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α-Synuclein disrupts the anti-inflammatory
role of Drd2 via interfering β-arrestin2-TAB1
interaction in astrocytes
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Abstract

Background: α-Synuclein (α-Syn)-induced neuroinflammation plays a crucial role in the pathogenesis of Parkinson’s
disease (PD). Dopamine D2 receptor (Drd2) has been regarded as a potential anti-inflammatory target in the therapy of
neurodegenerative diseases. However, the effect of astrocytic Drd2 in α-Syn-induced neuroinflammation remains unclear.

Methods: The effect of Drd2 on neuroinflammation was examined in mouse primary astrocyte in vitro and A53T transgenic
mice in vivo. The inflammatory responses of astrocyte were detected using immunofluorescence, ELISA, and qRT-PCR. The
details of molecular mechanism were assessed using Western blotting and protein-protein interaction assays.

Results:We showed that the selective Drd2 agonist quinpirole suppressed inflammation in the midbrain of wild-type mice,
but not in α-Syn-overexpressed mice. We also found that Drd2 agonists significantly alleviated LPS-induced inflammatory
response in astrocytes, but failed to suppress α-Syn-induced inflammatory response. The anti-inflammation effect of Drd2
was dependent on β-arrestin2-mediated signaling, but not classical G protein pathway. α-Syn reduced the expression of
β-arrestin2 in astrocytes. Increased the β-arrestin2 expression restored in the anti-inflammation of Drd2 in α-Syn-induced
inflammation. Furthermore, we demonstrated that α-Syn disrupted the anti-inflammation of Drd2 via inhibiting the
association of β-arrestin2 with transforming growth factor-beta-activated kinase 1 (TAK1)-binding protein 1 (TAB1) and
promoting TAK1-TAB1 interaction in astrocytes.

Conclusions: Our study illustrates that astrocytic Drd2 inhibits neuroinflammation through a β-arrestin2-dependent
mechanism and provides a new strategy for treatment of PD. Our findings also reveal that α-Syn disrupts the function
of β-arrestin2 and inflammatory pathways in the pathogenesis of PD.
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Background
Parkinson’s disease (PD), the second most common neu-
rodegenerative disorder after Alzheimer’s disease, is char-
acterized by the progressive loss of dopaminergic (DA)
neurons in substantia nigra compacta (SNc), accumulation
of α-synuclein (α-Syn) in Lewy bodies and neurites, and
excessive neuroinflammation [1]. Neuroinflammation is
mediated predominantly by activated glial cells and is

accompanied by the production of inflammatory cytokines
[2]. Microglia has long been considered a key player in
neuroinflammation [3, 4]. Increasing evidence suggests
that activated astrocytes play a vital role in neuroinflam-
mation in the aging brain and most neurodegenerative
diseases (NDDs) including PD [5–7]. Activated astrocytes
release pro-inflammatory cytokines and chemokines,
which may induce neuronal damage. Although the exact
pathogenic mechanisms of PD remain unclear [8], reactive
astrogliosis and astrocyte-mediated neuroinflammation
have been recognized to play critical role in the pathogen-
esis of PD [9, 10].
α-Syn is the principal component of Lewy pathology

and strongly influences on the pathogenesis of PD [11].
Although α-Syn deposits are primarily found in neurons
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in the PD brain, they also appear frequently in astrocytes
[12, 13]. Besides directly damaging mitochondria and lyso-
some of neurons, the increased level of α-Syn also causes
glial response and the reactive glia release inflammatory
mediators such as reactive oxygen species, nitric oxide,
tumor necrosis factor-α (TNF-α), and interleukin-1β
(IL-1β) [14, 15]. They are the main causes of synaptic
dysfunction and neuronal death, leading to a self-amplify-
ing cycle of inflammation, and eventually accelerate the
process of PD [16]. Besides reactive microglia along with
Lewy bodies that found in the substantia nigra of PD pa-
tients, it is now increasingly appreciated that astrocytes
also function in initiating and perpetuating inflammatory
process associated with PD [17, 18]. Thus, controlling
astroglial-mediated neuroinflammation may prove to be a
promising therapeutic strategy for PD.
Dopamine D2 receptor (Drd2) has been regarded as a

potential anti-inflammatory target in the therapy of
NDDs [19–21]. Drd2 expresses both in neurons and
astrocytes [22]. Our previous study revealed that astro-
cytic Drd2 controls the expression of anti-inflammatory
protein αB-crystallin and helps maintaining the immune
homeostasis in the CNS [23]. However, the relation of
astrocytic Drd2 and α-Syn-induced neuroinflammation
has not been defined yet. Drd2 couples with Gαi protein
and participates to trigger two types of signal transduction
pathways: the classic G protein-dependent pathway and
the β-arrestin-dependent pathway [24, 25]. β-arrestin2 is a
critical adaptor and regulator of internalization and
desensitization of G protein-coupled receptors (GPCR)
[25]. It can also serve as a signal effector itself, regulating
inflammatory response [26]. It was reported that β-
arrestin2 was necessary to mediate the anti-inflammation
function of β2 adrenergic receptor and kappa-opioid recep-
tor in microglia [27, 28]. However, its role in astrocytes
remains unknown and the precise mechanism by which
β-arrestin2 mediates GPCR-related anti-inflammation role
is still poorly understood.
In the present study, we investigate the effect of astrocytic

Drd2 on α-Syn-induced neuroinflammation in astrocytes
and in A53T transgenic (A53Ttg/tg) mice. Surprisingly, here
we showed that Drd2 activation significantly inhibited lipo-
polysaccharide (LPS)-induced inflammation, but failed to
suppress α-Syn-induced inflammatory response in vivo and
in vitro. We further demonstrate that β-arrestin2 is critical
for anti-inflammation of Drd2 in astrocytes. α-Syn abolishes
the anti-inflammation role of Drd2 via suppression of the
β-arrestin2-transforming growth factor-beta-activated kin-
ase 1-binding protein 1 (TAB1) interaction in astrocytes.

Methods
Mice
A53T transgenic (A53Ttg/tg) mice [29, 30] on a C57BL/6
background were obtained from Model Animal Research

Center of Nanjing University. Genotypes were confirmed
by real-time PCR. A53Ttg/tg mice and their littermate
wild-type (WT) controls were bred and maintained in
the Animal Resource Center of the Faculty of Medicine,
Nanjing Medical University and age-matched adult male
mice (4 month old) used for the experiments. All mice
were maintained under specific pathogen-free conditions
and were treated in accordance with protocols approved
by the Institutional Animal Care and Use Committee of
Nanjing Medical University.

Primary astrocyte culture and treatment
Primary astrocyte was prepared from the midbrain of WT
and A53Ttg/tg mice at P0–3, as described previously [31].
The neonatal midbrain were trypsinized and dissociated,
and cells were plated at density of 2 × 106 cells in DMEM/
Ham’s F12 medium containing 10% FBS on 6-well culture
plates. Culture media were changed 24 h later to complete
medium and subsequently twice a week. The purity of
astrocyte was > 95% as determined with GFAP immuno-
cytochemistry. Before experimental treatments, astrocytic
cultures were passaged once. Astrocytes were pretreated
with quinpirole (10 μM, TOCRIS) for 1 h before LPS
(100 ng ml−1, Sigma-Aldrich) or α-Syn (10 μg ml−1,
Sigma-Aldrich) stimulation for 24 h.

