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Abstract

In Parkinson’s disease (PD) state, with progressive loss of dopaminergic neurons in the substantia nigra, the striatal dopamine
(DA) and glutamate (Glu) levels change, resulting in dysfunction of basal ganglia motor regulation. The PD patient presents
motor dysfunction such as resting tremor, bradykinesia, and muscular rigidity. To investigate the mechanism of aerobic
exercise to improve PD-related motor dysfunction, in the current study, 6-hydroxydopamine (6-OHDA) was used to induce
the PD mice model, and the motor function of PD mice was comprehensively evaluated by open-field test, rotarod test, and
gait test. The co-expression of prodynorphin (PDYN) and proenkephalin (PENK) with extracellular signal-regulated kinase
(Erk1/2) and phosphorylation Erk1/2 (p-Erk1/2) were detected by double-labeling immunofluorescence. The results showed
that a 4-week aerobic exercise intervention could effectively improve the motor dysfunction of PD mice. Moreover, it was
found that the expressions of Erk1/2 and p-Erk1/2 in the dorsal striatum (Str) of PD mice were significantly increased, and
the number of positive cells co-expressed by Erk1/2, p-Erk1/2, and PENK was significantly higher than PDYN. The above
phenomenon was reversed by a 4-week aerobic exercise intervention. Therefore, this study suggests that the mechanism
by which aerobic exercise improves PD-related motor dysfunction may be related to that the aerobic exercise intervention
alleviates the activity of extracellular signal-regulated kinase/mitogen-activated protein kinases (Erk/MAPK) signaling
pathway in striatal medium spiny neurons expressing D2-like receptors (D2-MSNs) of PD mice by regulating the striatal
DA and Glu signaling.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disease, and its main clinical presentations include rest-
ing tremor, bradykinesia, muscular rigidity, abnormal pos-
ture and gait, and other behavioral dysfunctions (Olanow
et al. 2009). Its pathological features involve degeneration
of the nigrostriatal dopamine (DA) pathway and complex
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physiological changes in the basal ganglia. Decreased
striatal DA is accompanied by increased glutamate (Glu),
which leads to imbalances in excitatory and inhibitory affer-
ent inputs (Jamwal et al. 2019). Furthermore, the motor
symptoms of PD are directly or indirectly related to neu-
rotransmitter imbalances in the brain (Jamwal et al. 2017;
Jamwaland and Kumar 2019). Although DA replacement
therapy is effective in alleviating the early motor symp-
toms of PD, it is unable to control the progression of the
disease, which eventually results in severe motor dysfunc-
tion and cognitive impairments (Coelho et al. 2012; Del
Tredici et al. 2016). Surgical treatment, on the other hand,
has large side effects and places an immense burden on
patients and their families, and a lack of a neuroprotective
strategy. Therefore, it remains of crucial significance to find
effective measures for the prevention and delay of PD. As
early as 1992, Sasco discovered that high-intensity physical
exercise can effectively reduce the risk of PD (Sasco et al.
1992). Research has now clearly shown that exercise has
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a positive effect on improving the behavioral performance
and clinical symptoms of PD patients (Muhlack et al. 2007,
Slomski 2019). Therefore, a variety of treatment strategies
that include exercise and body functional training have been
applied to PD management, and exercise therapy has also
become an important supplement to PD treatments. Earlier
studies have shown that treadmill exercise can effectively
improve the motor function of PD rats, while also reducing
the overexcitation of the cortico-striatal pathway and Glu
levels induced by depletion of striatal DA (Chen et al. 2015,
2017b). This implies that the ability of physical exercise
to improve behavioral impairments in PD may be related
to its amelioration of striatal neurotransmitter imbalances.
However, the exact regulatory mechanisms involved are still
unclear. The 95% of striatal neurons were medium spiny
neurons (MSNs), which can be divided into two subgroups:
one is involved in the direct pathway and expresses dopa-
mine D1-like receptors (D1-MSNs) and the other is involved
in the indirect pathway and expresses dopamine D2-like
receptors (D2-MSNs). However, the regulatory role and spe-
cific molecular mechanism of different subtypes of MSNs
in the improvement of PD-related behavioral dysfunction
by exercise have not been clarified. It has been confirmed
that exercise intervention can improve motor disorders by
regulating the imbalance of DA and Glu neurotransmitters
in the stream. Extracellular signal-regulated kinase (Erk1/2)
is the classic signaling pathway of Mitogen-Activated Pro-
tein Kinases (MAPK). It is the key modulation point of
Glu from the cerebral cortex and DA from substantia nigra
projecting to striatum MSNs to regulate neuronal activity.
PD-related motor dysfunction is closely related to abnormal
activation of Erk/MAPK signal an imbalance of DA and
Glu in the striatum (Mariani et al. 2019). Therefore, we can
infer that Ertk/MAPK pathway may be involved in the ability
of exercise to improve PD behavioral impairments, and its
mechanism may be related to the regulation of striatal Glu
and DA signaling. Given the above, this study established
a unilateral lesion model of PD using 6-hydroxydopamine
(6-OHDA), to measure the activity of Erk/MAPK signaling
pathways in different striatal MSNs using double-labeling
immunofluorescence, which was combined with behavioral
tests for the comprehensive evaluation of behavioral perfor-
mance, thereby further elucidating the regulatory mecha-
nism underlying the improvement of PD behavioral impair-
ments by exercise.

