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Abstract

Background: Vascular cognitive impairment caused by chronic cerebral hypoperfusion (CCH) has become a hot issue worldwide. Aerobic exer-
cise positively contributes to the preservation or restoration of cognitive abilities; however, the specific mechanism has remained inconclusive.
And recent studies found that neurogranin (Ng) is a potential biomarker for cognitive impairment. This study aims to investigate the underlying
role of Ng in swimming training to improve cognitive impairment.

Methods: To test this hypothesis, the clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9) system was uti-
lized to construct a strain of Ng conditional knockout (Ng cKO) mice, and bilateral common carotid artery stenosis (BCAS) surgery was performed to
prepare the model. In Experiment 1, 2-month-old male and female transgenic mice were divided into a control group (wild-type littermate, »=9) and
a Ng cKO group (n=9). Then, 2-month-old male and female C57BL/6 mice were divided into a sham group (C57BL/6, n=12) and a BCAS group
(n=12). In Experiment 2, 2-month-old male and female mice were divided into a sham group (wild-type littermate, n=12), BCAS group (n=12),
swim group (n=12), BCAS +Ng cKO group (n=12), and swim + Ng cKO group (n=12). Then, 7 days after BCAS, mice were given swimming
training for 5 weeks (1 week for adaptation and 4 weeks for training, 5 days a week, 60 min a day). After intervention, laser speckle was used to
detect cerebral blood perfusion in the mice, and the T maze and Morris water maze were adopted to test their spatial memory. Furthermore, electro-
physiology and Western blotting were conducted to record long-term potential and observe the expressions of Ca®>" pathway-related proteins, respec-
tively. Immunohistochemistry was applied to analyze the expression of relevant markers in neuronal damage, inflammation, and white matter injury.
Results: The figures showed that spatial memory impairment was detected in Ng cKO mice, and a sharp decline of cerebral blood flow and an
impairment of progressive spatial memory were observed in BCAS mice. Regular swimming training improved the spatial memory impairment of
BCAS mice. This was achieved by preventing long-term potential damage and reversing the decline of Ca" signal transduction pathway-related
proteins. At the same time, the results suggested that swimming also led to improvements in neuronal death, inflammation, and white matter injury
induced by CCH. Further study adopted the use of Ng cKO transgenic mice, and the results indicated that the positive effects of swimming training
on cognitive impairments, synaptic plasticity, and related pathological changes caused by CCH could be abolished by the knockout of Ng.
Conclusion: Swimming training can mediate the expression of Ng to enhance hippocampal synaptic plasticity and improve related pathological
changes induced by CCH, thereby ameliorating the spatial memory impairment of vascular cognitive impairment.
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1. Introduction damage to the structure and function of the white matter of the
brain. This leads to induced vascular cognitive impairment
(VCI), evident in the dysfunction of learning and memory,
executive, and other domains."> VCI may progress to vascular
dementia in the late stage, which can seriously affect the qual-
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Chronic cerebral hypoperfusion (CCH) can cause an insuf-
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cerebrovascular diseases and vascular risk factors.” Among all
cases of dementia, vascular dementia accounts for about
20.0% and is the most common type of dementia other than
Alzheimer’s disease (AD).*

In recent years, the results of several meta-analyses have
shown that exercise, as one of the methods of rehabilitation for
cognitive dysfunction, can effectively rescue the cognitive
dysfunction of patients after stroke.”® And randomized con-
trolled experiments have shown that long-term regular aerobic
exercise for subjects with mild subcortical ischemic VCI can
significantly reduce the score of AD assessment sca-
le—cognitive subscale and improve cognitive dysfunction.’
Further studies have found that aerobic exercise can enhance
synaptic plasticity by up-regulating the expression of hippo-
campal synapse-related proteins, thereby ameliorating the per-
formance of mice that were subjected to the bilateral common
carotid artery stenosis (BCAS) model in behavioral tests and
restoring the memory function.™’

As we all know, the hippocampus is a crucial region of the
brain for the formation of spatial learning and memory, and its
synaptic plasticity is considered to be an essential neurophysi-
ological foundation. However, CCH can induce neuronal
death, inflammation, white matter injury, synaptic dysfunction,
and abnormal calcium signal transduction in the hippocampus,
all of which lead to spatial learning and memory impairment.
In recent years, studies have found that neurogranin (Ng), a
specific post-synaptic protein of the nervous system, was
regarded as a novel biomarker for cognitive dysfunction.'’'?
In fact, in a previous review, our team systematically exam-
ined the effects of Ng levels in cerebrospinal fluid and blood
exosomes on the decline of cognitive and memory functions,'”
which was expressed as an increase in the cerebrospinal fluid
of patients with AD and mild cognitive impairment and a
decrease in blood exosomes. However, in patients with cere-
brovascular diseases, current studies have not yet yielded con-
sistent results. One study suggested that the Ng level in the
cerebrospinal fluid of VCI patients decreased significantly,'
and another study showed that the Ng level of VCI patients
was similar to that of the cognitively normal control group.'”
Ng is composed of 78 amino acids and mainly distributed in
cerebral cortex and hippocampus. Studies showed that Ng is
the binding protein of calmodulin (CaM) and the postsynaptic
substrate of protein kinase C (PKC), which plays an important
role in calcium signal transduction and synaptic plasticity, and
can effectively promote the formation of learning and mem-
ory.'® Unfortunately, there is a current lack of studies looking
at Ng levels in VCI patients as the primary outcome.

In summary, Ng is closely related to synaptic plasticity and
is considered to be one of the biomarkers of cognitive dysfunc-
tion. However, to date, the evidence supporting the role of Ng
in swimming to improve cognitive dysfunction after chronic
cerebral ischemia has remained sparse and inconclusive. To
test this hypothesis, the clustered regularly interspaced short
palindromic repeats (CRISPR)-associated protein 9 (Cas9)
system was utilized to conditionally knock out the Ng gene in
the nervous system of subjects, thereby constructing a strain of
transgenic mice. BCAS surgery was conducted to prepare the
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model for the attempt to clarify the biological mechanism that
explains how swimming regulates hippocampal synaptic plas-
ticity and improves the memory function in BCAS mice.

