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ARTICLE INFO ABSTRACT

Prolonged administration of Levodopa (L-dopa) therapy can generate L-dopa-induced dyskinesia (LID).
Accumulating evidence indicates that hyper-activation of the dopamine D1 receptor (D1R) and the cAMP sig-
GPCR naling cascade in the medium spiny neurons (MSNs) of the striatum are involved in LID. Previous studies have
DIR signaling shown that striatal B-arrestin2 overexpression significantly reduces LID severity and have indicated that p-
Parkmso_nyS disease - arrestin2 may play a causal role in the dyskinesia sensitization process. L-dopa-induced changes in the ex-
L-dopa—induced dyskinesia . . . . . . . . .

pression of signaling molecules and other proteins in the striatum were examined immunohistochemically and
by western blot. A rAAV (recombinant adeno-associated virus) vector was used to overexpress and ablate f3-
arrestin2. We found that striatal overexpression of AAV-mediated B-arrestin2 produced less severe AIMs (ab-
normal involuntary movements) in response to L-dopa, whereas selective deletion of B-arrestin2 in the striatal
neurons dramatically enhanced the severity of dyskinesia induced by L-dopa. Furthermore, no significant im-
provements in motor behavior (FFT: forelimb functional test) were seen with the inhibition or overexpression of
B-arrestin2. Finally, overexpression of (-arrestin2 diminished L-dopa-induced D1R and phosphor-DARPP32/ERK
levels. Viral deletion of B-arrestin2 markedly enhanced the key biochemical markers in the direct pathway. We
found that increased availability of -arrestin2 ameliorated dyskinesia severity with no influence on the anti-
Parkinsonian action of L-dopa, suggesting a promising approach for controlling LID in Parkinson's disease. In
addition, overexpression of B-Arrestin2 prevented the development of LID by inhibiting G protein-dependent
DIR and phosphor-DARPP32/ERK signaling in dyskinetic rats.

Keywords:
B-arrestin2

functions, accumulating evidence indicates that chronic L-dopa treat-
ment results in persistent and intermittent hyper-activation of the do-

1. Introduction

Parkinson's disease (PD) can be relieved by dopamine (DA) pre-
cursor Levodopa (L-dopa), which efficiently counteracts the motor
symptoms of the disease, i.e., tremor, rigidity, and hypokinemia
(Cotzias et al., 1967; Antonini and Tinazzi., 2015). However, prolonged
administration of L-dopa therapy can generate L-dopa-induced dyski-
nesia (LID), affecting approximate 50% of patients in the first 5 years of
L-dopa therapy and 90% of patients after 10 years (Stocchi et al., 2008).
LID limits the therapeutic efficacy of L-dopa and disrupts quality of life
in PD patients (Schaeffer et al., 2014). The development of LID has been
attributed to plasticity in pre- and post-synaptic receptor and trans-
porter functions in the striatum (Mosharov et al., 2015). Among these
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pamine D1 receptor (D1R) and the cAMP signaling cascade in the
medium spiny neurons (MSNs) of the striatum, which are involved in
LID (Feyder et al., 2011). Consequently, pharmacological or genetic
interventions aimed at reducing abnormal sensitizing of the D1R may
be a potential alternative approach to controlling LID. The sensitization
of the D1R produced by dopamine depletion is reflected by the large
increase in DARPP-32 phosphorylation, which was observed in re-
sponse to the administration of L-dopa. L-dopa-induced activation of
the cAMP/DARPP-32 cascade has been related to the occurrence of LID
(Feyder et al., 2016). Santini et al. reported that increased phosphor-
DARPP-32 has been shown to persist for up to 3 months with chronic L-
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dopa administration, suggesting that DARPP-32 is involved not only in
the development but also in the maintenance and expression of LID
(Santini et al., 2010). Evidence obtained in several models indicates
that LID is coupled with increased levels of phosphor-ERK (Pavén et al.,
2006). It has been shown that some substances can promote DIR
transmission and phosphorylate ERK via the activation of the PKA/
DARPP-32 signaling cascade (Valjent et al., 2005). ERK activation fa-
cilitates the expression of the FosB transcription factor and p-Ac-H3,
which are also implicated in LID. In addition, dyskinesia is related to
ERK-dependent activation of mTORC1, which is likely to accelerate
local protein synthesis (Brugnoli et al., 2016). In summary, phosphor-
DARPP-32 and ERK are both key markers in the D1R signaling pathway
in LID that can reflect the activation of D1R sensitization.