Materials and methods
Animals and group assignment

C57BL6 male mice, weighing 25+ 2 g, were used in this
study, which was provided by Beijing Vital River Laboratory
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Animal Technology Co., Ltd. All experiments were carried
out with the approval of the Life Sciences School Animal
Ethics Committee of Hebei Normal University Fig. 1.
The animals were housed in separate cages and given free
access to food and water under conditions of 12 h alternating
light—dark cycles, the temperature of 20-25 “C, and relative
humidity of 45-50%. After acclimatization for a week, the
animals were randomly assigned to two groups: saline group
(n=24) and 6-OHDA group (n=130). After model establish-
ment, the saline group was randomly divided into the con-
trol group (C, n=12) and control plus exercise group (CE,
n=12); while the 6-OHDA group was randomly divided into
the Parkinson’s disease group (PD, n=15) and Parkinson’s
disease plus exercise group (PE, n=15). All animal experi-
ments are approved by the Biomedical Ethics Committee of
Hebei normal university.

Establishment and evaluation of PD model

After fasting for 24 h, the mice were induced to deep anes-
thesia with 3% isoflurane (RWD), fixed on a brain stere-
otaxic device (RWD) in the flat-skull position, and the ani-
mal’s body temperature was maintained using a heating pad.
Desipramine (25 mg/kg) was injected intraperitoneally to
protect noradrenergic neurons. After 30 min, the skin was
disinfected, the epidermis and periosteum were cut, 35%
H,0, was used to remove the surface tissue of the skull,
then the anterior 0.5 cm of the frontal suture to the pos-
terior 0.4 cm of the posterior fontanel was exposed. The
right medial Str was located based on Franklin’s stereotaxic
atlas of the mouse brain. A high-speed stereotaxic drill was
used to drill a hole, and 4 pL. of 6-OHDA (APExBIO, B
7099) solution was injected into the right Str by 2-point
using a microinjector Fig. 2. C and CE mice were injected
with the same volume of saline containing 0.02% ascorbic
(APExBIO, B 2064) acid using the same protocol. On the
seventh day after surgery, the mice were subjected to apo-
morphine (APO) (APExBIO, B 6936) induced rotation test.
APO solution (0.5 pg/g) was injected intraperitoneally, and
the number of rotations was recorded after 3 min Fig. 2. A
difference of > 100 r between the number of left rotations
and the number of right rotations in 30 min was used as the
criterion for successful PD model creation.

Treadmill Exercise (12-18 m/min, 40 min/d, 5 d/week)

Adaptive feeding
Habitution to
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Fig. 1 Protocol of the experimental trials
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Fig.2 Schematic diagram of PD model establishment and verification

Exercise program

CE and PE mice began treadmill exercise (Anhui Zheng-
hua) 7 days after being injected with 6-OHDA. The training
involved running at 12—18 m/min (12 m/min X 10 min, 14 m/
min X 10 min, 16 m/min X 10 min, 18 m/min X 10 min), for
40 min/day, 5 days/week at 16:00-18:00 from Monday to
Friday, for 4 weeks consecutive. The exercise intensity was
approximately 45%—55% VO, max (Hoydal et al. 2007). At
the same time, mice in the C and PD groups were placed on
the stationary treadmill for the same time.

Evaluation of motor behavioral function
Open-field test

The open-field (RWD) test measures the spontaneous
locomotor activity of the mice. The mice were placed in a
40 cm X 40 cm X 40 cm opaque box, first allowed to habitu-
ate to the laboratory environment for 5 min, after which
their free movement was recorded for 10 min. After each
experiment uses 95% ethanol solution to clean the bottom
and walls for 5 min, data were collected and analyzed using
SMART 3.0 software (Panlab, Spain).

