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Objective: The aim of this study was to explore the effect of exercise training on spatial
memory in rats with intracerebral hemorrhage (ICH) and to analyze its related neurobiolo-
gical mechanisms.

Methods: A total of 26 Sprague-Dawley rats were randomly divided into 3 groups: exercise
(EX) group undergoing exercise training after ICH, model (MD) group and sham-operated
(SM) group. The ICH rats model were induced by infusion of type I collagenase into caudate
nucleus of rats. Morris water maze (MWM) test was performed at the same time in three
groups to evaluate spatial memory in rats. All rats were sacrificed for evaluation of expres-
sion of N-methyl-d-aspartate receptor 1 (NR1) and N-methyl-d-aspartate receptor 2B
(NR2B) in the CA3 region of the hippocampus by Western blot.

Results: MWM test results showed that the spatial memory of MD group was significantly
decreased compared to that of SM operation group (P<0.05), while exercise training
significantly improved the spatial memory of rats with cerebral hemorrhage (P<0.05).
Western blot analysis showed that exercise training significantly decreased the expression
of NR1 and NR2B in CA3 region of the contralateral hippocampus (P<0.05), but there was
no significant difference between MD and SM groups (P>0.05).

Conclusion: Exercise training improves the spatial memory in the rats with ICH via down-
regulating NR1 and NR2B expression in CA3 region of the contralateral hippocampus.
Keywords: exercise training, intracerebral hemorrhage, NR1, NR2B, hippocampus

Introduction

Intracerebral hemorrhage (ICH) is a common cerebrovascular disease with high
mortality and disability rate, and a large part of the survivors have functional
impairment. The research shows that 50% of the survivors have cognitive or
neurobehavioral dysfunction, and the loss of social work and living ability caused
by cognitive impairment will cause a great burden on social economy.'
Unfortunately, we still lack effective treatment methods.

In addition to relying on surgical treatment and routine drug therapy, current studies
have shown that exercise training can effectively improve cognitive impairment after
stroke.”* However, whether and how exercise training improves the cognitive func-
tion after ICH is still unexplored. It has been found that ICH often accompanied by
changes in hippocampal structure and function, including necrosis of nerve cells,
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destruction of synaptic plasticity, increased expression of
inflammatory factors, large release of glutamate, and over-
activation of N-methyl-d-aspartate receptor (NMDAR).>¢

NMDAR is a class of ionotropic glutamate receptor,
which is considered to be a complex heteromer consisting
of two NR1 and two NR2 subunits (NR2A, NR2B, NR2C,
NR2D). NMDAR has been proved to be an important factor
for synapse function and behavior cognition via different
mechanisms. First, NMDAR is involved in the long-term
potentiation, an activity-dependent amplification in the effi-
ciency of synaptic transmission thought to underlie certain
kinds of memory.”* Second, NMDAR has also been reported
in participating in the excitation and inhibition balance
(E-I balance). Previous studies have shown that imbalance
in E-I balance has been linked to several disorders, such as
schizophrenia, Alzheimer’s disease, and Huntington’s
disease.” It has been shown that the E-I balance is broken
after stroke. Large glutamate release after stroke will lead to
the continuous activation of NMDAR, resulting in influx of
calcium ions, which causes neuronal death and cognitive
impairment. This is called glutamic acid excitatory
toxicity.'”'! NR1 and NR2B are the most widely expressed
receptors of NMDAR receptors. In adult hippocampus, neu-
rons mainly express NMDAR containing NR1 and NR2B
subunits.'” Reducing NR1 and NR2B is beneficial to the
recovery of neurological function in stroke rats.>'?

It is well known that the brain after stroke relies on the
contralateral hemisphere part to improve functional
improvement as a compensation.'*"'® Does exercise train-
ing promote contralateral hippocampus function in intra-
cerebral hemorrhage rats? Does it affect the NMDAR
expression in the contralateral hippocampus? At present,
it is still unknown.

Understanding whether and how exercise training
improves cognitive impairment in rats with ICH is helpful
for us to further understand the neurobiological mechan-
ism and to develop effective rehabilitation training pro-
grams. Considering that the hippocampal CA3 region is
related to spatial memory,'” we explored the role of exer-
cise training onto spatial memory as well as the expression
of NR1 and NR2B in the contralateral hippocampal CA3

region of rats with cerebral hemorrhage.

