vivo physiological significance of
PSD-95 regulation of the D1 receptor, we analyzed D1-mediated behaviors in mice deficient in PSD-95 (Fig. 8). Locomotor
activation in response to the selective D1 agonist SKF81297 was
compared between WT and PSD-95 KO mice. Consistent with
our previous report (21), PSD-95 KO mice displayed reduced
locomotor activity in the open field (Fig. 8, A–C). However,
administration of SKF81297 at 3 and 4 mg/kg (intraperitoneal)
MAY 25, 2007 • VOLUME 282 • NUMBER 21

elicited substantially larger and more prolonged locomotor
activation in PSD-95 KO mice at both doses compared with
their WT littermates (Fig. 8, A, B, and D).
To evaluate the impact of PSD-95 deletion on the overall
responsiveness of dopamine system to dopamine, we tested the
locomotor responses to the psychostimulant amphetamine, an
indirect dopamine agonist that raises extracellular dopamine
levels, in WT and PSD-95 KO mice. Amphetamine (3 mg/kg,
intraperitoneal) elicited substantial locomotor activation in
WT mice (Fig. 8C). Notably, PSD-95 KO littermates displayed a
robust prolongation and marked enhancement in their locomotor responses to amphetamine. Taken together, our data
define an inhibitory role for PSD-95 in D1 function and establish an important role for PSD-95 in mediating the locomotor
stimulant effects of both amphetamine (this study) and cocaine
(21).

DISCUSSION
The dopamine D1 receptor plays essential roles in reward,
working memory, and motor coordination and altered D1 funcJOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. PSD-95 promotes constitutive D1 internalization via PSD-95 NT. A, diagrams illustrating PSD-95 truncation constructs. B, deletion of PSD-95 NT,
but not other motifs, abolished the constitutive D1 internalization in HEK293 cells. Note that the GFP-tagged NH2-terminal domain (NT-GFP) by itself is
sufficient in inducing constitutive D1 internalization when co-expressed with HA-D1 in HEK293 cells. C, summary graph showing the effects of overexpressing
the various PSD-95 constructs on D1 internalization. HEK293 cells were transfected with HA-D1 or HA-D1 and the various PSD-95 constructs. Receptor
internalization was performed and quantified as in Fig. 5. Data were presented as mean ⫾ S.E. (n ⫽ 15–17 cells for each group). ***, p ⬍ 0.0001 versus control,
Student’s t tests.
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FIGURE 7. PSD-95-mediated constitutive D1 internalization is dynamin-dependent. A, representative images showing that overexpression of Dyn I-K44A,
but not Dyn I-WT, abolished the intracellular D1 localization in HEK293 cells co-expressing HA-D1 and PSD-95-GFP. B, constitutive and SKF81297-stimulated D1
internalization in HEK293 cells expressing HA-D1 or HA-D1/PSD-95-GFP. Sur., surface; Inter., internalized. C, overall lack of effect of Dyn I-WT overexpression on
the constitutive and stimulated D1 internalization in HEK293 cells. D, Dyn I-K44A overexpression abolished the constitutive and stimulated D1 internalization
in HEK293 cells. E, summary of K44A effect on D1 internalization from (B–D). HEK293 cells were transfected with combinations of cDNAs encoding HA-D1,
PSD-95-GFP, Dyn I-WT, or Dyn I-K44A. Receptor internalization shown in B–E was performed and quantified as in Fig. 5. Data were presented as mean ⫾ S.E. (n ⫽
15– 41 cells for each group). **, p ⬍ 0.01; ***, p ⬍ 0.0001 versus corresponding Dyn I-WT transfection controls; ###, p ⬍ 0.0001 versus corresponding no Dyn I
transfection controls, Student’s t tests.
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are believed to result from the PDZ
interaction-dependent stabilization
of these receptors at the cell surface.
In this regard, our finding that
PSD-95 facilitates, rather than hinders, D1 internalization, which is
likely mediated by a novel (see
below) NH2 terminus-dependent
interaction, demonstrates a previously unrecognized role for PSD-95
in receptor trafficking. In the
absence of agonists, D1 undergoes
little internalization (32). However,
upon agonist binding, D1 is quickly
internalized following the classical
G protein-coupled receptor endocytic pathway (33) that involves
receptor phosphorylation by G protein-coupled receptor kinases, ␤-arrestin-mediated recruitments of
clathrin and the AP-2 complex to
FIGURE 8. Enhanced D1-mediated behavioral responses in PSD-95 KO mice. A and B, time courses of the
effect of SKF81297 (3 and 4 mg/kg, intraperitoneal) on locomotion, measured as the distance traveled. C, time activated receptors, and subsequent
courses of the effect of amphetamine (3 mg/kg, intraperitoneal) on locomotion. D, quantification of total clathrin-mediated endocytosis. The
distance traveled by the mice for 60 min after SKF81297 (45–105 min) and amphetamine (120 –180 min)
administration. PSD-95 KO and WT littermates (n ⫽ 6) were habituated in a locomotor activity monitor for 60 mechanisms of the PSD-95-promin or until the mice were fully habituated. The mice were then injected (arrows) with dopamine receptor moted, dynamin-dependent constiagonists at the doses indicated. Horizontal activity, measured as the distance traveled, was continuously tutive D1 endocytosis are unknown
recorded in blocks of 4 or 5 min. All data are mean ⫾ S.E. *, p ⬍ 0.05 versus WT mice, Student’s t test.
but may conceivably involve regulation of one or more steps of this
tions are implicated in addiction, schizophrenia, and neurode- pathway at the plasma membrane. Future studies will also be
generative disorders (1–3). In this study we provide evidence needed to test whether PSD-95 may retard receptor trafficking
that D1 interacts in vitro and in vivo with PSD-95, a postsynap- to the cell surface, perhaps by associating with newly synthetic scaffolding protein involved in synaptic plasticity and learn- sized receptors.