Rotarod test

The rotarod (RWD) test evaluates the balance function of
mice. The mice were placed in the uniform accelerated
rotary rod. The initial speed is 5 rpm/min, and the speed is
increased to 40 rpm/min after 300 s. The stay time of the
mice on the rotary rod was recorded accurately. The test
was performed 3 times a day for 5 consecutive days with an
interval of at least 60 min. Clean the rotating stick with 95%
alcohol after each experiment.

Gait analysis

The gait analysis (made by myself) evaluates the coordi-
nation of mice. The mice were placed in a channel mold
of 55 cm X7 cm. A piece of clean and flat printing paper
was laid on the bottom of the mold. In addition, mice were
allowed to pass through the channel freely. Different pig-
ments were applied on the front and rear limbs of mice to
distinguish the front and rear limbs of the mice. At least
three complete steps of each mouse were measured to cal-
culate the average value. Use 95% alcohol to clean passages
after each experiment.
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Brain slices and tissue extraction were prepared

After fasting for 24 h, the mice were induced to deep anes-
thesia with 3% isoflurane. Then, the brain tissues were
quickly removed through left ventricular perfusion with
normal saline (Damao). The striatum was separated on the
ice surface, and then stored at -80 °C. The whole brain of
mice was decapitated and placed in 4% paraformaldehyde
for 24 h. The whole brain was dehydrated with sucrose solu-
tion of different concentrations. After the last dehydration,
the whole brain was embedded with a frozen embedding
agent and stored at — 80 “C. The German Leica (CM 1950)
frozen slicer with a thickness of 15 pm was used for slicing.
All slices were stored at — 80 °C after drying.

Molecular experiment
Immunohistochemistry

The expression of tyrosine hydroxylase (TH)-positive fib-
ers in the striatum and the number of TH-positive cells in
substantia nigra were detected by immunohistochemistry.
24 h after the last exercise session, the mice were induced
to deep anesthesia with 3% isoflurane, followed by perfusion
with 37 °C physiological saline and 4 ‘C 4% paraformalde-
hyde via the left ventricle-ascending aorta. The whole brain
was removed and fixed in 4% paraformaldehyde for 24 h.
Brains were removed and cryoprotected in different concen-
trations of sucrose in 0.1 M PBS and then frozen in O.C.T.
compound. Immunohistochemistry was then performed
on 15 pm sections. The slices were first incubated in H,O,
(30%) solution to avoid light for 20 min and then placed in
citric acid antigen repair buffer (PH=6.0) for antigen repair
in a microwave oven. Heat the slices for 6 min and bring to
a boil. After 2 min, reduce to a low heat for 10 min. After
natural cooling, the slides were placed in PBS (PH=7.4)
and washed 3 times, every time 5 min. The sections were
blocked with serum and BSA was dropped for 30 min.
Add primary antibody (TH 1:1000, Abcam, AB 6211) and
incubate overnight at 4 “C. The second antibody was added
to cover the tissues and the cells were incubated at room
temperature for 50 min. Wash with PBS (PH=7.4) for 3
times, 5 min for each time, and then DAB reagent for color
rendering. Rinse with tap water for 20 min to terminate the
reaction. Then, add alcohol with different concentrations for
gradient dehydration, and finally seal the tablet with neutral
resin adhesive. Immunohistochemical results were analyzed
using Image J software, and positive cell expression of TH
in substantia nigra was measured. Integral optical density
(IOD) values were measured for TH in the dorsal striatum
region.
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Western blot

The expression of TH protein in the striatum was detected
by Western blot. 24 h after the last exercise session, the mice
were induced to deep anesthesia with 3% isoflurane, and
the whole brain was quickly removed and stored in liquid
nitrogen. The brain tissue was removed from storage during
testing, the right striatum was quickly separated on ice, and
an appropriate amount of tissue was placed in a pre-cooled
homogenizer. After the sample was sufficiently homog-
enized, an appropriate amount of lysis solution was added
for 30 min, then centrifuged at 12,000 r/min for 10 min,
and the supernatant was collected for the quantification of
protein concentration using the BCA method. The samples
then underwent loading, electrophoresis, transfer, blocking,
and incubation overnight with diluted monoclonal antibodies
(TH: 1:1000, Abcam, AB 6211). Horseradish peroxidase-
labeled secondary antibodies were added and incubated for
60 min. ECL working solution was added to the PVDF mem-
brane and incubated at room temperature for 5 min. Then,
the PVDF membrane was wrapped in cling film, developed,
exposed, washed, and blocked. The B-actin monoclonal
antibody was diluted at 1:500 in the primary antibody dilu-
tion solution, shaken at room temperature for 60 min, and
the internal reference band was obtained according to the
method above. The film was analyzed with the Quantity One
software (Bio-Rad Laboratories, Inc. California, Berkeley,
USA) to obtain the molecular weight and integrated optical
density of the target band.

