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Treadmill and wheel exercise alleviate lipopolysaccharide-
induced short-term memory impairment by
enhancing neuronal maturation in rats
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Abstract. Lipopolysaccharide (LPS) is an endotoxin derived
from Gram-negative bacteria, which induces brain inflam-
mation. LPS-induced brain inflammation deteriorates
hippocampus-dependent cognitive deficits. In the present
study, we investigated the effects of forced treadmill exercise
and voluntary wheel exercise on short-term memory in relation
to neuronal maturation in LPS-induced brain inflammation
of rats. Brain inflammation in rats was induced by an injec-
tion of LPS into the cerebral ventricle. Short-term memory
was evaluated using a step-down avoidance task. Cell prolif-
eration in the hippocampal dentate gyrus was determined by
5-bromo-2'-deoxyuridine (BrdU), a marker of new cells, immu-
nohistochemistry. Western blot analysis for the determination
of doublecortin (DCX), a marker of immature neurons and
neuronal nuclear antigen (NeuN), a marker of mature neurons,
was performed. In the present study, LPS-induced brain inflam-
mation impaired short-term memory by increasing DCX
expression and suppressing NeuN expression. These results
suggest that LPS-induced brain inflammation disturbs neuronal
maturation. The number of BrdU-positive cells in the hippo-
campal dentate gyrus was increased by LPS injection. This
increase in the number of BrdU-positive cells can be ascribed
to the increase in the number of of immature neurons following
LPS injection. On the other hand, forced treadmill exercise and
voluntary wheel exercise improved brain inflammation-induced
short-term memory impairment by suppressing DCX expression
and increasing NeuN expression, enhancing neuronal matura-
tion. Forced treadmill exercise and voluntary wheel exercise
showed similar efficacy. From these results, it can be inferred
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that forced treadmill exercise and voluntary wheel exercise may
improve memory function deteriorated by brain inflammation.

Introduction

Lipopolysaccharide (LPS) is an endotoxin derived from
Gram-negative bacteria and it is a potent stimulus activating
glial cells in the brain. LPS-induced microglial activation
affects the survival of newly formed hippocampal neurons (1).
The survival of hippocampal progenitors has been shown to
decrease following co-culture with microglial cells activated by
LPS (2), substantially preventing neuronal differentiation and
significantly increasing glial differentiation (3). An LPS injec-
tion into the lateral ventricle has been shown to cause deficits in
the ability of spatial learning as regards the Morris water maze
test (4). Chronic neuroinflammation is a hallmark of several
neurological disorders associated with cognitive loss and
LPS-induced brain inflammation deteriorates hippocampus-
dependent cognitive deficits (5).

Physical exercise has been demonstrated to exert a protec-
tive effect against various brain disorders (6-8). In particular,
physical exercise has been shown to increase neurogenesis in
the hippocampal dentate gyrus and newly generated neurons
in the hippocampal dentate gyrus improve learning ability and
memory function (7,9,10).

Neurogenesis in the hippocampal dentate gyrus occurs
throughout post-natal life, including adult life and is influenced
by the environment and behavior (10-12). Adult hippocampal
neurogenesis is considered to be composed of several develop-
mental stages: proliferation, differentiation, migration, targeting
and synaptic integration and various characteristic neuronal
markers are expressed during the specific stages (13-15).

Among these neuronal markers, doublecortin (DCX) is a
brain-specific microtubule-associated protein and is considered
as the immature neuronal marker. DCX promotes microtubule
polymerization and is present in migrating neuroblasts and
young neurons (16). DCX is also present in the tips of neurites of
non-migratory immature neurons, indicating that it plays a role
in the growth of neuronal processes, downstream of directional
or guidance signals. Thus, DCX is expressed during neurogen-
esis by mitotic and early post-mitotic neurons (15,17).
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On the other hand, the neuronal nuclear antigen (NeuN) can
be used as a marker of newly generated neuronal cells. NeuN is
considered as a specific marker of neurons, as it is not expressed
in non-neuronal cells (18). In addition, it does not stain the nuclei
of immature nerve cells until they achieve a stage of develop-
ment that approaches mature function. Therefore, NeuN is
regarded as a useful marker of neuronal maturation (19).