Mesencephalic primary neuron cultures and treatment
Mesencephalic primary neuron cultures were prepared
from the ventral mesencephalic tissues of C57BL/6 mice
on embryonic day 14/15 (E14/15), as described previ-
ously [32]. LPS or α-Syn-stimulated astrocytic condi-
tioned medium was collected and centrifuged at 1000 g
for 5 min to remove debris and dead cells. Mesenceph-
alic primary neurons were incubated with the super-
natant mixed with neurobasal medium at a ratio of 1:2
for 6 h before immunocytochemical staining.

Immunocytochemical staining
After incubation with conditioned medium generation
from astrocytes for 6 h, primary dopaminergic neurons
were identified by immunocytochemical staining of tyro-
sine hydroxylase (TH). Cells were rinsed with 0.1 M PBS
carefully and fixed with 4% paraformaldehyde, followed by
incubation with 3% H2O2 to remove the endogenous
peroxidase. After washing, cells were blocked with PBS
containing 5% bovine serum albumin (BSA) and then
incubated with the primary antibody (T2928, the mouse
monoclonal anti-TH at 1: 4000; Sigma) at 4 °C overnight.
After washing, cells were exposed to HRP-conjugated
second antibody (goat anti-mouse at 1:800; KPL) for 1 h
at room temperature. Immunostaining was visualized
using DAB-H2O2 (Boster).
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Quantification of TH-positive cell count and neuronal
processes
TH-positive neurons were counted in 10 randomly se-
lected fields at × 100 magnification by the Nikon Optical
TE2000-S inverted microscope. The number of
TH-positive cells accounted for about 3% of total cells in
the primary cultures. Cell processes were measured at ×
200 magnification. Thirty TH-positive cells were selected
at random for each treatment. TH-positive cell processes
were traced from cell body to the end, and the total
length was quantitated using Image Pro Plus 5.1. Only
processes that more than twice the length of the cell
body were measured.

In vivo experimental treatments
A53Ttg/tg and WT mice were administered intraperito-
neal injections of 5 mg kg−1 quinpirole per day for
10 day. WT mice were given intraperitoneal injections
of l-methyl-4-phenyl-l, 2, 3, 6-tetrahydropypridine
(MPTP; 30 mg kg−1) for four consecutive days and left
for 3 days. At day 7 post-injection, the animals were
killed and the SNc were dissected and processed for
Western blot or Elisa analysis.

Western blotting analysis
Cell lysates and tissues were homogenized in lyses buffer
(Beyotime, China), and protein concentration was deter-
mined by the Bradford assay (Bio-Rad, Hercules, CA).
The analysis of protein was performed according to
standard SDS-PAGE. After blocking, the membranes
were incubated with various specific primary antibodies
against β-arrestin2 (3857, 1:800), TLR4 (14358, 1:1000),
phospho-IKKβ (2697, 1:1000), IKKβ (8943, 1:1000),
phospho-TAK1 (4508, 1:1000), TAK1 (5206, 1:1000),
TAB1 (3225, 1:1000), H3 (4499, 1:1000), phospho–p65
(3033, 1:1000), p65 (8242, 1:1000), β-actin (3700, 1:5000)
from Cell Signaling Technology, D2R (AB1558, Milli-
pore, 1:1000), and α-synuclein (610786, 1:1000, BD Bio-
sciences) in TBST at 4 °C overnight. After washing, the
bands were incubated with corresponding horseradish
peroxidase–conjugated secondary antibodies (Santa Cruz
Biotechnology, USA) for 1 h at room temperature, and
signals were detected by enhanced chemiluminescence
(ECL) Western blot detection reagents (Pierce, Rockford,
IL). The membranes were scanned and analyzed using
ImageQuant™ LAS 4000 imaging system (GE Healthcare,
Piscataway, NJ, USA).

ELISA
Cell culture supernatants and SNc were assayed for
IL-1β (Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit,
MLB00C), TNF-α (Mouse TNF-alpha Quantikine ELISA
Kit, MTA00B), IL-6 (Mouse IL-6 Quantikine ELISA Kit,
M6000B), and IL-12 (Mouse IL-12 p70 Quantikine

ELISA Kit, M1270) with ELISA kits from R&D Systems
according to the manufacturer’s instructions.

Reverse transcription and quantitative real-time PCR
Total RNA was extracted from astrocytes using TRIzol
Reagent (Invitrogen Life Technologies), and RNA con-
centrations were determined by ultraviolet spectropho-
tometry (Nano VueTM). Reverse transcription was
performed with PrimeScript™ 1st Strand cDNA Synthesis
Kit (Takara) according to standard protocol. Quantitative
real-time PCR was performed on an ABI 7300 Real-
Time PCR System (Applied Biosystems, Japan) using the
Fast Start Universal SYBR Green Master (Rox) (Roche
Diagnostics Ltd.). GAPDH was used as an endogenous
control. Polymerase chain reaction (PCR) primers were
used as follows: GAPDH sense: 5′-CAAAAGGGTCATCA
TCTCC-3′, antisense: 5′-CCCCAGCATCAAAGGTG-3′,
IL-1β sense: 5′-TCATTGTGGCTGTGGAGAAG-3′, anti
sense: 5′-AGGCCACAGGTATTTTGTCG-3′, TNF-α
sense: 5′-CATCTTCTCAAAATTCGAGTGACAA-3′, anti-
sense: 5′-TGGGAGTAGACAAGGTACAACCC-3′, IL-6
sense: 5′-ATCCAGTTGCCTTCTTGGGACTGA-3′, anti-
sense: 5′-TAAGCCTCCGACTTGTGAAGTGGT-3′, IL-12
sense: 5′-GCCAGGTGTCTTAGCCAGTC-3′, antisense:
5′-CAGATAGCCCATCACCCTGT-3′, IFN-γ sense: 5′-TG
GCATAGATGTGGAAGAAAAGAG-3′, antisense: 5′-TG
CAGGATTTTCATGTCACCAT-3′, D2R sense: 5′-ATCT
CTTGCCCACTGCTCTTTGGA-3′, antisense: 5’-ATAG
ACCAGCAGGGTGACGATGAA-3′.

Co-immunoprecipitation (Co-IP)
The total cell lysate prepared from astrocytes was incu-
bated with anti-TAB1 antibody followed by incubated
with protein A/G plus agarose (Santa Cruz Biotechnol-
ogy) as described previously [33]. After washing the
beads, the bound proteins were eluted and analyzed by
immunoblotting.

Radioligand binding assays
WT and A53Ttg/tg mice of 4-month-olds were sacrificed
and synaptosomes (homogenization of fresh brain tissue
in isotonic medium shears plasma membranes causing
nerve terminals to become separated from their axons
and postsynaptic connections. The nerve terminal mem-
branes then reseal to form synaptosomes. The purified
synaptosomes are viable and take up and release neuro-
transmitters very efficiently) of the striatum and were
rapidly separated on ice. Wet tissues were weighed and
homogenized in 5 × weight/volume (w/v) icy sucrose
buffer (0.32 M sucrose, 0.01 M HEPES, pH 7.4) followed
by centrifugation at 1000 g for 10 min. The supernatant
was further centrifugated at 17000 g for 20 min, and the
pallet was resuspended in Aaasy Buffer (50 mM Tris,
5 mM KCl, 2 mM NaCl, 2 mM CaCl2, 1 mM K2PO4,
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and pH 7.3, 4 °C). Samples of the cell fractions (100 μl of
each) were assessed for protein content by Biuretassay, and
the remainder stored at − 80 °C for use in subsequent radi-
oligand binding studies.
[3H] Spiperone (Perkin Elmer, 1187001MC) was used as

the radioligand in the radioligand binding assay. Samples
were incubated with a range of radioligand concentrations
(0~1 nM) at 37 °C. The specific binding component was
determined using (+)-Butaclamol (1 μM/5 μM). Assays
were terminated by ice-cold wash buffer (150 mM Tris
HCl, pH 7.4). After filtration, filters were transferred to
scintillation vials and scintillation fluid was added. [3H]
Spiperone bound radioactivity was determined using a
scintillation counter.

cAMP immunoassay
cAMP content in astrocytes was detected using a cAMP
Direct Immunoassay Kit (Colorimetric) (K371-100, Bio-
Vision, USA) according to the manufacturer’s protocol.
Absorbance of samples was determined by the Multis-
kan Spectrum (Thermo Scientific) at 450 nm.