Immunofluorescence

The co-expression of Erk and p-Erk proteins in the stria-
tum with the marker PDYN of D1-MSNs and the marker
PENK of D2-MSNs were observed by immunofluorescence
double-label technique. PDYN and PENK are precursors of
DYN and ENK, respectively. The sections were obtained
as described above. Briefly, the slices were placed in citric
acid antigen repair buffer (PH=6.0) for antigen repair in
the microwave oven: heat the slices for 6 min and bring to
a boil. After 2 min, reduce to a low heat for 10 min. After
natural cooling, the slides were washed in PBS (PH=7.4)
3 times, 5 min each time. Then, the sections were blocked
with normal goat serum for 30 min. The primary antibody
was then incubated (Erk 1:100, Cell Signaling, 4696; p-Erk
1:200, Cell Signaling 5726; PDYN 1:500, Gene Tex, GTX
113,515; PENK 1:500, Gene Tex, GTX 80,743) at 4 °C
overnight. After extensive washes in PBS, tissue sections
were incubated in Alexa Fluor 488 goat anti-mouse anti-
body (Immunoway, 1:200, RS 23,210) and Alexa Fluor
549 goat anti-rabbit antibody (Immunoway, 1:200, RS
23,320) for 50 min at room temperature. Then, wash with
PBS (PH=7.4) 3 times, 5 min each time. Then, drop DAPI
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dye solution, and incubate at room temperature avoid light
for 10 min. Quench tissues with spontaneous fluorescence
quench agent for 5 min. The tablets were then sealed with an
anti-fluorescence quencher. The images were observed and
collected under a fluorescence microscope.

Image J software was used to quantitatively analyze the
immunofluorescence results, and the number of positive
cells was measured. The expression of immunopositive cells
in the dorsal striatum was measured. Results: DAPI stained
nucleus was blue under UV excitation, and positive expres-
sion was the corresponding fluorescein-labeled green light
(Erk; p-Erk) or red light (PDYN; PENK).

Data processing

All data from this study were expressed as mean =+ stand-
ard error of the mean (SEM). Two-way ANOVA was used for
inter-group index comparison, multiple comparisons were
performed by Tukey post hoc test. P <0.05 indicated the dif-
ference was statistically significant. All the above analyses
were performed with the SPSS statistical software (V24.0)
(SPSS, IBM, New York) and GraphPad Prism 6.0 (Graph-
Pad Software., CA, USA).

Research results
Identification of PD model mice

In the evaluation of the PD model, the success of the model
was first judged by the number of rotation circles induced by
APO. After aerobic exercise intervention, the expression of
TH protein in the striatum of some animals was detected by
Western blot, and the expression of TH protein in striatum
and SNc of some animals were detected by immunohisto-
chemical technique to improve the reliability of the model.
On the seventh day after injection of 6-OHDA, the APO-
induced rotation test was carried out in the model mice.
Among the 30 mice injected with 6-OHDA, there were 6
mice whose rotation circles were less than 100 r, and the PD
modeling rate was 80% (see Fig. 3a).

After 4 weeks of aerobic training, the expression of TH
protein in the striatum of mice in each group was detected
by Western blot. Compared with C, the protein expression
of TH in the striatum of PD mice decreased significantly
(P <0.01); compared with PD, the expression of TH protein
increased significantly in PE mice (P <0.05); and the protein
expression of TH in the striatum of PD decreased signifi-
cantly compared with CE mice (P <0.01). Compared with
CE, the protein expression of TH in the striatum of PE mice
decreased significantly (P <0.05) (see Fig. 3b).