As mentioned above, physical exercise increases neuro-
genesis in the hippocampal dentate gyrus, resulting in the
improvement or maintenance of learning ability and memory
function (7,9,10). However, the memory-enhancing effects of
exercise in association with neuronal maturation have not yet
been evaluated. In the present study, we investigated the effects
of forced treadmill exercise and voluntary wheel exercise on
the neuronal maturation in rats with LPS-induced brain inflam-
mation. Brain inflammation in rats was induced by an injection
of LPS into the cerebral ventricle. Short-term memory was
evaluated using a step-down avoidance task. Cell proliferation
was determined by bromo-2'-deoxyuridine (BrdU) immuno-
histochemistry. Western blot analysis for the determination of
DCX and NeuN expression in the hippocampus was performed
in regards to neuronal maturation.

Materials and methods

Animals. Six-week-old male Sprague-Dawley rats weighing
200£10 g (n=60) were used for this experiment. The experi-
mental procedures were performed in accordance with the
animal care guidelines of the National Institutes of Health
(NIH) and the Korean Academy of Medical Sciences. The
rats were housed under controlled temperature (20+2°C) and
lighting (07:00 to 19:00 h) conditions with food and water avail-
able ad libitum. The rats were randomly divided into 4 groups
(n=15 each): the control group, the LPS injection group, the LPS
injection and treadmill exercise group and the LPS injection and
wheel exercise group. All rats received 50 mg/kg (BrdU; Sigma
Chemical Co., St. Louis, MO, USA) intraperitoneally (i.p.) once
a day 30 min prior to the onset of treadmill and wheel exercise
for the first 4 days.

Induction of brain inflammation. Brain inflammation was
induced by an injection of LPS (055:B5; Sigma Chemical Co.)
into the cerebral ventricle, as previously described (20). Briefly,
the rats were anesthetized with Zoletil 50® (10 mg/kg i.p.;
Virbac Laboratories, Carros, France) and placed in a stereotaxic
frame. Through a hole drilled into the skull, a 26-gauge needle
was implanted into the cerebral ventricle at the following coor-
dinates: 1.2 mm lateral to the midline, 0.9 mm anterior to the
coronal suture and at a depth of 3.3 mm from the surface of
the brain. LPS was dissolved in artificial cerebrospinal fluid and
50 pg of LPS in 7 ul was infused for over 3 min. The needle
remained in place for an additional 3 min after the infusion and
was then gradually withdrawn.

Exercise protocols. Prior to the onset of exercise, the daily
distance for each rat on the wheel was calculated for 1 week,
using an extra number of rats (n=10). The exercise load of
treadmill running was adjusted to the exercise load of wheel
running. Treadmill and wheel exercise began 1 day following
LPS injection.

The rats in the treadmill exercise group were forced to run
on a motorized treadmill for 30 min once a day for 6 weeks.
The exercise load consisted of running at a speed of 5 m/min
for the first 5 min, 8 m/min for the next 5 min and 10 m/min for
the last 20 min, with 0° inclination.

The rats in the wheel exercise group were individually
placed in cages equipped with a running wheel (diameter,
20 cm; width, 9 cm). A magnet attached to a running wheel trig-
gered a magnetic reed switch that provided input to an electrical
counter. The number of revolutions was recorded and wheel
revolutions were counted irrespective of the direction of the
wheel. The running distance was calculated using the number
of wheel revolutions. The rats in the non-exercise groups were
left in the treadmill without running for the same period of time
as the rats in the treadmill exercise group.

Step-down avoidance task. The latency time of the step-down
avoidance task was determined in order to evaluate short-term
memory, as previously described (7). Briefly, the rats were
trained in a step-down avoidance task 38 days after begin-
ning the treadmill and wheel exercise. Twenty four hours after
training, the latency time (sec) in each group was measured.