Cell transfection
Astrocytes were allowed to reach 80–90% confluence and
transfected with 1 μg of the full-length pcDNA3.1-HA-
β-arrestin2 or the pcDNA3.1 empty vector in Opti-MEM
(Gibco, USA) using X-tremeGENE HP DNA Transfection
Reagent (Roche, Switzerland) for 48 h. Astrocytes were
cultured at a confluency of 40–50% and transfected with
β-arrestin2 siRNA oligoribonucleotide (sense: GCUU

GUGGAGUAGACUUUGTT; antisense: CAAAGUCUA
CUCCACAAGCTT) (Genepharma, Shanghai, China)
using Lipofectamine 3000 reagent (Invitrogen, Life Tech-
nologies) in OPTI-MEM-reduced serum medium (Gibco)
according to the instructions provided. Six hours later, the
transfection mixture was removed and cells were further
incubated with normal medium for additional 48 h before
stimulation.

Statistical analysis
All data are expressed as means ± S.E.M. The differences
with different treatments and genotypes were deter-
mined by one-way or two-way ANOVA, followed by the
Tukey’s post hoc test, and the means of two independent
samples were compared by t test and were considered as
statistically significant at p < 0.05.

Results
Drd2 activation fails to suppress α-Syn-induced
neuroinflammation in vivo
To determine the anti-inflammatory role of Drd2 in vivo,
A53Ttg/tg mice and WT mice were treated with the select-
ive Drd2 agonist quinpirole before MPTP administration.
Repeated quinpirole administration resulted in a marked
reduction in the levels of pro-inflammatory mediators
such as IL-1β, TNF-α, and IL-6 in the SNc of
MPTP-treated WT mice. But, quinpirole lost the ability to
block the increased production of the pro-inflammatory
mediators in A53Ttg/tg mice (Fig. 1a–c). Consistently,
quinpirole significantly inhibited MPTP-induced the

Fig. 1 α-Synuclein abolishes the anti-inflammatory role of Drd2 in vivo. a–c Quinpirole inhibited the pro-inflammatory mediators production in
the SNc of wild-type mice treated with MPTP, but not in A53T transgenic (A53Ttg/tg) mice. The levels of IL-1β (a), TNF-α (b), and IL-6 (c) evaluated
by ELISA in the SNc of wild-type mice and A53Ttg/tg mice. d–h Quinpirole inhibited the activation of TLR4-NF-κB signal pathways in the SNc of
wild-type mice treated with MPTP, but not in A53Ttg/tg mice. Representative immunoblot (d) and quantitative analysis of TLR4 (e), p-TAK1 (f), p-IKK (g),
and p-p65 (h) in the SNc of wild-type mice and A53Ttg/tg mice. Data are presented as the mean ± S.E.M, n = 6, two-way ANOVA, *p < 0.05, **p < 0.01 vs.
control group, #p < 0.05 vs. MPTP treatment group
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activation of the TLR signaling pathway including the de-
creased expression of TLR4 and phosphorylation of TAK1
and IKK and reduced nuclear translocation of NF-κB in
WT mice, but not in A53Ttg/tg mice (Fig. 1d–h). These
results indicate that α-Syn abolishes the anti-inflammatory
effects of Drd2 in vivo.

Drd2 agonists fail to inhibit α-Syn-induced
neuroinflammation in astrocytes
Because our recent study indicates that astrocytes play a
critical function in the modulation of neuroinflammation
[23], we used primary astrocytes to study the role of Drd2
in neuroinflammation in vitro. Consistent with our data

Fig. 2 α-Synuclein abolishes the anti-inflammatory role of Drd2 in astrocytes. a, b Drd2 agonists inhibited LPS-induced the levels of the indicated
genes in astrocytes evaluated by qPCR analysis (a) and Elisa analysis (b). c, d Drd2 agonists inhibited MMP+-induced the levels of the indicated
genes in astrocytes evaluated by qPCR analysis (c) and Elisa analysis (d). e, f Drd2 agonists failed to suppress the levels of the indicated genes in
astrocytes treated with wide-type (WT) α-Syn evaluated by qPCR analysis (e) and Elisa analysis (f). g, h Drd2 agonists failed to suppress the levels
of the indicated genes in astrocytes treated with A53T mutant α-Syn evaluated by qPCR analysis (g) and Elisa analysis (h). i, j Drd2 agonist failed
to suppress the levels of the indicated genes in astrocytes from A53T transgenic (A53Ttg/tg) mice evaluated by qPCR analysis (i) and Elisa analysis
(j). Data are presented as the mean ± S.E.M from four independent experiments, one-way ANOVA, *p < 0.05, **p < 0.01 vs. control group, #p < 0.05
vs. LPS/MPP+ treatment group
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obtained in vivo, Drd2 agonists significantly reduced
LPS-induced pro-inflammatory cytokine production in-
cluding IL-1β, TNF-α, IL-6, IL-12, and IFN-γ (Fig. 2a, b).
The anti-inflammatory effect of Drd2 was further studied
using MPP+, the active metabolite of MPTP, and α-Syn.
Treatment with MPP+ resulted in marked increase in
pro-inflammatory cytokine production in astrocytes, and

Drd2 agonists suppressed MPP+-induced increase of
pro-inflammatory cytokine production (Fig. 2c, d). In
marked contrast, either wild-type (WT) α-Syn or A53T
mutant α-Syn also increased the production of IL-1β,
TNF-α, IL-6, IL-12, and IFN-γ, but quinpirole failed to in-
hibit the α-Syn-induced elevation of pro-inflammatory cy-
tokines (Fig. 2e–h). Interestingly, other Drd2 agonists

Fig. 3 α-Synuclein cancels the neuroprotective effect of Drd2 in vitro. a–c Quinpirole protects DA neurons against LPS-induced toxicity.
Mesencephalic primary neurons were incubated with the conditioned medium (CM) from astrocyte treated with LPS and quinpirole. The
representative pictures of TH+ neuron immunostaining (a), quantification of TH+ cell number (b), and mean total neuritis length (c). d–f
Quinpirole failed to protect DA neurons against wide-type (WT) α-Syn or A53T mutant α-Syn-induced toxicity. Mesencephalic primary neurons
were incubated with the CM from astrocyte treated with WT α-Syn or A53T α-Syn and quinpirole. The representative pictures of TH+ neuron
immunostaining (d), quantification of TH+ cell number (e), and mean total neuritis length (f). Data are presented as the mean ± S.E.M from four
independent experiments, one-way ANOVA, *p < 0.05 vs. control group, and #p < 0.05 vs. LPS treatment group
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including bromocriptine and quinelorane also showed the
similar pattern in α-Syn-induced inflammation. Subse-
quently, the astrocytes from A53Ttg/tg mice were used to
further confirm the effects of Drd2 in α-Syn-induced neu-
roinflammation. There were pronounced increases in levels
of IL-1β, TNF-α, IL-6, IL-12, and IFN-γ in astrocytes of
A53Ttg/tg mice compared to WT mice. Consistently, quin-
pirole could not reduce the levels of pro-inflammatory

mediators in astrocytes from A53Ttg/tg mice (Fig. 2i, j).
These results demonstrate that α-Syn abolishes Drd2-medi-
ated anti-inflammation role in astrocytes.

