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Introduction
Parkinson’s disease (PD), the second most common neurode-
generative disease, affects over 1% of the population above 60 
years old[1].  Clinically, PD patients suffer low quality of life 
with motor disorders such as resting tremor, muscle rigid-
ity, bradykinesia, and postural instability[2].  The pathological 
characteristics of PD include progressive destruction of the 
nigrostriatal system, formulation of Lewy bodies (LBs), and 
sustaining inflammation[3].  Up until now, PD remains incur-
able, and the primary therapy relies on medications[4] such 
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as L-dopa (usually combined with a peripheral dopa decar-
boxylase inhibitor), dopamine receptor agonists, monoamine 
oxidase B (MAO-B) inhibitors, central anticholinergic agents, 
neuroprotective agents, or amantadine.  However, all of these 
medicines mainly improve motor symptoms but fail to pre-
vent the degeneration associated with PD[4].  Therefore, the 
development of new medications to halt or reverse the prog-
ress of PD is important.  Until recently, many models based 
on etiology, such as neurotoxin models and transgenic mod-
els[5], have been used to research PD pathogenesis or effective 
treatment compounds.  Among all of these models, the MPTP 
mouse model remains the most commonly used animal model 
of PD.

There are three MPTP-treatment schemes[6–9]: acute, subacute, 
and chronic.  Considering the advantages of the period and 
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similarity to PD, researchers often choose the subacute model 
to assess the validity of some candidates, but the changes caused 
by the subacute MPTP treatment and the appropriate positive 
control for this model still need to be further confirmed.

Therefore, in this work, MPTP-treated mice were treated 
with three types of medications for PD (selegiline, pramipexol, 
medopar) to confirm the value of this model and an effective 
drug to treat it.

Materials and methods
Animals and reagents
Male C57BL/6 mice (8 weeks, 22–25 g), purchased from Vital 
River (Charles River Co, Beijing, China), were used for experi-
ments.  All mice were raised in an environment with a 12-h 
light/dark cycle at a temperature of 22±1 °C with available 
food and water.  All experiments were conducted according 
to the principles established for the care and use of labora-
tory animals by the National Institutes of Health and were 
approved by the Animal Care Committee of the Chinese Acad-
emy of Medical Sciences.  Tablets of selegiline hydrochloride 
(Orion Co, Finland), pramipexol hydrochloride (Booehringer 
Ingelheim Pharma GmbH & Co KG, Germany), and medopar 
(Roche Pharmaceuticals Ltd, Shanghai, China) were purchased 
from Beijing Hospital.  MPTP hydrochloride was obtained 
from Sigma Corporation (Sigma-Aldrich, St Louis, MO, USA).

Experimental procedures
Experimental procedures (Figure 1A) were conducted as fol-
lows.  After mice adapted for one week and were trained for 
the behavioral tests, they were divided into five groups ran-
domly (Figure 1B): the control group (equal volume of water), 
the model group (equal volume of water), the selegiline 
group (3 mg/kg), the pramipexole group (3 mg/kg), and the 
medopar group (100 mg/kg).  Three days before MPTP treat-
ment, mice were given the drug treatment or an equal volume 
of water intragastrically for 18 days.  To construct the model, 
mice were injected with MPTP (dissolved in 0.9% saline, 30 
mg/kg, ip) for 5 consecutive days, while the control group 
was given an equal volume of normal saline (ip).  Two days 
after the last injection, behavioral assessments were performed 
using the open field test, pole test and rotarod test.  On the 
19th day, all animals were sacrificed for further study.

Open field test
The method was modified from the reported protocol[10].  A 
white opaque plastic box (48 cm×32 cm×20 cm) was used for 
the open field.  The floor of the box was divided into 24 grids 
of 8 cm×8 cm.  Before estimation, all mice were pre-adapted to 
the box for 5 min.  The next day, the mouse was placed in the 
center of the open field and video recorded for 5 min.  The box 
was cleaned with 10% alcohol and water between trials.  Then, 
the distance traveled and the amount of rearing in 5 min were 
manually scored.

Rotarod test
Mouse motor coordination was evaluated by using a rotarod 

apparatus (IITC Life Science, CA, USA) as described previ-
ously[11].  Before administration, all mice were trained on the 
rotarod (5 to 10 r/min in 300 s linearly) for 300 s.  This training 
process was performed for more than 3 rounds to train all mice 
to walk on the rotarod.  After MPTP treatment, the rotarod test 
was conducted at a uniformly accelerating speed from 5 to 30 
r/min in 300 s, and the latency to fall was recorded.

