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Background: Levodopa-induced dyskinesia (LID) is a troublesome problem in the treatment of 

Parkinson’s disease (PD). The mechanisms of LID are still mysterious. Recently, the interaction 

between Shp-2 and D1 dopamine receptor (D1R) has been identified to be indispensable in the 

D1R-mediated extracellular signal-regulated kinases 1 and 2 (ERK1/2) activation and the occur-

rence of LID. However, the role of Shp-2 in the D1R-mediated signaling pathway of dyskinetic 

rat models is not fully clear. We designed this study with the purpose of exploring the role of 

D1R/Shp-2 complex in the D1R-mediated signaling pathway in the occurrence of LID.

Materials and methods: The 6-hydroxydopamine (6-OHDA) was injected unilaterally to 

produce the rat models of PD. Successful PD rat models were randomly divided into three 

groups to receive the treatment with l-3,4-dihydroxyphenylalanine (l-DOPA) + benserazide, 

l-DOPA + benserazide + D1R antagonist (SCH23390) or D1R agonist (SKF38393). Abnormal 

involuntary movements were assessed in different groups during the treatment. The interaction 

between D1R and Shp-2 was confirmed in the sham and LID rats through the methods of coim-

munoprecipitation. In addition, the levels of p-Shp-2, p-ERK1/2 and p-mTOR were determined 

by Western blot in different groups.

Results: After the treatment with l-DOPA + benserazide for 22 days, PD rats presented with 

dyskinesia. D1R agonist, SKF38393, induced similar involuntary movements in PD rats. 

In contrast, the dyskinetic movements were not induced by coadministration of l-DOPA + 

D1R antagonist (SCH23390). The interaction between D1R and Shp-2 in the normal rats was 

kept stable after the long-term use of l-DOPA. Moreover, we found that the pulsatile levodopa 

administration induced hyperphosphorylation of Shp-2, ERK1/2 and mTOR, while the coadmin-

istration of l-DOPA and D1R antagonist, SCH23390, did not induce the hyperphosphorylation 

of these proteins.

Conclusion: These data verified the existence of D1R/Shp-2 complex and its crucial role in the 

D1R-mediated signaling pathway in dyskinetic rats. Focus on the D1R/Shp-2 complex might 

be a potential treatment of LID in the future.
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Introduction
Parkinson’s disease (PD) is a debilitating neurodegenerative disorder characterized 

by the progressive loss of dopaminergic neurons in the substantia nigra.1 This disease 

is the second major neurodegenerative disorder after Alzheimer’s disease.2 The clinical 

traits of PD are bradykinesia, resting tremor, muscle rigidity and postural instability. 

To the best of our knowledge, l-3,4-dihydroxyphenylalanine (l-DOPA) continues to 

be the gold standard therapy for PD.3 However, the long-term use of l-DOPA leads 
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to a severe motor side effect known as levodopa-induced 

dyskinesia (LID), which depletes its efficacy gradually.4 

LID interferes with PD patients’ daily activities and social 

interactions, resulting in a significant decrease in patients’ 

quality of life.5 The risk factors for LID include the age of PD 

onset, duration of l-DOPA, dosage of l-DOPA, etc.6 Despite 

great progress in basic research on LID in recent years, the 

mechanisms of LID are still not fully understood.