2. Methods
2.1. Animals

C57BL/6 mice and Ng conditional knockout (Ng cKO)
mice were selected for animal experiments. The C57BL/6
mice were purchased from Shanghai Slack Laboratory Animal
Co. (Shanghai, China), and the Ng™™ heterozygous (flox/wt
indicates that one allele is flox and the other allele is wild
type.) mice and Nestin-cre mice were purchased from Nanjing
Institute of Biomedicine, Nanjing University, China (Permit
number: SCXK(Su)-2015-0001). The genetic background of
the transgenic mice is C57BL/6. The Ng™™ were crossed
with Nestin-cre mice to generate the Ng cKO strain. All ani-
mals were raised and bred in the Experimental Animal Center
of Fujian University of Traditional Chinese Medicine (Permit
number: SYXK(Min)2019-0007), and all the mice were
housed under a 12-h light/dark cycle in a temperature
(22°C—-26°C) and humidity (40%—50%) controlled room.
Mice were housed in groups of 5 per cage and had free access
to water and standard chow. All animal experiments have
been approved by the Animal Experiment Ethics Committee
of Fujian University of Traditional Chinese Medicine and
comply with the National Laboratory Animal Health Guidance
Principles.

2.2. Polymerase chain reaction (PCR)

The CRISPR-Cas9 system was utilized to generate novel
conditional knockout mice by inactivating Ng in the nervous
system; the hybridization process was shown in Fig. 1 A. Then,
in order to identify the mice with the target gene, PCR was
used to detect the genotype of all mice. Tail tips of mice were
cut and placed into Eppendorf tubes. Samples were heated (at
56°C for 15 min) and then centrifuged (14,000 r, 2 min). The
DNA was isolated according to the instructions of the DNA
extraction kit (Hangzhou Bioer Technology Co., Hangzhou,
China), and then the extracted DNA samples were subjected to
an amplification reaction (100 V, 60 min). Finally, the ampli-
fied DNA samples were prepared for electrophoresis and gel
imaging. The primer sequences, amplification reaction system,
and amplification reaction procedure were as shown in Supple-
mentary Tables 1—-3.

2.3. Experimental design

2.3.1. Experiment 1

The first experiment sought to determine whether condi-
tional knockout of Ng will induce spatial memory dysfunction
in transgenic mice and to observe the time course in the change
of spatial memory and cerebral blood perfusion (CBF) in
BCAS mice. Eighteen 2-month-old male and female trans-
genic mice were divided into a control group (n=9) and a Ng
conditional knockout (Ng cKO) group (n=9) according to the
PCR results. Experiments were performed with sex-matched
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Fig. 1. Cultivation and identification of Ng cKO mice. (A) Schematic diagram of breeding of Ng cKO mice; (B) Electrophoretic bands of Ng gene with PCR. The
Ng¥°X homozygous gene band is 353 bp, the Ng™ heterozygous gene bands are 353 bp and 260 bp; and the Ng™"*' wild-type gene band is 260 bp; (C) Elec-
trophoretic bands of Nestin-cre gene with PCR. The positive band of Nestin-cre is 506 bp; and (D) Western blotting of Ng in the hippocampus of Ng cKO mice.
B6 =negative control; FO = chimera obtained by microinjection; F1 = first-generation gene knockout mice obtained by crossing chimeras with wild-type; fl = flox;
GAPDH = glyceraldehyde-3-phosphate dehydrogenase; kD =kilodalton; N =blank control; Ng=neurogranin; Ng cKO =neurogranin conditional knockout;

P =positive control; PCR = polymerase chain reaction; wt = wild type.

and age-matched littermates of the indicated genotypes. The
T maze and Morris water maze (MWM) were used to test spa-
tial memory ability. Then, 24 C57BL/6 male and female mice
were divided into a sham operation (sham) group (n=12) and
a BCAS group (n=12). The C57BL/6 mice were used as the
sham group. BCAS surgery was conducted on the BCAS
group, whereas the bilateral common carotid arteries in the
sham group were only separated. Laser speckle was used to
monitor CBF, and T maze was used to detect spatial memory.

2.3.2. Experiment 2

The second experiment sought to observe the therapeutic
effect of swimming training and to investigate how Ng func-
tions in swimming training to improve the spatial memory dys-
function of BCAS mice. Forty-two 2-month-old male and
female mice were divided into a sham group (n=12) and an
operation group (n=30). Wild-type (wt) littermate controls
were used as the sham group. BCAS surgery was conducted
on the operation group, whereas the bilateral common carotid
arteries in the sham group were only separated. Then, 24 mice

that were successfully modeled and qualified in the operation
group were randomly divided into a BCAS group (n=12) and
a swimming training (swim) group (n = 12). In addition, thirty-
two 2-month-old male and female Ng ¢cKO mice were sub-
jected to BCAS surgery, and the same methods were used to
identify the model after surgery. Finally, 24 Ng cKO mice that
were successfully modeled and qualified were randomly
divided into a BCAS+Ng cKO group (n=12) and a
swim + Ng cKO group (n=12).

2.4. BCAS

BCAS surgery was conducted to prepare the CCH model."”’

After general anesthesia with 2% isoflurane, the mouse was
fixed on the operating table. The neck of the mouse was disin-
fected with 75% alcohol, and a small incision was made in the
middle of the neck (1.0—1.5 cm). The common carotid artery
and vagus nerve on the right were fully exposed, 2 medical
sutures were placed under the distal and proximal parts of the
right common carotid artery, and then the common carotid
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artery was lifted and clamped with a miniature spring coil
0.18 mm in diameter (Zhangchiyoudu Hardware Products Fac-
tory, Shenzhen, China). After continuous anesthesia for
30 min, the left common carotid artery was clamped in the
same way to make it narrow. During the operation, a heating
pad was used to maintain body temperature and electrocardio-
gram monitoring was used to monitor respiratory rate. After
the operation, the wound was cleaned, the skin was sutured,
penicillin was used to prevent infection, manage pain and
reduce mortality, and the mouse was put back into the cage
with soft bedding for normal feeding. In the sham operation
group, the bilateral common carotid artery and vagus nerve
were only separated without clamping.