Materials and methods

Animals
Animal Experimental Center of Southwest Medical
University provided 26 male Sprague-Dawley rats,

weighing (300+50) g and aged 8 weeks. The agreement
on research animals has been approved by the Medical
Ethics Committee of Southwest Medical University. Five
rats in each cage were placed in a temperature control
room (20-30°C). Light/dark cycles lasted for 12/12 hrs
to obtain food and water at will. Rats were fed for 1 week
to adapt to their habitat conditions. Before grouping, adap-
tive swimming training was arranged for the rats. The rats
were trained for swimming for 10 mins on the first day, 20
mins on the second day and 30 mins on the third day. On
the fourth day, the rats were randomly divided into three
groups: sham-operated (SM) group, model (MD) group,
exercise (EX) group. The rats were randomly allocated to
three groups of 5 rats each. All the experimental proce-
dures were carried out in accordance with the Guidelines
for the Feeding and Use of Laboratory Animals issued by
the Ministry of Science and Technology of China.

Intracerebral hemorrhage model

Rats were anesthetized with 10% chloral hydrate (350 mg/
kg) by intraperitoneal anesthesia after 6 hrs of fasting and
abstinence before the operation. After successful anesthesia,
the top of the rat’s skull was sheared and skinned, then the
prone position was fixed on the stereotaxic brain locator.
The method was to fix the interauricular line first, then the
incisor was fixed on the hook, so that the plane of the hook
was 2.4 mm lower than that of the interauricular line.
Thereafter, iodophor disinfected the top of the head skin,
laid a hole scarf, and cut a sagittal incision about 1 cm
between the binocular line and the binocular line to the
subcutaneous area, and 30% of the incisor hydrogen per-
oxide corrodes the epicranium, exposes the anterior fontanel
and coronal suture, locates the right caudate nucleus
(0.2 mm in front of the anterior fontanel, 3 mm in the
right side of the midline) and drills a round hole about
I mm in diameter to reach the dural surface. Type
I collagenase 2 pL was extracted with 5 pL microinjector,
then heparin sodium 1 pL was extracted. The microinjector
was fixed on the stereotaxic brain locator. The microinjector
was inserted vertically along the drill hole for 6 mm. The
collagenase I and heparin sodium were injected into the
caudate nucleus of rats at a speed of 0.3 pL/min and
a total injection time of 10 mins. After the liquid injection,
the needle was retained for 10 mins, then the needle was
withdrawn slowly for 10 mins. After withdrawing the nee-
dle, the drill hole was sealed with medical bone wax to
prevent the liquid from spilling along the needle passage.
The wound was sterilized with Iodophor and sutured again.
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The rats were placed in a separate cage. After awakening,
the rats were assessed by masked observer through modified
Neurological Severity Score (mNSS) (Table 1).'® The score
(>8.5 points) was the success of the model. The control
group rats were treated with 3 pL saline instead of collage-
nase and heparin sodium.

Exercise training

On the third day after the success of the model, rats in EX
group underwater exercise training. Each rat was put into
a cylinder (diameter: 0.6 m, height: 1 m), water tempera-
ture was 29-31°C, water surface was 0.4 m away from the
edge of the container, 30 mins a day, once a day, 5 days
a week, 3 weeks in a row, once an hour. The other two
groups were free to move.

Table | Modified Neurological Severity Score (mNSS) in rats

Morris water maze test (MWM)

Three groups of rats were assessed by MWM test. The
MWM (S1000; Chengdu Taimeng Technology Co, Ltd,
Chengdu, China) consisted of a stainless steel circular
water tank (120 cm in diameter; 55 cm in height), which
was equipped with a platform (10 cm in diameter; 21 cm
in height), divided into four quadrants. The platform was
located in the third quadrant and submerged at 2 cm below
the water surface. The pool is opaque and is made of black
edible-pigmented liquid. The experiment is divided into
place navigation task and spatial probe task. Before the
experiment, all rats swam freely in the water maze for 15
mins. In the place navigation task, the rats were placed at
each release marker in different quadrants at a fixed time
in a certain order every day for 4 days. The latency period

Scoring items Score (points)