To the best of our knowledge, the substantia nigra pars 

compacta provides dopamine input to the striatum, which 

contains two subtypes of GABAergic efferent neurons that 

express different dopamine receptors.7 In other words, there 

are two pathways in those neurons: the direct (motor activa-

tion) and the indirect (motor depression) basal ganglia path-

ways of motor control. D1R is one of the G protein-coupled 

receptors with seven transmembrane domains.8 Accumulat-

ing evidence supported that LID was closely associated with 

the sensitivity of D1R located on the medium spiny neurons 

(MSNs).9 It is widely accepted that in rodent and nonhuman 

primate models, the hypersensitivity of D1 receptor and the 

abnormal D1R-mediated signaling pathways play an impor-

tant role in the occurrence of LID.10 In particular, repeated 

l-DOPA administration led to persistent hyperactivation 

of cyclic AMP (cAMP) signaling cascade.11 The impulsive 

l-DOPA stimulation resulted in the overexpression of D1R 

and the enhanced combination between D1R and G protein, 

resulting in the increased level of adenylyl cyclase 5/6 and 

cAMP synthesis.12 An abnormally increased cAMP activated 

cAMP-dependent protein kinase (PKA) and the activated 

PKA led to an aberrant phosphorylation of downstream 

dopamine (DA)- and cAMP-regulated phosphorus–protein 

32k DA (DARPP-32).13 Then, the activation of DARPP-32 

further inhibited the dephosphorylation of extracellular 

signal-regulated kinases 1 and 2 (ERK1/2).14

However, studies suggested that in the ventral striatum 

and nucleus accumbens, the D1R-mediated ERK1/2 activa-

tion was dependent on the activation of phosphatase inhibitor, 

DARPP-32, and in the dorsal striatum, the activation of D1R-

induced phosphorylation of ERK1/2 was not related to the 

activation of DARPP-32.15 It is indicated that other mecha-

nisms might be involved in the D1R-mediated activation of 

ERK1/2. Recently, Fiorentini et al16 found a new mechanism 

of D1R-mediated ERK1/2 activation. It was reported that 

Shp-2, which is a tyrosine phosphatase, interacted with D1R 

and played a crucial role in the D1R/Shp-2/ERK1/2 signal-

ing pathway. The results were confirmed in both transfected 

human embryonic kidney cells (HEK293) and dyskinetic rat 

models.17 There were few studies focused on the interaction 

of Shp-2 and D1R in the D1R-mediated ERK1/2 activation in 

LID rat models. Hence, we attempted to corroborate whether 

Shp-2 interacted with D1R as a complex in dyskinetic rats 

and whether the interaction of Shp-2 and D1R affected the 

activation of D1R/Shp-2/ERK1/2 signaling pathway, which 

was a key mechanism underlying LID.

Furthermore, mTOR, a downstream molecule of D1R-

mediated ERK1/2 activation, modulated the mRNA transla-

tion and protein production in the occurrence of LID.18 Hence, 

we explored whether mTOR would be consequently activated 

as a downstream molecular event of ERK1/2 signaling path-

way after the activation of D1R/Shp-2 complex.

Materials and methods
Animals
We used adult male rats (Sprague–Dawley, 180–220 g) in 

this study. Animals were housed under a 12/12-hour light/

dark cycle in a controlled environment at a constant tempera-

ture of 23°C and humidity of 50% ± 10%. The rats had free 

access to food and water and were acclimated for at least 

1 week before the l-DOPA/benserazide injections. Animal 

experiments were performed according to the guidelines of 

the National Institutes of Health (publication No 80-23). All 

protocols in the studies were approved by the institutional 

review board of Xinhua Hospital affiliated to the Shanghai 

Jiao Tong University Medical School.

6-Hydroxydopamine (6-OHDA) lesion
The 6-OHDA (8 μg dissolved in 4 μL of 0.9% physiological 

saline containing 0.2% ascorbic acid) was injected into the 

right medial forebrain bundle of the rats through a stereotaxic 

apparatus (Narishige, Tokyo, Japan). The coordinates were 

calculated according to the rat brain atlas as follows: anterior–

posterior (AP), −4.4 mm; medial–lateral (ML), −1.2 mm and 

dorsal–ventral (DV), −7.8 mm; AP, −3.7 mm; ML −1.7 mm; 

DV, −7.8 mm. The tooth bar was set to −2.4 mm. Three weeks 

later, the 6-OHDA-lesioned rats received the injection of apo-

morphine (0.5 mg/kg, intraperitoneal [i.p.]). The rats that exhib-

ited at least seven full turns per minute away from the lesioned 

side were considered as the successful PD rat models.