Pole test
The pole test was implemented as described in our previous 
work[11] to evaluate the movement disorder of the mice.  The 
apparatus consisted of a wooden pole (50 cm high, 0.5 cm in 
diameter, wrapped with gauze to prevent slipping) with a 
wooden ball at the top.  The base of the pole was covered with 
bedding as a protection for mice from injury.  After acclimati-
zation, the mice were pre-trained with the pole three times to 
make sure that all animals would turn head down once they 
were put on the ball.  During the pole test, the total time it 
took for the mouse to get from the top to the bottom was mea-
sured.

Tissue preparation
Mice were anesthetized with chloral hydrate (400 mg/kg, 
ip).  The striatum was rapidly dissected, frozen in dry ice 
and stored at -80 °C for biochemical analysis.  For histological 
analysis, mice were anesthetized and perfused with 0.1 mol/L 
phosphate-buffered saline (PBS), followed by 4% paraformal-
dehyde (PFA).  Later, the mouse brains were collected and 
post-fixed in 4% PFA for 24 h.  After fixation, the brains were 
dehydrated with different concentrations of sucrose (from 
10%, 20%, finally to 30%) until the brain samples were at the 
bottom of the solution.  Then, coronal sections (20 μm thick) 
containing the striatum or substantia nigra pars compacta 
(SNpc) were cut on a cryostat (CM3050S, Leica, Germany) and 
placed on coated slides for analysis.

Electron microscopic analysis
Briefly, following perfusion, cubes (1 mm3) of SNpc or the 
lumbar spinal anterior horn were successively treated as fol-
lows: fixed in 2.5% glutaraldehyde, cut into ultrathin sections, 
stained with uranyl acetate and lead citrate, and then finally 
imaged by transmission electron microscopy (TEM) (H-7650, 
HITACHI, Japan) for ultrastructure analysis.

Immunohistochemistry
The slices of striatum or SN were treated as follows: boiled 
in 0.01 mol/L citrate buffer solution for 10 min to retrieve 
antigen, steeped in 1% Triton X-100 for 10 min to increase 
the penetration of the antibody, incubated with 3% hydrogen 
peroxide (H2O2) for 10 min to eliminate endogenous peroxi-
dase activity, and incubated in 5% bovine serum albumin 
(BSA) for 1 h to remove the non-specific binding.  Addition-
ally, these slices were washed with PBST (5 min once, 3 times) 
between every two steps.  Then, they were incubated with 
primary antibodies, including anti-tyrosine hydroxylase (TH) 
(1:100, Santa Cruz, Dallas, TX, USA), anti-α-synuclein (1:100, 
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Abcam, Cambridge, CB, UK), and anti-glial fibrillary acidic 
protein (GFAP) (1:500, Dako, Denmark), overnight at 4 °C.  
After washing, slices were incubated with the correspond-
ing horseradish peroxidase-conjugated secondary antibodies 
(1:200, KPL, Gaithersburg, MD, USA) for 2 h and washed three 
times. Then, the slices were stained with 3,3’-diaminobenzi-
dine (DAB) for 10–60 s and finally imaged with an Olympus 
BA51 photomicroscope (Tokyo, Japan).  For TH+ cell analysis, 
Image-Pro Plus 6.0 software (MediaCybernetics, USA) was 
used to calculate the total area of all cells in the SNpc region 
at 100× magnification.  We ensured that the regions of interest 
among the different groups shared the same SN shape, and 
three slices of each group were needed for statistical analysis.  
Similarly, GFAP+ cells were counted at 200× magnification in 
the same region of the striatum using Image-Pro Plus 6.0 soft-
ware.

High-performance liquid chromatography (HPLC)
Striatum tissue samples were homogenized (1 mg: 10 mL, ice 
cold) in solution A (0.6 mol/L HClO4, and 375 ng/ml isopren-
aline) and centrifuged (20 000×g, 4°C) for 20 min.  The super-
natant was collected and mixed with a half-volume of solution 
B (20 mmol/L potassium citrate, 300 mmol/L K2HPO4, and 
2 mmol/L EDTA-2Na).  After the samples were placed on 
ice for 30 min and centrifuged (20 000×g, 4 °C) for 20 min, the 
supernatant was analyzed using the HPLC system (Waters 
e2695, USA).  The mobile phase (100 mmol/L sodium acetate 
anhydrous, 85 mmol/L citric acid, 0.5 mmol/L 1-octanesul-
fonic acid sodium, 0.2 mmol/L EDTA-2Na, 15% methanol, 
pH=3.68) flowed at a rate of 1 mL/min.  The electrochemical 
potential was at 760 mV compared with the reference elec-
trode (Ag/AgCl), and the sensitivity was set at a full scale of 
50 nA.  