The arrestin family includes the following four members: B-ar-
restinl, (-arrestin2, x-arrestin, and s-arrestin. These proteins are cyto-
solic proteins that regulate G protein-coupled receptor (GPCR) de-
sensitization internalization, trafficking, and signaling in a GPCR kinase
(GRK)-dependent manner (Lohse et al., 1990; Lee et al., 2016). B-ar-
restin2, as a non-visual arrestin, can transduce GPCR signals by forming
protein complexes with signaling molecules downstream of G proteins
to mediate GPCR desensitization, degradation and recycling (Zhan
et al., 2011). GPCR signaling is strictly controlled by this process, and
altered B-arrestin2 expression has been reported in cancers, cardio-
vascular diseases, and neurodegenerative diseases (Bohn et al., 2003;
Bruns et al., 2006). Although B-arrestin2 can transduce multiple signals
in cells, little is known about its participation in PD or LID. To date,
only one study reported that B-arrestin2 overexpression significantly
reduced LID while maintaining the therapeutic effect of L-dopa in
knock-out PD mice (Urs et al., 2015). Therefore, we reason that (3-ar-
restin2 can influence several pathways implicated in LID, and activated
B-arrestin2 may reduce LID performance. However, it is not known
whether the mechanism is by reducing abnormal sensitizing of the D1R
or lowering the level of the DIR signaling molecules in an established
model of LID.

In the present study, we mainly investigated the effect of genetic
overexpression/deletion of [(-arrestin2 in the striatum on abnormal
involuntary movements (AIMs) and motor function. In parallel, we
evaluated the molecular mechanisms associated with the anti-dyski-
netic effects of B-arrestin2. We used unilateral 6-hydroxydopamine (6-
OHDA)-lesioned rats to study the development of LID. In addition, we
investigated phosphor-DARPP32 and phosphor-ERK activation in the
striatum after the deletion and overexpression of B-arrestin2.

2. Materials and methods
2.1. Animals

All studies were approved through the Ethical Committee of
Wenzhou Medical University (Wenzhou, China). Ninety-two adult male
Sprague-Dawley (SD) rats (no predetermined sample size calculation
was performed) weighing 180-250 g were used in this study and were
supplied by the Wenzhou Medical University animal facility (Wenzhou,
China). The number of rats in each group is indicated in the figure
legends, and all rats were housed with a maximum of four per cage on a
12/12h light/dark cycle and comfortable temperature of 22-26 °C with
water and food available ad libitum. Animals had at least one week for
acclimatization before the stereotaxic procedure. All experimental
protocols involving the animals were reviewed and approved by the
Ethical Committee of the Medical School of Wenzhou Medical
University. All procedures were carried out in accordance with the
approved guidelines and regulations of the National Institutes of Health
for the care and use of laboratory animals (NIH publication No. 80-23).

2.2. Virus construction and preparation

In this study, the overexpression of -arrestin2 was based on the
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construction of recombinant adeno-associated virus (AAV) expression
vectors (Obio Technology Corp, Shanghai, China) carrying pAAV-CMV-
EGFP-2A-Arrb2-3FLAG (arrestin, beta2, Arrb2 [Rat], 1233 bp). Briefly,
complete plasmid DNA (pAAV-CMV-EGFP-2A-MCS-3FLAG) was di-
gested from the cleavage site Nhe I to BamH I, and the targeting genes
of Arrb2 was packaged into the section. The constructed plasmid and
complete plasmid were packaged into AAV, and the final virus titer was
1.37E+13 v.g./ml. The titer used in the study was diluted to 1.37E+12
v.g./ml and evaluated for infectivity in HEK 293T cells. To silence B-
arrestin2 expression, we generated a shRNA against rat 3-arrestin2 and
a luciferase shRNA as a negative control. These were also packaged into
AAV vectors using a two-plasmid system in HEK 293 cells. The viruses
were administered into the striatum via a stereotaxic injection to gen-
erate unilateral 6-OHDA lesioned rat models. In brief, PD models were
selected on the day following apomorphine and anesthetized and
placed in a stereotaxic frame. The coordinates were calculated using the
rat brain atlas as follows: 1) anterior-posterior (AP), + 0.9 mm, medial-
lateral (ML), —4.5 mm, dorsal-ventral (DV), —5.0 mm relative to the
Bregma and 2) AP, +0.5 mm, ML, —2.5 mm, DV, —4.2 mm according
to the rat brain atlas. Viruses containing overexpressed/ablation -ar-
restin2 vector groups (AAV-p-arrestin2-EGFP and AAV-sh. (-arrestin2,
respectively) and AAV empty vector groups were infused at a rate of 0.1
pl/min for 10 min (final volume 1.0 pl/site), and the microsyringe was
held in place for an additional 10 min before being slowly withdrawn.

2.3. Induction of L-dopa-induced dyskinesia (LID)

Surgery was conducted as described before (Xie et al., 2016). The
rats were anesthetized with 1% pentobarbital sodium (40 mg/kg, i.p.)
and were installed on a stereotaxic apparatus. The stereotaxic proce-
dure was carried out according to our previous experiment, and uni-
lateral 6-OHDA-lesioned rat models of PD were created as follows (Xie
et al., 2014). First, 6-OHDA hydrochloride (32 pg dissolved in 8 pL)
containing 0.2% ascorbic acid for PD and 0.9% physiological saline for
the sham group were infused into the right medial forebrain bundle
(MFB) at a constant rate of 1 ul/min using the following coordinates: 1)
AP, —4.4mm, ML, —1.2mm, DV, —7.8mm; 2) AP, —3.7mm, ML,
—1.7, DV, —7.8. The tooth bar was set to —2.4 mm. Three weeks after
surgery, rats were screened by rotation after the use of apomorphine
(APO, 0.5mg/kg, i.p.), and the rats displaying more than 7 full body
turns/min toward the opposite side of the lesioned side were selected
for induction of LID. All successful PD rats were divided into groups of
PD injected with 0.9% physiological saline and PD injected with LID
with L-dopa (15 mg/kg, i.p.) and Benserazide (3.75 mg/kg, i.p.) twice-
daily (9:00 a.m. and 15:00 p.m.) for 3 weeks as described in our pre-
vious paper (Xie et al., 2014).