The rats were placed on a 7x25-cm platform, with a height of
2.5 cm. The platform faced a 42x25-cm grid of parallel stainless
steel bars, 0.1 cm in caliber, spaced 1 cm apart. In the training
sessions, the animals received a 0.5 mA scrambled foot shock
for 2 sec immediately upon stepping down. The time interval
that elapsed between the rats stepping down and placing all four
paws on the grid was defined as the latency time. A latency time
>300 sec was counted as 300 sec.

Tissue preparation. The rats were sacrificed immediately
after determining the latency time of the step-down avoid-
ance task. All rats were anesthetized using Zoletil 50
(10 mg/kg, i.p.; Virbac Laboratories), transcardially perfused
with 50 mM phosphate-buffered saline (PBS) and fixed with
a freshly-prepared solution consisting of 4% paraformaldehyde
in 100 mM phosphate buffer (PB, pH 7.4). The brains were
dissected and post-fixed in the same fixative method overnight
and transferred to a 30% sucrose solution for cryoprotection.
Coronal sections (49 ym-thick) were made using a freezing
microtome (Leica, Nussloch, Germany). On average, 5 slice
sections in the hippocampus were collected from each rat. The
sections obtained 2.5-2.7 mm posterior to the bregma were used
for BrdU immunohistochemistry.

Immunohistochemistry for BrdU. In order to detect newly
generated cells in the hippocampal dentate gyrus, BrdU-specific
immunohistochemistry was performed, as previously
described (7). Briefly, the sections were first permeabilized
by incubation in 0.5% Triton X-100 in PBS for 20 min, then
pretreated in 50% formamide-2X standard saline citrate (SSC)
at 65°C for 2 h, denatured in 2N HCI at 37°C for 30 min and
rinsed twice in 100 mM sodium borate (pH 8.5). Afterwards, the
sections were incubated overnight at 4°C with a BrdU-specific
mouse monoclonal antibody (1:600; Roche Diagnostics GmbH,
Mannheim, Germany). The sections were then washed 3 times
with PBS and incubated with a biotinylated mouse secondary
antibody (1:200; Vector Laboratories, Burlingame, CA, USA)
for 1 h. The sections were then incubated for a further 1 h with
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an avidin-peroxidase complex (1:100; Vector Laboratories). For
visualization, the sections were incubated in 50 mM Tris-HCl
(pH 7.6) containing 0.03% 3,3'-diaminobenzidine tetrahydro-
chloride (DAB; Sigma Chemical Co.), 40 mg/ml nickel chloride
and 0.03% hydrogen peroxide for 5 min. The sections were then
washed 3 times with PBS and mounted onto gelatin-coated
slides. The slides were air-dried overnight at room temperature
and the coverslips were mounted using Permount®. The numbers
of BrdU-positive cells in the dentate gyrus were counted hemi-
laterally under a light microscope (Olympus) and they were
expressed as the numbers of cells per mm? in the dentate gyrus.
The area of the dentate gyrus was measured by the Image-Pro®
Plus image analysis system (Media Cybernetics Inc., Silver
Spring, MD, USA).

Western blot analysis. Western blot analysis was performed
as previously described (7). The hippocampal tissues were
collected and were then immediately frozen at -70°C. The
hippocampal tissues were homogenized on ice and lysed in a
lysis buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl,
10% glycerol, 1% Triton X-100, 1 mM PMSF, | mM EGTA,
1.5 mM MgCl,-6H,0, 1 mM sodium orthovanadate and
100 mM sodium fluoride. Protein content was measured using
a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercules,
CA, USA).

Protein (30 pg) was separated on SDS-polyacrylamide gels
and transferred onto a nitrocellulose membrane. The mouse
B-actin antibody (1:1,000; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), mouse anti-NeuN antibody (1:500;
Chemicon International) and goat anti-DCX antibody (1:500;
Santa Cruz Biotechnology Inc.) were used as the primary
antibodies. Horseradish peroxidase-conjugated anti-mouse
antibodies for f-actin and NeuN (1:2,000; Vector Laboratories)
and horseradish peroxidase-conjugated anti-goat antibody for
DCX (1:5,000; Santa Cruz Biotechnology Inc.) were used as the
secondary antibodies.

