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Parkinson disease is one of the common brain diseases caused by do-
paminergic neuronal loss in the substantia nigra and dopaminergic fiber 
loss in the striatum. In the present study, the effects of treadmill exer-
cise on motor performance, dopaminergic loss of neurons and fibers, 
and α-synuclein expression in the nigrostriatum were evaluated using 
rotenone-induced Parkinson rats. For the induction of Parkinson rats, 
3-mg/kg rotenone was injected, once a day for 14 consecutive days. 
Treadmill running was conducted for 30 min once a day during 14 con-
secutive days. Rota-rod test for motor balance and coordination and 
immunohistochemistry for tyrosine hydroxylase and α-synuclein in the 
nigrostriatum were performed. In the present study, motor balance and 
coordination was disturbed by induction of rotenone-induced Parkin-
son disease, in contrast, treadmill exercise alleviated motor dysfunction 
in the rotenone-induced Parkinson rats. Nigrostriatal dopaminergic loss 

of neurons and fibers was occurred by induction of rotenone-induced 
Parkinson disease, in contrast, treadmill exercise alleviated nigrostriatal 
dopaminergic loss of neurons and fibers in the rotenone-induced Par-
kinson rats. α-Synuclein expression in the nigrostriatum was enhanced 
by induction of rotenone-induced Parkinson disease, in contrast, tread-
mill exercise suppressed α-synuclein expression in the rotenone-in-
duced Parkinson rats. Treadmill exercise improved motor function 
through preservation of nigrostriatal dopaminergic neurons and fibers 
and suppression of nigrostriatal formation of Lewy bodies in rote-
none-induced Parkinson rats.

Keywords: Parkinson disease, Rotenone, Treadmill exercise, 
Substantia nigra, Striatum

INTRODUCTION

Parkinson disease is one of the common brain diseases caused 
by dopaminergic neuronal loss in the pars compacta of substantia 
nigra and dopaminergic fiber loss in the striatum (Burkhardt and 
Weber, 1994; Ehringer and Hornykiewicz, 1998). Its characteris-
tic symptoms are resting tremor, muscle rigidity, and bradykine-
sia. Parkinson disease also induces autonomic dysfunction and de-
pression (Berrios et al., 1995). 

Rotenone is a retinoid chemical extracted from root of Loncho-
carpus species, and it has been used as a pesticide. Rotenone freely 
enters into the cells (Talpade et al., 2000), binds to complex I in 

the mitochondria, and then it inhibits electron transfer system 
(Schuler and Casida, 2001). Chronic exposure to rotenone causes 
symptoms of Parkinson disease and also aggregates synuclein, 
forming the Lewy body-like cytoplasmic inclusions (Betarbet et 
al., 2000).

Tyrosine hydroxylase (TH) is a rate-limiting enzyme in the syn-
thesis of the catecholamine neurotransmitters. TH activity is pro-
gressively decreased following the loss of dopaminergic neurons in 
the substantia nigra of the Parkinson disease (Cho et al., 2013; 
Yoon et al., 2007). α-Synuclein is a synuclein protein of unknown 
function primarily found in neural tissue, making up as much as 
1% of all proteins in the cytosol of brain cells (Iwai et al., 1995). 
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α-Synuclein is predominantly expressed in the neocortex, hippo-
campus, substantia nigra, thalamus, and cerebellum. Oxidation of 
α-synuclein composes one of the components of Lewy body (Gias-
son et al., 2000), and then α-synuclein in solution is considered to 
be an intrinsically disordered protein, i.e., it lacks a single stable  
3-dimensional structure (van Rooijen et al., 2009). 

Exercise is known to improve motor performance, enhance 
memory function, and reduce progression of Parkinson disease 
(Chen et al., 2005; Miyai et al., 2000). Motor training attenuated 
behavioral and neurochemical deficits in 6-OHDA-induced Par-
kinson rats (Cohen et al., 2003; Tillerson et al., 2003). Special 
movement therapy improved short-term memory in Parkinson 
patients (Schalow et al., 2005).

In the present study, we investigated whether exercise exerts 
therapeutic effect on Parkinson disease. For this, the effects of 
treadmill exercise on motor performance, dopaminergic neuronal 
loss and α-synuclein expression in the nigrostriatum were evaluat-
ed using rotenone-induced Parkinson rats.

MATERIALS AND METHODS

Animals and treatments
Adult male Sprague-Dawley rats weighing 200±10 g (6 weeks 

in age) were used in this experiment. The rats were housed at a 
room temperature (20°C±2°C) under standard 12 hr light/dark 
cycles (lights on at 07:00 a.m.). Food and water were made avail-
able ad libitum. The experimental procedures were performed in 
accordance with the animal care guidelines of the National Insti-
tutes of Health and the Korean Academy of Medical Sciences. The 
animals were randomly assigned into four groups (n=10 in each 
group): the control group, the control exercise group, the rote-
none-injection group, and the rotenone-injection and exercise 
group. Rotenone was dissolved in a mixture of dimethyl sulfox-
ide:polyethylene glycol (1:1). Rotenone at 3 mg/kg was injected 
to rats in the rotenone-injection groups, once a day for 14 consec-
utive days.