α-Syn abolishes the neuroprotective effect of Drd2 in vitro
Since neuroinflammation are closely associated with DA
neurons death [3], we next studied whether or not Drd2
agonist is neuroprotective against inflammation-induced

Fig. 4 α-Synuclein abolishes Drd2-mediated inhibition of TLR4-NF-κB signaling in astrocytes. a–d Quinpirole inhibited the LPS-induced activation
of TLR4-NF-κB signaling in astrocytes. Representative immunoblot (a) and quantitative analysis of TLR4 (b), p-IKK (c), and nuclear p65 (d) in
astrocytes treated with LPS and quinpirole. e–h Quinpirole failed to suppress the activation of TLR4-NF-κB signaling induced by wide-type (WT) α-
Syn. Representative immunoblot (e) and quantitative analysis of TLR4 (f), p-IKK (g), and nuclear p65 (h) in astrocytes treated with WT α-Syn and
quinpirole. i–l Quinpirole failed to suppress the activation of TLR4-NF-κB signaling induced by A53T mutant α-Syn. Representative immunoblot (i)
and quantitative analysis of TLR4 (j), p-IKK (k), and nuclear p65 (l) in astrocytes treated with A53T\α-Syn and quinpirole. m–p Quinpirole failed to
suppress the activation of TLR4-NF-κB signaling in astrocytes of A53T transgenic (A53Ttg/tg) mice. Representative immunoblot (m) and quantitative
analysis of TLR4 (n), p-IKK (o), and nuclear p65 (p) in astrocytes of A53Ttg/tg mice treated with quinpirole. Data are presented as the mean ± S.E.M
from four independent experiments, one-way ANOVA, *p < 0.05 vs. control group, and #p < 0.05 vs. LPS treatment group
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toxicity of DA neurons. We treated primary culture of
SNc TH neurons with the conditioned medium (CM)
from astrocyte and quantified the number of TH neurons
with immunostaining. Morphological analysis revealed
that both the number of TH-positive neurons and the
length of neuronal processes were remarkably deceased by
CM generated from LPS-treated astrocyte, and this de-
crease was reversed by treatment with quinpirole (Fig. 3a–
c). More importantly, the number of TH-positive neurons
and the length of neuronal processes were also inhibited
by CM generated from WT α-Syn- or A53T α-Syn-treated
astrocyte, but this inhibition was not reversed by quinpir-
ole (Fig. 3d–f ). These results suggest that α-Syn abolishes
the neuroprotective effect of Drd2 against inflammation-
induced DA neurotoxicity.

α-Syn cancels the suppressive effect of Drd2 on the TLR4-
NF-κB pathway in astrocytes
Because TLR4-NF-κB signaling pathways play a crucial
role in inflammation [34], we sought to determine the
effect of Drd2 on the activation of TLR4-NF-κB signal-
ing pathways. As shown in Fig. 4a–d, quinpirole sup-
pressed the LPS-induced TLR4 expression, IKK
phosphorylation, and NF-κB nuclear translocation. By
contrast, both WT α-Syn and A53T α-Syn also markedly
increased the expression of TLR4, enhanced the

phosphorylation of IKK, and promoted the nuclear trans-
location of NF-κB, but quinpirole failed to inhibit the
α-Syn-induced activation of TLR4-NF-κB signaling path-
ways (Fig. 4e–l). Identical results were observed in astro-
cytes from A53Ttg/tg mice (Fig. 4m–p). Together, these
results suggest that α-Syn cancels the anti-inflammatory
effects of quinpirole through interfering with the
TLR4-NF-κB signaling pathway activation.

The anti-inflammation effect of Drd2 is dependent on β-
arrestin2-mediated signaling, but not classical G protein
pathway
Activation of Drd2 stimulates classical G protein pathways
alongside β-arrestin-dependent signaling [35, 36]. Thus,
we explored the possible involvement of both signaling
pathways in the observed anti-inflammation effect of
Drd2. First, we assessed the role of the classical G protein
pathway. As shown in Fig. 5a, AC activator forskolin and
dibutyryl cAMP (db-cAMP), a cAMP analogue, could not
abolished the anti-inflammation of quinpirole, indicating
that Drd2-mediated anti-inflammation is independent of
classical G protein pathways. Thus, we speculated that
β-arrestin-dependent signaling pathway may mediate the
anti-inflammation of Drd2. We then reduced β-arrestin2
expression with β-arrestin2-specific siRNA in astrocyte
(Fig. 5b). We found that the anti-inflammatory roles of

Fig. 5 β-Arrestin2 mediates the anti-inflammatory effects of Drd2. a Forskolin or dibutyryl cAMP (db-cAMP) failed to abolish the inhibitory effects of
quinpirole on the LPS-induced IL-1β production assessed by ELISA in astrocytes. Data are presented as the mean ± S.E.M from four independent
experiments, one-way ANOVA, **p < 0.01 vs. control group, and ##p < 0.01 vs. LPS treatment group. b–g Knockdown of β-arrestin2 abolished the anti-
inflammatory effects of quinpirole in LPS-treated astrocytes. The astrocytes were transfected with β-arrestin2-specific siRNA (si β-Arr2) for 48 h followed
by treated with LPS and quinpirole. b The expression of β-arrestin2 in astrocytes transfected with si β-Arr2 or negative control (NC) for 48 h. Data are
presented as the mean ± S.E.M from four independent experiments, t test, **p < 0.01 vs. NC group. The levels of IL-1β were determined by qPCR
analysis (c) and Elisa analysis (d). Representative immunoblot (e) and quantitative analysis of p-IKK (f) and nuclear p65 (g) in astrocytes. Data are
presented as the mean ± S.E.M from four independent experiments, two-way ANOVA, *p < 0.05 vs. control group, #p < 0.05 vs. LPS treatment group,
and $p < 0.05 vs. LPS + quinpirole group
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Drd2 were abolished by knockdown of β-arrestin2 (Fig. 5c,
d). In addition, β-arrestin2 knockdown also reversed the
inhibitory effects of Drd2 on the activation of TLR4-
NF-κB signaling pathway in astrocytes (Fig. 5e–g). These
results demonstrate that the anti-inflammatory function
of Drd2 in astrocytes depends on β-arrestin2.

