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Abstract: Sleep deprivation (SD) seriously affects animal learning and memory ability. The appropriate intensity of
exercise training can alleviate SD damage on brain function. This study observed the impact of different athletic
intensities on working memory and BDNF protein expression in prefrontal cortex of SD rat to investigate the effect
of exercise intervention on SD rats and potential mechanism. Male Sprague-Dawley rats were randomly divided into
five groups, including group A as control, group B as SD model, and group C, D, and E as low, medium, and high
intensity of exercise on SD model. The rats in group C, D, and E received platform exercise for 2, 4, and 8 weeks,
respectively. The SD rat model was established using flower pot method. Y maze was applied to assess the ability of
learning and memory. Colorimetric method was adopted to determine serum superoxide disproportionation enzyme
(SOD), malondialdehyde (MDA), and cerebral cholinesterase alkali (AchE) and 5-HT levels. Western blot was selected to detect BDNF protein expression in prefrontal cortex. The correct response rate of Y maze test, serum SOD,
and BDNF protein expression were reduced, while the electric shock time, serum MDA, cerebral AchE and 5-HT, and
BDNF protein expression were increased in group B compared with group A (P < 0.05). Compared with group B, Y
maze performance, serum SOD and MDA content, cerebral AchE and 5-HT levels, and BDNF protein expression were
obviously improved in group C, D, and E. The moderate intensity exercise group exhibited the strongest effect (P <
0.05). SD rat demonstrated learning and memory ability slow down. Different intensities of exercise can improve the
learning, memory, and brain function of SD rat. Moderate intensity exercise exhibited the strongest impact, which
may be related to the upregulation of BDNF protein and regulation of central neurotransmitter.
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Introduction
Sleep plays an important role in maintaining
the normal physiological and psychological
activities, especially in the brain function. Sleep
can promote and maintain synapse formation
related to learning and memory, and enhance
the elimination of nerve poison. Following the
increase of social competition pressure, the
modern population is susceptible to be lack of
sleep, resulting in diseases associated with
sleep deprivation (SD) [1, 2]. SD can cause the
oxidative stress in the cardiovascular system
and increase the risk of oxidative stress on multiple brain regions, such as prefrontal cortex
and hippocampus, resulting in nerve cell dam-

age [3, 4]. Long term SD is prone to produce
negative emotion and damage learning and
memory ability. The degree of learning and
memory ability damage is related to SD time,
while learning and memory ability decrease
after SD is associated with neurotransmitter
changes in the brain [5, 6]. BDNF has various
pharmacological activities, such as improving
neuron pathological state, promoting neuron
survival and differentiation, and preventing
neuronal injury. It can affect nerve cell function
through a variety of signaling pathways. BDNF
and N-methyl-D-aspartate receptor protein may
affect learning and memory function together.
Brain-derived BDNF expression is associated
with anxiety behavior after SD [7, 8]. It was