Exercise protocol 
The animals in the exercise groups were forced to run on a mo-

torized treadmill for 30 min once a day during 14 consecutive 
days. The exercise load consisted of running at a speed of 2 m/min 
for the first 5 min, 3 m/min for the next 5 min, and then 4 m/
min for the last 20 min.

Rota-rod test
Rota-rod (Harvard Apparatus, Holliston, MA, USA) test for 

motor balance and coordination was conducted, according to the 
previous study (Cho et al., 2016). Each rat was placed in a sepa-
rate compartment on the rotating rod (diameter, 7 cm). The ve-
locity of the rod was set at a constant 5 rpm. Latency until fall was 
automatically recorded by magnetic trip plates. Maximum cutoff 
latency was set as 180 sec.

Tissue preparation 
After rota-rod test, the animals were deeply anesthetized with 

Zoletil 50 (10 mg/kg, intraperitoneally; Vibac Laboratories, Car-
ros, France), transcardially perfused with 50-mM phosphate-buff-
ered saline (PBS) and fixed with 4% paraformaldehyde in 100-
mM phosphate buffer at pH 7.4. The brain were removed, post-
fixed in the fixative overnight, and transferred into a 30% sucrose 
solution for cryoprotection. Serial coronal sections of 40 µm thick 
were made with a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry for TH in the nigrostriatum
The sections in the substantia nigra was selected from the re-

gion spanning from Bregma -5.2 to -5.6 mm, and TH immuno-
histochemistry was performed, as the previously described method 
(Cho et al., 2013; Yoon et al., 2007). The staining was carried out 
using free-floating sections. The sections were rinsed in PBS and 
incubated in 1% H2O2 for 30 min to block the endogenous per-
oxidase activity. After washing in PBS, the sections were incubat-
ed in blocking serum (10% normal horse serum and 0.1% Triton 
X-100 in PBS) for 60 min, followed by incubation in anti-TH 
mouse monoclonal antibody solution (1:500, Oncogene Research 
Product, Cambridge, UK) for 24 hr at room temperature. The 
sections were then incubated for 1 hr in biotinylated anti-mouse 
IgG secondary antibody (1:300; Vector Laboratories, Burlingame, 
CA, USA). The sections were subsequently incubated with avi-
din-biotin-peroxidase complex (Vector Laboratories) for 1 hr at 
room temperature. Immunoreactivity was visualized by incubat-
ing the sections in a solution consisting of 0.05% 3,3-diamino-
benzidine (DAB) and 0.02% H2O2 in 50-mM Tris buffer (pH, 
7.6) for 3 min. The sections were mounted on gelatine-coated 
slides and cover slipped with mounting medium. 

For TH-immunohistochemistry in the striatum, the sections 
from Bregma 0.1 to -0.1 mm were selected to quantify the optical 
densities of TH-immunoreactive fibers, according to the previous-
ly described method (Cho et al., 2013; Yoon et al., 2007). 
TH-immunoreactive fiber density was measured in 100 µm×100 
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µm square images of the striatum using an image analyzer (Mul-
tiscan, Fullerton, CA, USA). 

Immunohistochemistry for α-synuclein in the 
nigrostriatum

The sections were rinsed in PBS and incubated in 1% H2O2 for 
30 min to block the endogenous peroxidase activity. After wash-
ing in PBS, the sections were incubated in blocking serum (10% 
normal horse serum and 0.1% Triton X-100 in PBS) for 60 min, 
followed by incubation in anti–α-synuclein rabbit monoclonal 
antibody solution (1:500, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) for 24 hr at room temperature. The sections were then 
incubated for 1 hr in biotinylated anti-rabbit IgG secondary anti-
body (1:300; Vector Laboratories). The sections were subsequently 
incubated with avidin-biotin-peroxidase complex (Vector Labora-
tories) for 1 hr at room temperature. Immunoreactivity was visu-
alized by incubating the sections in a solution consisting of 0.05% 
3,3-DAB and 0.02% H2O2 in 50-mM Tris buffer (pH, 7.6) for 3 
min. The sections were mounted on gelatine-coated slides and 
cover slipped with mounting medium. 

RESULTS

Latency in rota-rod test
The latency to fall in the rota-rod test was decreased in the rote-

none-induced Parkinson rats (P<0.05). However, treadmill exer-
cise increased the latency in the Parkinson rats (P<0.05) (Fig. 1D).

Expression of TH in nigrostriatum
Expression of TH in substantia nigra pars compacta was de-

creased in the rotenone-induced Parkinson rats (P<0.05). How-
ever, treadmill exercise increased TH expression in the Parkinson 
rats (P<0.05) (Fig. 1B). 

TH expression in striatum was decreased in the rotenone-in-
duced Parkinson rats (P<0.05). However, treadmill exercise in-
creased TH expression in the Parkinson rats (P<0.05) (Fig. 1C). 