Scoring standard

Exercise test |

Forelimb flexion (increasing tail in rats)

| Flexion of hind limbs (raising tail of rats)

| Head deviation from vertical axis >100 within 30 s (increase tail of rats)

0 Walk normally (put rats on the floor)

| Can’t walk straight (put rats on the floor)

2 Turn sideways toward paralysis (place rats on the floor)

3 Tilt to the side of paralysis (place rats on the floor)

Sensory test |

Placement test (deep feeling, pressing rat paws on the edge of the table to stimulate limb

muscles)

2 Proprioceptive Sensory Test (Visual and Tactile Test)

Balance beam test 0 Stable balance posture

| Grasp the edge of the balance beam

2 Hold tight to the balance beam and drop one limb from the balance beam

3 Holding the balance beam tightly, the limbs drop from the balance beam or rotate on the
balance beam (>60 s)

4 Trying to balance on the balance beam but falling (>40 s)

5 Trying to balance on the balance beam but falling (>20 s)

6 Falling; not attempting to balance on the balance beam (<20 s)

Absence of reflex and abnormal | |

Auricular reflex (shake your head when touching the external auditory canal)

motion

| Corneal reflex (blinking when touching the cornea with cotton wool)

| Panic reflex (a motor response to the noise of fast-bouncing cardboard)

| Epilepsy epilepsy, myoclonus, dystonia
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was determined when the rats found the target platform
within 120 s and stayed on the platform for 10 s. If the rats
did not find the target platform within 120 s, the latency
period would be the escape latency. Finding the platform
will guide it to the platform and stay on the platform for 10
s, recording the escape latency time of 120 s. After 24 hrs
of the place navigation task, the spatial memory ability of
rats was evaluated by spatial probe task. The hidden plat-
form was removed and the rats were placed from the
previous platform. The percentage of time and distance
of the target quadrant within 120 s was recorded system-
atically. The swimming speed was also recorded in the
whole test."’

Western blot analysis

After MWM, the rat brain was decapitated and the CA3
area of the opposite hippocampus was quickly separated
on ice and under a stereomicroscope, placed in a pre-
cooled EP tube, and then stored in a refrigerator at
—80°C. The operation needed to be completed in 2
mins. After cutting the tissue into fine fragments, the
cracking solution (protease and phosphatase inhibitor
were added into the cracking solution) was added. The
homogenizer was homogenized until complete cracking.
After pyrolysis, the sample was weighed and centrifuged
for 15 mins at 4°C, then the supernatant was taken, the
protein was quantified and stored in —80°C refrigerator.
Protein concentration was measured by bicinchoninic acid
assay protein analysis kit (Bioswamp, Wuhan, Hubei,
China). The equivalent sample (10 pg) was denatured
and separated by SDS-PAGE. After separation, we used
wet rotation. Specifically, in wet rotation, sandwiches were
arranged as follows: filter paper/glue/membrane/filter
paper, soaked with electro-rotary buffer, placed in the
clamp used for membrane rotation, the black face of the
clamp was on the black face of the groove, the white face
of the clamp was on the red face of the groove, and the
film was on the positive electrode. When electricity was
transferred, heat was generated and ice blocks were placed
on one side of the tank to cool down. 90 V transmembrane
was used for 50 mins. Polyvinylidene fluoride (PVDF)
membrane (Millipore, Billerica, MA, USA) was immersed
in methanol for 5 mins before conversion, and incubated
in cold electro-conversion buffer for 2 mins. After trans-
membrane, the blocker antibody was incubated: 5%
skimmed milk powder was blocked at room temperature

for 2 hrs, and primary antibody (antibody name:

NMDARI, antibody species: rabbit, antibody brand:
Abcam number: Ab109182; antibody name: NMDAR2B,
antibody species: rabbit, antibody brand: Abcam number:
Ab71178; Abcam, Cambridge, UK) was cultured overnight
at 4°C. After incubating, the membrane was washed with
PBST for 3 times, 5 mins each time. Then, according to
the dosage, the second antibody labeled with horseradish
peroxidase diluted at 1:10,000 was incubated with the
membrane at room temperature for 1 hr. And, washed 3
times with PBST, 5 mins each time. Then, the film was
placed in the darkroom; the ECL luminescent liquid A and
B was equally mixed according to the dosage and was
added into the front of the film to have ful contact. Then,
the film was detected by a fully automatic chemilumines-
cence analyzer, and the gray values of the relevant strips
were read by TANON GIS software (Shanghai, China).

