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INTRODUCTION  
 

Parkinsonôs disease (PD) is characterized by the serious 

dopaminergic neurons deficiency in the substantia nigra 

(SN) of the midbrain, leading to bradykinesia, muscular 

rigidity and rest tremor et al [1]. The gold standard of 

drug therapy for PD is oral administration of the 

dopamine precursor, L-3,4-dihydroxyphenylalanine (L-

dopa) [2]. However, after prolonged and pulsatile 

exposure to L-dopa, PD patients eventually develop a 

variety of abnormal involuntary movements, termed L-

dopa-induced dyskinesia (LID), which represent a 

major treatment limitation and reduce the quality of life 

of PD patients [3]. LID is a type of motor complication  

 

that occurs in more than 50% of PD patients after 5ï10 

years L-dopa administration [4]. However, the 

underlying cellular and molecular key events that result 

in LID remains unclear right now. 

 

LID is closely correlated with pathological changes in 

dopaminergic transmissions in the striatum [5]. A large 

body of evidence showed that increased activity of 

dopamine D1-receptors (D1R) was imperative for LID 

development [6]. The increased density of D1R that was 

found in the striatum of MPTP-treated primates that 

displayed LID was thought to bring about elevated 

second-messenger expression and changed in receptor 

trafficking [7], suggesting that D1R have a specific role 
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ABSTRACT 
 

The cause of the L-dopaςinduced dyskinesia (LID) has been ascribed to G-protein coupled receptor (GPCR) 
supersensitivity and uncontrolled downstream signaling. It is now supposed that -̡arrestin2 affects GPCR 
signaling through its ability to scaffold various intracellular molecules. We used the rAAV (recombinant adeno-
associated virus) vectors to overexpress and ablation of -̡arrestin2. L-dopa-induced changes in expression of 
signaling molecules and other proteins in the striatum were examined by western blot and 
immunohistochemically. Our data demonstrated that via AAV-mediated overexpression of -̡arrestin2 attenuated 
LID performance in 6-OHDA-lesioned rodent models. -̡arrestin2 suppressed LID behavior without  compromising 
the antiparkinsonian effects of L-dopa. Moreover, we also found that the anti-dyskinetic effect of -̡arrestin2 was 
reversed by SKF38393, a D1R agonist. On the contrary, the rat knockdown study demonstrated that reduced 
availability of -̡arrestin2 deteriorated LID performance, which was counteracted by SCH23390, a D1R antagonist. 
These data not only demonstrate a central role for ̡ -arrestin2/GPCR signaling in LID, but also show the D1R signal 
pathway changes occurring in response to dopaminergic denervation and pulsatile administration of L-dopa. 
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in LID expression. Sensitized D1R generated multiple 

molecular events, such as persistent and intermittent 

hyper-activation of the cAMP signaling cascade, the 

induction of immediate early genes and the activation of 

extracellular signal-regulated kinases (ERK) et al [8, 9]. 

Darmopil et al demonstrated that the D1R was critical for 

the development of LID in mice and the underlying 

molecular changes in the denervated striatum while the 

D2R had little or no involvement [9]. Shenoy et al 

displayed that LID was reduced by promoting G-protein 

coupled receptor (GPCR) desensitization by GPCR 

kinases (GRKs), followed by binding to arrestins and 

receptor internalization [10]. Therefore, pharmacological 

or genetic interventions aimed at reducing abnormal 

sensitizing D1R maybe a potential alternative approach 

to control the LID. 

 

The arrestin family (ɓ-arrestin1, ɓ-arrestin2, x-arrestin, 

and s-arrestin), are cytosolic proteins that increase GPCR 

internalization and trafficking in GRK-dependent 

manners [11]. Among them, ɓ-arrestin2 is one of two 

arrestin isoforms in the brain can transduce GPCR signals 

by forming protein complexes with signaling molecules 

downstream of G protein to mediate GPCR 

desensitization or recycling et al [12]. One previous 

research showed that co-expression of ɓ-arrestin2 and 

GRK3 was essential for rapid desensitization of CB1 

receptor-mediated potassium currents following exposure 

to WIN55,212-2 in Xenopus Oocytes [13]. Similarly, 

inactivation ɓ-arrestin2 attenuated desensitization of 

WIN55,212-2-mediated inhibition of glutamatergic 

neurotransmission in hippocampal neurons [14]. 