Western blot analysis
Brain tissue was diluted 20-fold (μL/mg) with ice-cold RIPA 
buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1 
mmol/L EDTA, 0.5% sodium deoxycholate, 1% NP-40, 0.1% 
SDS, 0.1 mmol/L PMSF and 1% protease inhibitor cocktail) 
and disrupted on ice by using an ultrasonication apparatus 
(VTX 130, Sonics, USA).  After the crushed tissue was lysed on 
ice for 30 min, it was centrifuged (12 000×g, 4 °C) for 30 min.  
Then, the supernatants were collected, and the protein concen-
tration was measured with a BCA kit.  The extracted protein 
was denatured after it was boiled with loading buffer for 10 
min.  Protein samples of the same amount were separated 
by 15% SDS-PAGE gels and transferred to PVDF membranes 
(Millipore, USA).  These membranes were blocked with 3% 
BSA (Sigma-Aldrich, St Louis, MO, USA) and incubated with 
primary antibodies such as anti-b-actin (1:5000, Sigma-Aldrich, 
St Louis, MO, USA), anti-TH (1:500, Santa Cruz, Dallas, TX, 
USA), anti-GFAP (1:500, Santa Cruz, Dallas, TX, USA), or anti-
α-synuclein (1:500, Santa Cruz, Dallas, TX, USA), overnight 
at 4 °C.  After the membranes were washed (10 min, 3 times), 
they were incubated with horseradish peroxidase-conjugated 
secondary antibody (1:5000, KPL, Gaithersburg, MD, USA) for 

2 h.  Protein bands were detected with an enhanced chemilu-
minescence (ECL) plus detection system (Molecular Device, 
Lmax).  Finally, the intensity of each protein band was quanti-
fied by using image analysis software (Quantity One, Japan).

Statistical analysis
All results were statistically analyzed by ANOVA followed by 
Duncan’s test or paired t-test. All data were expressed as the 
mean±SEM, and P<0.05 was considered to be significantly dif-
ferent.

Results
Body weight and movement performance
MPTP treatment showed no significant impact on mouse 
weight (Figure 1C).  Additionally, the model mice failed to 
display motor impairments in the open field test (Figure 1D, 
1E).  Instead of a motor deficit, the rotarod test, however, 
showed that MPTP-treated mice exhibited a longer latency 
period (P<0.05) than the control group (Figure 1F).  In addi-
tion, the pole test results showed that MPTP treatment did not 
significantly induce bradykinesia in mice (Figure 1G).
	
Alteration of neurotransmitters in the striatum region
Neurotransmitters such as dopamine (DA), dihydroxyphenyl 
acetic acid (DOPAC), homovanillic acid (HVA), norepineph-
rine (NE) and serotonin (5-HT) in the striatum were detected 
by HPLC (Figure 2).  First, the content of DA (P<0.01), DOPAC 
(P<0.01), and HVA in the striatum of the MPTP-injected group 
decreased significantly.  Both selegiline (P<0.01 for DA and 
DOPAC) and pramipexole (P<0.01) attenuated these reduc-
tions, while medopar showed no effect.  In addition, MPTP 
treatment markedly increased the ratios of DOPAC/DA 
(P<0.01) and HVA/DA (P<0.01), and selegiline administration 
significantly eliminated these changes (P<0.01).  Furthermore, 
MPTP treatment significantly increased NE content (P<0.01), 
and selegiline (P<0.01), pramipexole (P<0.01) and medopar 
(P<0.01) significantly attenuated this change.  What is more, 
MPTP injection decreased the striatal 5-HT level, and both 
selegiline (P<0.01) and pramipexole (P<0.05) alleviated this 
change, while medopar (P<0.05) led to a deeper decline.

