Molecular Psychiatry (2016) 00, 1–18
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 1359-4184/16
www.nature.com/mp

ORIGINAL ARTICLE

Endocytosis following dopamine D2 receptor activation is
critical for neuronal activity and dendritic spine formation via
Rabex-5/PDGFRβ signaling in striatopallidal medium spiny
neurons
N Shioda1, Y Yabuki2, Y Wang3, M Uchigashima4, T Hikida5, T Sasaoka6, H Mori7, M Watanabe4, M Sasahara8 and K Fukunaga2
Aberrant dopamine D2 receptor (D2R) activity is associated with neuropsychiatric disorders, making those receptors targets for
antipsychotic drugs. Here, we report that novel signaling through the intracellularly localized D2R long isoform (D2LR) elicits
extracellular signal-regulated kinase (ERK) activation and dendritic spine formation through Rabex-5/platelet-derived growth factor
receptor-β (PDGFRβ)-mediated endocytosis in mouse striatum. We found that D2LR directly binds to and activates Rabex-5,
promoting early-endosome formation. Endosomes containing D2LR and PDGFRβ are then transported to the Golgi apparatus,
where those complexes trigger Gαi3-mediated ERK signaling. Loss of intracellular D2LR-mediated ERK activation decreased neuronal
activity and dendritic spine density in striatopallidal medium spiny neurons (MSNs). In addition, dendritic spine density in
striatopallidal MSNs signiﬁcantly increased following treatment of striatal slices from wild-type mice with quinpirole, a D2R agonist,
but those changes were lacking in D2LR knockout mice. Moreover, intracellular D2LR signaling mediated effects of a typical
antipsychotic drug, haloperidol, in inducing catalepsy behavior. Taken together, intracellular D2LR signaling through Rabex-5/
PDGFRβ is critical for ERK activation, dendritic spine formation and neuronal activity in striatopallidal MSNs of mice.
Molecular Psychiatry advance online publication, 6 December 2016; doi:10.1038/mp.2016.200

INTRODUCTION
The dopamine D2 receptor (D2R) is a member of the seven
transmembrane and trimeric GTP-binding protein-coupled receptor family and, based on pharmacological properties, sequence
homology and structure, speciﬁcally belongs to the D2-like
receptor subfamily (including D2, D3 and D4).1 D2R is implicated
in neurological and psychiatric diseases, and the abilities of
antipsychotic drugs to block D2R correlate with antipsychotic
efﬁcacy in clinical settings.2 Genetic studies show signiﬁcant
association of DRD2 polymorphisms with several disorders,
including schizophrenia3 and Parkinson’s disease.4 D2R exists as
two alternatively spliced isoforms, the D2R long isoform (D2LR) and
the D2R short isoform (D2SR), which differ in a 29-amino-acid (AA)
insert in the third cytoplasmic loop.5 D2LR knockout (D2LR-KO)
mice display age-related deﬁcits in motor and learning functions.6
Frequent intronic single-nucleotide polymorphisms (rs2283265
and rs1076560) decrease expression of D2SR mRNA relative to
D2LR in human striatum and prefrontal cortex.7 Both intronic
single-nucleotide polymorphisms are also associated with greater
activity in the striatum and prefrontal cortex during working
memory tasks, as measured using functional magnetic resonance
imaging, an outcome associated with reduced performance in

working memory and attentional control tasks.7 This evidence
indicates functional diversity between the two isoforms.
D2R is coupled to pertussis toxin (PTX)-sensitive Gi/o proteins,
and its activation can inhibit adenylyl cyclase, activate K+
channels, inhibit Ca2+ channels and stimulate Na+/H+
antiporters.8 Independent of conventional G protein pathways,
activated D2R induces formation of β-arrestin2/Akt/protein phosphatase 2A signaling complexes.9 D2R stimulation also activates
mitogen-activated protein kinase/extracellular signal-regulated
kinase (ERK) in primary striatal neurons10 and brain slices.11 ERK
activation by D2R stimulation is mediated by several signaling
pathways including stimulation of Ras GTP-binding protein in C6
glioma cells12 and Gβγ subunits of Gi/o proteins in Chinese
hamster ovary cells.13 We previously reported that 40 AA residues
in the D2LR third cytoplasmic loop are essential for ERK activation
in NG-108-15 cells.14,15 Transactivation of receptor tyrosine kinases
such as platelet-derived growth factor receptor-β (PDGFRβ)
through activation of Gi (Gα and/or Gβγ) is also critical for
D2R-mediated ERK activation in Chinese hamster ovary cells.16 D2R
transactivation of PDGFRβ inhibits N-methyl-D-aspartate-evoked
currents in the hippocampus and prefrontal cortex in rats.17,18
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However, the physiological relevance of activation of ERK by D2R
through PDGFRβ has not been elucidated.
Here we report a novel mechanism underlying ERK activation
through intracellular D2LR signaling and reveal how that activity
regulates synaptic function of striatopallidal medium spiny
neurons (MSNs). We ﬁrst identiﬁed that Rabex-5, which is a
guanine nucleotide exchange factor (GEF) for Rab5,19 functions in
intracellular D2LR signaling. Rab5-dependent endocytosis through
Rabex-5 activation elicited signaling through intracellular D2LR
together with PDGFRβ-mediated ERK activation. Moreover, novel
intracellular D2LR signaling though Rabex-5/PDGFRβ was critical
for dendritic spine formation and neuronal activity in mouse
striatopallidal MSNs.
MATERIALS AND METHODS
Animals
Mice were housed under climate-controlled conditions with a 12-h light/
dark cycle and were provided standard food and water ad libitum. All
animal procedures were approved by the Committee on Animal
Experiments at Tohoku University and are based on the NIH guidelines.
Adult 8- to 10-week-old male mice were used in all experiments. For
conditional PDGFRβ deletion in the central nervous system, we crossed
mice harboring PDGFRβﬂ/ﬂ and with a line expressing Cre recombinase
driven by the nestin promoter and enhancer as described.20 D2LR
heterozygous (D2LR-HT) mice21 were backcrossed to a C57BL/6J genetic
background for more than six generations. D2LR-KO, D2LR-HT and
D2LR-wild-type (WT) mice were generated by mating D2LR-HT mice. Mice
lacking D2R on a C57BL/6J background have been described.22

Puriﬁcation of proteins binding to the D2LR 29AA motif and
MALDI–TOF mass spectrometry
Preparation of proteins binding to the D2LR 29AA sequence was performed
using a glutathione S-transferase (GST) Protein Interaction Pull-Down Kit
(Pierce; Thermo Fisher Scientiﬁc, Rockford, IL, USA) according to the
manufacturer’s instructions. GST and GST-29AA peptides were ﬁrst
prepared in Escherichia coli BL21 and then immobilized to glutathione
afﬁnity resin. Mouse brain tissues were lysed in buffer containing 50 mM
Tris-HCl (pH 7.5), 0.5 m NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Na3VO4, 50 mM
NaF, 1mm dithiothreitol and protease inhibitors (trypsin, pepstatin A and
leupeptin inhibitors), followed by centrifugation and incubation with
immobilized glutathione afﬁnity resin containing GST fusion proteins at
4 °C for 4 h with constant rotation. Subsequently, bound proteins were
washed, eluted with glutathione elution buffer and run on sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The gel
was stained using a Silver Stain MS Kit (Wako, Osaka, Japan), and speciﬁc
protein bands were excised. For protein identiﬁcation by peptide mass
ﬁngerprinting, gel proteins were digested with trypsin (Promega, Madison,
WI, USA), mixed with α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich, St
Louis, MO, USA) in 50% acetonitrile/0.1% triﬂuoroacetic acid, and were
subjected to matrix-assisted laser desorption/ionization–time of ﬂight
(MALDI–TOF) analysis (Microﬂex LRF 20, Bruker Daltonics, Billerica, MA,
USA). Spectra were collected from 300 shots per spectrum over an m/z
range of 600–3000 and calibrated by two-point internal calibration using
trypsin autodigestion peaks (m/z 842.5099, 2211.1046). A peak list was
generated using Flex Analysis 3.0 (Bruker Daltonics). Thresholds used for
peak-picking were as follows: 500 for minimum resolution of monoisotopic
mass, 5 for S/N. The search program MASCOT, developed by Matrixscience
(http://www.matrixscience.com/), was used for protein identiﬁcation by
peptide mass ﬁngerprinting. The following parameters were used for the
database search: trypsin as the cleaving enzyme, a maximum of one
missed cleavage, iodoacetamide (Cys) as a complete modiﬁcation,
oxidation (Met) as a partial modiﬁcation, monoisotopic masses and a
mass tolerance of ± 0.1 Da. Peptide mass ﬁngerprinting acceptance criteria
were probability-scoring.

generated using the KOD-Plus Mutagenesis kit (Toyobo, Osaka, Japan)
according to the manufacturer's protocol. Rabex-5, Rabex-5-D313A, Rabex5C, Rabex-5C-D313A and Rabex-5 short hairpin RNA (shRNA) plasmids
were kindly provided by Dr Mitsunori Fukuda (Tohoku University, Sendai,
Japan).23 His-tagged Rabex-5 were puriﬁed using Ni-NTA Sepharose (GE
Healthcare, Piscataway, NJ, USA). Rab5(WT), Rab5(S34N) and Rab5(Q79L)
plasmids were kindly provided by Dr Wei-Xing Zong (Stony Brook
University, Stony Brook, NY, USA). GST-R5BD (the Rab5-binding domain
residues 739–862 of Rabaptin-5-pGEX) was kindly provided by Dr Guangpu
Li (University of Oklahoma Health Sciences Center, Oklahoma City, OK,
USA). D2LR-RLuc8, D2SR-RLuc8, Gαi1-mVenus, Gαi2-mVenus and Gαi3mVenus plasmids were kindly provided by Dr Jonathan A Javitch
(Columbia University, New York, NY, USA). Gαi3-C351G, which is a PTXinsensitive Gαi3 mutant,24 was generated using the KOD-Plus Mutagenesis
kit (Toyobo). Rabex-5 short interfering RNA (siRNA; 5′-CAGAUAUCAUUGA
GAUGGA-3′), Gαi3 siRNA (5′-UCAAGGAACUCUACUUCAA-3′) and scrambled
negative control siRNAs for each gene were purchased from Exigen (Tokyo,
Japan). D2R shRNA (TRCN0000025707), PDGFRβ shRNA (TRCN0000321931)
and Gαi3 shRNA (TRCN0000098262) were purchased from Sigma-Aldrich.
The non-targeting hairpin control SHC002 (Sigma-Aldrich), containing a
sequence that does not target any known human or mouse gene, was
used as a negative control.