2.5. Laser speckle

Laser speckle imaging technology (Perimed AB, Stock-
holm, Sweden) was used to detect postoperative blood flow
distribution and changes in blood perfusion of cerebral vessels
in order to evaluate the success of CCH in model mice. After
general anesthesia with 2% isoflurane, the mouse was placed
on the operating table, and the skin was cut longitudinally to
obtain a small incision (1.0—1.5 cm) to expose the skull. The
exposed area was irradiated with a 780 nm laser, then the ave-
rage blood perfusion in the area of interest was monitored and
recorded.

2.6. Intervention

Swimming training was adopted in the swim group and
swim +Ng ¢cKO group. The specific plan was as follows:'®
The mice were trained in a water tank (50 cm in diameter,
40 cm in depth, and 20 cm in water depth) to swim without
weight, and the water temperature was maintained at 32°C =+
1°C. Swimming training was divided into an adaptation period
and a training period. The adaptation period was 1 week. For
the first 5 days, the mice swam for 10 min, 15 min, 30 min,
45 min, and 60 min, respectively, and then they rested for
2 days. The training period, which followed, lasted for 4
weeks; the mice swam 5 days a week for 60 min a day. After
swimming, the mice were dried with a towel and put back into
the cage. During swimming training, changes in the body
weight of the mice were recorded every day. The mice in the
sham group, model group, and model + Ng cKO group were
picked up and placed in the same box as the swimming train-
ing group, but without water.

2.7. Tmaze

The T maze was performed to test the spatial working mem-
ory of the mice based on their autonomous alternative selec-
tion behavior.'” It consisted of 2 target arms (50 cm x 10
cm x 20 cm) and a starting arm (60 cm x 10 cm x 20 cm).
The test included 2 parts, and the specific steps were as fol-
lows: During the first forced test, one of the arms was identi-
fied as the target arm and was closed. The mouse was placed
in the starting arm and forced to choose the target arm with the
gate open. Then, the mouse was expected to return to the
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starting arm. During the free choosing test, after the mouse
returned to the starting arm, the gate of the starting arm was
closed, and 15 s later, the gates of all arms were opened. The
mouse was allowed to freely choose to enter any target arm,
and once it entered 1 target arm, the other target arms would
be closed. Then the mouse was expected to return to the start-
ing arm, and the starting arm gate was closed for 15 s. The
above steps would be repeated 14 times. The continuous entry
of the mouse into different target arms was considered to be a
correct autonomous alternation.

The autonomous alternation rate is the number of autono-
mous alternation times/total number of choices x 100%.

2.8. MWM

The MWM was used to test the learning and memory abili-
ties of the mice. The MWM was a round pool (120 cm in diam-
eter and 50 cm in depth). The escape platform was a
transparent circular platform with a diameter of 6 cm. The
water maze was divided into 4 quadrants, and there were dif-
ferent markers on the pool wall in each quadrant. The MWM
included 2 experiments, and the specific experimental schemes
were as follows:”’ For the orientation navigation experiment,
mice were trained for 4 days. After training, researchers
recorded the time it took (within 90 s) for a mouse to find the
hidden platform; this was called escape latency. If the mouse
could not find the platform within 90 s, it would be guided to
the platform to learn for 15 s before the next navigation experi-
ment. This experiment was repeated 4 times a day. Then, on
the fifth day, a space exploration experiment was conducted.
The escape platform was removed, the mice were put into the
water facing the pool wall from the opposite quadrant of the
original escape platform, and the number of crossing the corre-
sponding position of the original platform within 90 s was
recorded.

2.9. Western blotting

Mice were anesthetized with 3% isoflurane and euthanized
by cervical dislocation. Mouse hippocampi were extracted and
lysed in radioimmunoprecipitation assay with protease and
phosphatase inhibitors. The protein lysates were quantified
according to the bicinchoninic acid kit (Beyotime, Shanghai,
China). Then, different gel concentrations were chosen accord-
ing to the size of the protein molecules. Protein samples were
separated by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis under 20 V for 10 min, 60 V for 30 min, and 100 V
for 60 min before being transferred to the polyvinylidene fluo-
ride membrane. The membrane transfer voltage and time was
selected according to the molecular weight of the protein.
After washing in triethanolamine-buffered saline with Tween
20 and blocking in 5% milk, the membrane was incubated
with the primary antibody, including rabbit anti-calcium/CaM-
dependent protein kinase II (CaMKII) (1:1000; Abcam, Cam-
bridge, UK), rabbit anti-CaM (1:10000; Abcam), rabbit anti-
Ng (1:1000; Abcam), and mouse anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (1:8000; Proteintech, Wuhan,
China) 4°C overnight. The next day, the membrane was
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washed and incubated for 1 h at room temperature in second-
ary antibodies, including goat anti-rabbit (1:5000; Proteintech)
and goat anti-mouse (1:5000; Proteintech). Finally, the mem-
brane was put into the chromogenic solution for development
using an imaging system (Bio-Rad, Hercules, CA, USA), and
the gray value of the protein band was analyzed quantitatively.

2.10. Electrophysiology

Mice were quickly anesthetized with 3% isoflurane and
euthanized by cervical dislocation. The brains were quickly
removed and put into the artificial cerebrospinal fluid filled
with 95% oxygen and 5% carbon dioxide. The brain tissue was
cut into 400 wm with a vibration microtome. The brain slices
were transferred to the incubation tank, where they were incu-
bated at 37°C for 30 min and at room temperature for 1 h.
Then, the brain slices were transferred to the recording tank.
The recording electrode was filled with artificial cerebrospinal
fluid, and the resistance was maintained at 3—6 M(). The stim-
ulating electrode was placed on the fiber in the area of Cornu
Ammonis 3 (CA3) to CAl, and the recording electrode was
placed on the stratum radiatum in the CA1l. The test stimulus
intensity was defined as the stimulus intensity that could
induce 30% of the maximum response amplitude. The brain
slice was stimulated by a single pulse with test stimulus inten-
sity for 20 min and recorded as the baseline. Then, the stimu-
lating electrode was given a high-frequency stimulation of
100 Hz to induce long-term potential (LTP), and the field
excitatory postsynaptic potential (fEPSP) was observed and
recorded for 60 min.”'