Despite the mounting evidence of D1 enrichment in the dening. The interaction is mediated by the COOH-terminal tail of
D1 and the NH2 terminus of PSD-95. PSD-95 regulates the dritic spines (9 –13) and the identifications of a number of
surface expression and the intracellular trafficking of D1 via a D1-interacting proteins that include NMDA receptor subunits
dynamin-dependent process and inhibits D1-mediated signal- (27, 30), calcyon (28), DRiP78 (45), and neurofilament-M (29),
ing in mammalian cells. When PSD-95 is deleted in mice, the molecular processes mediating the targeting, anchoring,
D1-mediated behavioral responses are enhanced in the mutant and signaling of D1 within spines remain elusive. Our findings
animals. Our studies identify a novel molecular mechanism by that D1 associates with PSD-95, a signature postsynaptic scafwhich dopamine signaling in dendritic spines and glutamater- fold in the PSD and dendritic spines, and that PSD-95 can regulate D1 endocytosis and signaling, suggest a mechanism that
gic synapses can be regulated.
The inhibition of D1-mediated cAMP accumulation by may mediate D1 trafficking and function within spines. PreviPSD-95 co-expression is likely mediated by a reduced surface ous studies show that the NR1 and NR2A type NMDA recepD1 expression, rather than an altered pharmacological profile tors may be required for the targeting of D1 to the cell surface in
of the receptor to ligands. Consistent with this interpretation, vitro (27). Additionally, the association of PSD-95 with NMDA
the decrease (Fig. 4B) of surface D1 receptors when co-ex- receptors and the functional significance of these PDZ-medipressed with PSD-95 is sufficient to account for the decrease ated interactions have been well demonstrated (46, 47). Thus, a
(Fig. 3, A and B) of D1-mediated maximum cAMP production tertiary protein complex of D1-NMDA receptor-PSD-95 may
under similar transfection conditions. However, we cannot rule exist in the brain that plays a role in the sorting and synaptic
out the possibility that PSD-95 may regulate G protein coupling delivery of D1 within spines.
Emerging evidence reveals a positive feedback loop between
to the receptor leading to cAMP production and/or uncoupling
from activated receptor resulting in desensitization. For exam- the NMDA receptor and D1 (48), both of which are concenple, recent evidence suggests that PSD-95 interacts with a G␥ trated in the heads and PSDs of spines, where most of the glutamatergic synapses are formed. Specifically, D1 activation
subunit and may affect G protein signaling (42).
Previous studies have established an inhibitory role of stimulates adenylate cyclases, increases cAMP production, and
PSD-95 in the agonist-induced internalization of a number of activates PKA leading to potentiation of the NMDA receptor
receptors, including NMDA (16), the ␤1 adrenergic (43), and via the PKA/DARPP-32/PP1 cascade (6). On the other hand,
the serotonin 5HT2A receptors (44). These inhibitory effects recent studies suggest that NMDA receptor activation
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enhances D1-mediated cAMP accumulation by recruiting
more D1 to the plasma membrane (49). Consequently, a positive feedback loop is created that, if not controlled, can result in
concomitant overactivation of both D1 and NMDA receptor
systems, triggering NMDA receptor- and D1-dependent neurotoxicity and cell death (50, 51). Our results suggest that
D1-PSD-95 interaction may serve as a mechanism to antagonize the NMDA-dependent surface delivery/anchorage of D1,
thus preventing excessive D1 insertions to the synapse.
Two alternative NH2-terminal domains define two distinct
PSD-95 isoforms, the predominant ␣-isoform and a small portion of the ␤-isoform (52). The NH2 terminus of the PSD-95
␣-isoform studied here is best recognized for its role in the
membrane trafficking and clustering of PSD-95 following
palmitoylation on the conserved NH2-terminal cysteins (22).
The three PDZ, SH3, and GK domains of PSD-95 are well
known to interact with proteins of diverse functions, such as the
NMDA receptor, signaling enzymes, kinase scaffolds (14), and
other monoamine receptors (43, 44). In contrast, the 72 amino
acids of the PSD-95 NT lack well defined protein interaction
motifs and had not been implicated in protein-protein interaction until a recent report showing that this domain is involved
in PSD-95-Src interaction to regulate Src kinase activity (31).
Our present findings represent the second case where this
domain is implicated in protein-protein interaction. This novel
molecular interaction may bring the dopamine system to the
vicinity of a delicate signaling network organized by PSD-95 at
the synapse.
In summary, we identify a novel molecular mechanism by
which dopamine signaling mediated by the D1 receptor can be
regulated within dendritic spines. This molecular interaction
between PSD-95 and D1 has functional significance in vivo
since its disruption enhances D1-mediated behaviors, which
may explain the supersensitivity to cocaine and amphetamine,
two major drugs of abuse, in the mutant mice. In lieu of the
“synaptic triads” formed among the postsynaptic dendritic
spines and the afferent dopaminergic and the glutamatergic
terminals in cortical pyramidal neurons and striatal medium
spiny neurons (53), further investigation of this interaction
should facilitate our understanding of the mechanism mediating the functional interaction between dopamine and glutamate transmission. Our findings are relevant for the treatments
of addiction, schizophrenia, and motor deficits associated with
neurological diseases.
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