Immunohistochemistry showed that the number of TH-
positive neurons in substantia nigra of PD was significantly

lower than that of C mice (P <0.01). Compared with C, the
expression of TH neurons in substantia nigra of PE mice
decreased significantly (P <0.05). Compared with PD, the
expression of TH neurons in substantia nigra of PE mice
increased significantly (P <0.05). Compared with CE, the
number of positive cells of TH neurons in substantia nigra
of PD mice decreased significantly (P <0.01), and that of
TH neurons in substantia nigra of PE mice decreased signifi-
cantly compared with CE (P <0.01) (see Fig. 3d).

Compared with C, the gray value of TH-positive nerve
fibers in the dorsal striatum of PD mice was significantly
decreased (P <0.01), and that of TH-positive nerve fibers in
the dorsal striatum of PE mice was significantly higher than
that of PD (P <0.05), and that of TH-positive nerve fibers in
the dorsal striatum of PD mice was significantly lower than
that of CE (P <0.01) (see Fig. 3f).

Aerobic exercise improved motor behavior in PD
mice

In the open-field experiment, compared with C, the total
distance of PD mice decreased significantly (P <0.01), and
compared with PD, the total distance of PE mice increased
with significant difference (P <0.05), compared with CE, the
total distance of PD mice decreased significantly (P <0.001)
(see Fig. 4b).

In the rotating rod experiment, compared with C, the
maintenance time of PD mice on the rod decreased signifi-
cantly on the first day (P <0.05) and on the second to fifth
days (P <0.01). Compared with PD, the maintenance time
of PE mice on the rod increased significantly from day 2 to
5 (P<0.05) (see Fig. 4c¢).

In the gait experiment, there was a significant difference
in the movement step of mice in each group in the chan-
nel. Compared with C, the limb step of PD mice decreased
significantly (P <0.01). Compared with PD, the limb step
length of PE mice increased significantly (P <0.05). Com-
pared with CE, the limb step of PD mice decreased signifi-
cantly (P <0.01) (see Fig. 4d-g).

Aerobic exercise effectively regulated striatal
D2-MSNs-Erk1/2 expression in PD mice

D1-MSNs and D2-MSNs are identified by PDYN and
PENK, respectively. After the fourth week, compared with
C, the number of Erk-positive cells in the dorsal striatum of
PD mice increased significantly (P <0.01); Compared with
PD, the number of Erk-positive cells in PE mice decreased
significantly (P <0.05). Compared with CE, the number
of Erk-positive cells in the dorsal striatum of PD mice
increased significantly (P <0.01) (see Fig. 5d).
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Fig.3 The schematic diagram a
to verify the results of PD
mouse models. a Diagram of
6-OHDA-treated mice rotated
for 30 min by APO. b The sche-
matic diagram of TH protein
expression in the striatum was
compared with that in the stria-
tum of each group. ¢ Schematic
diagram of expression of TH-
positive neurons in substantia
nigra (200 X). d The expression
of TH-positive cells in substan-
tia nigra of mice in each group.
e Schematic diagram of TH-
positive nerve fiber expression
in dorsal striatum area (100 X). -2
f The expression of TH-positive 0 o2
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There was no significant difference in the number of
positive cells co-expressed by Erk and PDYN between
groups (P> 0.05) (see Fig. 5e). But there was an inter-
group difference in the number of positive cells co-
expressed by Erk and PENK, compared with C, the
number of positive cells co-expressing Erk and PENK
in the dorsal striatum of PD mice increased significantly
(P<0.01), compared with PD, the number of positive cells
co-expressing Erk and PENK in the dorsal striatum of PE
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mice decreased significantly (P < 0.05). Compared with
CE, the number of positive cells co-expressing Erk and
PENK in the dorsal striatum of PD mice increased signifi-
cantly (P <0.01) (see Fig. 5f).

Aerobic exercise effectively regulated striatal
D2-MSNs-p-Erk1/2 expression in PD mice

D1-MSNs and D2-MSNs are identified by PDYN and
PENK, respectively. After the fourth week, compared with
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Fig.4 The statistical results a
of open-field total distance,
gait test, and rotating rod test.
a Track diagram of open-field
moving distance. b After
4 weeks of aerobic training, the
distance of mice in each group
in the open field was compared.
¢ After 4 weeks of aerobic b ¢
training, the maintenance time 80001 ook = 400- - C
of mice in each group on the — kot - CE
rotating rod was compared. d okl § =+ PD
Comparison of left forelimb g :Q = PE
movement steps of mice in each 2 % 3001
group after 4 weeks of aerobic & T * b
training. e After 4 weeks of «g 6000 T &
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steps of the right forelimb of = e * 3%
mice in each group were com- ﬁ T g
pared. f After 4 weeks of aero- 8 100-
bic training, the moving steps é
of the left hindlimb of mice in 4000 T : T T r T T
each group were compared. g C CE PD PE 1 2 3 4 5 (Day)
After 4 weeks of aerobic train-
ing, the moving steps of the d €
right hindlimb of mice in each ~95- ook 2 9.5 s
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C, the number of p-Erk-positive cells in the dorsal striatum
of PD mice increased significantly (P <0.01), compared
with PD, the number of p-Erk-positive cells in PE mice
decreased significantly (P <0.05). Compared with CE, the
number of p-Erk-positive cells in the dorsal striatum of
PD mice increased significantly (P <0.01) (see Fig. 6d).

