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Brain inflammation is involved in many brain disorders, such as brain 
ischemic injury, Alzheimer diseases, and Parkinson disease. Physical 
exercise has been recommended for the prevention and treatment of 
many brain inflammatory diseases. In the present study, the effects of 
exercise on motor function in relation with apoptotic neuronal cell 
death following neuroinflammation were investigated. Moreover, we 
compared the effect of forced exercise with voluntary exercise on neu-
roinflammation-induced motor malfunction. For this study, rota-rod test, 
vertical pole test, foot fault test, terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay, immunohistochemis-
try for caspase-3, and western blot for Bcl-2 and Bax were performed. 

Lipopolysaccharide was intraventricular infused for induction of brain 
inflammation. Treadmill exercise and wheel exercise were conducted 
during 6 weeks. In the present results, Treadmill exercise and wheel ex-
ercise alleviated brain inflammation-induced motor impairments by 
suppressing apoptotic neuronal cell death in the motor cortex. These 
effects of treadmill exercise and wheel exercise were similarly ap-
peared. 

Keywords: Treadmill exercise, Wheel exercise, Brain inflammation, 
Motor function, Apoptosis

INTRODUCTION

Inflammation is the part of the complex biological responses of 
various tissues to harmful stimuli, such as pathogens, damaged 
cells, or irritants. The inflammatory response is involved in many 
brain disorders, such as brain ischemic injury, Alzheimer diseases, 
and Parkinson disease (Emerit et al., 2004; Strosznajder et al., 
2003). Neuroinflammation of brain is accompanied by neurode-
generation, including necrotic and apoptotic neuronal cell death 
(Trendelenburg, 2008). The previous studies indicated that neu-
roinflammation induced long-lasting cognitive impairment and 

motor dysfunction through activation of apoptotic process (Czaps-
ki et al., 2010; Jacewicz et al., 2009). 

Apoptosis is a form of cell death that serves to eliminate dying 
cells in proliferating or differentiating cell populations, thus apop-
tosis plays a crucial role in normal development and tissue homeo-
stasis (Woodle and Kulkarni, 1998). Nevertheless, inappropriate 
or excessive apoptosis has been implicated in diverse neurological 
disorders (Johnson et al., 1995; Lee et al., 2003). Terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) assay detects DNA fragmentation, one of the character-
istics of apoptotic cell death (Gavrieli et al., 1992). 
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Activation of caspases is another important characteristic of 
apoptosis. Caspase-3 is a key executor of apoptosis (Cohen, 1997), 
in addition, Bcl-2 family is implicated in regulation of apoptosis. 
The Bcl-2 family is classified into antiapoptotic proteins and 
pro-apoptotic proteins according to their functions, and then, the 
balance between pro-apoptotic members and anti-apoptotic mem-
bers determines the mitochondrial response to apoptotic stimuli 
(Upadhyay et al., 2003). 

Lipopolysaccharide (LPS) is a lipid-containing polysaccharide 
which is endotoxin and acts as an important group-specific anti-
gen. It is also derived from the cell wall of gram-negative bacteria 
and induces immunoglobulin secretion. LPS has widely been used 
for the induction of inflammation in the peripheral and central 
nervous systems. Neuroinflammation induced by LPS showed ex-
cessive apoptotic neuronal cell death in the many brain areas 
(Czapski et al., 2007). LPS treatment also induced electrophysio-
logical, metabolic, and morphological changes with a decrease in 
the numbers of neuronal cells in the cortex and hippocampus of 
rats (Czapski et al., 2010).

Physical exercise has been recommended for the prevention and 
treatment of many brain inflammatory diseases. Wheel running 
for 3 weeks reduced the expression of mRNAs of apoptosis-associ-
ated genes, such as the Bcl-2 gene family and neuronal death pro-
tein DP5 (Tong et al., 2001). Parkinson patients had an increase 
in anti-inflammatory cytokines after regular exercise (Cadet et al., 
2003). Increased blood flow caused by physical activity decreased 
local concentrations of inflammatory cytokines in the brain (Win-
kelman, 2004). Petersen and Pedersen (2005) reported that regu-
lar exercise exerted an anti-inflammatory effect through exer-
cise-induced muscle release of interleukin (IL)-6, which increases 
anti-inflammatory proteins, such as IL-1 and IL-10, in the blood, 
as well as blocks production of tumor necrosis factor-α. Regular 
voluntary exercise has been considered a therapeutic tool for brain 
injury induced by inflammation (Funk et al., 2011; Nichol et al., 
2008). 