Cell culture and transfection
HEK293T cells were grown in Dulbecco's minimal essential medium
supplemented with 10% heat-inactivated fetal bovine serum and
penicillin/streptomycin (100 units per 100 μg ml− 1) in a 5% CO2 incubator
at 37 °C. Cells were transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), and experiments were performed 48 h later as
described.25 For primary cultures, we used primary co-culture of striatal
neurons with mesencephalic dopamine (DA) neurons to maintain intrinsic
source of DA. Striatum and substantia nigra were dissected from
embryonic day-18 mice, dissociated using trypsin, and triturated through
a Pasteur pipette. Striatal neurons were transfected with expression vectors
and/or shRNAs using electroporation (NEPA21; NEPAGENE, Chiba, Japan).
Then, striatal neurons with mesencephalic neurons were plated on
coverslips coated with poly-l-lysine in Minimum Essential Medium
(Invitrogen) supplemented with 10% fetal bovine serum, 0.6% glucose
(Wako) and 1 mM pyruvate (Sigma-Aldrich). After cell attachment, coverslips were transferred to a dish containing a glial cell monolayer and
maintained in a Neurobasal medium (Invitrogen) containing 2% B27
supplement (Invitrogen) and 1% GlutaMax (Invitrogen). Cytosine β-Darabinofuranoside (5 μM; Sigma-Aldrich) was added to cultures at day-invitro (DIV)3 after plating to inhibit glial cell proliferation. When cells were
treated with DA (Sigma-Aldrich), 0.02% ascorbic acid (Sigma-Aldrich) was
added to DA-containing solution to prevent DA oxidation. For inhibitor
analysis, cells were pre-incubated with haloperidol (Sigma-Aldrich),
dynasore (Sigma-Aldrich), tyrphostin A9 (Sigma-Aldrich) or PTX (SigmaAldrich) for 1h with the indicated concentrations.

Bioluminescence resonance energy transfer assay
Bioluminescence resonance energy transfer (BRET) was performed as
described.26 Brieﬂy, HEK293T cells were seeded on 10 cm plates and
transfected with plasmids encoding RLuc8-tagged D2R isoforms,
WT-PDGFRβ and mVenus-tagged Gαi isoforms. At 48 h after transfection,
cells were harvested, washed and suspended in phosphate-buffered saline
(PBS). Approximately 200 000 cells per well were distributed to 96-well
plates, and 5 μM coelenterazine H was added to each well. One minute
later, DA was added to each well and ﬂuorescence (excitation at 500 nm
and emission at 540 nm, 1 s recording) and luminescence (no ﬁlters, 1 s
recording) were immediately quantiﬁed using a Flexstation3 Multimode
Plate Reader (Molecular Device, Sunnyvale, CA, USA). In parallel cells, the
BRET signal was determined by quantifying and calculating the ratio of
light emitted by mVenus (510–540 nm) to that emitted by RLuc8 (485 nm).
BRET values were obtained by subtracting background in cells expressing
RLuc8 alone.

Plasmid constructs and RNA interference
D2LR-enhanced green ﬂuorescent protein (EGFP) and D2SR-EGFP plasmids
were prepared as described.14,15 The D2LR GST-29AA motif was generated
by cloning the D2LR fragment into pGEX-4T-1. FLAG-D2LR, FLAG-D2SR and
HaloTag-PDGFRβ constructs (WT, ΔC, ΔC1, ΔC2, ΔC3 and KD) were
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Preparation of acute striatal slices
For slice preparations, acute 250 μm-thick coronal striatal brain slices were
cut on a vibratome and allowed to recover for at least 1 h in continuously
oxygenated (95% O2 and 5% CO2) artiﬁcial cerebrospinal ﬂuid at 34 °C.
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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GST-R5BD pull-down assay
Assays were described previously.27 Brieﬂy, GST-R5BD was expressed in
E. coli BL21 and puriﬁed using glutathione agarose beads. HEK293T cells
and acute striatal slices were treated with 10 μM quinpirole for 10 min. For
pull-down assays, samples were lysed in buffer containing 50 mM Tris-HCl
(pH 7.5), 0.5 m NaCl, 4 mM EDTA, 4 mM EGTA, 1 mM Na3VO4, 50 mM NaF,
1 mM dithiothreitol and protease inhibitors. After centrifugation,
supernatants were incubated with GST-R5BD beads for 30 min at 4 °C on
a rotating mixer, washed with lysis buffer, boiled in SDS sample buffer and
subjected to western blotting.

Immunoprecipitation and immunoblotting analysis
Immunoprecipitation and immunoblotting analysis was performed as
described.25 HEK293T cells or striatal tissues were homogenized in buffer
containing 50 mM Tris-HCl (pH 7.5), 0.5 m NaCl, 4 mM EDTA, 4 mM EGTA,
1 mM Na3VO4, 50 mM NaF, 1 mm dithiothreitol and protease inhibitors and
treated with SDS buffer with or without boiling. For sucrose gradient
fractionation, nuclei and unbroken cells were removed by centrifugation at
1600 g for 5 min at 4 °C. Resulting supernatants were loaded on a
discontinuous sucrose gradient formed by layers of 30, 25, 20, 15, 10 and
5% sucrose (wt/vol) freshly prepared in homogenization buffer. Gradients
were centrifuged at 100 000 g for 16 h at 4 °C. Nine fractions were
collected from the top. Antibodies used included the following: mouse
monoclonal anti-Rabex-5 (1:500, BD Biosciences, San Jose, CA, USA), antiRab5 (1:500, BD Biosciences), anti-GM130 antibody (1:500, BD Biosciences),
anti-Na+/K+ ATPase α-1 (1:1000, Millipore, Bedford, MA, USA), anti-His
antibody (Abcam, Cambridge, MA, USA) and anti-β-tubulin (1:5000, SigmaAldrich); rabbit polyclonal anti-GFP (Clontech, Mountain View, CA, USA),
anti-D2R (1:1000, Millipore), anti-HaloTag (1:1000, Promega), anti-ubiquitin
(1:1000; Dako, Golstrup, Denmark), anti-phospho-(p)ERK (1:1000, Cell
Signaling Technology, Beverly, MA, USA), anti-ERK (1:1000, Cell Signaling
Technology), anti-PDGFRβ (Tyr857; 1:1000, Cell Signaling Technology), antiRab17 (Abcam, Cambridge, MA, USA) and anti-Gαi3 (Cosmo Bio, Tokyo,
Japan), goat polyclonal anti-PDGFRβ (1:500, Neuromics, Edina, MN, USA)
and horseradish peroxidase-conjugated anti-T7 tag antibody (Novagen,
Darmstadt, Germany).

Live cell imaging
HEK293T cells were transiently co-transfected with EGFP-tagged D2LR or
D2SR and HaloTag-PDGFRβ. Forty-eight hours later, the cells were
sequentially labeled for 15 min at 37 °C with HaloTag tetramethylrhodamine (5 μM) ligand. After labeling, cells were rinsed with fresh media for
15 min and then imaged following DA stimulation every 3 s for 40 min
using a confocal laser scanning microscope (LSM700, Zeiss, Thornwood,
NY, USA).

Behavioral tests
Catalepsy was evaluated as described.25 Time spent in a cataleptic position
was monitored by positioning the mouse so that both front paws rested
on a 0.3 cm diameter steel rod (covered with non-slippery tape) 3.5 cm
above a bench surface. The time during which each mouse maintained this
position was recorded up to a maximum of 2 min. Mice were injected with
haloperidol (Sigma-Aldrich) or SCH23390 (Sigma-Aldrich) four times (ﬁrst
vehicle alone and then three drug doses). Catalepsy was measured 1h after
haloperidol or SCH23390 administration in each test session. Two
consecutive test sessions were separated by 2 h. To measure locomotor
activity, mice housed individually in standard plastic cages were positioned
in an automated open-ﬁeld activity monitor using digital counters with an
infrared sensor (DAS system, Neuroscience, Tokyo, Japan). Quinpirole (in
0.9% NaCl) was administered immediately before placing the animals in
plastic cages, and locomotion was recorded during 30 min. Haloperidol
dissolved in 5% dimethylsulphoxide with distilled water was administered
intraperitoneal in a volume of 10 ml kg − 1. SCH23390 was dissolved in
saline and administered subcutaneous in a volume of 10 ml kg − 1. The
videotapes were scored by a trained observer blind to genotype and
treatment.

Adeno-associated virus preparation and injection of adenoassociated virus vectors
pAAV-Rab5, pAAV-Rabex-5 and pAAV-Rab5-IRES-GFP constructs were
constructed by cloning Rab5 or Rabex-5 complementary DNA (cDNA) into
pAAV-MCS or pAAV-IRES-GFP vectors (Stratagene, La Jolla, CA, USA),
© 2016 Macmillan Publishers Limited, part of Springer Nature.

respectively. The same plasmid backbone with no cDNA or GFP cDNA was
used as control constructs, termed adeno-associated virus (AAV)-Control or
AAV-GFP, respectively. Viral particles were produced using the AAV2
Helper-Free System (Stratagene), according to the manufacturer's protocol,
and titered by using an AAVpro Titration Kit (Takara Shuzo, Tokyo, Japan).
For stereotaxic viral injections, the same titer (6.0 × 108gc μl − 1) and equal
amounts (1 μl) of viral particles were bilaterally injected into the striatum
stereotaxically at the following coordinates (anterior, 0.9 mm; lateral,
± 1.5 mm; depth, − 3.0 mm relative to the bregma) through a Hamilton
syringe (Hamilton Company, Reno, NV, USA). Four weeks later, the mice
were analyzed behaviorally and immunohistochemically.

Immunohistochemistry and confocal microscopy
Immunohistochemistry was performed as described.25 Primary antibodies
included the following: mouse monoclonal anti-Rab5 (1:500, BD Biosciences), anti-GM130 (1:500, BD Biosciences), anti-TGN38 (1:500, BD
Biosciences), anti-LAMP-1 (1:500, BD Biosciences), anti-endosomal autoantigen 1 (EEA1; 1:1000, BD Biosciences), anti-Cytochrome c (1:500, BD
Biosciences), anti-synaptophysin (Syn; 1:1000, Sigma-Aldrich), anti-pERK
(1:1000, Sigma-Aldrich), anti-FLAG (1:1000, Sigma-Aldrich) and antiryanodine receptor (1:1000, Millipore); rabbit polyclonal anti-GFP (1:000,
Clontech), anti-D1R (1:1000, Millipore), anti-D2R (1:1000, Millipore), antityrosine hydroxylase (1:1000, Millipore), anti-Halotag (1:1000, Promega),
anti-DARRP-32 (1:1000, Millipore) and anti-preproenkephalin (ppEnk;
1:1000, Neuromics); goat polyclonal anti-PDGFRβ (1:500, Neuromics); and
guinea pig polyclonal anti-VGLUT1 (1:1000, Millipore). Secondary antibodies included the following: Alexa 594-labeled anti-mouse IgG, Alexa
448 or Alexa 405-labeled anti-rabbit IgG (1:500, Invitrogen). Doublestaining with PDGFRβ and various marker (DARRP-32, D1R, D2R, VGLUT1 or
tyrosine hydroxylase) antibodies was performed using biotinylated donkey
anti-goat IgG (1:500; Jackson ImmunoResearch, West Grove, PA, USA) with
a mixture of streptavidin-horseradish peroxidase (1:500, NEN Life Science
Products, Boston, MA, USA) and Alexa 594 anti-rabbit or guinea pig IgG
(1:500, Invitrogen). Finally, sections were stained with ﬂuorescein tyramide
for 10 min using a TSA-Direct kit (NEN Life Science Products). To detect
ppEnk-positive cells, coronal brain sections were processed for antigen
retrieval in 10 mM citrate buffer (0.05% Tween20, pH 6) and heated at 75 °C
for 15 min. No staining was conﬁrmed in the negative controls obtained by
replacing the primary antibodies with isotype control primary IgGs.
Sections were mounted in Vectashield (Vector Laboratories, Burlingame,
CA, USA), and immunoﬂuorescence was analyzed using a confocal laser
scanning microscope (LSM700, Zeiss). Co-localization of organelles was
quantiﬁed using the co-localization coefﬁcient of Manders et al.28 To
quantify co-localization with the early-endosome marker EEA1, at least
5 μm squares were randomly delineated in the cytosol and perinuclear
region, and the number of EEA1-positive endosomes and structures labeled
by both D2R and PDGFRβ within squares was determined. Endosomes
containing both proteins were counted and reported as a percentage of
EEA1-positive compartments. pERK and ppEnk double-positive cells were
counted in four areas (350 × 350 μm per area) per section of the dorsal
striatum (four sections per mouse, four mice per condition). The positions of
dorsal striatum were indicated in Figure 1c of Shioda et al.25