2.4. Drugs and treatment

L-dopa (15 mg/kg, i.p.), Benserazide (3.75 mg/kg, i.p.) and 6-OHDA
(32 g dissolved in 8 pL) were purchased from Sigma-Aldrich Co. Ltd.
(St. Louis, USA) and were freshly prepared in saline containing 0.2%
ascorbic acid. Apomorphine hydrochloride (0.5 mg/kg, i.p.) was pur-
chased from Wako Co. Ltd. (Japan) and dissolved in saline with 0.2%
ascorbic acid before use and was administered by intraperitoneal in-
jection at a volume of 2 ml/kg.

2.5. AIM ratings and forelimb functional test (FFT)

The rats were monitored for AIMs in a clear plastic case individually
from the first day treated with steady doses of L-dopa and Benserazide
for 21 days, and then rats were injected with AAV for three weeks. The
rats were randomly divided into the AAV or control group to guarantee
that LID expression was equivalent prior to the second surgery. AIMs
were assessed twice a week by a trained observer in a blind manner
after drug treatment at 20-min intervals for a total of 120 min. AIMs
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Fig. 1. AIMs induced by chronic L-dopa administration. (A) Timeline of experiments. Studies began for SD rats with unilateral 6-OHDA lesions of the nigrostriatal
pathway followed by apomorphine screening for selection of animals with complete lesions and sham group (n = 8). Rats in the LID group (n = 8) were admini-
strated once-daily (9:00 a.m.) with L-dopa (15 mg/kg, i.p.) plus benserazide (3.75 mg/kg, i.p.) for 3 weeks. Additionally, rats in the PD group (n = 8) and sham group
(n = 18) were treated physiological saline for 3 weeks. AIMs were assessed during this period on days 1, 3, 7, 11, 15, 18 and 21. The animals were sacrificed 2 h after
the last injection for WB, IHC and IFC. (B-C) Total AIM score; (D) axial AIM score; (E) limb limb; (F) orolingual AIM score; (G) Forelimb functional test; (H) Extent of
the dopaminergic denervation induced by 6-OHDA lesions in each groups in the striatum (4* and 20*, respectively). Data are presented as mean * standard error;

**p < 0.01 vs sham group.

were observed for three areas (axial, limb and orolingual movements)
on a severity score scale from 0 to 4 (Cenci et al., 1998): 0 was no AIMs,
1 was infrequent AIMs occurring < 50% of the time, 2 was frequent
AIMs occurring > 50% of the time, 3 was constantly present AIMs
interrupted by external stimulation (tap on the cage), and 4 was con-
stant AIMs insensitive to external stimulation. Therefore, the maximum
theoretical score per monitoring session was 4 X 3*6 = 72. For the FFT
(Schallert et al., 2000), rats were placed in a glass cylinder 22 cm in
diameter and 35cm high to record forelimb use during vertical ex-
ploration for 5 min (4 intervals over 20 min). We used the same dose of
L-dopa (15 mg/kg) and Benserazide (3.75 mg/kg) when performing the
cylinder test. Indeed, that dose of L-dopa/Benserazide created obvious
AIMs and influenced the accuracy of the cylinder test. Consequently, to
avoid AIMs of the fastigium, FFT was carried out 90 min after L-dopa/
Benserazide was administered. In the cylinder test described previously,
the number of forelimb touches to the cylinder wall was counted by an
observer twice a week while the animals moved freely in the cylinder.
Forelimb function was expressed as use of the contralateral forelimb of
the side lesioned with 6-OHDA as the percentage of the total number of
bilateral contacts. Therefore, preferential use of the paw ipsilateral to
the lesion (controlled by the intact hemisphere) is indicative of a Par-
kinsonian defect. L-dopa administration enhances the use of the con-
tralateral paw, controlled by the lesioned hemisphere and is a measure
of the anti-Parkinsonian effect of the drug.