Statistics analysis

The data were analyzed by SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA). The results were expressed as
mean + SD. First, repeated measures ANOVA or one-way
ANOVA were used first, then least significant difference
(LSD)-t test was used. P<0.05 was considered to have
statistical significance.

Results
Exercise training improves memory function

in the intracerebral hemorrhage rats

We first used the mNSS to assess the functional outcome in
the rodent ICH model. We found that there was no statis-
tical significance between the exercise group and the model
group (P=0.566). Meanwhile, in the sham-operation group,
the mNSS was 0 (Figure 1A). Next, the EX group under-
went the exercise training. We used the water maze experi-
ment to evaluate the memory function in the different
groups. The water maze experiment lasted for 5 days.
There was no significant difference in the average daily
swimming speed among the three groups at each time
point (P>0.05), and there was no significant difference in
the average daily swimming speed among the three groups
(P>0.05) (Figure 1B). The escape latency of the three
groups decreased with time (Figure 1C). On the first day,
there was no significant difference between the three
groups. From the second day, the escape latency of the
MD group was longer than that of the SM group
(P<0.05), and that of the EX group was shorter than that
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Figure | Exercise training improves the memory of intracerebral hemorrhage rats in the water maze test. (A) The mNSS score of each group after modeling. (B) Average
speed of each group per day. (C) Average escape latency of each group per day in the place navigation task. (D) Percentage of time in target quadrant for each group in the
spatial probe task. (E) Percentage of distance in target quadrant for each group in the spatial probe task. (F) Representative trace of spatial probe task. *P<0.05 vs. the MD

group, #P<0.05 vs. the SM group.

Abbreviations: EX, exercise group; MD, model group; SM, sham operation group.

of the MD group (P<0.05). On the fifth day of the spatial
probe task, the percentage of time and distance in the target
quadrant in the MD group decreased significantly compared
with the SM group (P<0.05), while the percentage of time
and distance in the target quadrant in the EX group
increased significantly compared with the MD group
(P<0.05) (Figure 1D-F). These results suggest that exercise
training significantly improved the memory in the ICH rats.

Exercise training reduces NR| and NR2B
expression in the contralateral hippocampal

CA3 area of intracerebral hemorrhage rats
We used the Western blot to evaluate the expression level
of NR1 and NR2B in the contralateral hippocampal CA3
area of different groups. Compared with MD group and
SM group, the expression of NR1 and NR2B in contral-
ateral hippocampal CA3 area in the EX group was sig-
nificantly decreased (P<0.05). The expression of NR1 and
NR2B in CA3 area of hippocampus in model group was
lower than that in sham-operation group, but there was no
statistical significance (P>0.05) (Figure 2A-C).

Discussion
It is well known that exercise training is closely related
to hippocampal-dependent learning and memory.*°

Many previous experimental studies have found that
exercise training can improve cognitive impairment by
promoting the release of neurotrophic factors in hippo-
campus, reducing synaptic damage, promoting synaptic
growth, and synaptic plasticity in cerebral infarction
model animals.>* However, whether exercise training
can also improve the cognitive function after ICH is
still unknown. In the results of this study, we found
that the spatial memory of rats in MD group was sig-
nificantly lower than that of SM group, while the spatial
memory of EM groups was significantly improved com-
pared to that of MD group. These results showed that
exercise training could effectively improve the spatial
memory of ICH rats.