Proximity ligation in situ assay
A proximity ligation in situ assay (PLA) was performed using mouse striatal
slices ﬁxed in 4% paraformaldehyde (PFA) using the Duolink Detection Kit
(Olink Bioscience, Uppsala, Sweden) according to the manufacturer's
instructions. To detect interaction of PDGFRβ with D1R or D2R, striatal slices
were labeled with anti-goat Duolink PLA PLUS and anti-rabbit MINUS
probes in a humidiﬁed oven at 37 °C using goat polyclonal anti-PDGFRβ
antibody (1:500, Neuromics) with rabbit polyclonal anti-D1R antibody
(1:1000, Millipore) or rabbit polyclonal anti-D2R antibody (1:1000, Millipore).
Oligonucleotide tails of secondary PLA PLUS and MINUS antibody probes
hybridize when primary antibodies are in close proximity. Ampliﬁed end
products appear as green ﬂuorescent spots in imaging. Each green spot
represents an interaction between protein molecules.

Lucifer yellow labeling of slice neurons
Intracellular lucifer yellow (LY) labeling methods were performed as
described with minor modiﬁcations.20,29 To detect striatopallidal MSNs,
ﬁxed striatal slices were pre-stained with ppEnk and 4,6-diamidino-2phenylindole (DAPI). As LY, ppEnk and DAPI ﬂuorescence can be visualized
simultaneously under ultraviolet excitation using a ﬂuorescein long-pass
Molecular Psychiatry (2016), 1 – 18
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Figure 1. Identiﬁcation of Rabex-5 as a potential mediator of D2R long isoform (D2LR) signaling. (a) Structural model of human D2LR, predicted
by the I-TASSER software (http://zhanglab.ccmb.med.umich.edu/I-TASSER). Amino-acid (AA) sequence comparison of the 29AA motif of D2LR
from various vertebrate species. Identical AAs are shaded in blue; similar residues, in yellow. (b) Silver-stained sodium dodecylsulphatepolyacrylamide gel electrophoresis (SDS-PAGE) gel of pull-down samples with GST (lane 1) or the GST-tagged 29AA sequence from human
D2LR protein (GST-29AA; lane 2) in mouse brain lysates. The identiﬁed band (arrowhead) was excised, trypsin-digested and analyzed with
matrix-assisted laser desorption/ionization–time of ﬂight (MALDI–TOF). (c) Pull-down samples with GST or with GST-29AA in mouse brain
lysates (top) and in puriﬁed 6 × His-Rabex-5 protein (bottom) were immunoblotted (western blotted, WB) with indicated antibodies. Pull-down
assay was repeated three times and representative data are shown. (d) Schematic representation of Rabex-5 constructs. Rabex-5 contains a
zinc-ﬁnger domain fused to a motif interacting with ubiquitin (ZnF-MIU), VPS9 and coiled-coiled (CC) domains. The VPS9 mutation, which
abolishes guanine nucleotide exchange factor (GEF) activity (D313A), is indicated by an asterisk. (e) Co-immunoprecipitation of EGFP-tagged
D2LR and T7-tagged Rabex-5 constructs in HEK293T cells. Extracts were immunoprecipitated (IP) with anti-GFP (left) or anti-T7 (right) antibody,
and immunoprecipitates were immunoblotted (WB) with horseradish peroxidase (HRP)-conjugated anti-T7 (left) or anti-GFP (right) antibody.
Co-IP was repeated three times and representative data are shown. (f) D2 receptor (D2R) and Rabex-5 co-IP in striatal extracts from indicated
genotypes. Extracts were immunoprecipitated with anti-D2R (top) or anti-Rabex-5 (bottom) antibody, and immunoprecipitates were then
immunoblotted (WB) with anti-Rabex-5 (top) or with anti-D2R (bottom) antibody. As control D2R and Rabex-5 samples, input (5% of total
extract) is shown (lanes 1–3). Co-IP was repeated three times and representative data are shown. (g) HEK293T cells were transfected with
indicated constructs, and 2 days later treated with 10 μM quinpirole for 10 min. Lysates were subjected to pull-down with GST-R5BD beads.
Western blots of precipitates and input were probed with Rab5 antibody. Cells were pretreated with 10 μM haloperidol before addition of
quinpirole for 1 h. GST-R5BD pull-down assay was repeated three times and quantitative densitometry analysis was shown (**P o0.01 by
one-way analysis of variance (ANOVA) with post hoc Tukey test). (h) Acutely prepared striatal slices of indicated genotypes were treated with
10 μM quinpirole (Quin) for 10 min and subjected to GST-R5BD pull-down. Western blots of precipitates and input were probed with Rab5
antibody. Striatal slices were pretreated with 10 μM haloperidol (Halo) before addition of quinpirole for 1 h. GST-R5BD pull-down assay was
repeated four times and quantitative densitometry analysis was shown (**Po 0.01 by one-way ANOVA with post hoc Tukey test).
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Figure 2. Localization of D2 receptor (D2R) long isoform (D2LR) in the Golgi complex. (a) Confocal images showing co-localization of EGFPtagged D2R isoforms with GM130, a cis-Golgi marker. Lower panels are high-magniﬁcation images of upper white rectangles. Scale bars,
10 μm. (b) Pearson's correlation coefﬁcients showed the co-localization of D2R-EGFP isoforms with GM130. A total of 16 cells from three
experiments were analyzed. **P o0.01 by one-way analysis of variance (ANOVA) with post hoc Tukey test. (c) HEK293T cells expressing EGFPtagged D2R isoforms were fractionated on discontinuous sucrose-density gradients. Equal volumes from each fraction were separated by
sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting with indicated antibodies.
Immunoblots were repeated three times and representative data are shown. PM, plasma membrane. (d) FLAG-D2LR- and FLAG-D2SRexpressing cells were immunostained with anti-FLAG antibody. Arrows indicate FLAG-tagged D2LR in the perinuclear region. (e) Cell surface
expression of FLAG-tagged D2R in FLAG-D2LR- and FLAG-D2SR-expressing cells as detected by immunostaining with the anti-FLAG antibody
without cell permeabilization. Scale bars, 10 μm. (f) Striatal neuron was triple-stained for anti-D2R (red), anti-GM130 (green) and anti-MAP2
(blue). Scale bar, 10 μm.

ﬁlter, we injected LY into speciﬁc striatopallidal MSNs. Sections were then
ﬁxed in 4% PFA in 0.1 m phosphate buffer, pH 7.4, for 24 h, washed several
times with PBS, incubated 1h in PBS containing with 1% bovine serum
albumin, 0.3% Triton X-100 and 0.1% NaN3 (as blocking solution), and then
reacted with a rabbit anti-LY polyclonal antibody (1:5000, Invitrogen) in
blocking solution at 20 °C for 5 days. After washing, sections were
incubated three more days with Alexa 488-labeled anti-rabbit IgG (1:500,
Invitrogen). After several washes in PBS, sections were mounted on slides.
Immunoﬂuorescent images were analyzed using a confocal laser scanning
microscope (LSM700, Zeiss).

Analysis of spine morphology
Images were analyzed in using the ImageJ (NIH, Bethesda, MD, USA)
software. Dendritic spine density was measured by counting the number
of spines on secondary dendrite and reported as the number of spines per
20 μm of dendrite length. Spine length was calculated as the radial
distance from the tip of the spine head to the dendritic shaft. For
branching analysis, dendrite morphology was quantiﬁed using the Sholl
Analysis plugin of the ImageJ software.
© 2016 Macmillan Publishers Limited, part of Springer Nature.

Electrophysiology
For whole-cell patch clamp recording, spontaneous excitatory postsynaptic
currents (sEPSCs) were recorded at room temperature (22–25 °C) on EGFPexpressing primary neurons derived from the striatum on DIV21 using an
EPC10 ampliﬁer (HEKA, Lambrecht/Pfalz, Germany). The following buffer
was used (in mM): extracellular, 143 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10
glucose, 10 HEPES, pH 7.4 with NaOH; intracellular, 135 CsMeS, 5 CsCl, 10
HEPES, 0.5 EGTA, 1 MgCl2, 4 Mg2ATP, 0.4 NaGTP, 5 QX-314, pH 7.4 with
CsOH. Recording pipettes made of borosilicate glass (B150-86-10; Sutter
Instrument, Novato, CA, USA) had a resistance of 3.5–4.5 MΩ when ﬁlled
with intracellular solution. sEPSCs were recorded for 2 min (1 min after
break-in to block sodium current by QX-314) at holding potential − 70 mV
in the presence of 20 μM bicuculline in extracellular solutions to block
GABAA receptors. Recordings were ﬁltered at 2 kHz and digitized at 10 kHz.
Access resistances were monitored throughout the experiment (o15 MΩ)
but not compensated. Data were collected and initially analyzed with the
Patchmaster software (HEKA). Further analysis was performed using
IgorPRO ver6.3 (Wavemetrics, Portland, OR, USA) and Excel (Microsoft,
Redmond, WA, USA) and MiniAnalysis programs ver6.0.7.
Molecular Psychiatry (2016), 1 – 18

Endocytotic activation of D2R via Rabex-5/PDGFRβ
N Shioda et al

6
Statistical analysis

RESULTS

Statistical signiﬁcance for differences among groups was tested by oneway or two-way analysis of variance (ANOVA) with post hoc Tukey tests.
Po0.05 was considered signiﬁcant. All values (except for box-and-whisker
plot) were presented as mean ± s.e.m.