2.6. Western blot

Two hours after the last drug administration, all rats were decapi-
tated under 1% pentobarbital sodium, and their brains were im-
mediately collected. The two-tailed corpus striatum with a radial pat-
tern was removed in EP tubes on dry ice. Lesioned striatal tissues were

homogenized in protein extraction mixed solution comprising RIPA
Lysis Buffer, freshly added protease inhibitor cocktail (solarbio) and
100 mM PMSF (Beyotime Institute of Biotechnology). The prepared
supernatant was placed in new tubes after centrifugation at 12,000 x g
for 5min at 4 °C, and total and membrane-enriched proteins were col-
lected. Then, protein quantity was determined by the BCA protein de-
termination method. Experimental corpus striatum samples (35 ug of
protein) from every rat from each treatment group were loaded onto
8-12% sodium dodecyl polyacrylamide gels. Briefly, SDS-PAGE elec-
trophoresis was used to separate the protein, and the proteins were
transferred to Polyvinylidene Fluoride (PVDF, pore size: 0.45pm)
membranes. The membrane was blocked with 5% milk in Tris-buffered
saline-Tween 20 and incubated with primary antibodies overnight at
4°C, including polyclonal rabbit anti-Tyrosine Hydroxylase antibody
(1:1000; Millipore, No.ab152), polyclonal goat Anti-Beta Arrestin2
(1:1000; Abcam, No.ab31294), monoclonal rabbit anti-ERK1/2
[1:1000; Cell Signaling Technology (CST)], monoclonal rabbit anti-
phosphor-ERK (pT202/pY204, 1:1000; CST), monoclonal rabbit anti-
DARPP32 (1:1000; CST), polyclonal rabbit anti-phosphor-DARPP32
(Thr34) (1:1000; Sigma-Aldrich), mouse monoclonal D1R antibody
(1:1000; Santa Cruz Biotechnology, NO.sc-33660), mouse monoclonal
D2R antibody (1:1000; Santa Cruz Biotechnology, NO.sc-5303) and
polyclonal rabbit anti-GAPDH antibody (1:5000; Bioworld
Technology). Then, the membrane was incubated with anti-rabbit or
goat horseradish peroxidase IgG (1:1000; Beyotime Institute of
Biotechnology) for 1 h at room temperature after washing 3 times using
Tris-buffered saline-Tween 20 and immunoreactive bands quantified
based on a secondary binding chemiluminescence detection system via
Quantity One software (Image Lab, Bio-Rad).
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2.7. Immunohistochemistry (IHC) and immunofluorescence (IFC)

The rats were sacrificed 2h after the last L-dopa injection and be-
havioral test via decapitation and perfused transcardially with 0.9%
NaCl followed by cold 4% formaldehyde. The rat brains were kept in-
tact, prepared in 4% formaldehyde (4 °C), and then soaked in 10%,
20%, 30% sucrose in turn so they sank to the bottom. Brains were
frozen and stored at —80°C until frozen sectioning. A microtome-
cryostat cut 5-8 um thick coronal rat brain sections, which were col-
lected and processed for IHC and IFC. For IHC experiments, brain sec-
tions were then added to 3% hydrogen peroxide to bind the endogenous
peroxidase. For antigen retrieval, the sections were rinsed (3 X 5 min)
in 0.1 M PBS and transferred to 10 mM sodium citrate solution while
gently stirring at 80 °C for 30 min. The sections were incubated over-
night at 4°C with the primary antibodies, goat B-Arrestin2 (1:200;
Abcam, No.ab31294) and rabbit anti-Tyrosine Hydroxylase (1:200;
Millipore, No. ab152). After rewarming for 45 min at 37 °C and washing
in PBS 3 times, brain sections were incubated for 1 h in secondary an-
tibody (diluted 1:200; Beyotime Institute of Biotechnology) and then
colored in DAB mixed solution. Image acquisition was performed using
a microscope, and the tissue signal was quantified using Image-Pro Plus
6.0. To count positive cells in the striatum, the sample area was selected
through a 20 x objective on the microscope. In addition to counting
positive cells in each sample area, Image Pro Plus 6.0 software provides
information about the number of pixels and optical density (OD) values.
Then, we compared the values for different groups according to the
formula: area covered by the cell average OD value/unit area (Lundblad
et al., 2003). In terms of IFC, striatum sections were incubated over-
night at 4°C in the primary antibody solution, rabbit anti-Tyrosine
Hydroxylase (1:200; Millipore, No. ab152). Then, following washing
with PBS 3 times, slices were incubated in the dark in FITC-conjugated
goat anti-rabbit IgG (1:1000, Beyotime Institute of Biotechnology) at

room temperature for 1h. Finally, the sections were mounted using
anti-fluorescent quenching solution and observed under a fluorescence
microscope.

2.8. Statistical analysis

Data were expressed as the mean * standard deviation (SD). The
behavioral measurements for AIMs and the FFT were nonparametric
and were analyzed using Kruskal Wallis tests followed by Dunn's test for
multiple comparisons if comparing data over multiple days or
Mann-Whitney U tests. Neurochemical data conformed to a normal
distribution and were analyzed by one-way analysis of variance
(ANOVA) followed by Bonferroni multiple comparison post-hoc tests.
P < 0.05 was considered significant. We utilized dot-plots or box-plots
instead of simple bar graphs with small sample sizes (n < 15). Data
were analyzed using Graphed Prism (Graph-Pad, La Jolla, California) or
SPSS 17.0.