2.11. Immunohistochemistry

Mice were anesthetized with 2% pentobarbital sodium,
transcardially perfused with 0.9% saline, and fixed with 4%
paraformaldehyde. Then, the brain tissues were fixed with 4%
paraformaldehyde for 24 h and embedded in paraffin. For
immunohistochemical detection of neuronal nuclei (NeuN),
glial fibrillary acidic protein (GFAP), and myelin basic protein
(MBP) expression, brain tissue is prepared into 5-pm coronal
sections. First, sections were deparaffinized by xylene and gra-
dient alcohol, and after heat-mediated antigen retrieval with
citrate buffer or ethylene diamine tetraacetic acid, sections
were stained according to the steps of the immunohistochemis-
try kit (MX Biotechnologies Co., Ltd, Fuzhou, China). Brain
sections were then rinsed briefly in phosphate-buffered saline,
treated with 1% hydrogen peroxide for 10 min, and blocked
for 10 min. Next, the sections were incubated with a mouse
anti-NeuN antibody (1:1000; Abcam), mouse anti-GFAP anti-
body (1:1000; Proteintech), and rabbit anti-MBP (1:200; Cell
Signaling Technology, Danvers, MA, USA) at 4°C overnight.
They were incubated with secondary antibody and strepto-
myces antibiotic protein-peroxidase on the second day.
Diaminobenzidine chromogenic agent was used to develop
color. And ImageJ Version 1.8.0 (NIH, New York, NY,
USA) was used to analyze the average optical density values
for quantification.

H. Lin et al.
2.12. Statistical analysis

In this study, SPSS software Version 25.0 (IBM Corp.,
Armonk, NY, USA) was used for statistical analysis of all
experimental data. The data were in accordance with normal
distribution and were expressed as mean + SD. The escape
latency of the MWM was analyzed by two-way repeated mea-
sure analysis of variance, and the rest of the experimental data
was analyzed by one-way analysis of variance. According to
whether or not the variance conformed to the homogeneous
distribution, least significant difference and Dunnett’s T3 were
performed for post hoc comparison of data. In all cases, signif-
icance levels were established at a level of p < 0.05.

3. Results

3.1. Identification of gene and protein expression in Ng cKO
mice

For detecting the target genes of Ng™/°* and Nestin-cre,

the mice tail tips were cut for gene identification. The genes
showed in Fig. 1B and 1C were Ng and Nestin-cre, respectively.
The Ng"/™ wt gene band was 260 bp, the Ng™™ heterozy-
gous gene band was 353 bp and 260 bp, and the Ngo/fox
homozygous gene band was 353 bp. The Nestin-cre positive
gene band was 506 bp. The PCR results showed that mice num-
bered 1—7 were all homozygous for Ng and the expressions of
Nestin-cre were positive, indicating that the target gene was suc-
cessfully knocked out; mice numbered 8—14 were all homozy-
gous for Ng, but Nestin-cre expressions were negative,
indicating that the target gene had not been knocked out. In
order to detect the protein level of Ng in the Ng ¢cKO group,
mouse brain hippocampi were extracted for WB. The band
showed that the Ng protein level in Ng cKO mice was signifi-
cantly lower than that of control mice, suggesting that the Ng
gene was successfully knocked out conditionally in the nervous
system (Fig. 1D). C57BL/6 mice were used as the sham group
in Experiment 1. The wt littermate controls were used as the
control group in Experiment 1, and the sham group in Experi-
ment 2.

3.2. Changes of spatial memory and CBF in Ng cKO mice and
BCAS mice

In Experiment 1, to explore the behavioral characteristics of
the Ng cKO mice, the T maze and MWM were used to detect
the spatial memory of 2-month-old mice. The results showed
that compared with the control group, the autonomous alterna-
tion rate of the T maze in the Ng cKO group was significantly
reduced (p < 0.05, Fig. 2A), the escape latency of the water
maze was significantly prolonged (p < 0.05, p < 0.01,
Fig. 2B), and the number of platform crossings was signifi-
cantly reduced (p < 0.05, Fig. 2C). There was no significant
difference in swimming speed during the orientation naviga-
tion trial between groups (p > 0.05, Supplementary Fig. 1A).
These data proved that the knockout of Ng impaired spatial
memory ability.

In order to monitor the temporal characteristics of CBF in
BCAS mice, laser speckle was used to detect the change of
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Fig. 2. Changes of spatial memory and cerebral blood perfusion in Ng cKO mice and BCAS mice. (A) The autonomous alternating rate of T maze in control and
Ng c¢KO mice (n=9 per group); (B) The escape latency of Morris water maze in control group and Ng cKO mice (n =9 per group); (C) The number of platform
crossings of MWM in control and Ng cKO mice (n=9 per group); (D) Changes of cerebral blood perfusion in BCAS mice before operation to 28 days after
operation (n=12 per group); and (E) Changes of autonomous alternating rate of T maze in sham group and BCAS mice from 3 days to 28 days after operation
(n=12 per group). * p < 0.05, ** p < 0.01, compared with control group; * p < 0.001, compared with cerebral blood perfusion before operation; ' p < 0.05,
' p < 0.01, compared with sham group. BCAS =bilateral common carotid artery stenosis; MWM = Morris water maze; Ng cKO =neurogranin conditional

knockout; PU = perfusion unit.

CBF in 12 BCAS mice from before operation to 28 days after
operation. The figure illustrated that compared with CBF
before operation, it was significantly reduced from 24 h to
28 days after operation (p < 0.001, Fig. 2D). As time went by,
the cerebral blood flow was found to have a trend of recovery,
but the CBF was still lower 28 days after operation than it was
before operation.

To investigate the temporal characteristics of memory
impairment in BCAS mice, the T maze was used to test the
memory function from 3 to 28 days after operation. The results
demonstrated that compared with the sham group, the autono-
mous alternation rate of the BCAS group was decreased signif-
icantly from the 7th day and was aggravated until 28 days after
the operation (p < 0.05, p < 0.01, Fig. 2E). Therefore, swim-
ming training would be carried out on the 7th day after

surgery.