Rabex-5 is a D2LR-interacting protein
As a ﬁrst step in our search for novel mediators of D2LR signaling,
we used the online I-TASSER software30 to predict the
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three-dimensional structure of human D2LR protein. This analysis
revealed that the 29AA insert found in D2LR relative to the shorter
form contains highly hydrophilic sequences exhibiting primarily
an alpha-helical structure (Figure 1a). BLAST searches indicated
conservation of this region in vertebrates from zebraﬁsh to
mammals, although the region was not conserved in invertebrates. To identify proteins binding to this motif, we performed
pull-down assays in mouse brain lysates with GST-tagged peptides
representing the 29AA sequence and observed several potential
interactors following silver staining. Mass spectrometric analysis
revealed that one was Rabex-5 (Rab5–GDP/GTP exchange factor;
Figure 1b and Supplementary Figure 1). That direct interaction
was conﬁrmed by a GST-29AA pull-down assay in mouse brain
lysates and in puriﬁed His-Rabex-5 protein (Figure 1c).
Rabex-5 is a Rabaptin-5 interacting protein, and the Rabex-5/
Rabaptin-5 complex catalyzes nucleotide exchange for Rab5 and
cooperates with other factors to promote endosome fusion.19
Rabex-5 exhibits an A20-like zinc-ﬁnger domain with ubiquitin
ligase activity,31,32 a VPS9 domain comprising the GEF catalytic
core,33 and a C-terminal coiled-coil (CC) domain containing the
Rabaptin-5-binding site.34 To identify the region mediating D2LR/
Rabex-5 complex formation, we expressed EGFP-tagged D2LR in
HEK293T cells with four different T7-tagged Rabex-5 constructs:
full-length, wild-type Rabex-5; a GEF activity-deﬁcient mutant
(Rabex-5-D313A);33 the C terminus only containing the VPS9
domain (Rabex-5C); and the C terminus containing a mutant
VPS9 domain lacking GEF activity (Rabex-5C-D313A; Figure 1d).
After immunoprecipitation with EGFP-tagged D2LR, T7-tagged
Rabex-5 and Rabex-5C, but not Rabex-5-D313A or Rabex-5CD313A, interacted with D2LR-EGFP. When EGFP-tagged D2SR was
coexpressed with T7-tagged Rabex-5, the interaction was lost
(Figure 1e). Thus, the D2LR 29AA interacts with Rabex-5 residues
208–491, a region that contains the VPS9 and CC domains and
regulates GEF activity.
To conﬁrm the interaction in vivo, we performed immunoprecipitation of striatal extracts with an anti-D2R antibody followed by
immunoblotting with anti-Rabex-5 antibody. Rabex-5 signals were
present in striatal extracts from WT mice but not from D2LR-KO or
D2R-KO mice. Conversely, after Rabex-5 immunoprecipitation from
striatal extracts, immunoblotting with the anti-D2R antibody
detected D2R in extracts of brain from WT but not D2LR-KO or
D2R-KO mice (Figure 1f).

D2LR/Rabex-5 complex formation may facilitate Rab5 activation
by D2LR signaling. To assess potential Rab5 activation following
D2R stimulation, we performed a pull-down assay using the GSTtagged Rab5-binding domain of Rabaptin-5 (R5BD), which binds
to Rab5–GTP.27 When cells were treated for 10 min with the D2R
agonist quinpirole, Rab5–GTP levels markedly increased in lysates
of HEK293T cells coexpressing Rab5 (WT) and D2LR (lane 6)
compared with Rab5 (WT) alone (lane 2), and the increased Rab5–
GTP levels were blocked by haloperidol (lane 8). GST-R5BDbinding speciﬁcity for active Rab5 was veriﬁed by the observation
that Rab5–GTP levels are equivalent in coexpressing D2LR and
Rab5 (Q79L; constitutively active)-transfected cells with or without
quinpirole (lanes 9 and 10), and did not increase Rab5–GTP levels
in cells coexpressing D2LR and Rab5 (S34N; dominant-negative)
with quinpirole (lanes 11 and 12). Furthermore, Rab5–GTP levels in
cells coexpressing D2LR and a Rabex-5-D313A mutant were not
upregulated following quinpirole treatment (lane 14; Figure 1g).
Quinpirole treatment also signiﬁcantly increased Rab5–GTP levels
in striatal slices from WT mice but not in slices from D2LR-KO mice
(Figure 1h). We conclude that D2LR signaling activates Rab5
through direct D2LR/Rabex-5 interaction.
D2LR is located in the plasma membrane and intracellular
compartment
To determine D2LR’s subcellular localization, we performed
analysis in HEK293T cells transfected with D2LR-EGFP. We detected
D2LR-EGFP in the plasma membrane and perinuclear region,
where intracellular D2LR predominantly co-localized with the
cis-Golgi marker GM130. D2SR-EGFP, by contrast, was mainly
detected on the plasma membrane (Figure 2a). The Pearson
correlation coefﬁcients for D2LR-EGFP and GM130 are signiﬁcantly
higher than those for D2SR-EGFP and GM130 (Figure 2b).
D2LR-EGFP and D2SR-EGFP did not co-localize with other organelle
markers, such as markers of the endoplasmic reticulum (ryanodine
receptor), mitochondria (cytochrome C) or the trans-Golgi-network
(TGN38; Supplementary Figure 2a–g). Sucrose-density gradient
fractionation conﬁrmed D2LR and D2SR localization. D2LR-EGFP
fractions peaked at fractions 5 and 6, coincident with the cis-Golgi
marker GM130, whereas D2SR-EGFP fractions peaked at the plasma
membrane fraction, as marked by Na+/K+ ATPase (Figure 2c). To
examine whether HEK293T cells express equivalent protein levels
of D2R isoforms, we performed immunoblot analysis and counted
GFP-positive cells after transfection with EGFP-tagged D2R

Figure 3. D2 receptor (D2R) long isoform (D2LR)/platelet-derived growth factor receptor-β (PDGFRβ) double-positive endosomes converge on
Golgi complexes through clathrin-mediated endocytosis. (a) Schematic representation of PDGFRβ constructs. AA, amino acids. (b)
HEK293T cells were transfected with wild type (WT) Halo-tagged (HT-)PDGFRβ construct. Western blots were probed with indicated
antibodies. (c) HEK293T cells were co-transfected with D2R-EGFP isoforms and indicated HT-PDGFRβ constructs. Cell lysates were
immunoprecipitated with anti-GFP or anti-HT antibodies. Western blots (WBs) were probed with anti-HT or anti-GFP antibodies. (d) Time-lapse
imaging of HEK293T cells co-transfected with EGFP-tagged D2R isoforms (green)/tetramethylrhodamine (TMR)-labeled HT-PDGFRβ (magenta)
following 10 μM DA stimulation. Left panels show ﬁrst images of the series. White rectangle corresponds to the region used to create the
kymograph. Right panels show representative kymographs and pseudocolor overlay of the two kymographs. (e) Quantiﬁcation of D2R
isoforms and PDGFRβ double-positive vesicles. Most D2LR-positive particles co-transport PDGFRβ as compared with D2SR. n = 9 cells for each
group, three experiments were analyzed. (**P o0.01 by one-way analysis of variance (ANOVA) with post hoc Tukey test). (f) Quantiﬁcation of
externalized or internalized vesicles in D2LR/PDGFRβ-co-transfected cells. Most D2LR/PDGFRβ double-positive particles are endocytosed. Cells
were pretreated with 10 μM haloperidol before addition of DA for 1 h. n = 9 cells for each group, three experiments were analyzed. (**P o0.01
by one-way ANOVA with post hoc Tukey test). (g) Triple-labeling immunoﬂuorescence microscopy of D2LR-EGFP (green), HT-PDGFRβ (cyan) and
GM130 (red) with or without 10 μM DA in HEK293T cells. Images at bottom are enlarged from corresponding boxed areas. Quantitative analysis
at lower right shows the percentage of D2LR/PDGFRβ double-positive vesicles per the total number of PDGFRβ-positive vesicles (blue bars) or
the percentage of D2LR/PDGFRβ/GM130 triple-positive vesicles per total number of PDGFRβ-positive vesicles (red bars). **Po0.01, *P o0.05
by two-way ANOVA with post hoc Tukey test. Nine ﬁelds (three cells per ﬁeld) per condition were chosen randomly. Halo: haloperidol. (h)
Triple-labeling immunoﬂuorescence microscopy of D2LR-EGFP (green), HT-PDGFRβ (cyan) and endosomal autoantigen 1 (EEA1; red) in cytosol
(CYTO) and perinuclear region (PNR) with no stimulation (left) or with 10 μM DA for 5 min (right) in HEK293T cells. Boxed areas are enlarged at
right. Arrows indicate PDGFRβ/EEA1 double-positive endosomes; arrowheads show D2LR/PDGFRβ/EEA1 triple-positive endosomes. (i, j)
Calculation of the percentage of D2R/PDGFRβ/EEA1 triple-positive endosomes per total EEA1-positive endosomes in CYTO and PNR.
***P o0.001, **P o0.01 by two-way ANOVA with post hoc Tukey test. Nine ﬁelds per condition were chosen randomly for analysis (three cells
per ﬁeld). Scale bars, 10 μm.
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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isoforms. There was no statistical difference in the expression
levels of EGFP-tagged D2R isoforms in HEK293T cells
(Supplementary Figure 2h and i). To conﬁrm that these ﬁndings
were not an artifact due to tagging with EGFP, we fused the lower
molecular weight FLAG-tag to the N termini of D2LR and D2SR.
Similar to the EGFP-tagged proteins, FLAG-tagged D2LR was
predominantly localized in the perinuclear region (Figure 2d,
arrows) but weakly observed in the plasma membrane region,
whereas D2SR was predominantly localized at the plasma
membrane region, as reported in NG-108-15 cells.35 To detect
cell surface D2R expression, D2LR FLAG-tagged at the extracellular
N terminal was immunostained with an anti-FLAG antibody
without cell permeabilization by Triton X-100. FLAG-D2LR was
not seen in intracellular compartments of FLAG-D2LR-expressing
cells and faintly seen in the plasma membranes (Figure 2e). To
take into account possibility that HEK293T cells may lack the
important chaperones required for D2LR protein folding, we
immunostained with anti-D2R antibody in mouse primary striatal
neurons. Immunocytochemical analysis revealed that D2R is
localized both in the plasma membrane and in the intracellular
region, where it partly co-localized with GM130 in an intracellular
compartment of MAP2-positive striatal neuron (Figure 2f). There
was no background immunoﬂuorescence without primary antibody as negative control (data not shown). Overall, D2LR and D2SR
proteins were expressed at the plasma membrane, and D2LR was
also located intracellularly.
D2LR is transported to the Golgi complex with PDGFRβ by Rabex5/Rab5-mediated endocytosis
Plasma membrane proteins can be internalized by endocytosis
and transported to endosomes and Golgi apparatus.36 In addition,
based on reports that D2R stimulation results in PDGFRβ
transactivation to promote inactivation of N-methyl-D-aspartate
receptor in rat hippocampus and prefrontal cortex,17,18 we
hypothesized that PDGFRβ transactivation has a crucial role in
D2R signaling. To conﬁrm the D2LR/PDGFRβ complex, we
expressed EGFP-tagged D2R isoforms in HEK293T cells with four
different HaloTag (HT)-PDGFRβ constructs (Figure 3a). To reveal
the immunoreactive band of HT-PDGFRβ, we performed immunoblot analysis with or without full-length HT-PDGFRβ transfection
using an anti-HT antibody in HEK293T cells (Figure 3b).
Co-immunoprecipitation assays with D2LR-EGFP in HEK293T cells
revealed that the HT-PDGFRβ C-terminal intracellular domain
(AA905-1106) interacts with D2LR (Figure 3c). We next visualized
trafﬁcking of these proteins in living cells co-transfected with
D2LR-EGFP and HT-PDGFRβ labeled with tetramethylrhodamine.
Data gathered from time-lapse movies (Supplementary Movies 1
and 2), kymographs (Figure 3d) and quantitative analysis indicated
that the number of vesicles showing D2R co-localization with
PDGFRβ was signiﬁcantly greater in the presence of D2LR than that
with D2SR (Figure 3e). D2LR- and PDGFRβ-containing vesicles
exhibited endocytotic properties and moved in a retrograde
direction (Figure 3f). When we analyzed D2LR- and PDGFRβcontaining vesicles in the soma, we observed that they
accumulated signiﬁcantly in the perinuclear region following DA
stimulation, often in complexes positive for the GM130 (Figure 3g),
suggesting that D2LR interacts with PDGFRβ, and the complex at
the plasma membrane transported to endosomes and accumulated Golgi apparatus following DA stimulation.
We next focused on early-endosome formation, as increased
Rab5–GTP levels due to D2LR/Rabex-5 pathway activation may
promote endocytosis. Endocytosis can be identiﬁed by recruitment of membrane-docking molecules such as EEA1.37 Thus, we
incubated HEK293T cells with or without DA after co-transfecting
them with D2LR-EGFP and HT-PDGFRβ, and then stained cells with
an anti-EEA1 antibody. When we assessed D2LR-EGFP/HT-PDGFRβ
staining in cytoplasmic and perinuclear regions in ﬁxed cells not
Molecular Psychiatry (2016), 1 – 18