3. Results

3.1. Striatal B-arrestin2 is downregulated in parkinsonian rats after
repeated L-dopa administration

Fig. 1A shows the experimental design of the first part of the study.
To imitate the generation of abnormal movements in PD by repeated L-
dopa administration, we used a well-established hemi-Parkinsonian rat
model generated by unilateral injection of the neurotoxin 6-OHDA into
the MFB. The 6-OHDA-lesioned PD rats treated with L-dopa plus Ben-
serazide alone for 21 days following standardized protocols developed
dyskinesia as manifested by increasing AIM scores for total (Fig. 1B and
C), axial (Fig. 1D), limbs (Fig. 1E) and orolingual (Fig. 1F) muscles with
time. The sham and 6-OHDA-lesioned PD groups received saline for 21
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Fig. 3. Recombinant adeno-associated virus-induced (AAV) B-arrestin2 expression in vitro and in vivo. AAV-B-arrestin2 (H8249) showed one of the most focalized
transduction patterns. (A) Detection of the AAV-B-arrestin2 expression by WB in vitro; (B) Detection of the AAV-B-arrestin2 expression by Q-PCR in vitro; (C)
Detection of the AAV-B-arrestin2 expression by WB in the lesioned striatum in animals; (D) Detection of the AAV-B-arrestin2 expression by IHC in the lesioned
striatum in animals. AAV-B-arrestin2 can increase the -arrestin2 proteins and immunopositive neurons compared with other groups (ANOVA followed by Bonferroni

post hoc tests).

days and did not develop LID symptoms, and the median ALO AIM
score ranged from 0 to 2 (p < 0.01 vs LID group, Fig. 1). We observed
that PD rats treated with L-dopa preferred to use the compromised
(contralateral) forelimb to touch the inner wall of the cylinder com-
pared with the PD rats treated with saline (p < 0.01, Fig. 1G). The
extent of 6-OHDA-induced dopamine alteration was verified by IFC and
WB with an antibody raised against Tyrosine hydroxylase (TH). TH-
positive neurons in the striatum and protein levels were dramatically
decreased by nearly 80%-90% in the PD and LID rats compared with
those in the sham group (p < 0.05, Figs. 1H and 2A). We analyzed the
level of B-arrestin2 protein in the striatum on the side of the 6-OHDA
injection in each group. Fig. 2B illustrated the striatal expression of f3-
arrestin2 following unilateral dopamine depletion. There was a marked
reduction in P-arrestin2 expression in the dopamine-depleted striatum
of rats treated with L-dopa (p < 0.01, Fig. 2B). Analogously, we found

an identically striking decrease in B-arrestin2 immunostaining in the
LID group compared with the PD or sham group (p < 0.01, Fig. 2C).
These findings from the IHC method were thus consistent with our
observations with WB. There were also perceptible decreases in 3-ar-
restin2 protein and immunostaining of positive neurons in PD group
compared to those in the sham group (p < 0.01, Fig. 2B and C).

3.2. AAV-mediated f-arrestin2 overexpression decreases AIMs induced by
L-dopa in hemi-parkinsonian rats with no influence on the anti-parkinsonian
activity of L-dopa

We constructed AAV-encoding EGFP (control) or rat [-arrestin2
tagged with EGFP for easy detection. The infectivity of AAV-p-ar-
restin2-EGFP was evaluated in 293T cells (Fig. 3A and Fig. 3B). The
choice of AAV serotype was guided by evidence from cell cultures
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indicating that AAV-B-arrestin2-EGFP (H8249) showed one of the most
focalized transduction patterns in vitro. (-arrestin2 protein and mRNA
expression were significantly increased by AAV-B-arrestin2 (H8249)
transduction in the 293T cells compared to transduction of the control
AAV-EGFP (Fig. 3A and B). Similarly, in the rat's dorsal striatum, we
found AAV-B-arrestin2-EGFP increased the [-arrestin2 proteins
(Fig. 3C) and immunopositive neurons (Fig. 4D) compared with other
groups. Fig. 4A shows the second part of the experimental design. Be-
cause anti-dyskinetic action is required LID patients, we tested whether
overexpression of (-arrestin2 would influence pre-existing dyskinesia
performance. Behavioral evaluations in response to L-dopa started the
day before stereotaxic infusion of AAV-f-arrestin2 or AAV-EGFP vec-
tors to obtain baseline scores and resumed 21 days after viral infusion.
PD rats treated with L-dopa for three weeks developed a progressive
increase in LID as indicated by AIMs before injection of B-arrestin2 or
control viruses. AAV-B-arrestin2-EGFP injected rats exhibited ALO
AlIMs that were markedly reduced from week 3 to week 4 post-surgery
compared with pre-surgery score (p < 0.01, Fig. 4B and C). Similarly,
we found the same trend in axial AIMs (p < 0.01, Fig. 4D), limb AIMs
(p < 0.01, Fig. 4E) and orolingual AIMs (p < 0.01, Fig. 4F). Thus, the
enhanced availability of B-arrestin2 alleviated already established LID.
To rule out the possibility that the anti-dyskinetic effect in AAV-p-ar-
restin2-EGFP rats was due to locomotor impairment, we next sought to
determine whether the AAV-B-arrestin2-EGFP injection influenced the
therapeutic response to L-dopa. We observed that PD rats treated with
L-dopa preferred to use the contralateral forelimb to touch the inner
wall of the cylinder in the FFT (p < 0.05, Fig. 4G). If the animals were
co-injected with AAV-B-arrestin2-EGFP or AAV-EGFP, the rats also

demonstrated similar FFT scores to the LID group (p > 0.05, Fig. 4G).
Taken together, these results indicated that striatal expression of (3-ar-
restin2 alleviated LID severity without reducing the active effects of L-
dopa on Parkinsonian motor scores.