Drug treatments
Two sets of experiments were conducted in our study. In the 

first set of experiments, six PD rats were treated with levodopa 

(25 mg/kg, i.p.) plus benserazide (6.25 mg/kg, i.p.) for 22 days 

to induce LID. Meanwhile, we chose six normal rats as control 

(n = 6). The two groups were compared by coimmunoprecipi-

tation to confirm the existence of D1R/Shp-2 complex. In the 
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second set of experiments, the successful PD rats were ran-

domly divided into three groups: 1) l-DOPA group: PD rats 

were treated with levodopa (25 mg/kg, i.p.) plus benserazide 

(6.25 mg/kg, i.p.) twice daily (9:00 and 17:00) for 22 days (n 

= 6), 2) SCH23390 + L-DOPA group: rats were administered 

with levodopa/benserazide and D1R antagonist, SCH23390 

(0.25 mg/kg, i.p.), for 22 days (n = 6), 3) SKF38393 group: the 

remaining PD rats were treated with D1R agonist, SKF38393 

(1.5 mg/kg, i.p.), for 22 days (n = 6). Furthermore, there was 

a sham group including six rats who underwent sham surgery 

(injected with a vehicle solution) and were then treated with 

intraperitoneal saline twice daily for 22 days (n = 6).

Abnormal involuntary movement 
(AIM) rating
Rats were observed for l-DOPA-induced AIMs as reported 

previously, which were performed by an investigator who was 

unaware of the pharmacological intervention. The assessment 

of AIMs was immediately conducted after the intervention on 

day 2, day 7, day 12, day 17 and day 22. Briefly, on test days, 

rats were individually placed in plastic trays 5 min before the 

drug treatment. After injections, each rat was assessed for 

exhibition of orolingual, limb, axial and locomotor move-

ments. The assessment of AIMs was observed for 60 seconds 

and conducted every 20 minutes during the 120 minutes of the 

drug treatment. Each of the subitem of AIMs was rated from 

0 to 4 according to the degree of rats’ AIMs. Subitem score 0 

was assigned for the absence of AIMs; 1 for occasional AIMs 

(,50% of observation time); 2 for frequent AIMs (.50% of 

observation time); 3 for continuous AIMs interrupted by strong 

sensory stimuli, and 4 for continuous uninterrupted AIMs.

Coimmunoprecipitation and immunoblot
We chose six normal rats and six LID rats for coimmunopre-

cipitation. Rat striatal tissue was homogenized by sonication 

in an immunoprecipitation lysis buffer containing 50 mM Tris 

(pH 7.4), 150 mM NaCl, 1% Nonidet P-40 (Thermo Fisher 

Scientific, Waltham, MA, USA) plus a protease inhibitor 

cocktail and a phosphatase inhibitor cocktail (Hoffman-La 

Roche Ltd., Basel, Switzerland) and then centrifuged at 800× g 

for 10 minutes at 4°C. The supernatant was collected and cen-

trifuged at 11,000× g for 30 minutes at 4°C. Then, the pellet 

we collected was used for coimmunoprecipitation. Samples 

were incubated with a mouse antibody against D1R (EMD 

Millipore, Billerica, MA, USA) or a rabbit antibody against 

Shp-2 (Proteintech, Rosemont, IL, USA) overnight at 4°C. 

The complex was precipitated with protein G agarose beads 

or protein A agarose beads by gentle rocking for 3 hours at 

4°C; then, the beads were washed five times. Elution buffer 

was added into the pellet; each pellet was added with 60 µL of 

elution buffer and incubated for 5 minutes at room temperature. 

After the pellets were centrifuged, we collected the supernatant. 

Samples were suspended in a buffer containing 0.5% sodium 

dodecyl sulfate (SDS) and boiled for 5 minutes. Proteins were 

resolved by SDS-polyacrylamide gel electrophoresis and 

transferred onto polyvinylidene difluoride membrane (EMD 

Millipore). Membranes were blocked in 5% nonfat milk for 

1 hour at room temperature and incubated with a mouse primary 

antibody against D1R (EMD Millipore) or a rabbit primary 

antibody against Shp-2 (Proteintech) overnight at 4°C. Mem-

branes were then washed and incubated with horseradish per-

oxidase conjugated secondary antibodies (1:1,000) for 1 hour 

at room temperature. Immunoblots were developed with the 

enhanced electrochemiluminescence reagent (GE Healthcare 

Bio-Sciences Corp., Piscataway, NJ, USA) and captured by a 

Bio-Rad molecular imager (Bio Rad, Hercules, CA, USA).

