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Various animal models have been established to reveal 
the pathophysiologic mechanism of CCH. In mice, com-
monly used models include unilateral common carotid 
artery occlusion, unilateral internal carotid artery occlusion 
[7], modified common carotid artery occlusion with uni-
lateral common carotid artery permanent ligation and the 
contralateral transient ligation [8], or BCAS, which was 
firstly established by Shibata M in 2004 [9] and widely used 
recently. With certain inner diameter microcoils twined on 
bilateral common carotid arteries, the BCAS model pro-
vides good reproducibility of the CCH and resultant white 
matter lesions [10].

BBB as part of the neurovascular unit, is composed of 
vascular endothelial cells, pericytes, extracellular matrix 
and astrocytes and strictly controls the passage of molecules 
between blood and brain parenchyma. BBB was proved to 
be a natural barrier preventing harmful substances in the 
blood from entering into the brain. TJs are the main com-
position of endothelial cells regulating transcellular trans-
port, forming a network spanning the cell circumferentially 
[11]. When vascular events occurred, various components 
of the BBB changed accordingly, leading to tissue damage 
and dysfunction, and may ultimately resulted in cognitive 
impairment [12]. BBB integrity was also compromised 

Introduction

Vascular dementia is the second common cause of dementia 
following AD [1]. CCH resulting from many vascular risk 
factors, for instance, hypertension and arthrosclerosis [2], is 
a common cause of vascular dementia in the elderly. CCH 
has been demonstrated to cause various cognitive deficits 
[3]. Additionally, CCH in AD transgenic mice suffered more 
severe cognitive impairments than that without hypoperfu-
sion [4]. CCH also promotes Amyloid-β pathogenesis [5], 
and Amyloid-β protein deposition was found in mice sub-
jected to BCAS [6], indicating that CCH could also trigger 
Alzheimer’s disease.
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Abstract
Chronic cerebral hypoperfusion (CCH) is commonly involved in various brain diseases. Tight junction proteins (TJs) are 
key components constituting the anatomical substrate of the blood-brain barrier (BBB). Changes in cognitive function and 
BBB after CCH and their relationship need further exploration. To investigate the effect of CCH on cognition and BBB, 
we developed a bilateral common carotid artery stenosis (BCAS) model in Tie2-GFP mice. Mice manifested cognitive 
impairments accompanied with increased microglia after the BCAS operation. BCAS mice also exhibited increased BBB 
permeability at all time points set from D1 to D42. Furthermore, BCAS mice showed reduced expression of TJs 42 d after 
the operation. In addition, correct entrances of mice in radial arm maze test had a moderate negative correlation with EB 
extravasation. Our data suggested that BCAS could lead to cognitive deficits, microglia increase and BBB dysfunction 
characterized by increased BBB permeability and reduced TJs expression level. BBB permeability may be involved in the 
cognitive impairments induced by CCH.
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in AD patients and AD transgenic mice brains, indicating 
that BBB might also be involved in AD cognitive deficits, 
though the underlying relationship remains elusive [13]. 
The role of blood-brain barrier in cognitive changes after 
CCH needs further exploration.

Here, in the current study, we developed a BCAS model 
by narrowing the bilateral common carotid arteries with 
0.18  mm inner diameter microcoils. Cognitive functions, 
microglia quantity, BBB permeability as well as the expres-
sion of TJs were then examined. Correlation analysis was 
performed to assess the relationship between mice cognitive 
performance and BBB permeability.

Materials and methods

Animal

Tie2-GFP transgenic mice [STOCK Tg (TIE2GFP) 
287Sato/J] of 8–10 weeks (body weight 25 to 30 g) were 
used in the experiment. The transgenic mice express green 
fluorescent protein (GFP) specifically in endothelial cells 
allowing visualization of blood vessels under microscope 
[14]. The mice were housed in cages under a 12-hour light/
dark cycle (lights on at 6:00 PM) with standard dry food 
pellets and water available ad libitum. All procedures were 
performed in accordance with the National Institutes of 
Health guide for the care and use of laboratory animals and 
approved by the Institutional Animal Care and Use Com-
mittee of Peking University People’s Hospital.

Surgical procedure of bilateral common carotid 
artery stenosis

Animals were subjected to sham or BCAS operation ran-
domly. Mice were anesthetized with sodium pentobarbital 
(1%, 5 ml/kg) by intraperitoneal injection. A midline cervi-
cal incision was made to expose and separate bilateral com-
mon carotid arteries from their sheaths under an operating 
microscope, two silk sutures were put around the distal and 
proximal parts of the right common carotid artery, the artery 
was gently lifted by the suture and then a microcoil with an 
internal diameter of 0.18 mm (Sawane Spring, Japan) was 
twined by rotating it around the proximal part of the carotid 
bifurcation, another microcoil of the same size was twined 
around the left common carotid artery 30 min later, as pre-
viously described [15]. Mice in sham group underwent the 
same procedure without microcoils on the vessels. Fine 
sutures were conducted to close the incision, mice were 
returned to the animal holding area after they appear nor-
mal. Body temperature was maintained by a small-animal 

warmer/thermometer system (BWT-100  A, Bio Research 
Center, Japan) during the operation.