3.3. Swimming training can improve spatial memory
dysfunction by regulating Ng in BCAS mice

In Experiment 2, Fig. 3A presented the schematic diagram
of the chronological order of BCAS mice undergoing swim-
ming training, cognitive testing, and synaptic function detect-
ing. Laser speckle was used to detect the changes in CBF after
operation in each group of mice to determine whether the
model establishment was successful. The data illustrated that
compared with the sham group, the CBF of the BCAS group,

swim group, BCAS +Ng cKO group, and swim+Ng cKO
group were all decreased by about 55% (p < 0.001, Fig. 3B
and 3C), and there was no difference among the 4 groups (p >
0.05, Fig. 3B and 3C). This suggested that the CBF of the
BCAS mice in each group was significantly reduced after the
operation. The T maze was used to test the spatial memory
ability. The results demonstrated that compared with the sham
group, the autonomous alternation rates of the BCAS group,
swim group, BCAS+Ng cKO group, and swim+Ng cKO
group were all decreased (p < 0.05, p < 0.01, Fig. 3D), and
there was no statistical difference among the 4 groups (p >
0.05, Fig. 3D). The above results indicated that CCH would
lead to spatial memory impairment in BCAS mice and that the
baseline of spatial memory impairment in the 4 groups was
similar.

After swimming, the T maze and MWM were used to eval-
uate the effects of swimming training on the spatial memory
function of mice with CCH. The T maze was adopted to detect
spatial working memory. The results showed that compared
with the sham group, a significant decrease in the autonomous
alternation rate was reported in the BCAS group (p < 0.001,
Fig. 3E). After the intervention, the autonomous alternation
rate of the swim group was higher than that of the BCAS group
(p < 0.001, Fig. 3E), while the autonomous alternation rate of
the BCAS + Ng cKO group was lower than that of the BCAS
group (p < 0.05, Fig. 3E). Compared with the swim group, a
significantly lower voluntary alternation rate was observed in
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the swim + Ng cKO group (p < 0.001, Fig. 3E), and compared
with the BCAS + Ng cKO group, the autonomous alternation
rate of the swim + Ng cKO group was significantly increased
(» < 0.05, Fig. 3E). Then, further analysis was conducted, and
the difference before and after the intervention was calculated
to detect the change in characteristics during the behavioral
test. Compared with the BCAS group, a significant increase in
the autonomous alternation rate was found in the swim group
(» < 0.01, Fig. 3F), while the autonomous alternation rate of
the swim + Ng cKO group was significantly higher than that of
the swimming group (p < 0.05, Fig. 3F). These findings sug-
gested that swimming can improve the spatial working mem-
ory of mice with CCH, while the knockout of Ng weakened
the beneficial effects of swimming.

The MWM was adopted to detect spatial learning and mem-
ory, and it included 2 experimental stages. The first 4 days
were the orientation navigation trial, and the 5th day was the
space probe trial. The data indicated that compared with the
sham group, the escape latency of the BCAS group was
markedly increased and the number of platform crossings was
significantly reduced (p < 0.001, Fig. 3G—3I). After swim-
ming training, the escape latency of the swim group was sig-
nificantly lower than that of the BCAS group, and the number
of platform crossings was markedly higher (p < 0.05, p <
0.001, Fig. 3G-3I), while the escape latency of the
BCAS +Ng cKO group was significantly higher than that of
the BCAS group, and the number of platform crossings was
significantly reduced (p < 0.05, p < 0.001, Fig. 3G—3I). Com-
pared with the swim group, the swim + Ng cKO group spent
more time searching for the platform, and the number of plat-
form crossings was significantly decreased (p < 0.05, p <
0.001, Fig. 3G—3I). Compared with the BCAS +Ng cKO
group, the escape latency of the swim+ Ng cKO group was
significantly lower (p < 0.05, Fig. 3G), and the number of
platform crossings showed an upward trend, but there was no
statistical significance (Fig. 3H—3I). In line with the results of
the T maze, these findings suggested that swimming can also
reduce the escape latency and increase the number of platform
crossings of BCAS mice, thereby rescuing spatial learning and
memory functions. However, conditionally knocking out Ng
in the nervous system relatively offset the therapeutic effects
of swimming training. In addition, there was no significant dif-
ference in swimming speed during the orientation navigation
trial between groups (p > 0.05, Supplementary Fig. 1B), sug-
gesting that performance in the MWM was not affected by
swimming training.

3.4. Swimming training can enhance synaptic plasticity by
regulating Ng in BCAS mice

LTP in hippocampal CA3—CA1l region was recorded to
evaluate synaptic plasticity, 100 Hz high-frequency stimula-
tion was given to induce LTP response, and the slope of excit-
atory postsynaptic potential (fEPSP) was recorded as the index
of LTP. Fig. 4A was the practical diagram of electrophysiolo-
gical recording, and Fig. 4B showed that the postsynaptic
potential of mice in each group obviously changed before and
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after high-frequency stimulation, which proved that LTP had
been successfully induced. Electrophysiological results
showed that the slope of fEPSP in the BCAS group was signifi-
cantly lower than that in the sham group (p < 0.001, Fig. 4C
and 4D). Compared with the BCAS group, the increase of
fEPSP was reported in the swim group (p < 0.05, Fig. 4C and
4D), while it decreased significantly in the BCAS +Ng cKO
group (p < 0.05, Fig. 4C and 4D). In addition, the slope of
fEPSP in the swim +Ng ¢cKO group was significantly lower
than that in the swim group (p < 0.01, Fig. 4C and 4D). Com-
pared with the BCAS +Ng cKO group, the slope of fEPSP in
the swim + Ng cKO group showed an upward trend, but there
was no statistical significance (Fig. 4C and 4D). These findings
suggested that swimming training can enhance the synaptic
plasticity of BCAS mice, while the knockout of Ng may hinder
the positive effects by aggravating synaptic damage.