In the present study, the effects of exercise on motor function in 
relation with apoptotic neuronal cell death following neuroin-
flammation were investigated. Moreover, we compared the effect 
of forced treadmill exercise with voluntary wheel exercise on neu-
roinflammation-induced motor malfunction. For this study, ro-
ta-rod test, vertical pole test, foot fault test, TUNEL assay, immu-
nohistochemistry for caspase-3, and western blot for Bcl-2 and 
Bax were performed. 

MATERIALS AND METHODS

Animals and grouping
After purchasing male Sprague-Dawley rats, weighing 200±10 

g (7 weeks old) from a commercial breeder (Orient Co., Seoul, 
Korea), the experimental procedures were performed in accor-
dance with the animal care guidelines of the National Institutes of 
Health and the Korean Academy of Medical Sciences. The rats 
were classified into four groups (n=10 in each group): sham-oper-
ation group, brain inflammation-induced group, brain inflamma-
tion-induced and treadmill exercise group, brain inflamma-
tion-induced and wheel exercise group.

Induction of brain inflammation
Brain inflammation was induced, as described previously (Kim 

et al., 2013). Zoletil 50 (10 mg/kg, intraperitoneally; Vibac Labo-
ratories, Carros, France) was used to anesthetize the rats. For the 
induction of brain inflammation, the rats were placed in a stereo-
taxic frame. Though a hole drilled in the skull, a 26-gauge needle 
was implanted into the intraventricle area at the following coordi-
nates: 1.2 mm lateral to the midline, 0.9 mm anterior to the coro-
nal suture, and depth 3.3 mm deep from the surface of brain. Sev-
en µL of solution containing LPS (Sigma Chemical Co., St Louis, 
MO, USA) was infused over 3 min. The needle remained in place 
for an additional 3 min after infusion and subsequently was with-
drawn slowly. Opposite site was operated at the next day as the 
same procedure.

Treadmill exercise protocol
Treadmill running applied to the rats in the treadmill exercise 

group for 30 min per a day during 6 weeks. The running speed 
was 5 m/min for 5 min, 8 m/min for 5 min, and then 10 m/min 
for 20 min, without inclination. The daily running distance was 
265.00±0.00 m.

Wheel exercise protocol
The rats in the wheel exercise group was housed in each rat cage 

containing plastic running wheels (diameter, 15 cm) during 6 
weeks. A magnet attached to a running wheel triggered a mag-
netic reed switch that input to an electrical counter. Revolution 
number was recorded between 6:00 p.m. and 9:00 a.m., as the rat 
ran almost exclusively during the dark period. Wheel revolutions 
were counted irrespective of the direction of the wheel and the 
number was converted to distance in meters per day. The daily 
running distance was 258.25±10.40 that was similar with the 



http://www.e-jer.org    913https://doi.org/10.12965/jer.1836508.254

Song SH, et al.  •  Treadmill exercise and wheel exercise improve motor function 

treadmill running.

Rota-rod test
Rota-rod test was used to determine balance, as described pre-

viously (Jung and Kim, 2017). Rota-rod test was performed at 38 
days after induction of brain inflammation. For this test, the rat 
was placed on the rod and then the rat ran while rod was rolling. 
At the starting, speed was set at 4.5 rpm, and then speed was in-
creased from 4.5 to 8 rpm within 5 min. The trial ended if the rat 
fell off from the rung. An arbitrary time limit of 300 sec was set 
for the testing procedure. 

Vertical pole test
To assess the motor coordination, vertical pole test was per-

formed, as described previously (Yun et al., 2014). The rat was 
trained in a vertical pole test at 39 days after induction of brain 
inflammation. The rat was placed on a cloth-tape-covered pole 
(diameter, 3.0 cm; length, 150 cm), then the pole was gradually 
lifted to a vertical position and the time a rat stayed on the pole 
was recorded for a maximum of 180 sec. The rats were habituated 
to the task in 2 trials per day during 2 days. On test day (third 
day), 3 measures were taken over 5 trials per rat. 