There was no significant difference in the number of posi-
tive cells co-expressed by p-Erk and PDYN between groups
(P>0.05) (see Fig. 6e). But there was an inter-group differ-
ence in the number of positive cells co-expressed by p-Erk
and PENK, compared with C, the number of positive cells
co-expressing p-Erk and PENK in the dorsal striatum of PD
mice increased significantly (P <0.01), compared with PD,
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Fig. 5 Immunofluorescence a
expression of Erk in the

striatum of mice in each group

after 4 week aerobic exercise

intervention. a Schematic

diagram of the dorsal striatum

section. b Schematic diagram of b
co-expression image of Erk and
PDYN immunofluorescence,
DAPI immunofluorescence
(blue), Erk immunostaining
(green), PDYN immunostain-
ing (red), scale bar=50 pm
(400 x). ¢ Schematic diagram
of Erk and PENK immuno-
fluorescence co-labeling image,
DAPI immunofluorescence
(blue), Erk immunostaining
(green), PENK immunostaining
(red), bar=50 pm (400 x). d
The expression of Erk-positive
cells in mice of each group was
compared. e Comparison of co-
expression of Erk and PDYN in
mice of each group. f Compari-
son of co-expression of Erk and
PENK in mice of each group.
*P<0.05, **P<0.01
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Fig. 6 Immunofluorescence
expression of p-Erk in the stria-
tum of mice in each group after
4-week aerobic exercise inter-
vention. a Schematic diagram
of the dorsal striatum section.

b Schematic diagram of co-
expression image of p-Erk and
PDYN immunofluorescence,
DAPI immunofluorescence
(blue), p-Erk immunostaining
(green), PDYN immunostaining
(red), scale bar=50 pm (400 X).
¢ Schematic diagram of p-Erk
and PENK immunofluores-
cence co-labeling image, DAPI
immunofluorescence (blue),
p-Erk immunostaining (green),
PENK immunostaining (red),
bar=50 pm (400 X). d The
expression of p-Erk-positive
cells in mice of each group

was compared. e Comparison
of co-expression of p-Erk and
PDYN in mice of each group.

f Comparison of co-expression
of p-Erk and PENK in mice

of each group. *P <0.05,
**P<0.01
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the number of positive cells co-expressing p-Erk and PENK
in the dorsal striatum of PE mice decreased significantly
(P <0.05). Compared with CE, the number of positive cells
co-expressing p-Erk and PENK in the dorsal striatum of PD
mice increased significantly (P <0.01) (see Fig. 6f).