α-Syn reduces the expression of β-arrestin2 in astrocyte
We first measured the expression and activity of Drd2 in
astrocytes from A53Ttg/tg and WT mice to determine
whether α-Syn cancel the anti-inflammatory effect of
Drd2 by reducing membrane Drd2 level or the binding
ability of Drd2. As shown in Fig. 6a, b, the membrane
Drd2 expression was significantly increased in astrocytes
of A53Ttg/tg mice, but the binding ability of Drd2 in WT
and A53Ttg/tg mice showed no difference in the radioli-
gand binding assay (Fig. 6c), indicating that α-Syn did
not affect the activation of Drd2 itself. We then probed
the downstream signaling pathway of Drd2. In the clas-
sical G protein-dependent signaling pathway, Drd2 is as-
sociated to Gαi protein to inhibit AC and production of
cAMP [37]. Indeed, Fig. 6d showed that active Drd2
suppressed astrocyte cAMP levels in forskolin-stimulated

condition, and α-Syn did not influence this process. Thus,
we speculated that instead of the classical G protein
pathway, it is more likely that α-Syn influence the β-arrest-
in-dependent signaling pathway. We then detected the ex-
pression of β-arrestin2 in astrocytes from WT or A53Ttg/tg

mice and found that the β-arrestin2 protein expression was
significantly decreased in A53Ttg/tg astrocytes or WT astro-
cytes treated with WT α-Syn, and this effect was not re-
versed by treatment with quinpirole (Fig. 6e–f).

Increased the β-arrestin2 expression restores the anti-
inflammatory effects of Drd2 in α-Syn-induced inflammation
Our preceding data have demonstrated that α-Syn re-
duces the expression of β-arrestin2 in astrocytes. We
then determined if enhanced expression of β-arrestin2
could restore the anti-inflammation role of Drd2 in
α-Syn-induced inflammation. As shown in Fig. 7a–c,
β-arrestin2 overexpression indeed restored quinpirole’s
suppressive effect on IL-1β production in the A53Ttg/tg

mice astrocyte. As expected, β-arrestin2 overexpression also
rescued quinpirole’s ability to inhibit the activation of the
TLR4-NF-κB signaling pathway, including downregulated
expression of TLR4, decreased phosphorylation of IKK, and

Fig. 6 α-Syn reduces the expression of β-arrestin2 in astrocyte. a–b α-Syn increased Drd2 expression in astrocytes. The expression of Drd2 in
astrocytes treated with wide-type (WT) α-Syn or from A53T transgenic (A53Ttg/tg) mice were evaluated by the qPCR analysis (a) and Western Blot
analysis (b). Data are presented as the mean ± S.E.M from four independent experiments, t test, *p < 0.05 vs. control group. c α-Syn failed to
influence the binding ability of Drd2 using radioligand binding analysis. d α-Syn did not affect the suppressive effects of quinpirole on
intracellular cAMP concentration using a cAMP assay kit. Data are presented as the mean ± S.E.M from four independent experiments, two-way
ANOVA, **p < 0.01 vs. corresponding control group, ##p < 0.01 vs. corresponding forskolin treatment group. e–f α-Syn reduced the expression of
β-arrestin2 in astrocytes. Representative immunoblot and quantitative analysis of β-arrestin2 in astrocytes from A53T transgenic (A53Ttg/tg) mice
(e) and treated with wide-type (WT) α-Syn (f). Data are presented as the mean ± S.E.M from four independent experiments, two-way ANOVA, *p <
0.05 vs. control group
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reduced nuclear expression of NF-κB p65 in astrocyte of
A53Ttg/tg mice (Fig. 7d–g). These results indicate that
α-Syn cancels the anti-inflammatory effect of quinpirole
through downregulation of β-arrestin2.

α-Syn disrupts the β-arrestin2-TAB1 interaction in astrocytes
The association of TAK1 with TAB1 is a prerequisite for
the activation of TAK1 and TLR4 pathway [38]. To dissect
the molecular mechanisms underlying anti-inflammation
of Drd2, we first measured the interaction between the
three proteins TAK1, TAB1, and β-arrestin2 in co-IP
assays. As shown in Fig. 8, LPS markedly inhibited
TAB1-β-arrestin2 interaction, increased the TAK1-TAB1
association, and enhanced the phosphorylation of TAK1
(p-TAK1), and these effects were reversed by quinpirole
treatment (Fig. 8a–b). In contrast, α-Syn also reduced the
TAB1-β-arrestin2 interaction, augmented the association
of TAB1 with TAK1, and promoted p-TAK1, but quinpir-
ole could not reverse these effects (Fig. 8c–e). These
findings demonstrate that α-Syn abolishes the anti-inflam-
matory effect of Drd2 by disrupting TAB1’s anti-inflam-
matory association with β-arrestin2 and enhancing TAB1’s
pro-inflammatory association with TAK1.

Discussion
The most important finding presented here is that α-Syn
abolishes anti-inflammatory effects of Drd2 in vivo and in
vitro. Using well-established LPS-mediated inflammatory
model, we demonstrated that Drd2 activation is protective

against inflammation-induced degeneration of DA neu-
rons and that this protection is mediated through inhib-
ition of neuroinflammation in astrocytes. However, this
protective function of Drd2 on DA neurons in response to
α-Syn-induced inflammation was abolished. Mechanistic
studies show that anti-inflammation of Drd2 is mediated
by the inhibition of the TLR4-TAK1-NF-κB axis in astro-
cytes, and this function is independent of the conventional
GPCR/cAMP signaling pathways; rather, this inhibition is
dependent on β-arrestin2, which shows a novel mode of ac-
tion for the Drd2 in regulating CNS inflammatory condi-
tions. Moreover, α-Syn abolishes anti-inflammation role of
Drd2 via downregulation of β-arrestin2 expression and dis-
rupting the interaction of β-arrestin2 and TAB1.
In neurons, the dopamine /Drd2 system’s effect on

locomotion and behavioral changes has been well stud-
ied [39]. Abnormal dopamine signaling plays a role in
various neuropathies such as schizophrenia, depression,
and PD [40–42]. However, how Drd2 functions in glial
cells is still poorly understood. Our early study showed
that astrocytic Drd2 deficiency increased inflammatory
response through downregulation of αB-crystallin [23].
Here, we found that Drd2 agonist quinpirole inhibited
the LPS/MPP+-induced increase of inflammatory media-
tors IL-1β, TNF-α, IL-6, IL-12, and IFN-γ, whereas quin-
pirole lost this ability in α-Syn-treated atrocytes. We
further showed that quinpirole reduced the number of
LPS-induced neuronal deaths. However, this protective
function of quinpirole on neurons in response to α-Syn-

Fig. 7 Increased β-arrestin2 expression restores the anti-inflammatory effects of Drd2 in α-Syn-induced inflammation. The astrocytes from A53T
transgenic (A53Ttg/tg) mice were transfected with pcDNA3.1-HA-β-arrestin2 (β-Arr2) or the pcDNA3.1 empty vector (vector) and then treated with
quinpirole. a The expression of β-arrestin2 in astrocytes transfected with β-Arr2 for 48 h. Data are presented as the mean ± S.E.M from four
independent experiments, t test, **p < 0.01 vs. vector group. The levels of IL-1β were determined by real-time PCR analysis (b) and Elisa analysis (c).
Representative immunoblot (d) and quantitative analysis of TLR4 (e), p-IKK (f), and nuclear p65 (g) in astrocytes. Data are presented as the mean ±
S.E.M from four independent experiments, two-way ANOVA, *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. quinpirole + vector group
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induced inflammation was abolished, demonstrating that
the α-Syn abolishes the neuroprotective effect of Drd2
against inflammation-induced DA neurotoxicity. Equally
potent efficacy of quinpirole’s action in inflammation was
also observed in MPTP PD model. We also found that
quinpirole suppressed the inflammatory cytokine produc-
tion in WT mice of MPTP PD model, but lost the ability to
block the increased production of the pro-inflammatory
genes in A53Ttg/tg mice. In summary, both our in vivo and
in vitro results clearly demonstrate that α-Syn abolish the
anti-inflammatory role of Drd2. On the basis of these find-
ings, we speculate that diffuse α-Syn in the CNS may be
the saboteur that impedes the therapeutic effect of dopa-
mine receptor in late PD.
Increasing evidence from both in vivo and in vitro