Although ɓ-arrestin2 can transduce multiple signals in 

cells, little is known about their participation in PD or 

LID. Only one study reported that ɓ-arrestin2 

overexpression reduced LID performance while 

maintaining the therapeutic effect of L-dopa in knock-out 

PD mice [15]. In the present study, therefore, we aim to 

investigate the effect of genetic overexpression/deletion 

of ɓ-arrestin2 in the striatum influence the occurrence of 

abnormal involuntary movements (AIM) score and the 

motor function. Meanwhile, we also further inspect the 

effect of ɓ-arrestin2 on LID via lower D1R activity using 

selective D1R agonist/antagonist. 

 

RESULTS 
 

AAV -Mediated ɓ-arrestin2 overexpression alters 

AIMs induced by L-dopa in hemi-parkinsonian rats 

 

To build the generation of abnormal movements in PD by 

repeated L-dopa administration, we utilized a well settled 

hemi-parkinsonian rat model in which rats were first 

rendered hemi-parkinsonian by unilateral injection of 6-

OHDA into the MFB. Figure 1A showed the 

experimental design of first section (n=56). The extent of 

6-OHDA-induced dopamine neurons alterations in 

striatum was evaluated 21 days after surgery by western 

blotting and immunoþuorescence techniques with an 

antibody raised against TH. We found the TH levels were 

decreased by more than 90% in the lesioned hemisphere 

of 6-OHDA-lesioned rats treated or not with L-dopa 

when compared with the sham group (n=4 for each 

group, P<0.0001, Figure 1B and 1C) and meanwhile 

there was no difference in the non-lesioned between three 

groups (Supplementary Figure 1). The severity of 

dopamine depletion was evaluated by measuring the 

contralateral rotation response to apomorphine (0.5 

mg/kg, i.p., Figure 1D). There was a striking reduction in 

ɓ-arrestin2 proteins and immunostaining in the 

dopamine-depleted striatum of rats treated with L-dopa. 

We constructed AAV encoding EGFP (control) or rat ɓ-

arrestin2 tagged with EGFP for easy detection and found 

AAV -ɓ-arrestin2-EGFP can completely changeover the 

ɓ-arrestin2 proteins and immunostaining by L-dopa 

administration (n=4, P > 0.05 vs sham or PD groups, 

Figure 1E and 1F). We tested whether overexpression of 

ɓ-arrestin2 would influence preexisting dyskinesia. While 

in AAV-ɓ-arrestin2-EGFP injected rats dyskinesia scores 

(Total AIMs) dropped significantly from week 3 until 

week 4 postsurgery, when compared with LID and LID + 

AAV -EGFP groups (n=8 for each group, two-tailed 

unpaired t test: p < 0.0001, Figure 2A). The results 

showed that PD rats treated with pulsatile L-dopa 

developed signiýcant axial (Figure 2B), limb (Figure 2C) 

and orolingual AIMs (Figure 2D) compared with sham or 

PD rats receiving saline. Moreover, it is noteworthy that 

animals receiving intrastriatal AAV-ɓ-arrestin2-EGFP 

infusion in combination with L-dopa treatment exhibited 

signiýcantly lower axial (p < 0.0001, Figure 2B), limb (p 

< 0.0001, Figure 2C) and orolingual AIMs (p < 0.0001, 

Figure 2D) compared with LID+EGFP group. We also 

confirmed that co-injected AAV-ɓ-arrestin2-EGFP and 

L-dopa, did not alter the beneýcial motor movement 

effect of L-dopa treatment by the means of FFT test (p > 

0.05, Figure 2E). 

 

The anti-dyskinetic effect of ɓ-arrestin2 

overexpression is overcome by D1R agonist 

 

Repeated pulsatile L-dopa injection to 6-OHDA-

lesioned rats leads to a progressive increase in the total 

AIMs. The total AIM score was markedly reduced in 

animals expressing ɓ-arrestin2 (n = 4 for each group, 

total 4*4=16, Figure 3A). Thus, the increased 

availability of ɓ-arrestin2 alleviates already established 

dyskinesia. And then we found that the effect of ɓ-

arrestin2 overexpression was obviously reversed by 

SKF38393 (1.5 mg/kg), a D1R agonist, in terms of total 

AIMs (p < 0.05 vs LID and LID + ɓ-arrestin2+/+; Figure 

3A). Analogously, we found this seemed to be the same 

tendency in axial AIM (p < 0.05, Figure 3B), limb AIM 
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(p < 0. 05, Figure 3C) as well as orolingual AIM (p < 0. 