Expression of α-synuclein in nigrostriatum
Expression of α-synuclein in substantia nigra was increased in 

the rotenone-induced Parkinson rats (P<0.05). However, tread-
mill exercise decreased α-synuclein expression in the Parkinson 

Fig. 1. Effects of treadmill exercise on tyrosine hydroxylase (TH) expressions in the substantia nigra pars compacta (SNpc; B) and the striatum (C), and on motor bal-
ance and coordination (rota-rod test; D). (A) Photomicrographs showing TH immunohistochemistry in the SNpc at low magnification (left panel, scale bar 200 µm), at 
high magnification (middle panel, scale bar 50 µm), and in the striatum (right panel, scale bar 800 µm). CON, control group; CON-EX, control exercise group; ROTE, ro-
tenone-injection group; ROTE-EX, rotenone-injection and exercise group. Data are presented as the means± standard error of the mean. *P< 0.05 compared to the 
control group. #P< 0.05 compared to the rotenone-injected group.
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rats (P<0.05) (Fig. 2B). 
Expression of α-synuclein in striatum was increased in the rote-

none-induced Parkinson rats (P<0.05). However, treadmill exer-
cise decreased α-synuclein expression in the Parkinson rats 
(P<0.05) (Fig. 2C). 

DISCUSSION

Balance and strength training program improved equilibrium 
and strength in Parkinson disease patients (Toole et al., 2000). 
Forced limb-use prevented the behavioral and neurochemical defi-
cits in 6-hydroxydopamine (6-OHDA)-induced Parkinson rats 
through increasing glial cell-line derived neurotrophic factor 
(GDNF) expression (Cohen et al., 2003). Disturbed motor coordi-
nation showed shortened latency in the rota-rod test and treadmill 
running lengthened this latency (Cho et al., 2016; Ji et al., 2015). 
In the present study, motor balance and coordination was dis-
turbed by induction of rotenone-induced Parkinson disease, in 
contrast, treadmill exercise alleviated motor dysfunction in the ro-

tenone-induced Parkinson rats. These results demonstrate that 
treadmill running improved motor function in Parkinson rats.

Oxidative stress is implicated in the aging brain and most of 
neurodegenerative diseases, such as Alzheimer disease, mild cog-
nitive impairment, Parkinson disease, amyotrophic lateral sclero-
sis, and Huntington’s disease (Mariani et al., 2005). TH expres-
sion in the cell bodies of the substantia nigra and TH expression 
in the fibers of the striatum were decreased in the 6-hydroxy-
dapamine injected rats, in contrast, treadmill running enhanced 
the survival of dopaminergic neurons in the substantia nigra and 
their fibers in the striatum (Yoon et al., 2007). Cho et al. (2013) 
also showed that treadmill running alleviated nigrostriatal dopa-
minergic loss and improved short-term memory in 6-hydroxy-
dapamine-induced Parkinson rats. In the present study, nigrostri-
atal dopaminergic loss of neurons and fibers was occurred by in-
duction of rotenone-induced Parkinson disease, in contrast, tread-
mill exercise alleviated nigrostriatal dopaminergic loss of neurons 
and fibers in the rotenone-induced Parkinson rats. These results 
demonstrate that treadmill running preserved nigrostriatal dopa-

A

B

C

Fig. 2. Effects of treadmill exercise on the α-synuclein expressions in the substantia nigra (SN; B) and striatum (C). (A) Photomicrographs showing α-synuclein immu-
nohistochemistry in the SN (scale bar 200 µm) and striatum (scale bar 800 µm). CON, control group; CON-EX, control exercise group; ROTE, rotenone-injection group; 
ROTE-EX, rotenone-injection and exercise group. Data are presented as the means± standard error of the mean. *P< 0.05 compared to the control group. #P< 0.05 
compared to the rotenone-injected group.
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minergic neurons and fibers in Parkinson rats.
α-Synuclein aggregates to form insoluble fibrils in pathological 

conditions characterized by Lewy bodies, such as Parkinson dis-
ease, dementia with Lewy bodies, and multiple system atrophy 
(Norris et al., 2004). These disorders are known as synucleinopa-
thies. α-Synuclein is the primary structural component of Lewy 
body fibrils. The aggregation mechanism of α-synuclein is uncer-
tain, however, there is evidence of a structured intermediate rich 
in β-structure that can be the precursor of aggregation, and ulti-
mately, Lewy bodies (Kim et al., 2007). In the present study, 
α-synuclein expression in the nigrostriatum was enhanced by in-
duction of rotenone-induced Parkinson disease, in contrast, tread-
mill exercise suppressed α-synuclein expression in the rote-
none-induced Parkinson rats. These results demonstrate that 
treadmill running inhibited nigrostriatal formation of Lewy bod-
ies in Parkinson rats. 

In the present study, treadmill exercise improved motor func-
tion through preservation of nigrostriatal dopaminergic neurons 
and fibers and suppression of nigrostriatal formation of Lewy bod-
ies in rotenone-induced Parkinson rats. Based on the present re-
sults, treadmill exercise may be used as the therapeutic strategy 
for delaying progression of Parkinson disease.
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