The experiments were performed under normal laboratory
conditions and at room temperature, except for the transferred
membranes, which were performed at 4°C with a cold pack and
a pre-chilled buffer. Band detection was performed using the
enhanced chemiluminescence (ECL) detection kit (Santa Cruz
Biotechnology Inc.). In order to compare the relative protein
expression levels, the detected bands were calculated densito-
metrically using Molecular Analyst™, version 1.4.1 (Bio-Rad).

Data analysis. Statistical analysis was performed using
IBM PSS software (version 20.0; IBM Corp., Armonk, NY,
USA). For the comparison among the groups, one-way ANOVA
and Duncan's post hoc test were performed. All values were
expressed as the means =+ standard error of the mean (SEM). A
P-value <0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Daily running distance. The daily running distance
was 265.00+0.00 m in the treadmill exercise group and
253.35+9.39 m in the wheel exercise group. There was little
difference in the daily running distance between treadmill and
wheel exercise.
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Figure 1. Effects of forced treadmill exercise and voluntary wheel exercise
on short-term memory. (A) Control group, (B) LPS injection group, (C) LPS
injection and treadmill exercise group and (D) LPS injection and wheel exer-
cise group. Data are presented as the means + standard error of the mean
(SEM). "P<0.05 compared to the control group; “P<0.05 compared to the LPS
injection group.

Short-term memory. In order to evaluate the effects of forced
treadmill exercise and voluntary wheel exercise on short-term
memory, a step-down avoidance task was performed. The
results of the step-down avoidance task are presented
in Fig. 1. The latency time was 227.25+13.70 sec in the
control group, 117.75+£12.15 sec in the LPS injection group,
172.30+18.05 sec in the LPS injection and treadmill exercise
group and 167.33+18.53 sec in the LPS injection and wheel
exercise group.

The latency time in the LPS injection group was conspicu-
ously shorter than that in the control group (P<0.05). On
the other hand, treadmill and wheel exercise significantly
increased the latency time in the LPS-injected rats (P<0.05).
The effects of treadmill and wheel exercise on short-term
memory were similar. These results suggest that forced
treadmill exercise and voluntary wheel exercise significantly
alleviated LPS-induced short-term memory impairment.

Cell proliferation in the hippocampal dentate gyrus.
Photomicrographs of BrdU-positive cells in the hippo-
campal dentate gyrus are presented in Fig. 2. The number
of BrdU-positive cells was 112.19£4.92/mm? in the control
group, 225.05+8.57/mm? in the LPS injection group,
149.08+4.19/mm? in the LPS injection and treadmill exercise
group and 155.43+10.26/mm? in the LPS injection and wheel
exercise group.

The number of BrdU-positive cells in the hippocampal
dentate gyrus was remarkably increased following LPS
injection (P<0.05); however, treadmill and wheel exercise
significantly reduced the number of BrdU-positive cells in the
LPS-injected rats (P<0.05). These results demonstrated that
the cell proliferation in the hippocampal dentate gyrus was
enhanced by LPS-induced brain inflammation, while forced
treadmill exercise and voluntary wheel exercise suppressed
cell proliferation in the hippocampal dentate gyrus. The
effects of treadmill and wheel exercise on cell proliferation
were similar.
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Figure 2. Effects of forced treadmill exercise and voluntary wheel exercise on
cell proliferation. Upper panel: Photomicrographs of 5-bromo-2'-deoxyuridine
(BrdU)-positive cells in the dentate gyrus. The black scale bar represents
50 pm. Lower panel: The number of BrdU-positive cells in the dentate gyrus
of each group. (A) Control group, (B) LPS injection group, (C) LPS injection
and treadmill exercise group and (D) LPS injection and wheel exercise group.
Data are presented as the means + standard error of the mean (SEM). "P<0.05
compared to the control group; “P<0.05 compared to the LPS injection group.
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Figure 3. Effects of forced treadmill exercise and voluntary wheel exercise
on the expression of DCX protein in each group. (A) Control group, (B) LPS
injection group, (C) LPS injection and treadmill exercise group and (D) LPS
injection and wheel exercise group. Data are presented as the means + standard
error of the mean (SEM). "'P<0.05 compared to the control group; “P<0.05 com-
pared to the LPS injection group.