MPTP induced astrocyte activation and an increase in α-synuclein 
in the striatum region
Immunohistochemical staining showed that astrocytes in 
the striatum of the MPTP group were significantly activated 
and were inhibited after selegiline (P<0.01) and pramipex-
ole administration (P<0.01) (Figure 3A, 3B).  Meanwhile, the 
Western blot results showed the same trend (Figure 3C) with a 
significant increase in GFAP protein expression in the striatum 
after MPTP exposure (P<0.05) that was alleviated after selegi-
line or pramipexole administration.  α-Synuclein is an impor-
tant protein associated with PD.  The immunohistochemical 
results suggested that MPTP treatment could increase the 
α-synuclein level in the striatum, which would be decreased 
by selegiline, pramipexole and medopar (Figure 3D), and the 
Western blot results demonstrated a similar trend (Figure 3E, 3F).
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MPTP treatment led to damage of the nigrostriatal dopaminergic 
system
As the rate-limiting enzyme of DA synthesis, tyrosine 
hydroxylase (TH) is the biomarker of dopaminergic neurons.  
The immunohistochemical results for both TH-positive cell 
terminals in the striatum and TH-positive cell bodies in the 
SNpc revealed a severe dopaminergic neuron loss after MPTP 
exposure.  Both selegiline and pramipexole protected these 
neurons against MPTP damage, while medopar did not show 
a protective function (Figure 4A).  Furthermore, the Western 
blot results demonstrated that the striatal TH protein level of 
the model group was decreased by 40% compared with that of 
the control group (P<0.01), and selegiline (P<0.01) or prami-
pexole (P<0.05) but not medopar significantly attenuated this 
decrease (Figure 4B).  Cell counting showed that the number 
of TH-positive cells in the SNpc of model mice decreased 
significantly (P<0.01) (Figure 4C), and selegiline (P<0.01) and 
pramipexole (P<0.05) significantly reduced this loss.

MPTP treatment caused ultrastructure destruction in the SNpc 
region
In terms of the severe loss of dopaminergic neurons, further 
study in the SNpc region was performed through ultrastruc-
ture analysis (Figure 5).  For a normal neuron, the nucleus 
is bright and round (Figure 5a), the nuclear chromatin is 

dispersed evenly with low electron density (Figure 5a), and 
the organelles remain intact (Figure 5f).  After exposure to 
MPTP, the neurons in the SNpc were damaged as follows: the 
nucleus shrank out of shape (Figure 5b); the chromatin was 
marked with heavy electron density and gathered near the 
outer nuclear layer (Figure 5b); the mitochondria and Golgi 
apparatus were swollen and incomplete (Figure 5g).  These 
ultrastructural damages were improved after treatment with 
selegiline (Figure 5c, 5h) or pramipexole (Figure 5d, 5i).  In 
addition, the blood vessels in the brain are wrapped by astro-
cyte endfeet to form the blood-brain barrier (BBB).  The TEM 
images showed that the astrocyte endfeet were swollen after 
MPTP treatment, and therewith, the BBB was ruined (Figure 
5l).  The damaged BBB was ameliorated by selegiline (Figure 
5m), pramipexole (Figure 5n) and medopar (Figure 5o) admin-
istration.

MPTP induced ultrastructure destruction in the spinal cord
The spinal cord is responsible for delivering messages between 
the brain and the periphery.  TEM images showed that (Figure 
6) the myelin sheaths in the spinal cord of the normal mouse 
were organized regularly (Figure 6a), but following MPTP 
treatment, they were presented as discrete, loose, and out of 
order (Figure 6b).  Except for the myelin sheaths, neurons in 
the spinal cord were also injured and featured as concentrated 

Figure 1.  Experimental procedure, body weight and behavioral tests.  (A, B) Experimental procedure and different drug administration schemes.  (C) 
Body weight among groups showed no significant difference.  (D–G) MPTP-treated mice displayed no motor impairment in the open field, exhibited a 
longer latency period in the rotarod test, and showed no deficits in the pole test.  Data are presented as the mean±SEM.  n>10.  One-way ANOVA test 
followed by Duncan’s test or paired t test.  *P<0.05 vs the control group.
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cell bodies with thickened electron density and swollen organ-
elle structures (Figure 6g).  Both selegiline (Figure 6c, 6h) and 
pramipexole (Figure 6d, 6i) showed a protective effect against 
the damage of both myelin sheaths and neurons in the spinal 
cord, but medopar (Figure 6e, 6j) appeared to not have an 
effect.