studies suggests that Drd2 possesses important immuno-
modulatory potential [24, 43, 44]. Our studies provide a
novel pathway that is different from the conventional
Drd2/cAMP-dependent pathway mediated by Drd2 acti-
vation. These findings also provide opportunities for

novel therapeutic approaches in inflammation-mediated
CNS disorders such as PD. In the present study, it is
clear that Drd2-mediated anti-inflammatory effects are
not cAMP dependent because AC activators or cAMP
analog could not block the anti-inflammatory activity of
Drd2. For this reason, we looked for an alternative
pathway mediating Drd2-related protective effects. Arrest-
ins, originally discovered as terminators of GPCR signal-
ing by facilitating desensitization and internalization of
GPCR, recently have been recognized as multifunctional
adaptor/scaffold proteins in regulating cellular processes
such as chemotaxis, apoptosis, metastasis, and inflamma-
tion [45]. β-arrestin2 has been found to be a negative
regulator of inflammatory responses in monocytes,
macrophages, and microglia [28, 46, 47], but its role in
astrocyte remains unknown. Our studies demonstrate
that Drd2-mediated anti-inflammatory effects are
dependent on β-arrestin2 in astrocytes. Drd2 activation
enhances β-arrestin2’s association with TAB1. This
competitively blocks TAB1’s interaction with TAK1 and

Fig. 8 α-Synuclein disrupts the β-arrestin2-TAB1 interaction in astrocytes. a Quinpirole enhanced the TAB1-β-arrestin2 interaction and inhibited
the TAB1-TAK1 interaction in astrocytes. The interaction of TAB1 with β-arrestin2 and TAK1 in astrocytes treated with quinpirole for 1 h prior to
addition of LPS measured by co-IP. b Quinpirole inhibited the LPS-induced TAK1 activation (p-TAK1) evaluated by Western blot analysis. Data are
presented as the mean ± S.E.M from four independent experiments, one-way ANOVA, *p < 0.05 vs. control group, and #p < 0.05 vs. LPS treatment
group. c α-Syn reduced the TAB1-β-arrestin2 interaction and enhanced the TAB1-TAK1 interaction in astrocytes. The interaction of TAB1 with β-
arrestin2 and TAK1 in astrocytes treated with quinpirole for 1 h prior to addition of wide-type (WT) α-Syn or A53T mutant α-Syn measured by co-
IP. d–e Quinpirole failed to inhibit the α-Syn-induced TAK1 activation (p-TAK1) evaluated by Western blot analysis. Representative immunoblot
and quantitative analysis of p-TAK1 in astrocytes treated with WT α-Syn (d) or in A53T transgenic (A53Ttg/tg) mice astrocytes (e). Data are
presented as the mean ± S.E.M from four independent experiments, two-way ANOVA, *p < 0.05 vs. control group. f A model depicting the roles of
α-Syn in disrupting the D2R/β-arrestin2 anti-inflammatory pathway via disassembling of TAB1-β-arrestin2 complex
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TAK1’s subsequent phosphorylation, which attenuates the
TLR4-dependent signaling pathway (Fig. 8f). This suggests
that a novel GPCR-coupled signaling pathway may be in-
volved and suggests that β-arrestin2 may represent a new
target for anti-inflammatory therapy in NDD including PD.
Given the importance of Drd2-mediated anti-inflammatory

effects in treatment of PD, it is urgent to mechanistically ex-
plore how α-Syn abolishes the anti-inflammation of Drd2
to develop such therapeutic interventions. Since Drd2
agonist exerts its biological functions by activation of
Drd2 through G protein-dependent cellular processes or
alternative G protein-independent signaling pathways
[36], we first suppose that α-Syn may reduce membrane
Drd2 level or the binding ability of Drd2. Surprisingly, we
found that α-Syn actually increased membrane Drd2 level
and could not inhibit the binding ability of Drd2, suggest-
ing that α-Syn did not affect the activation of Drd2 itself.
We then probed the downstream signaling pathway of
Drd2. In the classical G protein-dependent signaling path-
way, Drd2 is associated to Gi/o protein to inhibit the pro-
duction of cAMP [37]. We showed that α-Syn failed to
influence cellular cAMP level. For this reason, we seek an
alternative G protein-independent pathway. We found
that α-Syn decreased the expression of β-arrestin2 and
suppressed β-arrestin2’s association with TAB1. This en-
hances TAB1’s interaction with TAK1 and TAK1’s subse-
quent phosphorylation, which promotes the TLR4-
dependent signaling pathway and abolishes Drd2 inhibition
of pro-inflammatory cytokine production (Fig. 8f). This
was further supported by our finding that overexpression of
β-arrestin2 could restore the anti-inflammation role of
Drd2 in α-Syn-induced inflammation. These results dem-
onstrate that α-Syn abolishes the anti-inflammatory effects
of Drd2 via β-arrestin2. Over all, Drd2 activation increased
the β-arrestin2-TAB1 interaction and this competitively
blocks TAB1’s association with TAK1 and subsequent
phosphorylation of TAK1, which attenuates the TLR4-
dependent signaling pathway and inhibits the production
of inflammatory mediators. α-Syn abolishes the anti-in-
flammatory effects of Drd2 via downregulation expression
of β-arrestin2 and disrupting the association of β-arrestin2
with TAB1 (Fig. 8f).

Conclusions
The present study unravels a novel mechanism of
Drd2-mediated suppression of inflammatory response in a
β-arrestin2-dependent pathway, and α-Syn abolishes the
anti-inflammatory effects of Drd2 via β-arrestin2 in astro-
cytes. In addition, our study extends our understanding
on β-arrestin2-biased Drd2 signaling and provides poten-
tial new therapeutic avenues for PD.

Abbreviations
A53Ttg/tg: A53T transgenic; CNS: Central nervous system; DA: Dopaminergic;
ELISA: Enzyme-linked immunosorbent assay; IL-1β: Interleukin-1 beta; IL-

6: Interleukin-6; MPTP: 1-Methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine;
NDDs: Neurodegenerative diseases; NF-κB: Nuclear transcription factor kappa
B; PD: Parkinson’s disease; RT-qPCR: Real-time quantitative polymerase chain
reaction; SNc: Substantia nigra compacta; TAB1: Transforming growth factor-
beta-activated kinase 1 (TAK1)-binding protein 1; TAK1: Transforming growth
factor-beta-activated kinase 1; TH: Tyrosine hydroxylase; TNF-α: Tumor
necrosis factor alpha; WT: Wild-typeLPSLipopolysaccharide; α-Syn: α-Synuclein

Acknowledgements
We would like to acknowledge Prof. Lan Ma (Fudan University) for providing
pcDNA3.1-HA-β-arrestin2 plasmid.

Funding
This work was supported by the grant from the National Natural Science
Foundation of China (nos. 81473195, 81630099, 81473196, and 81603083)
and the Natural Science Foundation of Jiangsu Province (no. BK20151559).