Relative NeuN protein expressions (0.D.)

Figure 4. Effects of forced treadmill exercise and voluntary wheel exercise
on the expression of the neuronal nuclear antigen (NeuN) protein in each
group. (A) Control group, (B) lipopolysaccharide (LPS) injection group, (C)
LPS injection and treadmill exercise group, and (D) LPS injection and wheel
exercise group. Data are presented as the means + standard error of the mean
(SEM). "P<0.05 compared to the control group. “P<0.05 compared to the LPS
injection group.

Expression of DCX protein in the hippocampus. We
determined the relative expression levels of DCX in the
hippocampus (Fig. 3). When the level of DCX (45 kDa) in the
control group was set at 1.00, the level of DCX was 1.30+0.02
in the LPS injection group, 1.17+0.03 in the LPS injection and
treadmill exercise group and 1.13+0.03 in the LPS injection
and wheel exercise group.

The level of DCX protein in the LPS injection group
was significantly increased in comparison with that in the
control group (P<0.05). However, treadmill and wheel exer-
cise significantly reduced the expression of DCX protein in
the LPS-injected rats (P<0.05). These results suggest that
LPS-induced brain inflammation increases the generation
of immature neurons. However, forced treadmill exercise
and voluntary wheel exercise suppressed the generation of
immature neurons. The effects of treadmill exercise and wheel
exercise on the DCX expression were similar.

Expression of NeuN protein in the hippocampus. We
determined the relative expression levels of NeuN in the hippo-
campus (Fig. 4). When the level of NeuN (46-48 kDa) in the
control group was set at 1.00, the level of NeuN was 0.72+0.02
in the LPS injection group, 0.87+0.02 in the LPS injection and
treadmill exercise group and 0.87+0.03 in the LPS injection
and wheel exercise group.

The expression of NeuN protein in the LPS injection
group was significantly decreased in comparison to the
control group (P<0.05). However, treadmill exercise and
wheel exercise significantly enhanced the expression of NeuN
protein (P<0.05). These results suggest that LPS-induced
brain inflammation disturbed the maturation of neuronal
cells. However, forced treadmill exercise and voluntary wheel
exercise enhanced the generation of mature neuronal cells.
The effects of treadmill exercise and wheel exercise on NeuN
expression were similar.
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Discussion

Belarbi et al (5) reported that brain inflammation induced by
LPS impaired learning ability and memory functions. Similarly,
our results revealed that LPS-induced brain inflammation dete-
riorated short-term memory in rats. However, forced treadmill
exercise and voluntary wheel exercise improved short-term
memory incapacitated by brain inflammation, regardless of the
type of exercise (Fig. 1).

Exercise improves learning ability and memory function by
increasing neurogenesis in the hippocampus (21). Neurogenesis
induced by exercise is reported to be necessary in hippo-
campal-dependent learning, such as spatial navigation learning
or exploration in the elevated plus maze (22,23). Neurogenesis
is also influenced by pathological conditions affecting the brain.
Ekdahl ef al (1) reported that brain inflammation impaired
basal hippocampal neurogenesis by microglial activation. As
a result, they suggested that this suppression of hippocampal
neurogenesis might contribute to cognitive dysfunction in aging,
dementia, epilepsy and other brain inflammatory conditions (1).