3.5. Swimming training can up-regulate Ca’" signal
transduction pathway-related proteins by regulating Ng in
BCAS mice

Western blotting was used for detecting the abundance of
Ca”" signal transduction pathway-related proteins. The results
showed that levels of Ng, CaM, and CaMKII in the BCAS
group were significantly lower than those in the sham group (p
< 0.01, Fig. 5A—5D). Compared with the BCAS group, the
expression levels of Ng, CaM, and CaMKII in the swim group
were significantly increased (p < 0.05, Fig. 5A—5D), while
their levels in the BCAS + Ng cKO group were significantly
decreased (p < 0.05, Fig. SA—5D). Besides, the levels of Ng,
CaM, and CaMKII in the swim + Ng cKO group were signifi-
cantly lower than those in the swim group (»p < 0.01, p <
0.001, Fig. SA—5D). Compared with the swim+Ng cKO
group, the Ng expression level of the BCAS + Ng cKO group
was not statistically different (p > 0.05, Fig. 5A—5D), and a
rising trend was observed in the levels of CaM and CaMKII,
but there was no significant difference (p > 0.05,
Fig. 5A—5D). These results indicated that swimming training
can up-regulate the abundance of calcium signal transduction
pathway-related proteins, while Ng knockout will reduce the
concentration of these proteins and impair the flow of Ca>".

3.6. Swimming training can ameliorate white matter injury,
neuronal damage, and inflammation by regulating Ng in BCAS
mice

Immunohistochemistry staining was conducted to observe
the expression levels of related markers involving white matter
injury, neuronal damage and inflammation. It is believed that
number of neurons can reflect the severity of neuronal death,
that overactivation of astrocytes is involved in the inflamma-
tion induced by CCH, and that MBP is a critical membrane
protein in the white matter of the brain. The results of the trial
demonstrated that the expressions of NeuN, GFAP, and MBP
in the hippocampus were lower in the BCAS group than in the
sham group, and the expression of GFAP was higher (p <
0.01, p < 0.001, Fig. 6A—6F). The expressions of NeuN,
GFAP, and MBP in the swim group were higher than those in
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Fig. 4. The role of Ng in swimming training to enhance synaptic plasticity in BCAS mice. (A) Practical diagram of electrophysiological recording; (B) Typical
schematic of high-frequency stimulation-induced LTP and its corresponding baseline in the CA3—CAl region after swimming training in 5 groups; (C) Time
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common carotid artery stenosis; CA = Cornu Ammonis; fEPSP = field excitatory postsynaptic potential; HFS = high frequency stimulation; LTP = long-term poten-

tial; Ng = neurogranin; Ng cKO = neurogranin conditional knockout.

the BCAS group, and the expression of GFAP was lower (p <
0.05, p < 0.01, Fig. 6A—6F). After the Ng gene was condition-
ally knocked out, the expression of MBP decreased signifi-
cantly in the BCAS + Ng cKO group (p < 0.05, Fig. 6C and
6F), while a decreasing trend was observed in the level of
NeuN, and an increasing trend was detected in the level of
GFAP (p > 0.05, Fig. 6A—6B and 6D—6E). Furthermore, the
expressions of NeuN and MBP were markedly increased in the
swim+Ng cKO group, and the expression of GFAP was
increased (p < 0.05, p < 0.01, Fig. 6A—6F). These data sup-
ported that swimming training improved and alleviated white
matter injury, neuronal death, and inflammation induced by
CCH by regulating Ng.

4. Discussion

Cumulatively, our data showed that swimming training
effectively up-regulated the expression of synapse-related pro-
teins, enhanced synaptic plasticity, and thereby improved the
spatial memory deficits induced by CCH. Further evidence
proved that conditional knockout of Ng attenuated the benefi-
cial effects of swimming training on spatial memory

impairment in BCAS mice, which may be achieved by (A)
down-regulating the contents of CaM and CaMKII, (B) affect-
ing Ca*" transduction, and (C) weakening synaptic plasticity.
Moreover, the results showed swimming training improved
and alleviated neuronal death, inflammation, and white matter
injury by regulating Ng. These findings explained the potential
mechanism by which swimming training may mediate Ng to
regulate synaptic plasticity and related brain injury induced by
CCH, thereby improving spatial memory impairment.

VCl is a type of cognitive impairment syndrome caused by
continuous insufficient blood supply to the brain due to a vari-
ety of vascular factors. Atherosclerosis and cardioembolic dis-
eases are the most common causes of vascular brain injury or
infarction, and small vessel disease characterized by arterio-
sclerosis and lacunar infarction can also lead to cortical and
subcortical microinfarction, which seems to be the most seri-
ous basis for cognitive impairment.”” Long-term hypoperfu-
sion cerebral ischemia can cause white matter lesions and
neuronal death, induce neuro-inflammatory response, and
impair synaptic function, aggravating cognitive dysfunction.”
In this study, the CBF decreased most severely 2 h after the
operation. With the development of pathology, the CBF
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Fig. 5. The role of Ng in swimming training to up-regulate Ca>" signal transduction pathway-related proteins in BCAS mice. (A) Western blotting of Ng, CaM,
and CaMKII in hippocampus from 5 groups after swimming training; (B) The quantification of Ng in hippocampus from 5 groups after swimming training (n =3
per group); (C) The quantification of CaM in hippocampus from 5 groups after swimming training (n =3 per group); and (D) The quantification of CaMKII in hip-
pocampus from 5 groups after swimming training (z =3 per group). ** p < 0.01, compared with sham group; * p < 0.05, compared with BCAS group; p <001,

T

p < 0.001, compared with swim group. BCAS = bilateral common carotid artery stenosis; CaM = calmodulin; CaMKII = calcium/calmodulin-dependent protein

kinase II; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; Ng = neurogranin; Ng cKO = neurogranin conditional knockout.

showed a gradual upward trend, and it was decreased by about
30% at 28 days after the operation, which was consistent with
the results of previous studies.”” In the T maze, there was no
difference in the autonomous alternation rate of the BCAS
mice at 3 days after the operation, and it had decreased signifi-
cantly 7—28 days after the operation, suggesting that the mem-
ory impairment in BCAS mice occurred at the 7th day after
surgery and then gradually worsened. Therefore, swimming
training was given to BCAS mice at this point in time.