The survival of nerve cells requires normal physiological
activity. Glutamate is a common excitatory transmitter in the
brain. At present, NMDAR and alpha-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid receptor (AMPAR) are
considered to be the two main types of ionic glutamate
receptor. In the resting state, the channel holes of NMDAR
are usually blocked by Mg>*. When glutamate is released
from the presynaptic site, activated AMPAR leads to partial
depolarization of the postsynaptic membrane, which is suffi-
cient to remove Mg>" blockade from NMDARs. Once
NMDARSs are activated, a large amount of influx of Ca*"
through NMDARs causes cell death.*?'** 1In the
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Figure 2 Exercise training reduces the level of NRI and NR2B in the contralateralhippocampal CA3 region of intracerebral hemorrhage rats. (A) Representative image of
the western blot. (B) Western blot analysis of NR| expression. (C) Western blot analysis of NR2B expression. *7P>0.05 vs. the SM group, "P<0.05 vs. the MD group,

#P<0.05 vs. the SM group.
Abbreviations: EX, exercise group; MD, model group; SM, sham operation group.

physiological conditions, glutamine synthetase can convert
glutamic acid into non-neuroactive compound glutamine.
However, under pathological condition, like ischemia and
hypoxia, the expression of glutamic acid synthetase
decreases rapidly, which leads to the persistence of excitatory
toxicity caused by release of glutamic acid.**'** The neuro-
nal damage caused by this excitotoxicity also directly leads to
cognitive impairment in rats with ICH.’

The two subunits of NMDAR, NR2A and NR2B, are
mainly located at synapses and extrasynapses, respec-
tively. NR2A participates in cell survival, while the activa-
tion of NR2B leads to excitotoxicity and neuronal
apoptosis.”>  NR2B is play
a neuropathological role after stroke. Using NR2B antago-

considered to

nists and inhibiting, NR2B expression can regulate exci-
totoxicity induced by glutamate, protect neurons after
cerebral infarction, reduce infarction area and promote
the recovery of nerve function.”*° In cognitive-related

1'” used N2B antagonist in the experiment

research, Xu et a
and found that N2B antagonist could effectively inhibit
nerve injury and improve spatial memory of rats with
cerebral infarction. The results showed that inhibiting
NR2B expression was beneficial to cognitive recovery.
Liu et al’ also found that the decrease of spatial learning
and memory ability after cerebral hemorrhage modeling
was related to the increased expression of NR2B in the
hippocampus, and inhibiting the expression of NR2B was
beneficial to cognitive recovery. In this study, we also
found that exercise training improves the spatial memory
of rats with cerebral hemorrhage and down-regulates the
expression of NR2B in the hippocampus.

NR1 subunit is essential for the formation of functional
NMDARSs. It has been found that secondary inflammation
after ICH is associated with the expression and phosphoryla-
tion of NR1.>” NR1 autoantibody can reduce stroke area in
stroke patients with complete blood-brain barrier, which may
have protective effect on nerve cells.”® Numerous experimen-
tal studies have proved that the use of NR1 vaccine and drugs

to reduce the expression of NR1 can also protect neurons after
stroke, make the structure of neurons and dendrites more
complete, and reduce excitotoxicity.'>**=* In this study, we
also found that the down-regulation of NR1 expression med-
iates the cognitive improvement of exercise training.

Early studies have shown that the brain can be com-
pensated by the contralateral hemisphere after cerebral
infarction.'"* !¢ And, Jiang et al** also found that exercise
training can promote the hypermetabolism of motor cortex
in the contralateral cerebral hemisphere of cerebral infarc-
tion through PET-CT study. In the study of Shimada et al,
after cerebral infarction, they showed that the cognitive
improvement of exercise training was related to the histo-
logical changes of bilateral hippocampus. In this study, we
found that the expression of NR2B and NR1 regulated by
the exercise training happened in the contralateral hippo-
campal CA3 area.

Activation of NMDAR in the cerebral hemisphere after
ICH caused damage to nerve cells and cognitive impair-
ment. After exercise training, the expression of NR2B and
NRI1 in both cerebral hemisphere and contralateral hippo-
campal CA3 area was down-regulated, and the excitotoxi-
city was inhibited. The expression of NR2B and NRI1 in
the MD group was lower than that in the SM group, but
there was no statistical significance. Therefore, we consid-
ered that exercise training could promote the compensa-
tion of contralateral hippocampus.

There are several limitations in this study. Firstly,
because of the small sample size, we have not dynamically
observed the changes of NR1 and NR2B in the study;
secondly, there have been no morphological related
research; thirdly, whether the cognitive improvement
effect of exercise training in ICH rats is sustained or not,
needs further study.

Conclusion
These results suggest that exercise training can improve
the spatial memory of rats with cerebral hemorrhage via
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down-regulating the expression of NR2B and NR1 in the

contralateral hippocampus.
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