Western blots
The rats were sacrificed immediately by decapitation. Corpus 

striatum of the lesioned side from each rat was obtained. We 

also removed the midbrain to detect the expression of tyrosine 

hydroxylase (TH) at substantia nigra. Tissues were homog-

enized in lysis buffer at 4°C containing Tris at pH 7.4 (50 mM) 

and NaCl (50 mM), 1 mM each of ethylenediaminetetraacetic 

acid, ethylene glycol bis(2-aminoethyl ether)tetraacetic acid, 

phenylmethanesulfonyl fluoride, sodium orthovanadate, 

sodium fluoride, 1% SDS and a protease inhibitor cocktail 

(Hoffman-La Roche Ltd.). The supernatant was collected 

after centrifugation at 12,000× g for 10 minutes at 4°C. After 

protein concentration measurement with a bicinchoninic acid 

(BCA) assay kit (Pierce, Appleton, WI, USA), samples con-

taining 40 µg proteins were resolved by SDS-polyacrylamide 

gel (10%), transferred onto polyvinylidene difluoride mem-

brane (Bio-Rad Laboratories Inc., Hercules, CA, USA) and 

then blotted for 2 hours at room temperature in Tris-buffered 

saline containing 0.1% Tween 20 and 5% nonfat powdered 

milk. The membrane was incubated overnight at 4°C with 

polyclonal rabbit antibodies (dilutions: TH 1:5,000; D1R 

1:1,000; Shp-2 1:1,000; phospho-Shp-2 1:1,000; ERK 1:1,000; 

phospho-ERK 1:1,000; m-TOR 1:1,000; phospho-mTOR 

1:1,000; Scr 1:1,000; phospho-Scr 1:1,000; GAPDH 1:1,000; 

EMD Millipore). The membrane was then incubated with 

anti-rabbit horseradish peroxidase-conjugated IgG (dilutions: 

1:1,000; Cell Signaling, Danvers, MA, USA) for 2 hours at 

room temperature. Immunoreactive bands were scanned with 

Image-Pro plus 6.0 analyses software; the optical density (OD) 
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values were calculated with a computerized image analysis 

system (Image Lab; Bio Rad).

Statistics analyses
Data were expressed as mean ± SD. An analysis of variance 

(ANOVA) followed by least significant difference post hoc 

comparison tests were used to compare the experimental data 

between groups. Statistical significance was set at p , 0.05. 

Statistical tests were performed with SPSS 17.0 software 

(SPSS Inc., Chicago, IL, USA).

Results
Effects of 6-OHDA on the expression 
of TH
PD is characterized by severe loss of dopaminergic neurons 

and depletion of dopamine in substantia nigra. TH is one of 

the key markers in the metabolism of dopaminergic produc-

tion. The expression of TH in substantia nigra in PD rats could 

validate the lesion of dopamine neurons with 6-OHDA. We 

found that the injection of 6-OHDA significantly reduced the 

expression of TH in PD rats and LID rats. Therefore, in our 

study, the injection of 6-OHDA into medial forebrain bundle 

resulted in diminished dopamine neurons; thus, it showed 

that the models of PD rats were successful (Figure 1).

PD rats show different AIM scores 
after administration of l-DOPA, D1R 
antagonist or agonist
We divided PD rats into three groups: 1) l-DOPA group, 

2) SCH23390 + l-DOPA group, 3) SKF38393 group. Then 

AIMs were assessed including axial, limb, orolingual and 

locomotor movements.

Rats in the l-DOPA group were treated with levodopa 

plus benserazide twice daily for 22  days. As shown in 

Figure 2, a continuous increase in AIM scores in PD rats 

was observed during the period of l-DOPA treatment. 