Discussion
First and foremost, we discuss the motor performance after 
subacute MPTP treatment.  Up until now, the behavioral 
assessments in the subacute MPTP mouse model are still con-
troversial.  Many studies have described motor defects[12–14], 
while others have proven that the model hardly mimics the 
movement disorder of PD and may even induce hyperactiv-
ity in animals[10, 15, 16].  Here, in our research, subacute MPTP 
treatment failed to cause typical movement defects in spite 
of the serious damage to the dopaminergic neurons and the 
remarkable decrease in DA content.  Instead of a motor defi-
cit, the results of the rotarod test in our study demonstrated 
that MPTP-treated mice could walk on the rotarod longer 
than controls.  The longer latency for the model animals in the 
rotarod test, in fact, is not deemed as a normal performance, 
and this kind of behavioral hyperactivity is likely to be caused 
by the evident increase in NE content[17–19].  NE, similar to DA, 
also plays a key role in animal behavior[17–19].  A study showed 

that NE depletion after lesions of the locus coeruleus (LC), 
the major noradrenergic nucleus in the brain, could potenti-
ate MPTP toxicity[20].  In addition, Rommelfanger et al found 
that NE loss could induce more profound motor defects than 
the DA loss induced by MPTP treatment[17].  Clinically, lesion 
of the NE system is also involved in PD progression, but the 
MPTP model failed to cause an LC lesion[20, 21].  Therefore, NE 
deficiency may be a further requirement for motor impair-
ment[18].  

Apart from the NE system, the DA system has its own com-
pensatory ability, such as the supplementary induction of TH 
synthesis and the increased responsiveness of striatal neurons 
to DA[16].  In addition, DA turnover also plays an important 
part in the compensatory preservation of dopaminergic func-
tion for behavioral ability[15, 16].  In our research, we indeed 
found that the DA metabolite ratios (DOPAC/DA and HVA/
DA, indexes for DA turnover) increased significantly, which 
further accounted for the failure of the behavioral deficits 
after MPTP treatment.  In conclusion, the nigrostriatal system 
has a strong compensatory ability for DA loss (Figure 7A).  
Though the DA content was exhausted, the NE level and the 
DA metabolite ratios were compensatively increased to regu-
late the unbalanced nigrostriatal system.  These results could 
account for why the model mice did not behave abnormally 
and even gained hyperactivity.  When DA depletion is more 

Figure 2.  Effects of selegiline, pramipexole and medopar on neurotransmitters in the striatum region.  Data are presented as the mean±SEM.  n=5–7.  
One-way ANOVA test followed by Duncan’s test.  *P<0.05, **P<0.01 vs the control group.  #P<0.05, ##P<0.01 vs the model group.
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Figure 3.  Effects of selegiline, pramipexole and medopar on astrocytes and α-synuclein in the striatum region.  (A) Immunohistochemical staining 
of GFAP+ cells.  (B) Quantitative analysis of GFAP+ cells.  (C) Western blot assay of GFAP in the striatum region.  (D) Immunohistochemical staining of 
α-synuclein.  (E, F) Western blot assay of α-synuclein content in striatum tissue.  Data are presented as the mean±SEM.  n=3.  One-way ANOVA test 
followed by Duncan’s test.  *P<0.05, **P<0.01 vs the control group.  ##P<0.01 vs the model group.
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than 80%[16], the destruction is too severe to be compensated, 
resulting in movement disability (Figure 7A).  That is, the 
current subacute MPTP model in this study is not enough to 
cause motor disability, but assessing the damage in the dopa-
minergic system is still valuable.  Moreover, to overcome this 
limitation, the chronic MPTP model may be considered as 
we have previously confirmed dyskinesia in chronic MPTP-
treated mice[11].  In addition, we can also try to destroy the NE 
system to induce motor disability in MPTP-treated mice[17].