Discussion

The motor symptoms of Parkinson’s disease mainly
include muscle rigidity, bradykinesia, gait disorder, unsta-
ble body posture, and other motor behavior disorders.
Epidemiological investigations have shown that physical
activity can significantly reduce the risk of PD (Dibble
et al. 2009; Xu et al. 2010). A survey with COVID-19 as
the social background showed that PD patients’ motor and
non-motor symptoms were aggravated due to lack of exer-
cise during the epidemic (Song et al. 2020). Exercise can
effectively improve the clinical symptoms of PD patients,
and also significantly reduce the motor dysfunction of PD
animals. Forouzan et al. (Rafie et al. 2017) showed that
exercise can significantly improve the balance ability of
PD animals. In this study, a PD mouse model was estab-
lished by a 2-point injection of 6-OHDA into the stria-
tum. It was found that after 4 weeks of aerobic exercise
intervention, the autonomous activity ability, balance, and
coordination ability of PD mice were improved, and the
expression of TH in the substantia nigra and striatum was
up-regulated. In this study, no significant changes in TH
were observed in the control exercise group. This effect
only occurred in the mice in the PD exercise, and the pos-
sible target was caused by inhibiting the activation of the
Erk pathway. The mechanism of exercise retarding TH loss
of DA energy is still not well studied. There are several
sources for the recovery of DA energetic neurons after
exercise intervention. Damaged DA energetic neurons may
not show up in staining, and these neurons may be detected
again after exercise intervention (Sanchez-Ramos et al.
1988). Exercise intervention may activate the germination
of DA neurons (Stanic et al. 2003). Exercise increases the
compensation response of GABA interneurons (Ibanez-
Sandoval et al. 2010). Exercise generates new DA neurons.
In this study, more DA was also detected after exercise
intervention, and PD motor disorders induced by 6-OHDA
neurotoxin were also improved. However, such exercise
improvement effect did not appear significantly in mice
that did not receive 6-OHDA injection, which may be
because behavioral types were selected mainly for PD
animal models. In addition, mice in the control exercise
group did not lose DA, while the effect of exercise inter-
vention was mainly reflected in PD mice. Previous studies
have suggested that MSNSs in the striatum may be involved
in the improvement of PD symptoms by aerobic exercise.
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Basal ganglion is an important nucleus for controlling
the body’s voluntary movement, the striatum is the cen-
tral processing area of basal ganglia, and the number of
MSNs accounts for 95% of the total number of neurons
(Lang et al. 2004). According to different projection sites
and functions, MSNs can be divided into two subgroups.
Namely, direct pathway MSNs (D1-MSNs) and indirect
pathway MSNs (D2-MSNs). Among them, D1-MSNs
emitted axons directly projecting onto the medial part of
globus pallidus /substantia nigra reticular complex (GPi/
SNr), mainly expressing dopamine I receptor (D;R), sub-
stance P (SP), and strong enkephalin (DYN) coupled with
Golf protein. D2-MSNs first project to the (globus palli-
dus external) lateral part of the globus pallidus (GPe) and
mainly expresses gi-protein-coupled dopamine II recep-
tors (D,R) and enkephalin (ENK). A small part of MSNs
projects to both GPe and GPi/SNr, expressing D;R and
D,R together.

MSNs receive both cortical Glu projection (cortical-stria-
tum pathway) and substantia nigra DA projection (substantia
nigra striatum pathway) to coordinate voluntary motion. The
direct pathway first projects information from the cerebral
cortex to the striatum, which is processed by the striatum
and then transferred to the ventral anterior nucleus and ven-
tral lateral nucleus of the thalamus through the medial part
of the globus pallidus, and finally back to the cortex. The
information of indirect pathways is projected from the cer-
ebral cortex to the striatum, and then from the striatum to
the lateral part of the globus pallidus and the subthalamic
nucleus, and finally back to the cerebral cortex. In addi-
tion, parallel branches of motor behavior regulation, recip-
rocal connections, and parallel connections in the form of
feedback loops also exist in the cortex and basal ganglia
(Albin et al. 1989). Therefore, DA and Glu signals jointly
regulate neuronal activity in MSNs aggregation and MSNs
become an important functional target neuron in the regula-
tion of basal ganglia motor function. Previous studies have
confirmed that the mechanism of exercise intervention in
improving behavioral disorders in PD animals is related to
MSNs plasticity.

Lee et al. (2016) applied optogenetics technology com-
bined with functional magnetic resonance imaging (fMRI) to
conduct directed activation of neurons in the two pathways
and found that MSNs of different subtypes have different
responses to motion. Sheng et al. (2019) used MSNs with
specific markers of direct and indirect pathways in knock-
out mice to find that both types of neurons are involved in
the execution of motion, with D1-MSNs participating in the
initiation of motion and D2-MSNS participating in the inhi-
bition of actions unrelated to target motion. The two types
of neurons cooperate to coordinate the execution of motor
behaviors.
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Extracellular signal-regulated kinase (Erk) is a member
of the mitogen-activated protein kinase (MAPK) family,
including five subtypes (Erk1-Erk5). The MSNs of striatum
mainly distributed Erk1 and Erk2, with highly similar pro-
tein sequences and complementary functions. Glu can acti-
vate Erk through Ras-/Raf/MEK signaling pathway, while
DA can modulate Erk/MAPK signaling activity differently
according to its different receptor subtypes. Erk plays an
important role as a signal integrator of Glu and DA and
reshapes the structure and function of MSNs by regulating
gene expression and transcription factor activity. Therefore,
Erk/MAPK signaling pathway is also considered as the core
cellular and molecular mechanism of DA-mediated behavio-
ral adaptation in the striatum (Cerovic et al. 2013).