05, Figure 3D). Meanwhile, ɓ-arrestin2 overexpression- 

associated decreases in D1R level, FosB expression, 

DARPP-32 and ERK1/2 phosphorylation were also 

prevented by SKF38393 in the striatum of dyskinetic 

animals (n = 4 for each group, p < 0.05 vs LID and 

LID+ ɓ-arrestin2+/+; Figure 3E). We have also 

investigated the D2R expression and the level of DR2 

was decreased in LID rats but not changed by AAV-ɓ-

arrestin2 or AAV-EGF (Supplementary Figure 2). 

 

 
 

Figure 1. Recombinant adeno-associated virus (AAV)-ƛƴŘǳŎŜŘ ʲ-ŀǊǊŜǎǘƛƴн ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ όʲ-arrestin2+/+) in the unilateral 6-
OHDA-lesioned striatum of SD rats. (Aύ {ŎƘŜŘǳƭŜ ƻŦ ŜȄǇŜǊƛƳŜƴǘ ƛƴ ʲ-arrestin2+/+ rats. At the beginning of the studies, the rats (n=56) was 
injected unilaterally with 6-OHDA in the right medial forebrain bundle (MFB). After three weeks, lesion efficacy was assessed by the rotations 
after the use of apomorphine for the following induction of L-dopa-ƛƴŘǳŎŜŘ ŘȅǎƪƛƴŜǎƛŀ ό[L5ύΦ ¢ƘŜ ʲ-arrestin2 overexpression rat models on 
the base of LID were constructed immediately and followed by intraperitoneal injection of D1R agonist (SKF38393) once a day. All groups of 
rats except PD and sham were injected with L-dopa (15 mg/kg, i.p.) plus benserazide (3.75 mg/kg, i.p.). Additionally, rats in the PD group and 
sham group were treated physiological saline. After the last drug administration, all rats were sacrificed in two hours and fetched the 
lesioned corpus striatum for the following WB, IHC and IFC. (B) Tyrosine hydroxylase (TH) protein levels was markedly decreased by nearly 
90% in the PD or LID rats compared with sham group by western blot (n=4 for each group). (C) Fluorescence slice of coronal plane from 
striatum of rats between sham and PD groups stained with TH (n=4 for each group). Scale bar represents 100 um. (D) Still images showing L-
dopa-induced dyskinesia in a parkinsonian rat. (E) AAV- -̡ŀǊǊŜǎǘƛƴн ŜȄǇǊŜǎǎƛƻƴ όʲ-arrestin2+/+) relative to GAPDH level in five groups by WB in 
the lesioned striatum (n=4 for each group). The experiments for Figure 1B and Figure 1E were performed together with the same Sham, PD 
and LID tissues for western blot; (F) AAV- -̡ŀǊǊŜǎǘƛƴн ŜȄǇǊŜǎǎƛƻƴ όʲ-arrestin2+/+) in five groups by IHC in the lesioned striatum (n=4 for each 
group). Scale bar represents 100 um. The experiments for Figure 1C and Figure 1F were performed together with the same Sham and PD for 
immunohistochemistry. @ P < 0.0001 vs sham group; * p < 0.05, ## P > 0.05 vs sham group; ***p<0.001 vs LID+EGFP group (n = 4 for each 
group, ANOVA followed by LSD post-hoc comparisons). 
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AAV -mediated ɓ-arrestin2 ablation deteriorates 

AIMs induced by L-dopa 

 

To assess the role of endogenous ɓ-arrestin2, we tested 

whether knockdown of ɓ-arrestin2 with AAV-delivered 

shRNA would influence the behavioral effects of L-dopa 

and a luciferase shRNA as a negative control. Figure 4A 

showed the experimental design of second section. 6-

OHDA-lesioned rats were treated with L-dopa for 14 days 

after virus injection (incubation three weeks). Similarly, 

there was a striking decline in the field of ɓ-arrestin2 

proteins and immunostaining in the striatum of LID rats 

treated compared with PD and sham groups (p < 0.05, 

Figure 4B and 4C). Namely, the ɓ-arrestin2 concentration 

was distinctly decreased by the ɓ-arrestin2 shRNA as 

compared to the control adenovirus. And we found AAV -

sh. ɓ-arrestin2 (LID + ɓ-arrestin2-/-), rather than LID + sh. 