Foot fault test
The foot fault score of the foot fault test was determined to eval-

uate walking ability at 41 days after induction brain inflamma-
tion, as described previously (Rodriguez et al., 2016). The rat was 
placed on an elevated, grid floor (34 mm×29 mm) for 2 min. The 
openings in the grid were 3 mm2. While moving around on the 
grid, the rat typically placed their paws on the wire frame for foot 
holds. A foot-fault is counted when there is incorrect placement of 
an impaired forward limb which leads to a slip (called foot-fault). 
The number of foot fault for both fore- and hind-limb and the to-
tal number of forelimb step were recorded for each animal. A pri-
mary measure of interest was the percentage of contralateral fore-
limb foot faults per forelimb step minus the percentage ipsilateral 
forelimb foot faults per forelimb step. Foot fault score (%)=con-
tralateral forelimb error/contralateral forelimb steps×100. 

Tissue preparation
The rats were sacrificed one day after determining foot fault test 

(42 days after inducing brain inflammation). After anesthetizing 
by Zoletil 50 (10 mg/kg, intraperitoneally; Vibac Laboratories), 
50 mM phosphate-buffered saline was transcardially perfused, and 
fixed with a 4% paraformaldehyde in 100 mM phosphate buffer 

(pH, 7.4) solution. After dissecting, the brains were postfixed in 
the same fixative solution during overnight and then transferred 
into a 30% sucrose solution. Coronal sections with 40-μm thick-
ness were made by a freezing microtome (Leica, Nussloch, Ger-
many). Ten slice sections on average in the motor cortex (M1) 
were collected from each rat. The sections of 2.70 mm to 1.00 
mm posterior from the bregma were used for immunohistochem-
istry.

Western blot analysis 
Bax and Bcl-2 expressions were detected by western blot analy-

sis, as described previously (Shin et al., 2016). The tissues were 
homogenized with lysis buffer with 50 mM Tris–HCl (pH 8.0), 
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl·  
6H2O, 1 mM EGTA, 1 mM PMSF, 1 mM Na2VO4, and 100 mM 
NaF, and then centrifuged at 14,000 rpm during 30 min. Bio-
Rad colorimetric protein assay kit (Bio-Rad, Hercules, CA, USA) 
was used to measure protein content. Protein with 30 μg was sep-
arated on sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred onto a nitrocellulose membrane. As primary antibodies, 
mouse beta-actin antibody (1:1,000; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), mouse Bcl-2 antibody (1:1,000; Santa 
Cruz Biotechnology), and rabbit Bax antibody (1:1,000; Santa 
Cruz Biotechnology) were used. Horseradish peroxidase-conjugat-
ed anti-mouse antibody for beta-actin and Bcl-2 (1:3,000; Vector 
Laboratories, Burlingame, CA, USA), and horseradish peroxidase- 
conjugated anti-rabbit antibody for Bax (1:3,000; Vector Labora-
tories) were used as secondary antibodies. Experiment was per-
formed in normal lab conditions and at room temperature except 
membrane transfer. Membrane was transferred at 4˚C with the 
cold pack and prechilled buffer. Enhanced chemiluminescence de-
tection kit (Santa Cruz Biotechnology) was used for band detec-
tion. 

TUNEL assay
Using In Situ Cell Death Detection Kit (Roche, Mannheim, 

Germany), TUNEL staining was performed, as described previ-
ously (Park et al., 2016). The sections were postfixed in etha-
nol-acetic acid (2:1) and rinsed. Then, the sections were treated 
with proteinase K (100 μg/mL), rinsed, incubated in 3% H2O2, 
permeabilized with 0.5% Triton X-100, rinsed again, and treated 
in TUNEL reaction mixture. The sections were rinsed and visual-
ized using Converter-POD with 0.03% 3,3´-diaminobenzidine 
(DAB). Nissls (DAKO, Glostrup, Denmark) was used for count-
er-staining, and the sections were finally mounted onto gela-
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tin-coated slides. After the slides were dried under the room con-
ditions, Permount (Fisher Scientific, Fair Lawn, NJ, USA) was 
used for the coverslips mounting.