The axial AIMs increased from 2.53 ± 0.22 (day 2) to 

3.36 ± 0.18 (day 22; p , 0.05; Figure 2A), and the limb 

AIMs increased from 1.73 ± 0.30 to 2.67 ± 0.26 (p , 0.05; 

Figure 2B). The orolingual AIMs increased from 1.77 ± 0.25 

(day 2) to 2.63 ± 0.30 (day 22; p , 0.05; Figure 2C), and the 

locomotor AIMs increased from 2.73 ± 0.35 to 3.60 ± 0.15 

(p , 0.05; Figure 2D). A significant rise was also observed 

in all the subitems of AIMs in the rats of the SKF38393 

group. The axial AIMs showed a significant increment 

from 2.45 ± 0.18 (day 2) to 2.83 ± 0.20 (day 22; p , 0.01; 

Figure 2A), and the limb AIMs showed a significant incre-

ment from 2.03 ± 0.32 (day 2) to 2.20 ± 0.32 (day 22;  

p , 0.05; Figure 2B). The orolingual AIMs showed a sig-

nificant increment from 1.70 ± 0.14 (day 2) to 2.20 ± 0.14 

(day 22; p , 0.05; Figure 2C), and the locomotor AIMs 

showed a significant increment from 2.57 ± 0.15 (day 2) to 

3.47 ± 0.18 (day 22; p , 0.05; Figure 2D). Moreover, axial 

AIMs, limb AIMs, orolingual AIMs and locomotor AIMs 

of the SCH23390 + l-DOPA group were lower than AIMs 

of the l-DOPA group, especially on day 12 and day 17 

(p , 0.05). In contrast, such an increase in AIMs scores 

was not observed in the rats of the SCH23390 + l-DOPA 

group. The axial AIMs score on day 2 (2.13 ± 0.18) was not 

statistically different from the score on day 22 (2.07 ± 0.09;  

p . 0.05; Figure 2A). No difference was detected in the score 

of the limb AIMs, orolingual AIMs and locomotor AIMs 

between day 2 and day 22 (p . 0.05; Figure 2B–D).

D1R interacts with Shp-2 in the striatal 
neurons
Then, we wanted to confirm the interaction between D1R 

and Shp-2 in striatal neurons of the normal and LID groups 

through the method of coimmunoprecipitation. By using 

anti-D1R antibodies, we detected the band of Shp-2 in the 

protein complex extracted from the striatal neurons of the 

sham and LID rats (Figure 3A). Meanwhile, we also found 

Figure 1 Diminished expression of TH in substantia nigra in PD and LID rats.
Notes: Western blot for TH of extracts from substantia nigra of sham (1), PD (2) 
and LID (3) rats. The optical density was quantified by densitometry, and the value of 
TH is expressed as the percentage of GAPDH (TH/GAPDH × 100% ± SD). #p , 0.01 
versus sham.
Abbreviations: LID, levodopa-induced dyskinesia; PD, Parkinson’s disease; TH, 
tyrosine hydroxylase.
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Figure 2 PD rats show different AIMs scores after the administration of l-DOPA, D1R antagonist or agonist.
Notes: Axial (A), limb (B), orolingual (C) and locomotor (D). AIMs scores were observed at 2, 7, 12, 17 and 22 days. Increased AIMs scores in PD rats were observed after 
the administration of l-DOPA. Meanwhile, the group treated with l-DOPA and D1R agonist showed increasing AIMs scores; however, rats treated with D1R antagonist, 
SCH23390, plus l-DOPA showed no increasing AIMs scores compared to rats peritoneally injected with l-DOPA alone. Data are presented as mean ± SD. #p , 0.05, versus 
day 2; *p , 0.05, versus l-DOPA group. Data are statistically analyzed by one-way ANOVA test.
Abbreviations: AIMs, abnormal involuntary movements; ANOVA, analysis of variance; d, days; D1R, D1 dopamine receptor; l-DOPA, l-3,4-dihydroxyphenylalanine; 
PD, Parkinson’s disease.