In PD animals, MSNs dendritic spines abscission and
electrical activity changes are observed, which may be
related to the occurrence of motor behavior disorders (Chen
et al. 2015a; Liu et al. 2014). For example, Gagnon et al.
(2017) showed that 6-OHDA-induced PD mice significantly
reduced the total dendritic length and dendrite branches of
DI1-MSNs and D2-MSNs. Suarez et al. (2014) observed
MPTP-induced PD animals by immunoelectron micros-
copy and found similar results. Other studies have shown
that the occurrence of PD involves changes in Erk/MAPK
signal pathway transduction. When the Erk signaling path-
way is activated, the corresponding transcription factors are
activated by phosphorylation, resulting in changes in the
expression and activity of specific proteins, and ultimately
changes in cell function (Chang et al. 2007). Erk/MAPK
signaling pathway plays an important role in regulating
striatum related motor behavior in different MSNs. Scott
et al. (Hutton et al. 2017) found that Ertk/MAPK deletion in
D1-MSNs can lead to reduced motor behavior of animals.
In contrast, in D2-MSNs, deletion of Erk/MAPK leads to
excessive motor behavior, and Erk/MAPK signal deficiency
leads to a significant decrease in dendrite spine density and
inhibition of neuronal excitability. These results suggest
that the Ertk/MAPK signaling pathway of MSNss is involved
in the regulation of motor behavior and is closely related
to the morphological and functional plasticity of neurons.
After Erk/MAPK signal is blocked by drugs, motor skill
learning, instrumental learning, and habit formation of ani-
mals are further consolidated (Bureau et al. 2010; Shiflett
et al. 2010; 2011). Louise et al. (Mariani et al. 2019) also
showed that cAMP, Ca’*, and Erk/MAPK signal responses
in D1-MSNs and D2-MSNs showed significant cell type
specificity. These results suggest that the dynamic charac-
teristics of signaling pathways caused by different subtypes
of MSNs need to be considered in PD treatment. It has been
reported that changes in Erk/MAPK signaling pathway are
related to changes in cortical-striatum pathway activity in
PD patients and DA neuron injury animal models (Gerfen
et al. 2002). Exercise intervention can significantly affect

the activity of the cortex-striatum pathway in PD animals
(Chen et al. 2015b). In this study, it was found that exercise
intervention could have different regulatory effects on Erk/
MAPK signaling pathways of different MSNGs in the striatum
of PD mice. The co-expression levels of Erk and its phos-
phorylated protein in the striatum of PD mice were signifi-
cantly increased with enkephalin, while the co-expression
levels with strong enkephalin showed no difference between
groups, suggesting that the activation of Ertk/MAPK signal-
ing pathway in the striatum of PD mice mainly occurred in
D2-MSNs. In addition, after 4 weeks of exercise interven-
tion, the Ertk/MAPK signaling pathway activity of D2-MSNs
in the striatum of PD mice decreased. This may be related
to the improvement of motor behavior disorder in PD mice.
The loss of DA in PD mice weakened the inhibitory effect on
Glu and increased the excitatory toxicity of Glu., as a result
of Erk as nigra striatum can DA pathway and glu cortex in
the striatum of integration, this makes the Erk anomalies and
to some extent, after the exercise intervention reduced PD
mice glu excitatory toxic effect, it has proved in the previous
studies, in this experiment, exercise intervention improved
the excessive activation of Erk PD mice, This was consistent
with the inhibitory effect of DA on Glu.

The activation of the Erk/MAPK signaling pathway is
different between D1-MSNs and D2-MSNs, and the activa-
tion of the Erk/MAPK signaling pathway in D2-MSNs is
mainly related to the hyperactivation of the cortex-striatum
Glu pathway. Previous studies have found that exercise
intervention can reduce presynaptic Glu release and inhibit
D2-MSNs excitability by upregulation of D,R expression in
the striatum, and exercise intervention can selectively pro-
tect dendritic spines in D2-MSNs (Chen et al. 2017, 2015b;
Real et al. 2013). This is logically consistent with the results
of the present study.

Conclusions

The present study suggests that 4 weeks of aerobic exer-
cise intervention can effectively promote the improvement
of motor function in PD mice, and inhibit the transitional
activation of the Erk/MAPK signaling pathway in the
striatal D2-MSNs, which may be an important regulatory
mechanism of exercise-dependent plasticity in the striatal
D2-MSNs of PD mice.
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