3.3. AAV-mediated f3-arrestin2 overexpression blocks L-dopa-induced DIR
and phosphor-DARPP32/ERK signaling in the lesioned striatum

To discover the potential molecular mechanisms underlying the
effects of AAV-B-arrestin2 on LID, we analyzed the expression of com-
ponents of the DIR signaling pathway, such as the D1R and phosphor-
DARPP32/ERK, in the DA-denervated striatum. These markers proved
to be key markers in the appearance of D1 dopamine receptor super-
sensitivity in LID. In PD rats treated with L-dopa, the level of striatal
DR1 protein expression in the lesioned hemispheres was significantly
increased compared to the other five groups (Fig. 5A). This elevation in
DR1 expression was apparently prevented in animals treated with AAV-
B-arrestin2-EGFP rather than AAV-EGFP. The level of DR2 was de-
creased in LID rats but not changed by AAV-B-arrestin2 or AAV-EGF
(Fig. 5A). In addition, western blotting showed that repeated treatment
with L-dopa resulted in significant phosphor-DARPP32/ERK expression
in the lesioned striatum in the LID group (p < 0.01, Fig. 5B and
p < 0.01, Fig. 5C). Nevertheless, AAV-B-arrestin2 injection sig-
nificantly decreased the level of phosphor-DARPP32/ERK proteins but
not AAV-EGFP (p < 0.01, Fig. 5Band p < 0.01, Fig. 5C). In summary,
our data indicated that AAV-B-arrestin2 regulated D1R, phosphor-
DARPP32 and phosphor-ERK in the denervated striatum of LID rats.
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3.4. AAV-mediated f-arrestin2 ablation potentiates AIMs induced by L-
dopa

To address the influence of striatal B-arrestin2 on AIMs, we gener-
ated AAV vectors encoding either a short hairpin RNA (shRNA) to block
B-arrestin2 expression (AAV-sh. (-arrestin2) or a shRNA against firefly
luciferase (AAV-sh. control) as a negative control. The infectivity of
AAV-sh. B-arrestin2 was evaluated in 293T cells, indicating 3-arrestin2
protein and mRNA expression were significantly decreased by AAV-sh.
B-arrestin2 (H8249 + Y6738) compared to the control AAV-shRNA
(p < 0.05, Fig. 6A and Fig. 6B). Analogously, in the rat's dorsal
striatum, we found AAV-sh. B-arrestin2 (H8249 + Y6738) obviously
decreased [3-arrestin2 proteins (p < 0.05, Fig. 6C) and immunopositive
neurons (p < 0.05, Fig. 6D) compared with other groups. AAV vectors
were injected into the ipsilateral striatum, and the rats received daily
therapy with L-dopa for 3 weeks to induce AIMs (Fig. 7A). Here, we
showed that genetic deletion of B-arrestin2 (AAV-sh. B-arrestin2) sig-
nificantly enhanced the dyskinesia-like effects of chronic L-dopa treat-
ment in terms of ALO AIMs (p < 0.05, Fig. 7B and C), which was not
found in the AAV-sh. control group (p > 0.05). We found this same
trend in axial AIMs (p < 0.05, Fig. 7D), limb AIMs (p < 0.05, Fig. 7E)
and orolingual AIMs (p < 0.05, Fig. 7F). Interestingly, there were no
significant differences observed in FFT performance, suggesting that
inhibition of striatal (-arrestin2 expression did not influence motor
function in LID rats (p > 0.05, Fig. 7G).

3.5. AAV-mediated B-arrestin2 knock-down activates L-dopa-induced
phosphor-DARPP32/ERK signaling in the lesioned striatum

We further evaluated whether the viral deletion of B-arrestin2 af-
fected D1R or D2R levels and found that both D1R and D2R protein
levels were similar in the LID rats and the AAV-sh. B-arrestin2 rats
(Fig. 8A), indicating that AAV-mediated -arrestin2 knock-down had no
obvious influence on the expression of the DIR and D2R. Moreover, we
found that AAV-sh. B-arrestin2 significantly increased the level of
phosphor-DARPP32 protein in the striatum compared with the LID
group and the AAV-sh. control group (Fig. 8B). It has been demon-
strated that L-dopa activates the ERK pathway. Thus, we examined the
effect of chronic L-dopa treatment on the phosphorylation of ERK. As
shown in Fig. 8C, there was a significant increase in phosphor-ERK
proteins in the denervated striatum of AAV-sh. B-arrestin2 rats com-
pared with other groups.