Figure 3 D1R interacts with Shp-2 in the striatal neurons.
Notes: Striatal proteins were coimmunoprecipitated with anti-D1R and anti-Shp-2 antibodies (A and B). Representative immunoblots showing D1R and Shp-2 interactions 
in striatal neurons as detected by coimmunoprecipitation. No precipitating antibody, an irrelevant IgG was used in L2, L3, respectively. The D1R antibody (L4A) or Shp-2 
antibody (L4B) was used in L4 for normal rats and L5 for LID rats, respectively. No striatal proteins and antibodies were used in L1.
Abbreviations: IP, immunoprecipitation; D1R, D1 dopamine receptor; L1, lane 1; L2, lane 2; L3, lane 3; L4, lane 4; L5, lane 5; LID, levodopa-induced dyskinesia.
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the D1R band in the protein complex extracted from the stri-

atal neurons of the normal and LID rats with the anti-Shp-2 

antibodies (Figure 3B). Our results indicated that D1R was 

constitutively associated with Shp-2 in the striatal neurons 

of normal rats and the interaction between D1R and Shp-2 

would not be affected by the long-term pulsatile l-DOPA 

stimulation in the occurrence of LID.

Molecular events underlying LID involving 
D1R/Shp-2 complex and its downstream 
signaling factors, such as ERK1/2 
and mTOR
Western blot was used to detect the key elements of D1R/

ERK1/2 pathway, including Shp-2, ERK1/2 and mTOR. 

First, we detected p-Shp-2 expression levels. As shown in 

Figure 4A, l-DOPA + benserazide injected twice daily for 

22 days (group 2) induced an elevated expression compared 

to the sham group (group 1; p , 0.05). However, a lower 

expression of p-Shp-2 was detected after l-DOPA plus 

SCH23390 injection for 22 days (group 3) than in group 2. 

We also found that D1R agonist, SKF38393 (group 4), 

increased phosphorylation of Shp-2 levels significantly. 

There were no differences of total mTOR level among these 

groups (Figure 4A). This implied that the aberrant phospho-

rylation of Shp-2 could be activated by D1R.

Next, we detected the levels of ERK, which is a bio-

chemical marker of LID. The results showed that the 

long-term use of l-DOPA increased the levels of p-ERK 

Figure 4 Molecular events underlying LID involving D1R/Shp-2 complex and its downstream signaling factors, such as ERK1/2 and mTOR.
Notes: The bands represent immunoblot images detected by antibodies against p-Shp-2 (A), p-ERK (B) and p-mTOR (C). Proteins were analyzed from the sham group (1), 
l-DOPA group (2), SCH23390 + l-DOPA group (3), SKF38393 group (4). Repeated administration of l-DOPA increased the level of p-Shp-2, p-ERK1/2 and p-mTOR. 
SKF38393 increased the levels similarly. Conversely, SCH23390 plus l-DOPA prevented the increase. Data are presented as mean ± SD. *p , 0.05, versus sham group; 
#p , 0.05, versus l-DOPA group. Data are statistically analyzed by one-way ANOVA test.
Abbreviations: ANOVA, analysis of variance; D1R, D1 dopamine receptor; ERK1/2, extracellular signal-regulated kinases 1 and 2; l-DOPA, l-3,4-dihydroxyphenylalanine; 
LID, levodopa-induced dyskinesia.
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in group 2 (p , 0.05). In contrast, we found reduced levels 

of p-ERK in group 3 compared to group 2. Furthermore, 

SKF38393, as an agonist of D1R, showed an enhanced 

expression of p-ERK in group 4 similar to group 2. Then, 

the levels of m-TOR and p-mTOR in the striatum were ana-

lyzed by Western blot. As shown in Figure 4C, after repeated 

administration of l-DOPA, p-mTOR levels of group 2 were 

increased in the striatum compared to vehicle-treated rats 

in group 1. Similarly, rats in group 4 showed an increased 

level of p-mTOR administered with SKF38393. In contrast, 

the administration of SCH23390 and l-DOPA prevented 

the increase of p-mTOR in group 3. Moreover, as shown 

in Figure 4B and C, no significant difference in ERK and 

mTOR levels was found in the four groups.

Discussion
Although l-DOPA has been the most effective medical treat-

ment for PD, it could trigger troublesome AIMs known as 

LID in PD patients after years of medical treatment.19 Since 

LID significantly impairs PD patients’ motor ability and their 

quality of life,20 effective strategies are urgently required to 

solve the problems. The clarification of mechanisms under-

lying the occurrence of LID would help to provide more 

information for effective clinical intervention.