Caspase-3 immunohistochemistry
Caspase-3 immunohistochemistry was performed, as described 

previously (Park et al., 2016). The sections were drawn from each 
brain and treated with mouse anti-caspase-3 antibody (1:500; 
Santa Cruz Biotechnology) during overnight, and then treated 
with biotinylated mouse secondary antibody (1:200; Vector Labo-
ratories) for another 1 hr. Bound secondary antibody was then am-
plified with Vector Elite ABC kit (1:100; Vector Laboratories). 
The antibody-biotin-avidin-peroxidase complexes were visualized 
using 0.03% DAB and the sections were finally mounted onto 
gelatin-coated slides. After the slides were dried under the room 
conditions, Permount (Fisher Scientific) was used for the covers-
lips mounting.

Data analysis
To compare relative expressions of Bcl-2 and Bax, detected 

bands were calculated densitometrically using Molecular Analyst 
version 1.4.1 (Bio-Rad). The cross-section area of muscle tissue 
from each slice was measured using Image-Pro Plus computer-as-
sisted image analysis system (Media Cyberbetics Inc., Silver Spring, 
MD, USA) attached to a light microscope (Olympus, Tokyo, Ja-
pan). The numbers of TUNEL-positive and caspase-3-positive 
cells in the motor cortex were counted. 

Statistical analysis was performed using one-way analysis of 
variance followed by Duncan post hoc test, and the results are ex-
pressed as the mean±standard error of the mean. Significance was 
set as P<0.05.

RESULTS

Rota-rod test
The latency of the rota-rod test is presented in Fig. 1. The pres-

ent results showed that latency in the rota-rod test was decreased 
in the brain inflammation-induced rats (P<0.05), whereas, tread-
mill exercise and wheel exercise enhanced the latency in the brain 
inflammation-induced rats (P<0.05). Treadmill exercise and 
wheel exercise exerted similar effect on latency in the rota-rod 
test. 

Vertical pole test
The descending time of the vertical pole test is presented in 

Fig. 2. The present results showed that descending time in the 
vertical pole test was decreased in the brain inflammation-induced 
rats (P<0.05), whereas, treadmill exercise and wheel exercise in-
creased descending time in the brain inflammation-induced rats 
(P<0.05). Treadmill exercise and wheel exercise exerted similar 
effect on descending time in the vertical pole test. 

Foot fault test
The foot fault score of the foot fault test are presented in Fig. 3. 

Fig. 1. Effects of treadmill exercise and wheel exercise on balance in the ro-
ta-rod test. A, sham-operation group; B, brain inflammation-induced group; C, 
brain inflammation-induced group and treadmill exercise group; D, brain in-
flammation-induced and wheel exercise group. *P< 0.05 compared with sh-
am-operation group. #P< 0.05 compared with brain inflammation-induced 
group. 
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Fig. 2. Effects of treadmill exercise and wheel exercise on motor coordination 
in the vertical pole test. A, sham-operation group; B, brain inflammation-in-
duced group; C, brain inflammation-induced group and treadmill exercise 
group; D, brain inflammation-induced and wheel exercise group. *P< 0.05 
compared with sham-operation group. #P< 0.05 compared with brain inflam-
mation-induced group. 
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The present results showed that foot fault score in the foot fault 
test was increased in the brain inflammation-induced rats (P<0.05), 
whereas, treadmill exercise and wheel exercise suppressed latency 
in the brain inflammation-induced rats (P<0.05). Treadmill exer-
cise and wheel exercise exerted similar effect on descending time 
in the foot fault test. 