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Authors’ contributions
RHD and YZ conceived the project, designed and performed the
experiments, analyzed the data, and wrote the manuscript. MLX performed
experiments and analyzed the data. ML and JHD performed the in vivo
experiments. GH conceived the project, designed the experiments, and
revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
The animals used in our study were treated in accordance with protocols
approved by the Institutional Animal Care and Use Committee of Nanjing
Medical University.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pharmacology, Jiangsu Key Laboratory of
Neurodegeneration, Nanjing Medical University, 101 Nongmian Avenue,
Nanjing, Jiangsu 211166, People’s Republic of China. 2Department of
Pharmacology, Nanjing University of Chinese Medicine, 138 Xianlin Avenue,
Nanjing, Jiangsu 210023, People’s Republic of China. 3Department of Clinical
Pharmacy, Shanghai General Hospital, Shanghai Jiao Tong University School
of Medicine, Shanghai 200080, People’s Republic of China.

Received: 26 June 2018 Accepted: 31 August 2018

References
1. De Virgilio A, Greco A, Fabbrini G, Inghilleri M, Rizzo MI, Gallo A, Conte M,

Rosato C, Ciniglio AM, de Vincentiis M. Parkinson’s disease: autoimmunity
and neuroinflammation. Autoimmun Rev. 2016;15:1005–11.

2. Ransohoff RM. How neuroinflammation contributes to neurodegeneration.
Science. 2016;353:777–83.

3. Saijo K, Winner B, Carson CT, Collier JG, Boyer L, Rosenfeld MG, Gage FH, Glass
CK. A Nurr1/CoREST pathway in microglia and astrocytes protects
dopaminergic neurons from inflammation-induced death. Cell. 2009;137:47–59.

4. Saijo K, Collier JG, Li AC, Katzenellenbogen JA, Glass CK. An ADIOL-ERbeta-
CtBP transrepression pathway negatively regulates microglia-mediated
inflammation. Cell. 2011;145:584–95.

5. Komine O, Yamashita H, Fujimori-Tonou N, Koike M, Jin S, Moriwaki Y, Endo
F, Watanabe S, Uematsu S, Akira S, et al. Innate immune adaptor TRIF
deficiency accelerates disease progression of ALS mice with accumulation
of aberrantly activated astrocytes. Cell Death Differ. 2018; https://doi.org/10.
1038/s41418-018-0098-3.

Du et al. Journal of Neuroinflammation  (2018) 15:258 Page 12 of 13

https://doi.org/10.1038/s41418-018-0098-3
https://doi.org/10.1038/s41418-018-0098-3


6. Yu WW, Cao SN, Zang CX, Wang L, Yang HY, Bao XQ, Zhang D. Heat shock
protein 70 suppresses neuroinflammation induced by alpha-synuclein in
astrocytes. Mol Cell Neurosci. 2018;86:58–64.

7. Sawikr Y, Yarla NS, Peluso I, Kamal MA, Aliev G, Bishayee A.
Neuroinflammation in Alzheimer’s disease: the preventive and therapeutic
potential of polyphenolic nutraceuticals. Adv Protein Chem Struct Biol.
2017;108:33–57.

8. Valera E, Masliah E. Therapeutic approaches in Parkinson’s disease and
related disorders. J Neurochem. 2016;139 Suppl 1:346–52.

9. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
Bennett ML, Munch AE, Chung WS, Peterson TC, et al. Neurotoxic reactive
astrocytes are induced by activated microglia. Nature. 2017;541:481–7.

10. Wang Q, Liu Y, Zhou J. Neuroinflammation in Parkinson’s disease and its
potential as therapeutic target. Transl Neurodegener. 2015;4:19.

11. Menendez-Gonzalez M, Padilla-Zambrano HS, Tomas-Zapico C, Garcia BF.
Clearing extracellular alpha-synuclein from cerebrospinal fluid: a new
therapeutic strategy in Parkinson’s disease. Brain Sci. 2018; https://doi.org/
10.3390/brainsci8040052.

12. Mor DE, Ischiropoulos H. The convergence of dopamine and alpha-
synuclein: implications for Parkinson’s disease. J Exp Neurosci. 2018;12:
1179069518761360.

13. Chistiakov DA, Chistiakov AA. Alpha-synuclein-carrying extracellular vesicles
in Parkinson’s disease: deadly transmitters. Acta Neurol Belg. 2017;117:43–51.

14. Ambaw A, Zheng L, Tambe MA, Strathearn KE, Acosta G, Hubers SA, Liu F,
Herr SA, Tang J, Truong A, et al. Acrolein-mediated neuronal cell death and
alpha-synuclein aggregation: implications for Parkinson’s disease. Mol Cell
Neurosci. 2018;88:70–82.

15. Gu XL, Long CX, Sun L, Xie C, Lin X, Cai H. Astrocytic expression of
Parkinson’s disease-related A53T alpha-synuclein causes neurodegeneration
in mice. Mol Brain. 2010;3:12.

16. Lastres-Becker I, Ulusoy A, Innamorato NG, Sahin G, Rabano A, Kirik D,
Cuadrado A. Alpha-synuclein expression and Nrf2 deficiency cooperate to
aggravate protein aggregation, neuronal death and inflammation in early-
stage Parkinson’s disease. Hum Mol Genet. 2012;21:3173–92.

17. Froyset AK, Edson AJ, Gharbi N, Khan EA, Dondorp D, Bai Q, Tiraboschi E,
Suster ML, Connolly JB, Burton EA, et al. Astroglial DJ-1 over-expression up-
regulates proteins involved in redox regulation and is neuroprotective in
vivo. Redox Biol. 2018;16:237–47.

18. Neal M, Richardson JR. Epigenetic regulation of astrocyte function in
neuroinflammation and neurodegeneration. Biochim Biophys Acta. 1864;
2018:432–43.

19. Sadeghi H, Parishani M, Akbartabar TM, Ghavamzadeh M, Jafari BM,
Zarezade V, Delaviz H, Sadeghi H. Pramipexole reduces inflammation in the
experimental animal models of inflammation. Immunopharmacol
Immunotoxicol. 2017;39:80–6.

20. Lieberknecht V, Cunha MP, Junqueira SC, Coelho ID, de Souza LF, Dos
SA, Rodrigues AL, Dutra RC, Dafre AL. Antidepressant-like effect of
pramipexole in an inflammatory model of depression. Behav Brain Res.
2017;320:365–73.

21. Lieberknecht V, Junqueira SC, Cunha MP, Barbosa TA, de Souza LF, Coelho
IS, Santos AR, Rodrigues AL, Dafre AL, Dutra RC. Pramipexole, a dopamine
D2/D3 receptor-preferring agonist, prevents experimental autoimmune
encephalomyelitis development in mice. Mol Neurobiol. 2017;54:1033–45.

22. Rangel-Barajas C, Coronel I, Floran B. Dopamine receptors and
neurodegeneration. Aging Dis. 2015;6:349–68.

23. Shao W, Zhang SZ, Tang M, Zhang XH, Zhou Z, Yin YQ, Zhou QB, Huang YY,
Liu YJ, Wawrousek E, et al. Suppression of neuroinflammation by astrocytic
dopamine D2 receptors via alphaB-crystallin. Nature. 2013;494:90–4.

24. Tolstanova G, Deng X, Ahluwalia A, Paunovic B, Prysiazhniuk A,
Ostapchenko L, Tarnawski A, Sandor Z, Szabo S. Role of dopamine and D2
dopamine receptor in the pathogenesis of inflammatory bowel disease. Dig
Dis Sci. 2015;60:2963–75.

25. Kang DS, Tian X, Benovic JL. Beta-arrestins and G protein-coupled receptor
trafficking. Methods Enzymol. 2013;521:91–108.