4. Discussion

LID represents one of the most disabling consequences of L-dopa
replacement therapy for PD. The purpose of this study was to evaluate
the role of B-arrestin2 specifically on the development of LID and the
level of associated molecular markers in the denervated striatum of
hemi-Parkinsonian rats. We reported here that B-arrestin2 protein af-
fected the development of experimental LID via a direct pathway. In
accordance with the low levels of (-arrestin2 in the lesioned dorsal
striatum, we found that local AAV-mediated (3-arrestin2 overexpression
rats developed less severe AIM scores in response to L-dopa. This ben-
eficial response was reversed by selective deletion of [B-arrestin2 in
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compared with other groups (ANOVA followed by Bonferroni post hoc tests).

striatal neurons. These data indicated that AIMs developed with lower
levels of f-arrestin2 but not with [-arrestin2 overexpression.
Furthermore, no significant improvements in motor behavior (FFT)
were seen in inhibition or overexpression of -arrestin2. Our data were
consistent with observations in one previous report (Urs et al., 2015),
which demonstrated that either a genetic or pharmacological inter-
vention to enhance [-arrestin2 expression could reduce dyskinesia be-
haviors. Moreover, we demonstrated that L-dopa treatment increased

phosphor-DARPP32/ERK expression in direct D1R pathway neurons,
and overexpression of (-arrestin2 diminished D1R protein and L-dopa-
induced phosphor-DARPP32/ERK levels. Viral deletion of B-arrestin2 in
LID rats markedly enhanced the dyskinesia-like effects of chronic L-
dopa treatment and its key biochemical markers through a direct
pathway.

TH is the enzyme that converts tyrosine into L-dopa, and a defi-
ciency can present in Parkinsonism. In this paper, the extent of decline
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in 6-OHDA was verified by IFC and WB via the levels of TH. We found
TH immunoreactive-(ir) neurons in the striatum were dramatically
decreased by nearly 80%-90% in the PD rats compared with the sham
group, which can be an indication of successfully establishing the PD
model. Theoretically, the content of TH is limited in the striatum.
Nevertheless, several researchers have shown that TH-ir neurons ap-
peared in the striatum as early as 3 days after 6-OHDA lesion. One week
after the lesion, the number of TH-ir neurons started to decrease, and
this decrease progressed obviously over time (Darmopil et al., 2008).
All striatal TH-ir neurons are projection neurons with direct and in-
direct striatal output pathways, and promotion of these striatal TH-ir
neurons may be beneficial in PD (Jollivet et al., 2004). Critically, such
striatal TH interneurons are not dopaminergic but rather are a type of
GABAergic interneuron that expresses TH (Xenias et al., 2015). Accu-
mulating evidence shows that LID occurs in response to the activation
of sensitized D1R transmission in the MSNs of the striatum (Mosharov
et al., 2015).

The pathological enlargement in the number of D1Rs at the mem-
brane is likely to result in the development of LID and represents a
potential target for therapeutic intervention due to uncontrolled
downstream signals and neuronal activity. In line with this theory, re-
cent findings have reported that LID is alleviated by promoting G-
protein coupled receptor (GPCR) desensitization (Feyder et al., 2011;
Nishi and Shuto, 2017). Strengthening B-arrestin2 function seems to be
a suitable approach because [(-arrestin2 is known to desensitize re-
ceptor signaling (Ismail et al., 2015). Mounting evidence indicates that
B-arrestin2 unexpectedly function as scaffold proteins for many

signaling elements in the cytoplasm and nucleus, thus regulating cel-
lular responses and gene expression (Lefkowitz et al., 2006). Moreover,
Nazish et al. reported that downregulation of a GPCR by [-arrestin2
mediated several mechanisms (Abdullah et al., 2016). In support of this
assertion, in this study, we found AAV-induced p-arrestin2 over-
expression in the dorsal striatum led to the disappearance of dyskinetic
behaviors without interfering with the anti-Parkinsonian effect of L-
dopa. Therefore, it has been supposed that enhancing B-Arrestin2 might
alleviate the motor side effects induced by L-dopa. Conversely, AAV-
shRNA-induced B-arrestin2 ablation results in worse AIM scores. Col-
lectively, these findings are also supported by a previous study showing
that B-Arrestin2 plays a crucial role in behavioral sensitization after L-
dopa treatment (Urs et al., 2015; Dunn et al., 2016). However, the
linkage between f-arrestin2 and LID is still insufficient despite the
aforementioned results. We need more robust designs and experiments
to confirm the relationship between B-arrestin2 and LID in the future,
such as [-arrestin2 transgenic animals to explore this issue. The AIM
score, which is a score commonly used to reflect behavioral sensitiza-
tion to L-dopa, is caused by denervation-induced supersensitivity of the
DIR in the dopamine-depleted striatum. On the other hand, based on
our results, no obvious differences in motor behavior (FFT) were seen
either in inhibition or overexpression of B-arrestin2, indicating that
modified B-arrestin2 does not influence Parkinsonian motor symptoms.
Conversely, Urs et al. reported that in the DDD/Parr2 KO mice, a
drastically reduced and shortened locomotor response was observed,
which has been suggested to reflect Parkinsonism. The reduction in the
locomotor response in the DDD/Barr2 KO mice can be attributed to
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genetic deletion of B-arrestin2 (Urs et al., 2015). We speculate that the
discrepancy behind this paradoxical phenomenon is, in part, due to the
different behavioral tests, which may influence the results even though
both tests can reflect PD symptoms. In addition, the number of rats in
each group was small and needs to be expanded to validate these re-
sults. Consequently, we should interpret these results with caution.
More behavioral tests (such as the rotarod test, pole test and rotation
test) modeling clinical symptoms of PD should be utilized in future
research.