The impact of exercise on sleep deprivation
showed that exercise training has positive
impact on the brain functional recovery from
multiple chronic diseases including dementia.
Proper physical training can improve the stress
adaptive capacity. Long-term aerobic exercise
can improve the rat learning and memory ability, increase cortical thickness, promote neovascularization, and improve cognitive function
in SD rat [9, 10]. At present, the mechanism of
exercise training on SD rat has not been fully
elucidated. Fast-paced modern life and the
special profession inevitably lead to SD.
Observing the rats with long-term moderate
intensity exercise may provide reference to
investigate whether long-term moderate intensity exercise can effectively alleviate the
decline of executive function. This study observed the impact of different athletic intensities on working memory and BDNF protein
expression in prefrontal cortex of SD rat to
investigate the effect of exercise intervention
on SD rats and potential mechanism from molecule and protein levels.
Materials and methods
Materials
Experiment grouping: A total of 50 male
Sprague-Dawley rats at 6-week old were provided by animal experiment center of Shandong
University (SYXK-2013-0025). The rats were in
SPF grade and weighted 240~260 g. The diet
and drinking conformed to the experimental
animal standard. The rats were randomly divided into five groups, including group A as control,
group B as SD model, and group C, D, and E as
low, medium, and high intensity of exercise on
SD model.
Rats were used for all experiments, and all procedures were approved by the Animal Ethics
Committee of Shandong Provincial Hospital
affiliated to Shandong University.
Drugs and reagents: Chloral hydrate and paraformaldehyde were got from Tianjin Kemio
chemical reagent co., Ltd., SOD, MDA, AchE,
and 5-HT were obtained from Nanjing Jiancheng
Bioengineering Institute. Rabbit anti BDNF antibody and horseradish peroxidase labeled goat
anti rabbit secondary antibody were purchased
from CST. Y maze was provided by Chengdu
Taimeng technology co., Ltd.
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Methods
Exercise training: According to the previous
report [11], the rats in group C, D, and E
received adaptive exercise training at 10 m/
min and 45 min/d for 5 days. Next, they were
treated by increasing load aerobic exercise
training (gradient 0) for 2, 4, and 8 weeks,
respectively. Then the SD rat model was established. The aerobic exercise plan started at 10
m/min for 1 week and followed by 2 m/min
elevation every week. The speed kept when
reached 16 m/min to the end of exercise. The
exercise frequency was 5 d/w and 60 min/d.
SD model establishment: According to the reference [12] and preliminary experiment, the
rats in group B, C, D, and E received SD modeling. After adapted in water environment platform at 1 h/d for 3 days, the rat was put on the
platform at 8 cm height and 7 cm diameter of
the SD box at 30×30×30 cm. The rat was
awaked when it entered the rapid-eye-movement sleep. The rat sleep was deprived for 48
h.
Rat behavior test: The correct response rate
and electric shock time were observed. The
working voltage was 36 V and the current was
0.7 mA. Ten times were considered as one
training unit. The rat rested for 15 min and
received 40 times/d for 3 days. Electric shock
time = sum of 10 times of training electric
shock time.
Serum SOD and MDA measurement: A total of
5 ml blood was extracted from the common
carotid artery and centrifuged at 1500 g for 10
min to obtain the supernatant. SOD and MDA
levels were tested by colorimetric method
according to the manual.
Neurotransmitter level detection in cerebral
cortex and hippocampus: The rat was killed
and the brain was extracted. After removing
cerebellum and olfactory bulb, the brain was
peeled to obtain cerebral cortex and hippocampus under the ice-bath. The tissue was homogenized and centrifuged for 10 min to obtain the
supernatant. Protein content was determined
by comassie brilliant blue colorimetric method.
AchE and 5-HT levels were detected according
to the manual.
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Figure 1. The impact of different exercise intensities on learning and memory abilities of SD rat. A: Control; B: SD
model group; C: SD + low intensity exercise group; D: SD + moderate intensity exercise group; E: SD + high intensity
exercise group. *P < 0.05, compared with group A. #P < 0.05, compared with group B. ΔP < 0.05, compared with
group C. □P < 0.05, compared with group D.

BDNF absorbance value/internal reference
absorbance value.
Statistical analysis
All data analyses were performed on SPSS20.0
software. The measurement data were tested
by normality test and presented as mean ±
standard deviation. The data were compared
by one-way ANOVA or LSD test. P < 0.05 was
depicted as statistical significance.
Results
Figure 2. The impact of different exercise intensities
on serum SOD and MDA levels in SD rat. A: Control;
B: SD model group; C: SD + low intensity exercise
group; D: SD + moderate intensity exercise group; E:
SD + high intensity exercise group. *P < 0.05, compared with group A. #P < 0.05, compared with group
B. ΔP < 0.05, compared with group C. □P < 0.05, compared with group D.

Western blot
The prefrontal cortex was lysed and centrifuged
to collect the mixture. Protein level was evaluated by BCA method. The protein was separated by SDS-PAGE and transferred to PVDF membrane. After blocked for 1 h, the membrane
was incubated in BDNF and internal reference
primary antibodies (1:1000) at 4°C overnight.
After washed by TBST, the membrane was incubated in goat anti rabbit IgG secondary antibody (1:1000) for 1 h. At last, the membrane
was washed, developed, and analyzed using
Quantity One software. Relative expression
level was determined as absorbance value =
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SD rat learning ability comparison
Compared with control, SD model group exhibited significantly lower Y maze correct response
rate and increased electric shock time (P <
0.05). Exercise training group demonstrated
obviously elevated correct response rate and
decreased electric shock time (P < 0.05).
Moderate group showed the strongest effect
(Figure 1).
The impact of different exercise intensities on
serum SOD and MDA levels in SD rat
SOD activity was enhanced, while MDA content
was declined in exercise group compared with
group B (P < 0.05). Moderate group exhibited
the strongest effect (Figure 2).
The impact of different exercise intensities on
AchE and 5-HT levels in brain tissue from SD
rat
AchE and 5-HT levels were significantly elevated in brain tissues from model group compared
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The impact of different exercise intensities on
BDNF protein expression in prefrontal cortex
from SD rat
BDNF protein expression significantly declined
in prefrontal cortex from model group compared with control (P < 0.05). It obviously
enhanced in exercise group compared with SD
model group (P < 0.05). Moderate group
showed the strongest effect among three
groups (Figure 4).
Figure 3. The impact of different exercise intensities
on AchE and 5-HT levels in brain tissue from SD rat.
A: Control; B: SD model group; C: SD + low intensity
exercise group; D: SD + moderate intensity exercise
group; E: SD + high intensity exercise group. *P <
0.05, compared with group A. #P < 0.05, compared
with group B. ΔP < 0.05, compared with group C. □P <
0.05, compared with group D.