We compared the severity of involuntary movements 

among the PD rats treated with different interventions. 

We found that chronic l-DOPA administration or D1R 

agonist, SKF38393, readily induced dyskinesia in the 

6-OHDA-lesioned rats. In contrast, the coadministration 

of D1R antagonist, SCH23390, and l-DOPA significantly 

reduced the subitems of AIM scores.

It is universally known that the occurrence of LID has 

been considered to be mainly attributed to the overresponse of 

D1R induced by the pulsatile dopamine stimulation.21 It was 

reported that there were two pathways in striatum convey the 

D1R signaling to ERK1/2. One was that D1R potentiated 

the cAMP/PKA/DARPP-32 signaling pathway and then 

decreased ERK1/2 dephosphorylation and signal amplifica-

tion; the other was that D1R interacted with the tyrosine 

phosphatase Shp-2 as a complex which initiated ERK1/2 

activation and then amplified the ERK1/2 signaling.15 The 

D1R/cAMP/DARPP-32/ERK1/2 pathway was widely 

studied in the LID rat model, revealing that D1R-mediated 

Shp-2-ERK1/2 activation underlying the LID pathway was 

a novel molecular mechanism. Fiorentini et al16 proved that 

the activation of ERK signaling pathway was dependent on 

the enhanced phosphorylation of Shp-2 in HEK293 cells. The 

overexpression of inactive Shp-2 (C/S) in cultured striatal 

neurons, or silencing Shp-2 expression by small interfering 

RNA, abolished the aberrant phosphorylation of ERK1/2. In 

vivo, it was found that the association of D1R with Shp-2 was 

disturbed by knocking down Shp-2. Then, Shp-2 knockdown 

obviously decreased ERK1/2 phosphorylation and attenuated 

the severity of LID.22 All the results mentioned earlier indi-

cated that the activation of Shp-2 might be necessary for the 

D1R-mediated ERK1/2 activation and the induction of LID. 

Currently, we have confirmed the interaction between D1R 

and Shp-2 by coimmunoprecipitation. Moreover, we found 

an increased phosphorylation of Shp-2 induced by pulsatile 

stimulation of l-DOPA or D1R agonist. The aberrant phos-

phorylation of Shp-2 could be significantly inhibited by D1R 

antagonist. This suggested that, in LID rats, the hyperphos-

phorylation of Shp-2 required D1R activation. Accordingly, 

we proposed that agonism or antagonism toward D1R might 

affect the D1R/Shp-2 complex.

Then, we detected two important factors in the D1R/

ERK1/2 signaling pathway, ERK1/2 and mTOR. Many 

studies evidenced that the activation of ERK1/2 was 

required in the gene transcription and the activation of the 

mTORC1-dependent signaling pathway,23,24 thus speeding up 

the translation process of mRNA led to an abnormal protein 

synthesis and the occurrence of LID.25 Our results showed that 

D1R antagonist, SCH23390, significantly decreased phospho-

rylation of ERK1/2 in 6-OHDA-lesioned PD rats, induced by 

l-DOPA. However, l-DOPA and D1R agonist, SKF38393, 

had the opposite effects. Then, we found that after the long-

term use of l-DOPA, p-mTOR levels were increased in the 

striatum. Similarly, rats showed an increase in p-mTOR after 

treatment with SKF38393. Therefore, the coadministration of 

SCH23390 and l-DOPA suppressed the increase in p-mTOR 

expression. The results further proved that the aberrant phos-

phorylated expression of Shp-2 by D1R activation could lead 

to hyperphosphorylation of ERK1/2 and mTOR, both of which 

played crucial roles in the D1R-mediated signaling pathway.

Conclusion
Overall, our results verified the existence of D1R/Shp-2 com-

plex and its crucial role in the D1R-mediated signaling pathway 

in dyskinetic rats. Disturbing the association of D1R with Shp-2 

may be a valuable therapeutic strategy for LID. Moreover, the 

results reported in this study are the basis for future study.
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