Bcl-2 and Bax expressions in the motor cortex
To verify the apoptosis induced by brain inflammation, we as-

certained relative expressions of Bax and Bcl-2 (Fig. 4). The pres-
ent results showed that brain inflammation enhanced the expres-
sion of Bax (P<0.05) and enfeebled the expression of Bcl-2 
(P<0.05). Therefore, brain inflammation enhanced the ratio of 
Bax to Bcl-2. Treadmill exercise and wheel exercise suppressed the 
expression of Bax in the brain inflammation-induced rats 
(P<0.05), resulting in decrease of Bax to Bcl-2 ratio (P<0.05). 
Treadmill exercise and wheel exercise exerted similar inhibitory 
effect on Bax expression. 

TUNEL-positive cells in the motor cortex
Photomicrographs of TUNEL-positive cells in the motor cortex 

are presented in Fig. 5. The present results showed that brain in-
flammation enhanced the number of the TUNEL-positive cells 
(P<0.05), whereas, treadmill exercise and wheel exercise sup-
pressed this number of the TUNEL-positive cells in the brain in-
flammation-induced rats (P<0.05). Treadmill exercise and wheel 
exercise exerted similar inhibitory effect on the number of the 
TUNEL-positive cells. 

Caspase-3 expression in the motor cortex
Photomicrographs of caspase-3-positive cells in the motor cor-

tex are presented in Fig. 6. The present results showed that brain 

Fig. 3. Effects of treadmill exercise and wheel exercise on walking ability in 
foot fault test. A, sham-operation group; B, brain inflammation-induced group; 
C, brain inflammation-induced group and treadmill exercise group; D, brain in-
flammation-induced and wheel exercise group. *P< 0.05 compared with sh-
am-operation group. #P< 0.05 compared with brain inflammation-induced 
group. 
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Fig. 4. Effects of treadmill exercise and wheel exercise on expressions of Bax and Bcl-2 in the motor cortex. Upper panel: Presentative expression of Bax and Bcl-2. 
Lower panel: Relative expression of Bax and Bcl-2. A, sham-operation group; B, brain inflammation-induced group; C, brain inflammation-induced group and treadmill 
exercise group; D, brain inflammation-induced and wheel exercise group. *P< 0.05 compared with sham-operation group. #P< 0.05 compared with brain inflamma-
tion-induced group. 
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inflammation enhanced caspase-3 expression (P<0.05), whereas, 
treadmill exercise and wheel exercise suppressed this caspase-3 ex-
pression in the brain inflammation-induced rats (P<0.05). Tread-
mill exercise and wheel exercise exerted similar inhibitory effect 
on the caspase-3 expression. 

DISCUSSION

Dysfunction of motor ability following neuroinflammation 
causes dysequilibrium, dysbasia, and paralysis (Hauss-Wegrzyniak 
et al., 2000). LPS-induced pro-inflammatory factors enter the 
brain through the areas with incomplete BBB (Banks and Erick-

son, 2010). Many studies showed the close relation between brain 
inflammation and motor ability deficits (Belmadani et al., 2006; 
Xu et al., 2007).

In the present results, the latency in the rotarod test and de-
scending time in the vertical pole test were shortened by induc-
tion of brain inflammation. In addition, the foot fault score in the 
foot fault test was increased following induction of brain inflam-
mation. These results revealed that brain inflammation-induction 
incapacitated motor ability, such as balance, coordination, and 
walking function. 

During the process of neuroinflammation, apoptosis-regulatory 
proteins are repeatedly implicated in the susceptibility of neurons 