Next, we will discuss the abnormal changes induced by the 
subacute MPTP treatment.  Many pathological changes in this 
model, such as the increase in α-synuclein, astrocyte activa-
tion and BBB destruction, are all associated with the develop-
ment of PD[22–24].  These changes can affect one another to form 
a vicious circle, driving the degeneration of the nigrostriatal 

system (Figure 7B).  On the one hand, the unusual increased 
α-synuclein may enhance its own toxicity by modification 
or aggregation of itself and then activate glial cells to induce 
inflammation and oxidative stress, which in turn promote 
aberrant α-synuclein formation[25, 26].  Moreover, α-synuclein 
may be transferred from axon terminals to astrocytes and form 
α-synuclein inclusions similar to LBs.  On the other hand, 
both the inflammation induced by α-synuclein and the central 
immune response mediated by astrocytes and microglial cells 
would destroy the integrity of the BBB[27], and in turn the BBB 
lesion would recruit peripheral immune cells by increasing the 
infiltration of CD4+ and CD8+ T lymphocytes[28, 29]. The com-
plex relationships among α-synuclein dysfunction, astrocyte 
activation and BBB destruction are responsible for accelerating 
PD degeneration (Figure 7B).  In our research, MPTP led to 

Figure 4.  Effects of selegiline, pramipexole and medopar on dopaminergic terminals in the striatum and cells in the SNpc.  (A) Immunohistochemical 
staining of TH in the nigrostriatal system.  (B) Western blot assay of TH content in striatum tissue.  n=5.  (C) Quantitative analysis of TH+ cells in the 
SNpc region.  n=3.  Data are presented as the mean±SEM.  One-way ANOVA test followed by Duncan’s test.  **P<0.01 vs the control group.  #P<0.05,  
##P<0.01 vs the model group.
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Figure 5.  Effects of selegiline (Sele), pramipexole (PPX) and medopar (MDP) on ultrastructure destruction in the SNpc region.  As shown by red 
arrows, the TEM images of the control brain region showed an intact structure of the cell bodies (a), organelles (f) and BBB (k), while the model neuron 
was severely damaged exhibiting heavy electron density and swollen mitochondria, Golgi apparatus and BBB (b, g, l).  Both selegiline (c, h, m) and 
pramipexole (d, i, n) had protective functions against the MPTP-induced damage.  The protective role of medopar was not displayed in terms of cell 
morphology (e) and organelle structure (j).

Figure 6.  Effects of selegiline (Sele), pramipexole (PPX) and medopar (MDP) on ultrastructure destruction in the spinal cord.  As shown by red arrows, 
the myelin sheaths of the control (a) are well organized, while the model myelin sheaths (b) are discrete and loose.  Selegiline (c) and pramipexole (d) 
but not medopar (e) play protective roles.  The organelles such as mitochondria and the Golgi apparatus are normal in control neurons in the spinal cord (f), 
while that in the MPTP-treated mice have a damaged structure (g).  Selegiline (h) and pramipexole (i) but not medopar (j) show improving effects.  
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a significant increase in α-synuclein, an evident activation of 
astrocytes and a severe destruction of the BBB.  These changes 
would play key roles in Parkinsonian degeneration and, thus, 
should be taken into consideration in the study of PD patho-
genesis.  

Moreover, motor neuron loss in the spinal cord has been 
reported in MPTP models[30, 31] as well as PD patients[32].  Our 
experiment also demonstrated injured neurons in the spinal 
cord characterized by nuclear condensation and organelle vac-
uolation.  In addition, we found a disordered, discrete myelin 
structure in the spinal cord irritated by MPTP.  Myelin sheaths 
are generated throughout life with a multilamellar membrane 
structure by the wrapping and compaction of oligodendro-
cytes[33].  The function of the myelin sheaths is mainly to 
ensure fast and efficient electrical signal transduction through 
nerve fibers[34].  As reported previously, myelin dysfunction 
has been commonly observed in multiple system atrophy 
(MSA)[35], and α-synuclein may be involved in the myelin 
deficit[36].  In this study, the loose myelin structure induced by 
MPTP indicates a possible relationship between PD degenera-
tion and α-synuclein-induced myelin damage.

Last but not least, we will discuss the effects of selegiline, 
pramipexole, and medopar on the subacute MPTP mouse 

model (Figure 7C).  The curative effects of these drugs on clini-
cal treatment and animal evaluation seem varied, but actually, 
they are not contradictory.  The reasons are stated as follows.