treated with DA, we found that most PDGFRβ-positive vesicles
co-localized with EEA1-positive endosomes (Figure 3h, arrows),
whereas D2LR and PDGFRβ double-positive vesicles did not ( o2%
of EEA1-positive endosomes). Following 5 min of DA treatment,
however, we observed that a signiﬁcant population of
D2LR/PDGFRβ double-positive vesicles overlapped with
EEA1-positive endosomes (20–30% of EEA1-positive endosomes
in both cytosolic and perinuclear regions). After 30 min of DA
stimulation, only 5% of EEA1-positive endosomes co-localized
with D2LR/PDGFRβ double-positive vesicles in cytosolic regions.
By contrast, in perinuclear regions, 20% of EEA1-positive endosomes co-localized with D2LR/PDGFRβ double-positive vesicles
(Figure 3h, arrowheads) even at 30 min of DA treatment (Figure
3h–j). On the other hand, in cells co-transfected with D2SR-EGFP
and HT-PDGFRβ, most D2SR-labeled vesicles did not co-localize
with EEA1-positive endosomes with or without DA treatment
(o 3% of EEA1-positive endosomes). Pre-incubation of cells with
the dynamin inhibitor dynasore, which blocks clathrin-mediated
endocytosis, abolished DA-induced overlap of EEA1-positive
endosomes with D2LR/PDGFRβ double-positive vesicles. Similar
results were obtained when cells were transfected with Rabex-5
siRNA (Figure 3i and j). We conﬁrmed siRNA efﬁcacy on knockdown of Rabex-5 by immunoblotting of endogenous Rabex-5
protein in HEK293T cells (Supplementary Figure 3a). In addition,
EEA1-positive endosomes with D2LR/PDGFRβ double-positive
vesicles were signiﬁcantly decreased by haloperidol (data not
shown). These data suggest that DA treatment promotes transport
of early endosomes containing D2LR and PDGFRβ to the Golgi
complex through Rabex-5-mediated endocytosis.
Factors internalized by ligand-mediated endosome formation
are believed to undergo lysosomal degradation, and ubiquitination is required for lysosomal sorting of many GTP-binding
protein-coupled receptors.38 Cells co-transfected with D2LR-EGFP/
PDGFRβ or D2SR-EGFP/PDGFRβ were immunoprecipitated with
anti-GFP antibody, and immunoprecipitates were analyzed with
anti-ubiquitin antibody. Ubiquitination of both D2R isoforms was
unchanged after DA stimulation (Supplementary Figure 3b).
Immunoﬂuorescence also showed that most D2LR/PDGFRβ
double-labeled vesicles do not overlap with lysosome compartments, as marked by the membrane protein 1 (LAMP-1;
Supplementary Figure 3c).
Endocytotic activation of intracellular D2LR is required for ERK
activation in striatopallidal MSNs
We next monitored dynamics of quinpirole-mediated activation of
PDGFRβ and mitogen-activated protein kinase/ERK signaling in
primary striatal neurons. Endogenous D2R stimulation activates
ERK in primary striatal neurons.10 Consistent with the previous
observations, in primary striatal neurons isolated from WT mice,
ERK phosphorylation increased signiﬁcantly by 2.5-fold, peaking
10 min after quinpirole stimulation. Importantly, D2R stimulation
markedly stimulated PDGFRβ tyrosine phosphorylation. In primary
striatal neurons isolated from D2LR-KO neurons, however,
increased PDGFRβ and ERK phosphorylation following quinpirole
stimulation was not observed (Figure 4a). To investigate mechanisms underlying kinase activation, cultures of WT primary striatal
neurons were pre-incubated with PTX, dynasore or a PDGFR
inhibitor tyrphostin A9. As expected, all inhibitors completely
blocked respective phosphorylation of PDGFRβ and ERK following
quinpirole stimulation. Similar results were obtained in cells
transfected with Rabex-5 shRNA or pre-incubated with haloperidol
(Figure 4b). We conﬁrmed shRNA efﬁcacy on Rabex-5 knockdown
by immunoblotting of endogenous Rabex-5 protein in primary
striatal neurons (Supplementary Figure 5a).
Next, we evaluated quinpirole-induced pERK immunoreactivity
in cells from acutely prepared striatal slices labeled with the
striatopallidal MSN marker preproenkephalin (ppEnk).39 The
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. Endocytotic activation of intracellular D2 receptor (D2R) long isoform (D2LR) is required for extracellular signal-regulated kinase (ERK)
activation in striatopallidal medium spiny neurons (MSNs). (a; Left) Representative immunoblots of lysates made from primary striatal neurons
incubated for indicated times with 10 μM quinpirole (Quin) and probed with indicated antibodies. (Right) Quantitative densitometry analyses.
**P o0.01, *P o0.05 by two-way analysis of variance (ANOVA) with post hoc Tukey test. n = 4 per experiment. Three experiments were
analyzed. (b) Representative immunoblots probed with indicated antibodies made from lysates from primary striatal neurons treated for
10 min with 10 μM Quin. Striatal neurons were pre-incubated with 200 ng ml − 1 pertussis toxin (PTX), 80 μM dynasore (Dyn), 10 μM tyrphostin
A9 (A9) or 10 μM haloperidol (Halo) before 10 μM Quin stimulation (top); quantitative densitometry analyses are shown at bottom. **P o0.01
vehicle versus Quin, #Po0.05 Quin versus Quin plus indicated inhibitor by one-way ANOVA with post hoc Tukey test. n = 4 per experiment.
Three experiments were analyzed. (c; Left) Representative agarose gel electrophoresis showing indicated reverse transciptase–polymerase
chain reaction (RT-PCR) products from mouse striatum. (Right) Semi-quantiﬁcation of expression of D2R mRNA isoforms (n = 3). ND, not
detected. (d; Top) Representative confocal microscopy images showing double-staining of tissues in striatal slices for phospho- (p)ERK
(extracellular signal-regulated kinase; green) and anti-preproenkephalin (ppEnk; red) following Quin stimulation. Nuclear DNA is labeled with
4,6-diamidino-2-phenylindole (DAPI; cyan). Scale bars, 30 μm. (Bottom) Quantitative analyses of the number of pERK/ppEnk double-positive
cells in slices. Striatal slices were pre-incubated with 200 ng ml − 1 PTX, 80 μM Dyn, 10 μM A9 or 10 μM Halo before 10 μM Quin stimulation
*P o0.05, **P o0.01 versus wild type (WT)+vehicle, #P o0.05 versus D2LR-HT+AAV-Control by one-way ANOVA with post hoc Tukey test. pERK/
ppEnk double-positive cells were counted in four areas (350 × 350 μm/area) per section of the dorsal striatum (6 sections per mouse, 3 mice
per condition).
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Figure 5. Interaction of D2 receptor (D2R) and Gαi isoforms based on bioluminescence resonance energy transfer (BRET) analysis (a, b) Realtime measurement of BRET signals in HEK293T cells expressing RLuc8-tagged D2R isoforms, wild type (WT)-platelet-derived growth factor
receptor-β (PDGFRβ) and mVenus-tagged Gαi isoforms in the presence of 10 μM DA. Three independent experiments performed in duplicate.
Summary data are presented in Table 1. (c, d) Dose–response analysis of BRET signals in HEK293T cells expressing RLuc8-tagged D2R isoforms,
WT-PDGFRβ and mVenus-tagged Gαi isoforms in the presence of indicated DA concentrations. Three independent experiments performed in
duplicate. Summary data are presented in Table 2. (e, f) Dose–response analysis of BRET signals in HEK293T cells expressing RLuc8-tagged D2R
isoforms, WT-PDGFRβ and mVenus-tagged Gαi isoforms. Cells were pretreated with 200 ng ml − 1 pertussis toxin (PTX), 80 μM dynasore, 10 μM
tyrphostin A9 (A9) or 10 μM haloperidol (Halo) before the addition of substrate. Three independent experiments performed in duplicate.
Summary data are presented in Table 3. (g, h; Left) Representative immunoblots probed with various antibodies and made from lysates of
cells co-transfected with Gαi3 (g) or Rabex-5 (h) short interfering RNA (siRNA), D2R long isoform (D2LR) and PDGFRβ 30 min after 10 μM DA
treatment. (Right) Quantitative densitometry analyses are shown. **P o0.01, *P o0.05 versus 0 min in siControl, ##Po0.01 versus 30 min with
DA in siControl by one-way analysis of variance (ANOVA) with post hoc Tukey test, n = 3 each. Three independent experiments performed.