Figure 4. The impact of different exercise intensities
on BDNF protein expression in perfrontal cortex from
SD rat. A: Control; B: SD model group; C: SD + low
intensity exercise group; D: SD + moderate intensity
exercise group; E: SD + high intensity exercise group.
BDNF protein relative expression in prefrontal cortex.
A: Control; B: SD model group; C: SD + low intensity
exercise group; D: SD + moderate intensity exercise
group; E: SD + high intensity exercise group. *P <
0.05, compared with group A. #P < 0.05, compared
with group B. ΔP < 0.05, compared with group C. □P <
0.05, compared with group D.

with control (P < 0.05). AchE and 5-HT content
markedly reduced in exercise group compared
with SD model group (P < 0.05). Moderate
group demonstrated the strongest effect
(Figure 3).
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Discussion
Long-term SD easily leads to various problems.
It was considered that appropriate aerobic
exercise can reduce the negative effect of SD,
resulting in enhanced secretion of the neurotransmitter [13, 14]. However, the mechanism of exercise training on SD has not been
fully elucidated [15, 16]. This study used different intensity of exercise training on SD rat to
observe its impact on learning and memory,
oxidative stress, neurotransmitter level, and
BDNF protein expression. The results showed
that the Y maze correct response score in SD
model group decreased compared with control.
Different intensities exercise improved the Y
maze test score, suggesting that exercise can
alleviate nerve function damage, improve learning and memory ability, and protect brain in SD
rat.
The oxidation and anti-oxidation function was
kept in dynamic equilibrium under physiological
condition. Long-term SD increases oxidative
stress and aggravates brain damage in the
body. MDA level can reflect the lipid peroxidation and cell damage degree, while SOD can
block the damage of oxygen free radical on
cells [17]. Our results showed MDA elevated
and SOD activity reduced in brain from SD
group. Different intensities exercise decreased
MDA level and enhanced SOD activity in the
brain, indicating that exercise can alleviate
brain function damage via inhibiting oxidative
stress and elevating the activity of antioxidant
enzyme. Its mechanism may be related to mitochondrial ATP sensitive potassium channel and
the stability of the mitochondrial membrane
[18].
Neurotransmitters play an important role in the
process of learning and memory. Acetylcholine
in the brain is maintained by choline acetyl-
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transferase and cholinesterase. AchE can indirectly reflect the Ach level [19]. AchE activity increased in SD rat, resulting in Ach hydrolysis and central cholinergic nerve system disorder. Different intensities exercise can reduce
AchE activity in the brain and improve the
cholinergic neurotransmitter metabolism. Monoamine neurotransmitter plays a critical role
in memory formation and maintenance. 5-HT
participates in cortex-hippocampus synapse
connection. The regulation of temperature,
pain, and sleep were related to 5-HT. 5-HT may
be the potential regulatory substance in central
nervous system fatigue. It was reported that
5-HT increased in SD rat, leading to cognitive
disorder [20, 21]. Our study showed that 5-HT
elevated in the brain tissue from SD rat, while it
declined in exercise group. Moderate group
exhibited the strongest effect, suggesting that
exercise intervention may improve cognitive
function through promoting 5-HT accumulation.
It was revealed that BDNF and its receptor TrkB
synergy may increase synaptic plasticity, promote the growth of axons and dendrites, and
increase the density of the synaptic terminal
[22]. BDNF participates in long-term memory
formation and plays a key role in maintaining
learning and memory and regulating neural
synaptic plasticity. This study demonstrated
that BDNF protein expression was obviously
elevated in exercise group compared with SD
model group, indicating that exercise can protect neuron, cognitive function, and synaptic
transmission via BDNF mediated PI3K/Akt signaling pathway. The mechanism of endogenous
neuroprotection in brain tissue damage is of
great significance in brain tissue repair and
regeneration. Endogenous neuroprotection
activates slowly in the lack of exogenous intervention. Exercise intervention can promote
synaptic plasticity and improve learning and
memory abilities.
Conclusion
In conclusion, learning and memory abilities
declined in SD rat. Different intensities exercise improves learning, memory, and brain
function in SD rat. Moderate exercise exhibited
significant effect, which may be associated
with the upregulation of BDNF protein and regulation of neurotransmitters.
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