Selegiline can maintain the DA levels in the striatum by 
inhibiting the metabolism of DA and can also, as an antioxi-
dant, clean the radicals produced by oxidative stress.  Clini-
cally, selegiline is known to be well tolerated but less effective 
than either L-dopa or pramipexole in motor improvement and 
has been proposed as a disease-modifying agent, for it seems 
to delay the disease progression[4].  However, in our study, 
selegiline played a stronger protective role in MPTP-treated 
mice than medopar and pramipexole and actually protected 
the striatum, the SNpc, and the spinal cord from MPTP to 
nearly a normal status (Figure 7C).  This is because selegiline 
is a specific inhibitor of monoamine oxidase B and can prevent 
MPTP from being converted into its metabolite MPP+, which is 
toxic to neurons.  Although selegiline shows varied degrees of 
protection on experimental animals and clinical patients and 
the MPP+ amount exposed to neurons is affected by selegiline, 
there are two reasons to include selegiline in the experimental 
design.  First, we can use selegiline as a positive control to 
validate the pathological changes induced by MPTP.  Addi-
tionally, we can use selegiline to test anti-PD candidates that 

Figure 7.  The summary scheme.  (A) The balance between DA depletion and a compensatory reaction: (a) normal motor function; (b) behavioral 
hyperactivity induced by an excessive compensatory reaction; (c) behavioral defects induced by severe DA depletion. (B) The abnormal changes induced 
by the subacute MPTP treatment. (C) Effects of selegiline, pramipexole and medopar on the MPTP-induced damages in the striatum, the SNpc and the 
spinal cord.
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are also classified as MAO-B inhibitors, for these types of can-
didates may be able to be developed into anti-PD drugs.

Pramipexole, as a non-ergoline dopamine receptor agonist, 
is also a common first-line medication and does not trigger 
dyskinesias.  However, side effects exist, such as early gastro-
intestinal or psychiatric disorders, ankle oedema, and sleep 
attacks[4].  Pramipexole (PPX) can efficiently relieve the clinical 
motor disturbances by selectively exciting dopamine D3 recep-
tors.  However, beyond the dopamine receptor interactions, 
other protective mechanism also exist[37], such as its antioxi-
dant properties, apoptotic pathway inhibition, mitochondrial 
membrane stabilization, and cytotrophic effects[38–40].  In agree-
ment with the above studies, our work showed that pramipex-
ole prevented the MPTP damage of the nigrostriatal dopami-
nergic neurons and then attenuated the loss of DA (Figure 7C).  
Furthermore, in this study, pramipexole had a wide protection 
on the 5-HT level, astrocytes, BBB, and myelin sheath (Figure 
7C).

Clinically, L-dopa combined with benserazide or carbidopa 
is the most popular therapy to efficiently improve behavioral 
symptoms[4].  However, long-term treatment induces severe 
adverse effects.  Despite the overt behavioral improvement, 
whether L-dopa is protective or toxic to dopaminergic neu-
rons remains debatable.  Some researchers have attributed its 
protective effects to its neurotrophic properties[39, 41, 42], while 
others have confirmed its toxicity by inducing oxidative stress 
and inflammation[43–45].  In our research, medopar, a combina-
tion of L-dopa and benserazide, was unable to protect the stri-
atum, the SNpc, and the spinal cord from MPTP injury (Figure 
7C).  In fact, the abundant increase in DA from medopar treat-
ment did not increase the endogenous DA production[46] and 
eliminated the compensatory increase in NE (Figure 7C).  In 
addition, we found that medopar suppressed the striatal 5-HT 
production (Figure 7C), indicating the presence of lesions of 
serotonergic neurons caused by L-dopa[47, 48].

All in all, we make the following conclusions.  First, the 
subacute MPTP treatment was successful at destroying the 
dopaminergic neurons, resulting in a reduced secretion of DA 
in the striatum.  However, the NE system and DA system had 
a compensatory response, leading to the failure to trigger a 
movement disability and perhaps even causing hyperactivity 
of the mice.  Despite this compensation, the subacute MPTP 
model is still valuable for assessing the effect of candidate 
drugs on the nigrostriatal pathway, which is damaged before 
the emergence of a motor disability.  Second, MPTP increased 
the α-synuclein protein level, activated astrocytes, and 
destroyed the BBB structure.  In addition, these clinically rel-
evant targets (α-synuclein, astrocyte, and BBB) are worthy to 
be studied further in research on the pathogenesis of PD and 
the efficacy of treatment.  Third, both selegiline and prami-
pexole improved the injuries caused by MPTP treatment, 
while medopar did not show a protective function.  Therefore, 
selegiline or pramipexole is suggested to be used as a positive 
control in the MPTP model to assess therapeutic candidates.  
However, from the perspective of pathology, medopar is not 
suitable to be selected as a positive control.
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