number of pERK/ppEnk double-positive neurons signiﬁcantly
decreased in WT slices pre-incubated with PTX, dynasore,
tyrphostin A9 or haloperidol. Likewise, the number of pERK/ppEnk
double-positive neurons also decreased in D2LR-KO compared
with WT slices following quinpirole stimulation. The striatum of
D2LR heterozygous knockout (D2LR-HT) mice, which exhibits a
50–60% reduction in D2LR mRNA levels based on RT-PCR analysis
(Figure 4c) exhibited decreased numbers of pERK/ppEnk
double-positive neurons. The number of pERK/ppEnk doublepositive neurons in D2LR-HT was restored to levels seen in WT
mouse striatum after bilateral intrastriatal injection of AAV-Rab5 to
experimentally stimulate endocytosis40–42 or AAV-Rabex-5 without
change in that of AAV-Control-injected D2LR-HT mice (Figure 4d).
Taken together, our observations suggest that D2LR-induced
PDGFRβ transactivation requires endocytotic activation of
PTX-sensitive Gi proteins in striatopallidal MSNs.
Molecular Psychiatry (2016), 1 – 18

Gαi3 mediates intracellular D2LR signaling
To identify Gαi isoforms required to activate D2LR signaling, we
evaluated interactions of D2LR with Gαi isoforms using a BRETbased receptor/G protein assay in HEK293T cells. Cells were
transiently transfected with an energy donor, Renilla Luciferase 8
(RLuc8)-tagged D2R isoforms (D2LR-RLuc8 or D2SR-RLuc8), an
acceptor in the form of mVenus-tagged Gαi isoforms (Gαi1mVenus, Gαi2-mVenus or Gαi3-mVenus)26 and WT-PDGFRβ. We
ﬁrst determined the kinetics of D2R/Gαi associations after agonist
stimulation using real-time BRET measurements. In cells expressing D2LR-RLuc8/Gαi3-mVenus /PDGFRβ, 10 μM DA treatment
signiﬁcantly increased BRET signals relative to other groups
(Figure 5a and b and Table 1). Dose/response analysis using ﬁve
different DA concentrations (0.01, 0.1, 1, 10 and 100 μM) revealed
substantially elevated BRET signals in DA-treated cells expressing
compared
with
other
D2LR-RLuc8/Gαi3-mVenus/PDGFRβ
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constructs (Figure 5c and d and Table 2), and that activity was
blocked by PTX. Moreover, dynasore or tyrphostin A9 completely
abolished BRET signals in D2LR-RLuc8/Gαi3-mVenus/PDGFRβtransfected cells but not in D2SR-RLuc8/Gαi3-mVenus/PDGFRβtransfected cells (Figure 5e and f and Table 3). Similar results were
obtained in cells transfected with Rabex-5 siRNA in D2LR-RLuc8/
Gαi3-mVenus/PDGFRβ-transfected
cells
(Supplementary
Figure 4a). We tested whether tyrphostin A9-mediated inhibition
of PDGFRβ prevents the DA-induced association of D2LR with Gαi3
in D2LR-RLuc8/Gαi3-mVenus-transfected cells without PDGFRβ. As
expected, the association of D2LR with Gαi3 signiﬁcantly
decreased compared with PDGFRβ-co-transfected cells, and it

Table 1. BRET signal kinetics recorded over 5 min for each condition
and showed as the BRET signal at the peak obtained in cells stimulated
with 10 μM DA
Receptor
D2SR
D2LR

Gαi protein

BRET signal

Gαi1
Gαi2
Gαi3
Gαi1
Gαi2
Gαi3

0.030 ± 0.11 × 10 − 3
0.034 ± 0.48 × 10 − 3
0.033 ± 0.94 × 10 − 3
0.031 ± 0.89 × 10 − 3
0.034 ± 1.3 × 10 − 3
0.058 ± 1.0 × 10 − 3a

Abbreviations: ANOVA, analysis of variance; BRET, bioluminescence
resonance energy transfer; D2LR, D2 receptor long isoform; D2SR, D2
receptor short isoform. Data are presented as mean ± s.e.m. Three
independent experiments performed with duplicate samples. aPo0.01
(two-way repeated ANOVA with Tukey’s post-test).

could not be inhibited by treatment with tyrphostin A9
(Supplementary Figure 4b and 4c). We also conﬁrmed the clear
dose-dependent inhibitory action of other inhibitors including
haloperidol (Supplementary Figure 4c). Immunocytochemical
analysis revealed predominant expression of Gαi1-mVenus and
Gαi2-mVenus in the plasma membrane, whereas Gαi3-mVenus
was localized in both the plasma membrane and Golgi apparatus
as has been reported,43 where it co-localized with D2LR in an
intracellular compartment (Supplementary Figure 4d). DA-induced
ERK activation also signiﬁcantly increased in Gαi3-mVenus
samples relative to other groups (Supplementary Figure 4e). In
addition, ERK phosphorylation was completely inhibited by
treatment of D2LR/PDGFRβ-co-transfected cells with Gαi3 or
Rabex-5 siRNA (Figure 5g and h). To conﬁrm the interaction with
Gαi3 and D2LR/Rabex-5/PDGFRβ protein complex, we performed
immunoprecipitation of cell extracts with an anti-Gαi3 antibody
followed by immunoblotting with anti-D2R, anti-Rabex-5 or
PDGFRβ antibody. These signals were present in HEK293T cells
co-transfected with D2LR/Gαi3/PDGFRβ constructs (Supplementary
Figure 4f) and mouse striatal extracts (Supplementary Figure 4g).
Taken together, we conclude that DA-induced internalization of
D2LR/PDGFRβ-containing endosomes triggers an association of
these proteins with intracellular Gαi3 at the Golgi apparatus,
eliciting ERK activation.
Intracellular D2LR signaling is required for dendritic spine
formation in striatal neurons
To assess whether ERK signal with the D2LR exerts long-term
effects on neural structure and function, we performed analysis of
synaptic morphology and electrophysiology in primary culture of
striatal neurons with mesencephalic DA neurons at DIV21. In

Table 2. Dose–response analysis of BRET signal in HEK293T cells expressing RLuc8-tagged D2R isoforms/mVenus-tagged Gαi isoforms in the
presence of the indicated DA concentrations
Receptor

Gαi protein

D2SR

BRET signal
0.016 ± 1.76 × 10
0.025 ± 8.65 × 10 − 3
0.020 ± 9.30 × 10 − 3
0.030 ± 8.95 × 10 − 3
0.031 ± 2.46 × 10 − 3
0.058 ± 2.54 × 10 − 3a

Gαi1
Gαi2
Gαi3
Gαi1
Gαi2
Gαi3

D2LR

EC50 (M)
−3

0.26 × 10 −6 ± 1.75 × 10− 6
0.99 × 10 − 6 ± 0.42 × 10 − 6
2.33 × 10 − 6 ± 0.21 × 10 − 6
3.10 × 10 − 6 ± 0.15 × 10 − 6
3.88 × 10 − 6 ± 0.90 × 10 − 6
2.85 × 10 −6 ± 0.35 × 10− 6

Abbreviations: ANOVA, analysis of variance; BRET, bioluminescence resonance energy transfer; D2LR, D2 receptor long isoform; D2SR, D2 receptor short isoform.
Data are presented as mean ± s.e.m. Three independent experiments performed with duplicate samples. aP o0.01 (two-way repeated ANOVA with Tukey’s
post-test).

Table 3.
Receptor

Dose–response analysis of BRET signal in HEK293T cells expressing RLuc8-tagged D2R isoforms/mVenus-tagged Gαi3
Gαi protein

Treatment

D2SR

Gαi3

D2LR

Gαi3

Vehicle
PTX
Dynasore
Tyrphostin A9
Vehicle
PTX
Dynasore
Tyrphostin A9

BRET signal
0.027 ± 1.29 × 10 − 3
0.005 ± 6.12 × 10−3a
0.025 ± 4.80 × 10 − 3
0.022 ± 1.97 × 10 −3
0.047 ± 5.64 × 10 −3
0.014 ± 1.02 × 10−3b
0.019 ± 0.10 × 10− 3b
0.023 ± 0.83 × 10− 3c

EC50 (M)
3.44 × 10 −6 ± 0.54 × 10−6
2.51 × 10− 5 ± 4.70 × 10 − 6
3.29 × 10 − 6 ± 0.31 × 10 − 6
2.34 × 10− 6 ± 0.29 × 10 − 6
2.09 × 10− 6 ± 0.14 × 10 −6
3.05 × 10−5 ± 0.37 × 10−6
4.91 × 10 −5 ± 6.21 × 10−6
2.66 × 10 −5 ± 9.21 × 10−6

Abbreviations: ANOVA, analysis of variance; BRET, bioluminescence resonance energy transfer; D2LR, D2 receptor long isoform; D2SR, D2 receptor short isoform;
PTX, pertussis toxin. Data are presented as mean ± s.e.m. Three independent experiments performed with duplicate samples. D2SR/Gαi3, aPo 0.01 in the
D2SR/Gαi3 group (two-way repeated ANOVA with Tukey’s post-test); D2LR/Gαi3, bPo0.01, cPo 0.05 in the D2LR/Gαi3 group (two-way repeated ANOVA with
Tukey’s post-test).
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neurons transfected with D2LR at DIV0, ERK phosphorylation was
signiﬁcantly increased compared with mock and D2SR-expressed
neurons. As expected, ERK phosphorylation signiﬁcantly
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decreased in neurons expressing shD2R, shPDGFRβ, shGαi3 or
shRabex-5. We conﬁrmed shRNA efﬁcacy against these
shRNA plasmids by immunoblotting of endogenous mouse
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proteins in cultured striatal neurons (Supplementary Figure 5a).
Notably, ERK phosphorylation was recovered in neurons
coexpressing shD2R/D2R, shD2R/Rabex-5 and shD2R/Rab5
(Figure 6a). Previous report showed that Rabex-5 activates at
least two distinct Rabs, Rab5 and Rab17.23 However, ERK
phosphorylation was not recovered in neurons coexpressing
shD2R/Rab17, indicating that Rab5, but not Rab17, is involved in
ERK signal with D2R.
ERK signaling elicits changes in synaptic morphology, including
neuronal dendritic spine formation.44 To investigate D2LR function
in this process, we labeled cultured striatal neurons from WT mice
by co-transfection with EGFP and either empty vector (mock), D2LR
or D2SR constructs. Subsequently, striatal neurons at DIV21 were
ﬁxed and stained with anti-GFP and their dendritic spine
morphology assessed. D2LR overexpression signiﬁcantly increased
the number of dendritic branch intersections and spine/protrusion
density without changing spine length relative to control cells
transfected with EGFP alone, whereas D2SR overexpression did not
promote this change (Figure 6b–e). Consistently, D2LR overexpression increased immunoreactivity of the presynaptic marker
Syn, which was present in puncta along dendritic protrusions
(Figure 6f). To determine whether synaptic activity accompanies
these alterations, we examined sEPSCs. Consistent with increased
spine density, D2LR overexpression promoted signiﬁcantly
increased sEPSC amplitude and frequency. D2SR overexpression
signiﬁcantly reduced in sEPSC frequency but had no effect on
amplitude (Figure 6g–i).
Next, we asked whether shRNA-mediated knockdown of
endogenous D2R altered synaptic morphology. D2R-knockdown
neurons showed signiﬁcantly decreased numbers of dendritic
branch intersections and protrusion density compared with
control shRNA-transfected neurons, without changes in spine/
protrusion morphology (Figure 6j–m). Morphological alterations
seen in D2R-knockdown neurons were associated with reduced
numbers of Syn-positive puncta (Figure 6n). Accordingly, D2R
knockdown signiﬁcantly decreased sEPSC amplitude and frequency (Figure 6o–q). Similar results were seen in terms of spine
morphology that PDGFRβ, Rabex-5 or Gαi3 knockdown neurons
showed reduced number of dendritic branch intersections, spines
and Syn-positive puncta (Supplementary Figure 5b–d). Moreover,
D2R or Rab5, but not Rab17, overexpression plus transfection with
D2R shRNA restored striatal neuron synapse formation, as
estimated by the number of dendritic branch intersections and
accumulation of Syn-positive puncta representing spines (Figure
6j–q and Supplementary Figure 5b–d), indicating that endocytotic
D2LR signaling is necessary for correct dendritic spine structure
and synaptic activity in striatal neurons.
Intracellular D2LR is essential for dendritic spine morphogenesis in
striatopallidal MSNs in vivo
Next, we assessed the effect of intracellular D2LR signaling in vivo
using intracellular LY labeling methods. To distinguish striatonigral