In recent years, meta-analyses have shown that exercise
training can effectively improve the cognitive dysfunction of
patients with cerebral ischemic diseases.”® Aerobic exercise is
widely accepted and regarded as a potential treatment for cog-
nition because it is cost-effective, convenient, and has no side
effects. As one of the classic types of aerobic exercise, swim-
ming has been proven to play a beneficial role with respect to
cognitive impairment. Studies found that swimming for 4
weeks can effectively improve the cognitive dysfunction of
rats with bilateral common carotid artery ligation and cerebral

infarction. This finding was manifested by the shortened
escape latency of the water maze, increased platform crossing
times, and up-regulated levels of synaptic associated protein
and neurotrophic factor.”” These results further strengthened
the evidence that aerobic exercise can improve cognitive dys-
function in cerebral ischemic diseases, but the specific mecha-
nism remains controversial.

Cumulative evidence supports the assumption that the hip-
pocampus is an important part of the limbic system, and it is
recognized as one of the critical brain regions in spatial mem-
ory coding and storage.”® *® The hippocampal classic three-
synaptic circuit, which is composed of entorhinal cortex, den-
tate gyrus, CA3, and CAl, is an important neural connection
for learning and memory, and spatial information is encoded
and stored through synaptic transmission of neurons.”” How-
ever, the hippocampus is sensitive to ischemic injury and sus-
ceptible to neuronal death and inflammation induced by
ischemia and hypoxia, which lead to cognitive dysfunction.”’
The formation and encoding of memory are determined by the
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Fig. 6. The role of Ng in swimming training to rescue neuronal damage, inflammation, and white matter injury in BCAS mice. (A) The expression level of NeuN
in hippocampus from 5 groups after swimming training; (B) The expression level of GFAP in hippocampus from 5 groups after swimming training; (C) The
expression level of MBP in hippocampus from 5 groups after swimming training; (D) The quantification of the number of NeuN positive cells (n =3 per group);
(E) The quantification of the number of GFAP positive cells (n =3 per group); and (F) The quantification of the number of MBP positive cells (n =3 per group).
#% p < 0.01, *** p < 0.001, compared with sham group; * p < 0.05, " p < 0.01, compared with BCAS group; ' p < 0.05, ' p < 0.01, compared with swim group.
BCAS =bilateral common carotid artery stenosis; GFAP = glial fibrillary acidic protein; MBP =myelin basic protein; NeuN = neuronal nuclear; Ng = neurogranin;

Ng cKO = neurogranin conditional knockout.

strength of synaptic connections between neurons, and the
change of synaptic strength depends on synaptic plasticity.’
Generally, the electrophysiological activities of neurons are
considered to reflect changes in the plasticity of synaptic func-
tions, and long-term potentiation and long-term depression are
the main manifestations; these are also considered to be impor-
tant neurophysiological bases for learning and memory activi-
ties.”' In addition, the calcium signal transduction pathway is
an important molecular regulation mechanism for synaptic
plasticity. As a second messenger, Ca®" can participate in mul-
tiple signal pathways and play a critical role in the induction
and maintenance of LTP.>*** There were studies showing that
in rats subjected to bilateral common carotid artery ligation,
the length and number of dendritic spines were significantly

reduced, LTP was impaired, and synaptic transmission effi-
ciency was weakened.”** Therefore, synaptic plasticity is sig-
nificant for spatial memory function, and the recovery of
spatial memory impairment depends on the improvement of
synaptic plasticity.

Our results pointed out that ischemic injury in BCAS mice
inhibited hippocampal LTP, and swimming was able to rescue
the impairment and enhance synaptic transmission. However,
interestingly, the beneficial effects of swimming on synaptic
dysfunction and spatial memory impairment were limited in
the BCAS+Ng cKO group. Studies have shown that Ng
knockout mice exhibited memory dysfunction in hippocam-
pal-dependent spatial tasks, which was related to the inhibition
of hippocampal excitatory postsynaptic field potentials. Ng
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gene defect will lead to the decline of synaptic transmission
efficiency and the weakening of hippocampal neuron activity,
which in turn affects the encoding and storage of spatial mem-
ory.’® Further studies have found that enriched environment
caused a significant increase in hippocampal Ng levels, both in
Ng™* and Ng”~ mice, which seemed to contribute to their
improved LTP and behavioral performances; however, the
same intervention conditions cannot ameliorate the LTP defi-
ciency and spatial memory impairment in Ng '~ mice.”’

Similarly, many studies in recent years have shown that Ng
is also expressed abnormally in a variety of diseases and can
seriously affect cognitive function. Our team’s previous meta-
analysis found that the level of Ng significantly increased in
the cerebrospinal fluid of patients with mild cognitive
impairment and AD. Further analysis found that the Ng level
in cerebrospinal fluid increases with cognitive decline and is
negatively associated with Mini-mental State Examination
scores.”” In addition, the concentration of Ng in the blood
plasma exosomes of patients with AD and mild cognitive
impairment decreased.'’ At the same time, in patients with
VCI, it was also found that the expression level of Ng in cere-
brospinal fluid decreased and was associated with cognitive
dysfunction.'*** However, other articles demonstrated that the
Ng level in patients with VCI, as measured by 3 assays target-
ing different epitopes, was not significantly different from that
in the cognitively normal control group,'” and negative corre-
lations were found between Ng and neuropsychiatric symp-
toms.”” In patients with acute ischemic stroke, the Ng level of
cerebrospinal fluid in patients with an infarct volume >5 mL
was significantly higher than in patients with smaller infarct
volumes.”’ Furthermore, an animal experiment found that
brain contusions showed loss of Ng immunoreactivity at the
site of the lesion, and acute cerebral ischemia resulted in an
extensive loss of Ng staining in the ipsilateral hemisphere
along with a decrease in the number of neuronal dendrites.*'
Although there are few relevant studies at present, the existing
results still suggested that the abnormal changes of Ng in cere-
brospinal fluid are closely related to the cognitive dysfunction
of patients with vascular diseases.