EGFP, can further decrease the ɓ-arrestin2 proteins (n = 4 

for each group, p < 0.05, Figure 4B) and immunopositive 

neurons (n = 4 for each group, p < 0.0001, Figure 4C) 

compared with LID group. Next, we tested whether 

ablation of ɓ-arrestin2 in the lesioned striatum influence 

the dyskinesia performance and found ɓ-arrestin2 

knockdown exacerbated the progressive increase in total 

AIMs (n = 8 for each group, p < 0.0001 vs LID and LID + 

sh. EGFP, Figure 5A). Analogously, we found this 

seemed to be the same trend in axial AIM (p < 0.05 vs 

LID and LID + sh. EGFP, Figure 5B), limb AIM (p < 

0.05 vs LID and LID + sh. EGFP, Figure 5C) as well as 

orolingual AIM (p < 0.05 vs LID and LID + sh. EGFP, 

Figure 5D) by AAV-sh. ɓ-arrestin2 injection. Meanwhile, 

ɓ-arrestin2 knockdown did not change the beneýcial 

motor movement effect of L-dopa treatment in terms of 

FFT test (Figure 5E). 

 

The effect of ɓ-arrestin2 ablation is counteract by 

D1R antagonist 

 

Figure 6 showed ɓ-arrestin2 knockdown augment the 

dyskinesia behavior was apparently reversed by 

SCH23390 (0.25 mg/kg), a D1R antagonist, in terms of 

total AIMs (n = 4 for each group, total 4*4=16, p < 0. 

05 vs LID + ɓ-arrestin2-/-, Figure 6A), axial AIM (p < 

0.05 vs LID + ɓ-arrestin2-/-, Figure 6B), limb AIM (p < 

0. 05 vs LID + ɓ-arrestin2-/-, Figure 6C) and orolingual 

AIM (p < 0. 05 vs LID + ɓ-arrestin2-/-, Figure 6D). 

 

 
 

Figure 2. AAV-Mediated ɓ-arrestin2 overexpression reduces AIMs induced by L-dopa in 6-OHDA-lesioned rats. Rats were 

rated for AIMs on days 1, 3, 5, 7, 11, 13, 15, 17, 19 and 21 and carried on testing on days 2, 4, 6 and 8 after the striatum-targeted injection 
of ɓ-arrestin2+/+ (n=8 for each group, total n=40 rats). (A) Total AIM scores measured after L-dopa or saline injection in all groups; (B) axial 
AIM score; (C) limb AIM score; (D) orolingual AIM score; (E) Forelimb functional test. Data are displayed as average ± standard error; @ 
P<0.0001 vs LID, ## P > 0.05 (n = 8 for each group, Kruskal Wallis followed by Dunnôs test for multiple comparisons or two-tailed  
unpaired t test). 
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Postmortem examination of the infected striatum 

revealed that ɓ-arrestin2 knockdown was significantly 

increased the level of D1R, FosB expression, DARPP-

32 and ERK1/2 phosphorylation compared with LID 

group (Figure 6E). As expected, all these signal 

pathway molecular markers were changeover by 

SCH23390 (n = 4 for each group, Figure 6E), indicating 

ɓ-arrestin2 impacted LID performance maybe via D1R 

signal.  

 

DISCUSSION 
 

The primary of PD motor symptom treatment since the 

1960s is the DA precursor L-dopa and will likely still so 

 

 
 

Figure 3. AAV ɓ-arrestin2 overexpression and LID groups respectively followed by intraperitoneal injection of D1R agonist 
(SKF38393) or saline. Rats were rated for AIMs on days 1, 3, 5, 7, 9, 11 and 13 after the injection of SKF38393. Collecting the striatums of 