Of note, our results showed that brain inflammation
significantly increased cell proliferation, the first step of
adult neurogenesis (Fig. 2). Namely, our data indicated that
LPS-induced brain inflammation impaired short-term memory
in spite of the fact that brain inflammation increased cell
proliferation in the hippocampal dentate gyrus (Figs. 1 and 2).
Similar results were also found in other studies. In brain isch-
emia, enhanced cell proliferation in the hippocampal dentate
gyrus was observed (8) and this enhanced cell proliferation
in the hippocampal dentate gyrus has been suggested as the
compensatory response to excessive apoptotic cell death (8,24).
The role of inflammation for adult neurogenesis, however, is
much more complex. Microglia activation, as an indicator of
inflammation, is not pro- or anti-neurogenic per se but the
net outcome is dependent on the balance between secreted
molecules with pro- and anti-inflammatory action (25). In the
murine experimental autoimmune encephalomyelitis model
for multiple sclerosis, the most common chronic inflammatory
disease of the central nervous system, proliferation regarding
the hippocampal neuronal cells was increased, however
hippocampal-dependent cognitive functions were massively
impaired (26). Pathological conditions such as acute central
nervous system insults and experimental autoimmune encepha-
lomyelitis were accompanied by an increase in neurogenesis
as well as by the induction of neurogenesis in nonneurogenic
areas. These conditions might be induced by the activation of
microglia and resulted in the loss of cognitive activity (27).

DCX-positive cells in the hippocampal dentate gyrus were
increased in mice exhibiting autoimmune encephalomyelitis
compared with those in the control group (28) DCX, a marker
of newly generated neurons, is frequently regarded as an imma-
ture neuronal marker. DCX is present in the tips of neurites of
non-migratory immature neurons and expressed only during
three stages of neurogenesis (differentiation, migration and
targeting), not the synaptic integration stage in which the
newly formed cells become functionally integrated into the
hippocampal network (15). In our study, the expression of DCX
protein was increased through brain inflammation, indicating
that brain inflammation increased the generation of immature
neurons. However, both forced treadmill exercise and voluntary

wheel exercise significantly suppressed the expression of DCX
protein, suggesting that the generation of immature neurons by
brain inflammation was inhibited by forced treadmill exercise
and voluntary wheel exercise (Fig. 3).

NeuN, a specific marker of neuronal cells, recognizes
nuclear proteins rather than cytoplasmic antigens or cyto-
plasmic organelles and does not stain the nuclei of immature
nerve cells until they achieve a stage of development that
approaches mature function. Thus, NeuN satisfies the primary
criterion of a tissue marker regarding neuronal maturation (19).
Huehnchen et al (28) also reported that despite the initial
increase in the number of progenitor cells, the succeeding
differentiation of BrdU-positive cells into mature NeuN-positive
neurons was delayed in autoimmune encephalomyelitis mice
when compared with mice in the control group. In light of
the mechanism whereby cognitive deficits may be explained
by altered proliferation and the differentiation of newborn
hippocampal progenitors (29,30), in this study, we investigated
the expression of NeuN protein in the hippocampus. Brain
inflammation reduced the capacity of neuronal progenitors to
differentiate into mature neurons, whereas forced treadmill
exercise and voluntary wheel exercise significantly increased
the generation of mature neurons suppressed by brain inflam-
mation (Fig. 4). Ekdahl ez al (1) reported that the LPS-induced
inflammation remarkably reduced the number of new neurons,
the BrdU-immunoreactive cells double-labeled with NeuN in
the subgranular zone of the dentate gyrus. On the other hand,
physical exercise improved memory function and spatial
learning ability through the enhancement of neurogenesis,
which was ascertained by increasing the number of BrdU- and
NeuN-double positive neurons (31).

In conclusion, the results from our study demonstrated
that brain inflammation induced by LPS weakened short-term
memory by increasing the generation of immature neurons
and contrarily suppressed the generation of mature neurons.
On the other hand, both forced treadmill exercise and volun-
tary wheel exercise significantly improved short-term memory
by enhancing neuronal maturation. Moreover, forced tread-
mill exercise and voluntary wheel exercise showed similar
efficacy. From these results, it can be inferred that forced
treadmill exercise and voluntary wheel exercise may improve
memory function deteriorated by brain inflammation, such as
Alzheimer's disease and Parkinson's disease.
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