from striatopallidal MSNs, we stained ﬁxed striatal slices with
ppEnk and DAPI. LY, ppEnk and DAPI ﬂuorescence can be
visualized simultaneously under ultraviolet excitation using a
ﬂuorescein long-pass ﬁlter, and it is possible to inject LY into
speciﬁc striatopallidal MSNs (Figure 7a). LY-injected striatopallidal
MSNs of the dorsal striatum showed signiﬁcantly reduced
numbers of dendritic branch intersections and decreased density
of spines/protrusion in D2LR-KO and D2LR-HT relative to D2LR-WT
mice (Figure 7b–e) but no statistically signiﬁcant changes in spine
length (Figure 7f). Consistent with in vitro ﬁndings (Figure 6),
AAV-Rab5 infection of the striatum partly rescued spine density
phenotypes observed in AAV-Control-injected D2LR-HT mice
without altering dendritic arborization (Figure 7b–f). In
LY-injected ppEnk-negative striatonigral MSNs of the dorsal
striatum, there were no changes in numbers of dendritic branch
intersections and density of spines/protrusion between D2LR-WT
and D2LR-KO mice (Supplementary Figure 6a–d). Next, we
evaluated dendritic spine morphogenesis following quinpirole
stimulation in acutely prepared striatal slices. In WT mouse slices,
spine density in LY-injected striatopallidal MSNs of the dorsal
striatum signiﬁcantly increased by 1h after quinpirole treatment,
but comparable, statistically signiﬁcant changes were not seen in
D2LR-KO slices (Figure 7g and h). Quinpirole treatment had no
effect on the number of dendritic branch intersections or spine
length in either genotype (data not shown). Taken together,
in vivo analysis conﬁrmed that D2LR signaling in striatopallidal
MSNs mediates in part dendritic spine morphogenesis.
Endocytotic activation of intracellular D2LR is critical for
haloperidol-induced cataleptic behavior
DA-stimulated ERK activity in the striatum is critical for synaptic
and behavioral sensitization.45 To determine whether novel
intracellular D2LR signaling described here mediates effects of
typical antipsychotic drugs, we examined haloperidol-induced
catalepsy behavior, which is signiﬁcantly reduced in D2LR-KO
mice21,46 (Figure 8b). Speciﬁcally, we asked whether haloperidol
treatment induces D2R-mediated cataleptic behavior in central
nervous system-speciﬁc PDGFRβ cKO mice. As expected, cataleptic
behavior was absent in PDGFRβ cKO mice, as it is in D2LR-KO mice
(Figure 8c). D2LR-HT mice showed approximately half of the
cataleptic response seen in WT mice. When AAV-Rab5-IRES-EGFP
was injected bilaterally into the striatum of D2LR-HT mice
(Figure 8a) and catalepsy analyzed 4 weeks later, the duration of
catalepsy in injected animals was signiﬁcantly greater than that in
un-injected mice (Figure 8b). We veriﬁed that GFP ﬂuorescence is
comparable between cells transduced by AAV-EGFP and
AAV-Rab5-IRES-EGFP in striatum (Supplementary Figure 7a),
and AAV-EGFP-injected D2LR-HT mice did not show alterations in
cataleptic time in un-injected D2LR-HT mice (Supplementary
Figure 7b). In addition, all genotypes showed quinpirole-induced
suppression of locomotor activity, which are reportedly
mediated by presynaptic D2R activity46 (Supplementary Figure

Figure 6. D2 receptor (D2R) long isoform (D2LR) signaling is required for dendritic spine formation and activity of cultured striatal neurons. (a;
Left) Representative immunoblots of lysates made from primary striatal neurons transfected for indicated plasmids and probed with indicated
antibodies. (Right) Quantitative densitometry analyses. **P o0.01, *Po0.05 versus mock or shControl, #Po 0.05 versus shD2R-transfected
neurons by two-way analysis of variance (ANOVA) with post hoc Tukey test. n = 3 per experiment. Three experiments were analyzed. (b, j)
Representative images of cultured striatal neurons co-transfected with EGFP and indicated plasmids. Neurons are double-stained for anti-GFP
(green) and anti-synaptophysin (Syn; magenta). Scale bars, top panels; 100 μm; bottom panels, 5 μm. (c, k) The number of dendritic branch
intersections. *Po0.05 versus mock or shControl, #Po 0.05 versus shD2R by two-way ANOVA with post hoc Tukey test; n = 10 cells each. Three
experiments were analyzed. (d, l) Relationship of cumulative percentage of spines to spine length. P40.05 by Kolmogorov–Smirnov test.
Three experiments were analyzed. (e, m) Data were showed spine number of spines per 20 μm dendrite. *Po0.05, **P o0.01 versus mock or
shControl, #P o0.05 versus shD2R by one-way ANOVA with post hoc Tukey test; n = 20 cells each. Three experiments were analyzed. (f, n)
Number of spines showing Syn-positive puncta. *P o0.05 versus mock or shControl, #Po 0.05 versus shD2R by one-way ANOVA with post hoc
Tukey test; n = 20 cells each. Three experiments were analyzed. (g–i, o–q) Representative spontaneous excitatory postsynaptic current (sEPSC)
data (g, o), amplitude (h, p) and frequency (i, q) in cultured striatal neurons. **Po 0.01, *P o0.05 versus mock or shControl, ##P o0.01 versus
shD2R-transfected neurons by one-way ANOVA with post hoc Tukey test; n = 5–6 cells. Three experiments were analyzed.
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 7. D2 receptor (D2R) long isoform (D2LR) is required for dendritic spine morphogenesis in striatopallidal medium spiny neuron (MSNs)
in vivo. (a) Field view of dorsal striatum showing lucifer yellow (LY)-injected neurons (yellow), anti-preproenkephalin (ppEnk) staining (green)
and nuclear 4,6-diamidino-2-phenylindole (DAPI; blue) under ultraviolet (UV) excitation using a ﬂuorescein long-pass ﬁlter. Arrows, ppEnkpositive cells; arrowheads, ppEnk-negative cells. The bottom image (long-pass) shows the same ﬁeld as the top image (FITC) a different ﬁlter.
Scale bar, 10 μm. (b–c) Low-magniﬁcation images of entire neurons (b) and dendritic spine morphology (c) in LY-injected ppEnk-positive cells.
Scale bars, (b), 100 μm (c), 5 μm. (d) D2LR knockout (D2LR-KO) and D2LR-HT (Halo-tagged) mice show signiﬁcantly decreased numbers of
dendritic branch intersections compared with D2LR-wild type (WT) mice. **Po 0.01 *P o0.05 versus D2LR-WT by one-way analysis of variance
(ANOVA) with post hoc Tukey test; n = 10 cells, n = 3 mice each. (e) D2LR-KO and D2LR-HT mice show signiﬁcantly decreased spine numbers,
whereas D2LR-HT+Rab5 animals show rescued spine numbers. *P o0.05 versus D2LR-WT, #P o0.05 versus D2LR-HT+AAV-Control by one-way
ANOVA with post hoc Tukey test; n = 20 cells, n = 3 mice each. (f) Relationship of cumulative percentage of spines to spine length. P40.05 by
Kolmogorov–Smirnov test. (g) Images showing morphology of dendritic spines in LY-injected ppEnk-positive neurons following quinpirole
stimulation in acutely prepared striatal slices. Scale bars, 1 μm. (h) WT slices show signiﬁcantly increased spine number by 1 h after quinpirole
treatment. **P o0.01, *Po0.05 versus WT by one-way ANOVA with post hoc Tukey test; n = 20 cells, n = 3 mice each. NS, not signiﬁcant.

7c and d). To determine whether novel D2LR signaling modulates
D1R function, we assessed catalepsy induced by SCH23390, a D1R
antagonist. SCH23390-induced catalepsy did not differ
signiﬁcantly in any genotype analyzed (Supplementary Figure 7e
and f), indicating that D2LR signaling described here does not
perturb D1R function.
Immunohistochemical analysis indicates that PDGFRβ is
predominantly expressed in adult mouse neurons.20 To determine
PDGFRβ localization in striatum, we double-stained with PDGFRβ
and cell-speciﬁc marker antibodies. Strong PDGFRβ immunoreactivity was detected in cAMP-regulated phosphoprotein of 32 kDa
Molecular Psychiatry (2016), 1 – 18