26. Gao H, Sun Y, Wu Y, Luan B, Wang Y, Qu B, Pei G. Identification of beta-
arrestin2 as a G protein-coupled receptor-stimulated regulator of NF-kappaB
pathways. Mol Cell. 2004;14:303–17.

27. Qian L, Wu HM, Chen SH, Zhang D, Ali SF, Peterson L, Wilson B, Lu RB,
Hong JS, Flood PM. Beta2-adrenergic receptor activation prevents rodent
dopaminergic neurotoxicity by inhibiting microglia via a novel signaling
pathway. J Immunol. 2011;186:4443–54.

28. Feng X, Wu CY, Burton FH, Loh HH, Wei LN. Beta-arrestin protects neurons
by mediating endogenous opioid arrest of inflammatory microglia. Cell
Death Differ. 2014;21:397–406.

29. Fan Z, Lu M, Qiao C, Zhou Y, Ding JH, Hu G. MicroRNA-7 enhances
subventricular zone neurogenesis by inhibiting NLRP3/caspase-1 axis in
adult neural stem cells. Mol Neurobiol. 2016;53:7057–69.

30. Zhou Y, Lu M, Du RH, Qiao C, Jiang CY, Zhang KZ, Ding JH, Hu G.
MicroRNA-7 targets nod-like receptor protein 3 inflammasome to modulate
neuroinflammation in the pathogenesis of Parkinson’s disease. Mol
Neurodegener. 2016;11:28.

31. Zeng XN, Sun XL, Gao L, Fan Y, Ding JH, Hu G. Aquaporin-4 deficiency
down-regulates glutamate uptake and GLT-1 expression in astrocytes. Mol
Cell Neurosci. 2007;34:34–9.

32. Xie J, Duan L, Qian X, Huang X, Ding J, Hu G. K(ATP) channel openers
protect mesencephalic neurons against MPP+-induced cytotoxicity via
inhibition of ROS production. J Neurosci Res. 2010;88:428–37.

33. Yan Y, Jiang W, Spinetti T, Tardivel A, Castillo R, Bourquin C, Guarda G, Tian
Z, Tschopp J, Zhou R. Omega-3 fatty acids prevent inflammation and
metabolic disorder through inhibition of NLRP3 inflammasome activation.
Immunity. 2013;38:1154–63.

34. Xiang NL, Liu J, Liao YJ, Huang YW, Wu Z, Bai ZQ, Lin X, Zhang JH.
Abrogating ClC-3 inhibits LPS-induced inflammation via blocking the TLR4/
NF-kappaB pathway. Sci Rep. 2016;6:27583.

35. Peterson SM, Pack TF, Caron MG. Receptor, ligand and transducer
contributions to dopamine D2 receptor functional selectivity. PLoS One.
2015;10:e0141637.

36. Urs NM, Peterson SM, Caron MG. New concepts in dopamine D2 receptor
biased signaling and implications for schizophrenia therapy. Biol Psychiatry.
2016;81:78–85.

37. Watts VJ, Wiens BL, Cumbay MG, Vu MN, Neve RL, Neve KA. Selective
activation of Galphao by D2L dopamine receptors in NS20Y neuroblastoma
cells. J Neurosci. 1998;18:8692–9.

38. Kawai T, Akira S. TLR signaling. Cell Death Differ. 2006;13:816–25.
39. Zhang W, He H, Song H, Zhao J, Li T, Wu L, Zhang X, Chen J.

Neuroprotective effects of salidroside in the MPTP mouse model of
Parkinson’s disease: involvement of the PI3K/Akt/GSK3beta pathway.
Parkinsons Dis. 2016;2016:9450137.

40. Chuhma N, Mingote S, Kalmbach A, Yetnikoff L, Rayport S. Heterogeneity in
dopamine neuron synaptic actions across the striatum and its relevance for
schizophrenia. Biol Psychiatry. 2016;8:43–51.

41. Admon R, Kaiser RH, Dillon DG, Beltzer M, Goer F, Olson DP, Vitaliano G,
Pizzagalli DA. Dopaminergic enhancement of striatal response to reward in
major depression. Am J Psychiatry. 2016; https://doi.org/10.1176/appi.ajp.
2016.16010111.

42. Politis M, Sauerbier A, Loane C, Pavese N, Martin A, Corcoran B, Brooks DJ,
Ray-Chaudhuri K, Piccini P. Sustained striatal dopamine levels following
intestinal levodopa infusions in Parkinson’s disease patients. Mov Disord.
2017;32:235–40.

43. Han X, Li B, Ye X, Mulatibieke T, Wu J, Dai J, Wu D, Ni J, Zhang R, Xue J, et
al. Dopamine D2 receptor signalling controls inflammation in acute
pancreatitis via a PP2Adependent Akt/NF-κB signalling pathway. Br J
Pharmacol. 2017;174:4751–70.

44. Arreola R, Alvarez-Herrera S, Perez-Sanchez G, Becerril-Villanueva E, Cruz-
Fuentes C, Flores-Gutierrez EO, Garces-Alvarez ME, de la Cruz-Aguilera DL,
Medina-Rivero E, Hurtado-Alvarado G, et al. Immunomodulatory effects
mediated by dopamine. J Immunol Res. 2016;2016:3160486.

45. Smith JS, Rajagopal S. The beta-arrestins: multifunctional regulators of G
protein-coupled receptors. J Biol Chem. 2016;291:8969–77.

46. Loniewski K, Shi Y, Pestka J, Parameswaran N. Toll-like receptors differentially
regulate GPCR kinases and arrestins in primary macrophages. Mol Immunol.
2008;45:2312–22.

47. Wang W, Xu M, Zhang YY, He B. Fenoterol, a beta(2)-adrenoceptor agonist,
inhibits LPS-induced membrane-bound CD14, TLR4/CD14 complex, and
inflammatory cytokines production through beta-arrestin-2 in THP-1 cell
line. Acta Pharmacol Sin. 2009;30:1522–8.

Du et al. Journal of Neuroinflammation  (2018) 15:258 Page 13 of 13

https://doi.org/10.3390/brainsci8040052
https://doi.org/10.3390/brainsci8040052
https://doi.org/10.1176/appi.ajp.2016.16010111
https://doi.org/10.1176/appi.ajp.2016.16010111

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mice
	Primary astrocyte culture and treatment
	Mesencephalic primary neuron cultures and treatment
	Immunocytochemical staining
	Quantification of TH-positive cell count and neuronal processes
	In vivo experimental treatments
	Western blotting analysis
	ELISA
	Reverse transcription and quantitative real-time PCR
	Co-immunoprecipitation (Co-IP)
	Radioligand binding assays
	cAMP immunoassay
	Cell transfection
	Statistical analysis

	Results
	Drd2 activation fails to suppress α-Syn-induced neuroinflammation in vivo
	Drd2 agonists fail to inhibit α-Syn-induced neuroinflammation in astrocytes
	α-Syn abolishes the neuroprotective effect of Drd2 in vitro
	α-Syn cancels the suppressive effect of Drd2 on the TLR4-NF-κB pathway in astrocytes
	The anti-inflammation effect of Drd2 is dependent on β-arrestin2-mediated signaling, but not classical G protein pathway
	α-Syn reduces the expression of β-arrestin2 in astrocyte
	Increased the β-arrestin2 expression restores the anti-inflammatory effects of Drd2 in α-Syn-induced inflammation
	α-Syn disrupts the β-arrestin2-TAB1 interaction in astrocytes

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