Ng is a brain-specific postsynaptic protein highly expressed
in the cerebral cortex, hippocampus, striatum, and amygdala
that plays an important regulatory role in learning and memory
abilities.”” It is a binding protein of Ca*"-sensitive CaM and
substrate of PKC, the CaM-binding affinity of which is modu-
lated by phosphorylation and oxidation. This protein can par-
ticipate in downstream core protein activation and synaptic
activities through calcium signaling pathways, thereby affect-
ing cognitive function.”” The interaction between Ng and CaM
is related to the regulation of synaptic response. Specifically,
Ng can be phosphorylated at its serine 36 residue within the
isoleucine and glutamine—motif by PKC, rendering CaM inca-
pable of rebinding to phosphorylated Ng. Then, free CaM is
released, which further promotes the combination of free Ca*"
and CaM to form an activated complex.** This complex can
activate downstream CaMKII, which is considered to be a syn-
aptic protein closely related to learning and memory and is
called a molecular switch of memory, and the activation and
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autophosphorylation of CaMKII can increase the sensitivity of
NMDA and AMPA receptors and promote the flow of Ca** to
induce and maintain LTP, thereby enhancing synaptic plasticity. "’

Additionally, Ng knockout mice showed spatial memory
impairment and impaired LTP as well as significantly
decreased activities of CaMKII and PKC in hippocampus as
compared with controls.”® Under novel context exposure, the
Ng messenger RNA was recruited to the actively translating
messenger RNA pool, and the expression level of protein was
significantly increased in the hippocampus.*® Long-term block-
ade of N-Methyl-D-Aspartate receptors substantially decreased
Ng and CaM expression in hippocampal neurons and impaired
synaptic activity.” These findings revealed that Ng was closely
related to hippocampal synaptic activity, and both were
involved in the encoding and formation of spatial memory. Fur-
thermore, rehabilitation exercise can up-regulate the expression
levels of synaptophysin and Ng in the hippocampus, promoting
the recovery of cognitive function after cerebral ischemia.”’
Similarly, this study showed that the impairment of spatial
memory and LTP was observed and the concentrations of Ng,
CaM and CaMKII were decreased in the hippocampus of
BCAS mice. These results confirmed that the abnormal expres-
sion of Ng is an important pathological feature of VCI and that
swimming training can reverse this situation.

In addition to the damage of synaptic function, neuronal
death, neuroinflammation, and white matter injury were the
other main pathological mechanisms of BCAS mice, and stud-
ies have shown that regular aerobic exercise can effectively
promote neurogenesis,” reduce neuronal death,”® alleviate the
damage caused by oxidative stress,” increase the number of
oligodendrocytes, and improve white matter injury.” In this
study, the same experimental results were observed, but
whether Ng knockdown exacerbated white matter injury and
inflammation in the brain was inconclusive. Immunohisto-
chemical analysis suggested that the knockout of Ng aggra-
vated neuronal death and white matter injury. This may be
because Ng is a neuron-specific protein that is located in den-
drites and is closely related to neurogenesis and synaptic
plasticity.”*>' However, despite the change trend, the effect of
Ng knockout on the number of GFAP was not statistically sig-
nificant. A clinical study showed that markers of neuronal
damage, such as tau and Ng, were highly correlated with a spe-
cific set of inflammatory markers.’> The cerebrospinal fluid
level of these proteins can be used as a readout of the inflam-
matory response in the neurodegeneration stage of AD. Further
studies have found that CXC chemokine 12 and CXC chemo-
kine receptor 4 released by excessive activation of microglia
were related to the level of Ng expression, suggesting a close
connection between postsynaptic injury and microglia activation
in AD,” which also provides a direction for future research.

Based on the results above, exercise can induce the
enhancement of learning and memory by regulating the
expression of Ng. Specifically, the results showed that exercise
up-regulated the expression level of hippocampal Ng and pro-
moted the phosphorylation of Ng, leading to the release of
CaM, which combined with Ca®" to activate CaMKII. The
augmentation and enhancement of Ca”' signaling further
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strengthened LTP and improved synaptic plasticity. At the
same time, exercise-mediated Ng expression and activity level
improved neuronal death, neuroinflammation, and white mat-
ter damage induced by cerebral ischemia. All of these changes
have contributed to the improvement of cognition and explain
possible underlying mechanisms.

This study utilized a chronic cerebral ischemia model
with neurodegenerative changes. However, the expression
level of total Ng was only detected at 1 time point, and nei-
ther a time-course evaluation of Ng in the brain nor a func-
tional study of phosphorylated Ng has been carried out. In
addition, this study only detected the expression level of
full-length Ng, and studies have found that the Ng protein
may exist in the form of peptides of different lengths in dif-
ferent regions, such as in cerebrospinal fluid, blood, and
brain tissue. The role of different peptides of the Ng protein
in diseases, and their beneficial role with respect to the way
aerobic exercise improves cognition, may become a signifi-
cant research direction in the field of cognitive neurology
in the future. This study only adopted young animals, and
the swimming therapy was initiated at 7 days after surgery.
This time point may not be fully applicable to clinical treat-
ment because patients currently clinically diagnosed with
VCI are usually older, and may be accompanied by the
neurological and motor deficits. Furthermore, another study
demonstrates that a good pre-clinical model (inducible p25
mouse model) presented similar biomarker signs of synaptic
alterations as those seen in patients with AD, proving that
Ng is a translatable biomarker of value for future pre-clini-
cal and clinical studies.”* However, our current research
only detected the level of Ng in the brain tissue of this ani-
mal model induced by CCH. In the future, studies on CSF
and blood levels of Ng and their correlation with cognitive
changes in CCH models, together with the longitudinal
clinical trials of patients with vascular diseases, will cer-
tainly promote the clinical translational application of Ng
as a biomarker and shed light on the relationship between
Ng and cognitive parameters.

5. Conclusion

To conclude, results demonstrated that swimming training
elicited an enhancement of hippocampal synaptic plasticity
and attenuation of cognitive deficits induced by CCH, and the
beneficial effect was achieved by up-regulating the levels of
Ng and promoting the transduction of Ca** signal. Moreover,
swimming training reduced the number of neuronal death,
relieved neuroinflammation, and improved white matter
injury. This study strengthened the evidence that swimming
training was regarded as a potentially promising therapy for
improving cognitive impairment in VCI patients, and a promi-
nent role is emerging for Ng and its downstream signaling cas-
cades in this treatment.
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