(DARPP-32)-positive cells, a marker of MSNs (Figure 8d). As expected,
PDGFRβ was localized both to D1R- (Figure 8e) and D2R-positive
(Figure 8f) MSNs. PDGFRβ immunoreactivity did not overlap with
that of VGLUT1, a marker of glutamatergic terminals (Figure 8g) or
tyrosine hydroxylase, a marker of dopaminergic neurons (Figure 8h).
We also assessed the association between PDGFRβ and D1R or D2R
using antibodies to these factors in conjunction with dual
recognition PLA. In situ PLA has been employed to test interaction
of two proteins localized at distances of o40 nm.47 We observed
clear PLA signals indicative of a PDGFRβ interaction with D2R in
striatal sections. By contrast, PLA signals suggesting PDGFRβ/D1R
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 8. Endocytotic activation of intracellular D2R long isoform (D2LR) is critical for haloperidol-induced cataleptic behavior. (a)
Representative immunoﬂuorescence image showing AAV-Rab5-IRES-EGFP expression in striatum. Right panel: higher magniﬁcation of dorsal
striatum. Blue, 4,6-diamidino-2-phenylindole (DAPI). (b) Haloperidol-induced cataleptic time of AAV-Rab5-IRES-EGFP-injected D2LR-HT (Halotagged; D2LR-HT+Rab5) mice was signiﬁcantly rescued comparable to levels seen in intact D2LR-wild type (WT) mice. D2LR-WT versus D2LR
knockout (D2LR-KO), genotype × dose in catalepsy time (F(3,48) = 22.9, P o0.01). **P o0.01 by two-way analysis of variance (ANOVA) with post
hoc Tukey test; n = 7 each. D2LR-WT versus D2LR-HT, genotype × dose in catalepsy time (F(3,48) = 3.5, P o0.05). *Po 0.05 by two-way ANOVA with
post hoc Tukey test; n = 7 each. D2LR-HT versus D2LR-HT+Rab5, genotype × dose in catalepsy time (F(3,48) = 3.6, Po 0.05). #P o0.05 by two-way
ANOVA with post hoc Tukey test; n = 7 each. (c) Haloperidol-induced catalepsy is not seen in central nervous system (CNS)-speciﬁc
platelet-derived growth factor receptor-β (PDGFRβ) conditional knockout (PDGFRβ cKO) mice relative to PDGFRβ ﬂoxed (PDGFRβﬂ/ﬂ) controls.
PDGFRβﬂ/ﬂ versus PDGFRβ cKO, genotype × dose in catalepsy time (F(3,32) = 18.1, P o0.01). *Po0.05, **P o0.01 by two-way ANOVA with
post hoc Tukey test; n = 5 each. (d–h) Confocal images showing localization of PDGFRβ (green) with DARPP-32, D1R, D2 receptor (D2R) or the
presynaptic markers VGLUT1 and tyrosine hydroxylase (TH; magenta) in dorsal striatum. PDGFRβ and DARPP-32 immunoreactivities almost
completely merge (d). PDGFRβ was localized both to D1R- (e) and D2R-positive (f) medium spiny neurons (MSNs). PDGFRβ immunoreactivity
did not overlap with that of VGLUT1 (g) or TH (h). Lower panels in d are high-magniﬁcation images. Scale bars, 10 μm. White asterisks mark
double-positive cells. (i) PDGFRβ association with D1R or D2R as assessed by dual recognition proximity ligation in situ assay (PLA) with
indicated antibodies. Signals indicating PDGFRβ/D2R interaction are clearly identiﬁed. PDGFRβ/D1R interaction is undetectable.

interaction were undetectable (Figure 8i). There was no background
observed for the negative control without primary antibody (data
not shown). These results suggest that PDGFRβ protein co-localizes
with D2R but not D1R in MSNs.
DISCUSSION
Here, we believe we provide the ﬁrst evidence that Rabex-5/Rab5dependent D2LR endocytosis accounts for dendritic spine formation in striatopallidal MSNs and that PDGFRβ transactivation is
critical for D2LR-mediated motor coordination through the
striatum. D2LR is widely recognized as being expressed on the
plasma membrane, where it couples with Gi protein in a manner
similar to D2SR. However, we found that after DA stimulation, D2LRand PDGFRβ-containing vesicles are transported by endocytosis to
the Golgi complex, where D2LR transactivates PDGFRβ through
Gαi3, enhancing ERK signaling. ERK activation likely triggers
© 2016 Macmillan Publishers Limited, part of Springer Nature.

downstream changes in synaptic plasticity, including alterations in
dendritic spine formation (Figure 9).
Rabex-5 functions with Rabaptin-5 to activate Rab5, promoting
early-endosome fusion.34 Crystal structure analysis reveals that
Rabex-5 CC domain binds loosely to Rab5–GDP-binding site to
weakly inhibit GEF catalytic activity in the core domain. Binding of
Rabaptin-5 to Rabex-5 CC domain perturbs interaction of the latter
with the GEF inhibitory domain, exposing Rab5–GDP-binding site
and partially enabling GEF activity. At the same time, the Rabex-5/
Rabaptin-5 complex is recruited to early endosomes via binding of
Rabaptin-5 C terminus to Rab5–GTP, further inducing conformational changes in Rabex-5/Rabaptin-5 complex and fully exposing
the catalytic domain to Rab5–GDP to promote early-endosome
fusion.34,48 We propose that D2LR stimulation promotes Rabex-5induced GEF activity. Although mechanisms underlying this
interaction remain unclear, DA-induced conformational changes
in the D2LR/Rabex-5 complex may relieve auto-inhibitory activity
Molecular Psychiatry (2016), 1 – 18
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Figure 9. Schematic diagram showing D2 receptor long isoform
(D2LR) signaling events. D2LR-mediated Rabex-5 activation increases
Rab5–GTP recruitment of early endosomal autoantigen 1 (EEA1),
which promotes endocytosis of D2LR- and platelet-derived growth
factor receptor-β (PDGFRβ)-containing early endosomes through the
clathrin-mediated pathway. Following dopamine (DA) stimulation,
D2LR- and PDGFRβ-containing early endosomes are transported to
the Golgi complex, activating Gαi3 and extracellular signal-regulated
kinase (ERK). ERK activation likely triggers downstream effects,
including dendritic spine formation.

of the Rabex-5 CC domain, thereby increasing its afﬁnity to Rab5
and promoting exchange of GDP to GTP-bound form of Rab5.
The conventional model of D2R signaling proposes that the
receptor couples with Gi only in the plasma membrane.8
Therefore, DA-induced endocytosis has been believed to regulate
D2R activity, including desensitization and receptor downregulation or degradation.8 Notably, some studies report that persistent
GTP-binding protein-coupled receptor signaling continues after
internalization. In DA receptor signaling, DA or the D1R agonist
SKF81297 induces rapid D1R internalization into early endosomes
in association with Gs and consequent adenylyl cyclase activation.
Additional cyclic AMP is produced in early-endocytotic membrane
compartments.49 In addition, thyroid-stimulating hormone (TSH)
binds to the TSH receptor (TSHR) coupled to Gs, and TSH and
TSHR complexes are internalized into perinuclear Golgi
components associated with Gαs and adenylyl cyclase to
maintain cAMP production.50 In Gi-coupled receptor signaling,
binding of phosphorylated FTY720, an immunomodulator, to the
sphingosine-1-phosphate receptor 1 maintains Gi-mediated
signaling after internalization, leading to persistent adenylyl
cyclase inhibition.51 Trimeric G proteins are also detected on
membranes surrounding intracellular compartments, including
the Golgi apparatus, in many mammalian tissues.52 Taken
together, several GTP-binding protein-coupled receptors plus
their ligands are internalized to regulate adenylyl cyclase activity
in endosomes or intracellular Golgi compartments.
Here, we found that a Gi-coupled receptor, D2LR, is internalized
to enhance ERK activity after DA stimulation. Evidence suggests
that Gi-coupled receptor-mediated ERK activation is (i) dependent
on PTX-sensitive Gi proteins that are independent of adenylyl
cyclase inhibition,53 (ii) dependent on Gβγ subunits54 and (iii)
dependent on transactivation of receptor tyrosine kinases.55
Although D2R-mediated ERK activation through PDGFRβ has been
reported in Chinese hamster ovary cells,16 the physiological
function of ERK activation in neurons following D2LR stimulation
Molecular Psychiatry (2016), 1 – 18

remains unclear. Here, we have deﬁned a critical upstream
molecule, Rabex-5, as functioning in prolonged, D2LR-mediated
ERK signaling. Rab5–GTP interacts with and activates PI3Ks,
hVps34 and PI3Kβ.56 PI3Ks mediate production of phosphatidylinositol 3-phosphate (PI(3)P) on early endosomes and recruitment
of a set of PI(3)P-binding Rab5 effectors, including EEA1.57 PI3K
activation also induces PDGFRβ internalization. Internalized
PDGFRβ reportedly remains phosphorylated and active, and
principal components of phosphorylated ERK have been found
in association with endosomes.58 In future study, we will
demonstrate whether ERK activation through the D2LR/Rabex-5
pathway is mediated by PI3K activation.
Consistent with previous reports,10,11 we observed signiﬁcant
increases in ERK phosphorylation in striatal primary culture and in
striatal slices treated with quinpirole. However, some studies using
Drd1- and Drd2-EGFP BAC-transgenic mice deﬁned that basal ERK
elevation is never observed in D2R-expressing MSNs.59,60 In
addition, D2R stimulation by quinpirole inhibited basal ERK
phosphorylation in D1R-expressing MSNs, indicating that
inhibition of DA release through activation of D2 autoreceptor
functions in basal ERK activation.60–62 The striatal microcircuit is
composed of MSNs that receive the excitatory corticostriatal
glutamatergic innervation63 and synapse with cholinergic
interneuron terminals64 as well as dopaminergic nigrostriatal
ﬁbers. D2R is also present on corticostriatal terminals and
cholinergic interneurons, and its stimulation inhibits both
acetylcholine65 and glutamate66–68 release from those terminals.
Likewise, inhibition of ERK phosphorylation by quinpirole
administration in vivo elicits diverse presynaptic modulation of
dopaminergic, cholinergic and glutamatergic inputs in the
striatum. For example, quinpirole-induced decreases in glutamate
release are elicited by activation of presynaptic D2Rs on
glutamatergic terminals in mouse corticostriatal slices.68 D2R-KO
mice exhibit reduced cocaine-induced behavioral sensitization
with concomitant facilitation of glutamate release at corticostriatal
synapses.69,70 D2R activation by quinpirole also reduces synaptic
inputs to striatal cholinergic interneurons in rat corticostriatal
slices.65 Therefore, further experiments are required to reveal the
physiological relevance of striatal ERK activity stimulated by
intracellular D2LR/PDGFRβ signaling to functional connectivity of
the basal ganglia circuitry, including corticostriatal and cholinergic
synaptic transmission in vivo.
This study shows that increased ERK phosphorylation through
intracellular D2LR in part alters dendritic spine morphogenesis in
striatopallidal MSNs. Others have suggested that ERK-mediated
morphological changes are regulated by phosphorylation of the
synaptic protein synapsin I,71 translation of dendritic mRNAs72
and/or transcription of genes related to synaptic remodeling.73
Decreased dendritic spine density selectively seen in striatopallidal
MSNs has been reported in rodents following DA depletion by
treatment with reserpine or 6-hydroxydopamine.74 Indeed, striatal
DA deﬁciency promotes a signiﬁcant decrease in the number of
MSN dendritic spines in Parkinson’s disease patients.75 Here, we
conﬁrm that D2LR-KO mice show signiﬁcantly reduced MSN
dendritic spine density. Rab5 overexpression rescued these
phenotypes in striatopallidal MSNs. Thus, impaired intracellular
D2LR signaling may underlie striatal neuron spine loss in
Parkinson’s disease patients.
In conclusion, we demonstrate ERK activation by PDGFRβ
transactivation after Rabex-5/Rab5-dependent D2LR internalization. Rabex-5-mediated ERK activation in endosomes or Golgi
apparatus is critical for dendritic spine formation of striatopallidal
MSNs. Further studies are required to deﬁne targets of Rabex-5/
Rab5-mediated ERK activation that drive morphological changes
seen in spines and dendrites of striatopallidal MSNs.
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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