Although the exact molecular mechanisms of LID remain to be il-
luminated, exaggerated signaling of the striatal D1R has been involved
in LID in rodents and primates, suggesting that normalization of this
excessive signaling may be beneficial (Francardo and Cenci, 2014).
Increased responsiveness of the D1R following sensitization to L-dopa
gives rise to augmented synthesis of DARPP-32 (Hékansson et al.,
2004). Pharmacological inhibition or genetic inactivation of DARPP-32
have been shown to reduce LID (Wan et al., 2017; Santini et al., 2007).
Moreover, sensitized D1R-mediated transmission also activates ERK
phosphorylation via activation of the PKA/DARPP-32 signaling cas-
cade, which controls transcriptional and translational courses (Feyder
et al., 2011; Cenci and Crossman, 2018). Inhibition of ERK signaling
counteracts the development and expression of LID (Cerovic et al.,
2015; Fasano et al., 2010), suggesting that ERK phosphorylation is also
implicated in LID. Studies performed in PD rats show that depletion of
striatal dopamine confers the ability to increase the phosphorylation of
ERK to a DIR agonist (Gerfen et al., 2002). Therefore, the function of

10

ERK is likely dependent on sensitized D1R-mediated transmission and
abnormal activation of cAMP signaling, indicating ERK is downstream
of DIR in the LID mechanism. In addition, we found that the me-
chanism of B-arrestin2 was likely through the reduction of the D1R-
mediated signaling pathway in LID, including the inhibition of ERK
activation. Unfortunately, the causal link between ERK and p-arrestin2
through D1R activity was not directly tested in this paper. Furthermore,
B-arrestin2 have also been found to play novel roles in regulating in-
tracellular signaling networks related to malignant cell functions, in-
cluding ERK, JNK, and others (Luttrell and Gesty-Palmer, 2010;
Luttrell, 2013). Our data demonstrated that accelerating GPCR de-
sensitization in the dopamine-depleted striatum via virus-mediated
overexpression of B-arrestin2 relieved LID in rodent models. In 6-
OHDA-lesioned hemi-Parkinsonian rats, we found that [-arrestin2
promoted DIR internalization and suppressed L-dopa—-induced activa-
tion of phosphor-DARPP32 and phosphor-ERK attributed to attenuated
DIR signaling. Thus, the pattern of behavioral and molecular me-
chanisms supports the conclusion that B-arrestin2 overexpression re-
lieved LID by increasing desensitization of D1R. However, the link
between B-arrestin2 and D1R signaling in this research is weak. The
hyperactivity of DIR in LID does not equal an increase in D1R protein
levels. Currently, we are unable to clearly conclude that (-arrestin2
acted in LID by reducing D1R-mediated signaling. Consequently, we
need to use genetic or pharmacological inhibition of D1IR/DARPP32/
ERK signaling to further elucidate the relationship between f-arrestin2
and the DIR signaling pathway in future. Further studies are also
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needed to elucidate the beneficial effects of B-arrestin2 derived from
MSN cell types, and we will investigate this topic in the future with
transgenic mice with striatum-specific overexpression or ablation of -
Arrestin2.

Our results demonstrated that targeted enhancement of GPCR de-
sensitization substantially relieved LID in 6-OHDA-lesioned PD animal
models through B-arrestin2. Moreover, the absence of B-arrestin2 en-
hanced LID behaviors. This amelioration of LID did not compromise the
anti-Parkinsonian benefits of L-dopa, offering hope of achieving the
elusive goal of controlling LID behaviors. In addition, we found that [3-
arrestin2 treatment prevented the development of LID by inhibiting the
expression of phosphor-DARPP32 and phosphor-ERK in dyskinetic rats.
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ERK signal in the lesioned striatum. They were assessed in extracts
from 6-OHDA-lesioned rats treated with vehicle, pulsatile L-dopa
(15 mg/kg) plus benserazide (3.75 mg/kg), AAV-B-arrestin2-EGFP and
AAV-EGFP. (A) DIR and D2R protein levels relative to GAPDH; (B)
phosphorylated DARPP32 (Thr34) level expressed relative to total
DARPP32 level; (C) phosphorylated ERK (Thr202) level expressed re-
lative to total ERK level, Protein levels were evaluated by WB extracted
from the striatum ipsilateral to the 6-OHDA lesion. * p < 0.01 vs LID
group and ## p > 0.05 vs LID group (ANOVA followed by Bonferroni
post hoc tests).
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