Fig. 6. Effects of treadmill exercise and wheel exercise on caspase-3 expres-
sion in the motor cortex. Upper panel: Photomicrographs of caspase-3-positive 
cells in the motor cortex. The scale bar represents 100 µm. Lower panel: Num-
ber of caspase-3-positive cells in each group. A, sham-operation group; B, 
brain inflammation-induced group; C, brain inflammation-induced group and 
treadmill exercise group; D, brain inflammation-induced and wheel exercise 
group. *P< 0.05 compared with sham-operation group. #P< 0.05 compared 
with brain inflammation-induced group. 
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Fig. 5. Effects of treadmill exercise and wheel exercise on DNA fragmentation 
in the motor cortex. Upper panel: Photomicrographs of terminal deoxynucleoti-
dyl transferase-mediated dUTP nick end labeling (TUNEL)-positive cells in the 
motor cortex. The scale bar represents 100 µm. Lower panel: Number of 
TUNEL-positive cells in each group. A, sham-operation group; B, brain inflam-
mation-induced group; C, brain inflammation-induced group and treadmill ex-
ercise group; D, brain inflammation-induced and wheel exercise group. 
*P< 0.05 compared with sham-operation group. #P< 0.05 compared with brain 
inflammation-induced group. 
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to cell death (Zipp et al., 2002). Ultrastructural analysis showed 
the three self-destructive processes in the cerebral ventricles fol-
lowing LPS administration: apoptosis, autophagy, and necrosis 
(Czapski et al., 2010). Especially, apoptosis appears to play an im-
portant role in neuronal cell death by LPS-induced brain inflam-
mation (Zarifkar et al., 2010). LPS induces phosphorylation on 
apoptotic genes such as mitogen-activated protein kinase, p38, 
and p58, triggering cellular deterioration (Nolan et al., 2003). 
LPS-induced increase of TUNEL staining and capase-3 expression 
caused degenerative change in the motor cortex (Miklossy, 2008).

In the present results, LPS injection into the intraventricular 
enhanced the number of TUNEL-positive cells and caspase-3 ex-
prression in the motor cortex, showing that LPS induced apopto-
sis in the motor cortex. 

The Bcl-2 family, including Bcl-2 and Bcl-xL, plays an import-
ant role in the regulation of apoptosis in the nervous system 
(Akhtar et al., 2004; Park et al., 2017). Bcl-2 can inhibit apopto-
sis by preventing the release of cytochrome c from mitochondria. 
However, Bcl-2 and Bcl-xL form heterodimers with the main 
pro-apoptotic member Bax and can be incapacitated in their pro-
tective function (Kuwana and Newmeyer, 2003). Thus, the Bcl-2/
Bax balance has been used as the crucial factor determining apop-
tosis. 

In the present results, brain inflammation increased Bax level 
and decreased Bcl-2 level. These results increased Bax to Bcl-2 ra-
tio, indicating that brain inflammation initiated apoptotic cell 
death in the motor cortex. 

Physical exercise prevented motor functional impairment due 
to dysbasia and dysequilibrium by brain inflammation (Nair and 
Taly, 2002). Dysfunctions of motor ability following brain injury 
was improved by regular physical exercise (Globas et al., 2009). 

In the present results, latency in the rota-rod test and descend-
ing time in the vertical pole test were shorted by induction of 
brain inflammation, and foot fault score in the foot fault test was 
increased by induction of brain inflammation. In contrast, latency 
in the rota-rod test and descending time in the vertical pole test 
was lengthened by treadmill exercise and wheel exercise. Foot 
fault score in the foot fault test was decreased by treadmill exercise 
and wheel exercise. 

Treadmill exercise prevented neuronal loss and functional im-
pairments due to excitotoxic damage, cytokine dysfunction, and 
brain insults (Fehrenbach and Schneider, 2006; Parachikova et al., 
2008). Physical exercise prevented apoptotic cell death in the ce-
rebral cortex and hippocampus and facilitated recovery from brain 
inflammation (Lucassen et al., 2010). Long-term exercise in-

creased the levels of anti-inflammatory factors in the blood, inter-
nal organs, and brain (Aoi et al., 2010; Curry et al., 2010; Leem et 
al., 2011).

In the present results, treadmill exercise and wheel exercise sup-
pressed brain inflammation-induced TUNEL-positive cells and 
caspase-3 expression in the motor cortex, showing that treadmill 
exercise and wheel exercise ameliorated LPS-induced apoptosis in 
the motor cortex. Moreover, treadmill exercise and wheel exercise 
suppressed Bax expression in the motor cortex, resulting in de-
creased Bax to Bcl-2 ratio. From these results, it can be suggested 
that treadmill exercise and wheel exercise have ameliorating effect 
on brain inflammation-induced apoptotic neuronal cell death in 
motor cortex. 

This study showed that treadmill exercise and wheel exercise 
alleviated brain inflammation-induced motor impairments by 
suppressing apoptotic neuronal cell death in the motor cortex. 
These effects of treadmill exercise and wheel exercise were similar-
ly appeared. 
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