the following four groups to prepare tissue homogenate for WB: LID, LID plus ɓ-arrestin2-/ -, LID plus SCH23390, and LID plus ɓ-arrestin2-/ - plus 
SCH23390. (A) Total AIM scores; (B) axial AIM score; (C) limb limb; (D) orolingual AIM score (n = 4 for each group, total 4*4=16); (E) The 
protein level of D1R, phosphor-ERK1/2, phosphor-DARPP32 and FosB by WB. Data are displayed as mean ± standard error of mean; *  P<0.05 
vs LID + ɓArr+/+ + SKF38393 group (n = 4 for each group, Kruskal Wallis followed by Dunnôs test for multiple comparisons in AIM scores, 
ANOVA followed by LSD post-hoc comparisons in proteins detection). 
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Figure 4. Recombinant AAV-mediated ɓ-arrestin2 knock-down (ɓ-arrestin2-/ -) in 6-OHDA-lesioned rats treated with L-dopa. 
(A) The whole process of the second part experimental design (n=56); (B) AAV-ɓ-arrestin2 knock-down (ɓ-arrestin2-/ -) relative to GAPDH level 
in five groups by WB in the lesioned striatum (n = 4 for each group, total n=4*5=20); (C) AAV-ɓ-arrestin2 knock-down (ɓ-arrestin2-/-) in five 
groups by IHC in the lesioned striatum. Scale bar represents 100 um. @ P<0.0001, * p<0.05 vs LID + sh. EGFP group (n = 4 for each group, 
total 4*5=20, ANOVA followed by LSD post-hoc comparisons). 

 

 
 

Figure 5. AAV-Mediated ɓ-arrestin2 knock-down (ɓ-arrestin2-/ -) aggravates AIMs induced by L-dopa in 6-OHDA-lesioned rats. 
Rats were rated for AIMs on days 2, 4, 6 and 8 after the striatum-targeted injection of ɓ-arrestin2-/ - (total n=40 rats). (A) Total AIM scores 
measured after L-dopa or saline injection in all groups; (B) axial AIM score; (C) limb AIM score; (D) orolingual AIM score; (E) Forelimb 
functional test. @ P<0.0001, * p < 0.05 vs LID + sh.EGFP group; **  P<0.01 vs PD group (n = 8 for each group, Kruskal Wallis followed by 
Dunnôs test for multiple comparisons). 
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for a while until better compounds are developed [15]. 

Our data demonstrated that via AAV-mediated 

overexpression of ɓ-arrestin2 attenuated LID 

performance in rodent models. ɓ-arrestin2 suppressed 

LID in dyskinetic rats without compromising the 

antiparkinsonian effects of L-dopa. Moreover, we also 

found that the anti-dyskinetic effect of ɓ-arrestin2 was 

reversed by SKF38393, a D1R agonist. On the contrary, 

the rat knockdown study demonstrated that reduced 

availability of ɓ-arrestin2 promoted LID performance in 

term of AIM scores, which was counteracted by 

SCH23390, a D1R antagonist. Collectively, these data 

displayed increased level of ɓ-arrestin2 via decrease 

D1R activity helps to control LID without sacrificing 

the antiparkinsonian benefits of L-dopa.  

Lack of dopamine in PD results in multiple changes in 

the dopamine mediated signaling [16]. The premier 

dysregulation of signaling pathways is further 

exaggerated by chronic/pulsatile L-dopa treatment, 

eventually leading to dyskinesia [17]. The cause of the 

dyskinesia, at least in part, has been ascribed to GPCR 

supersensitivity and uncontrolled downstream signaling 

and neuronal activity [18, 19]. Hence, the challenge is 

to cut down the supersensitivity and signaling that 

relieves LID while retaining the anti-parkinsonian 

activity of the drug, which is also mediated by 

dopamine receptors would be ideal. It is now supposed 

that ɓ-arrestin2 adjust GPCR signaling through their 

ability to scaffold various intracellular molecules such 

as kinases and phosphatases [20]. Nikhil and colleague

 

 
 

Figure 6. AAV ɓ-arrestin2 knock-down (ɓ-arrestin2-/ -) and LID groups respectively followed by intraperitoneal injection of 
D1R antagonist (SCH23390) or saline. Rats were rated for AIMs on days 1, 3, 5, 7, 9, 11 and 13 after the injection of SCH23390 and L-

dopa. Samples from the striatum of LID, LID plus ɓ-arrestin2-/ -, LID plus SCH23390, and LID plus ɓ-arrestin2-/ - plus SCH23390 were collected 
and different downstream markers of the D1R signal pathway were measured by WB. (A) Total AIM scores; (B) axial AIM score; (C) limb AIM 
score; (D) orolingual AIM score (n = 4 for each group, total 4*4=16); (E) The protein level of phosphor-ERK1/2, phosphor-DARPP32 and FosB 
by WB. Data are displayed as mean ± standard error; *  P < 0.05 vs LID + ɓArr-/ - + SCH23390 group (n = 4 for each group, Kruskal Wallis 
followed by Dunnôs test for multiple comparisons in AIM scores, ANOVA followed by LSD post-hoc comparisons in proteins detection). 