Radial arm maze test

Radial arm maze test began on D28 after the operation as 
described previously [15, 16]. The maze consists of eight 
arms (8  cm × 35  cm) that radiated from central starting 
zone. The test lasted 14 days during which body weight 
of the mice was monitored every day. Mice body weight 
was controlled to 85–90% of their basal value by appropri-
ate amount of cheese-adapted diet within 7 days and were 
maintained till the end of the test. Mice that did not adapt 
well to the diet and lost weight too quickly were removed. 
On the first 3 d, mice were put in the radial arm maze for 
5 min per day to adapt to the environment. On D4 and D5, 
small pieces of cheese were evenly sprinkled in the maze, 
mice were able to explore the maze and eat the cheese 
pieces freely for 5 min. On D6 and D7, cheese pieces were 
sprinkled only in the eight arms. The test stage started from 
D8 to D14, twice a day with an interval of 4 h. A piece of 
cheese with an approximate diameter of 1 mm was put in the 
end of each arm. The trial ended once mice finished all the 
food or past of 25 min. The right choice was defined as mice 
went into a new arm and took the cheese in the first eight 
entrances, the wrong choice was defined as mice re-entered 
an arm that they had already entered with no cheese in the 
end of the arm. Performances of mice were video recorded 
and the order in which mice entered each arm was recorded 
manually. The frequency of right and wrong choices was 
then calculated. Mice were fasted 4 h before each trial to 
ensure that the mice were starved during the test. The maze 
was wiped by 70% alcohol each time before mice start a new 
trial to exclude the odor effect. Mice were handled for 5 min 
a day before behavioral tests to avoid emotional affection.

Object location recognition and novel object 
recognition test

Object location recognition test was performed to evaluate 
spatial working memory, based on the explorative innate 
of mice, as previously described [17, 18]. The experiment 
started on D28 after the operation, mice were put in ani-
mal behavior box with spatial cues marked on three sides 
of the wall for 3 d, each day 20 min to adapt to the environ-
ment. On D4, in the baseline session, two identical objects 
were placed on one side of the box, mice were allowed to 
explore freely for 10  min, in the test session, one of the 
objects was placed on the same location (familiar location), 
the other object was placed on the opposite end of the box 
(novel location). Mice were then put in the box to explore 
for another 10  min, the retention internal was 10  min as 
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well. Performances of the mice were video recorded, orien-
tation to the object within 2 cm, as well as interaction with 
the object (climbing, sniffing) were defined as exploration. 
The frequency and time spent exploring the familiar loca-
tion (F) and novel location (N) were calculated by software. 
Discrimination index (N − F/N + F) was calculated for com-
parison. Discrimination index of exploring frequency was 
defined as the different value of the frequency exploring 
the novel and familiar location divided by the total explor-
ing frequency. Discrimination index of exploring time was 
defined as the different value of time spent exploring the 
novel and familiar location divided by the total exploring 
time. Mice that have a preference for the two objects in the 
baseline session were excluded, box and objects were wiped 
by 70% alcohol once mice were out of the box to exclude 
the odor effect. Mice were handled for 5 min a day before 
behavioral tests to avoid emotional affection.

In the novel object recognition test, the adaption pro-
cess was the same as object location recognition test. On 
D4, in the baseline session, objects A and B were put in 
the animal behavior box, mice were allowed to explore 
freely for 10 min, in the test session, object B was replaced 
by object C, mice were then put in the box to explore for 
another 10 min, the retention interval of the two sessions 
was 10 min as well. The frequency and time spent exploring 
object C and object A were analyzed. Discrimination index 
was calculated (C − A/C + A) for intergroup comparison, as 
described in the object location recognition test.

Immunofluorescence staining

Mice were sacrificed 42 d after the operation for immu-
nofluorescence staining. An overdose of pentobarbital 
sodium was injected intraperitoneally for anesthetization, 
the brains were removed, fixed with 4% paraformaldehyde, 
dehydrated with 20% and 30% sucrose. Brain slices with a 
thickness of 30 μm were cut by cryostat (Leica 1900, Ger-
many). The sections were blocked in 5% BSA (Amresco, 
the United States) for 1 h at room temperature, then incu-
bated with goat anti-Iba-1 (1:500 dilution, Abcam, United 
Kingdom) primary antibody at 4 ℃ for overnight, fol-
lowed by AlexaFluor647 (1:500 dilution, Abcam, United 
Kingdom) secondary antibody for 1 h at room temperature. 
DAPI (1:2,000 dilution, Sigma, United States) was added in 
the mounting medium for labeling of cell nuclei. The sec-
tions were observed with confocal microscope (Olympus 
FV1000, Japan). Images were acquired with a 40 × objec-
tive and 800 × 800 pixel resolution. A 3D view with a depth 
of 10 μm was used for the calculation of Iba-1. The numbers 
of immunofluorescence positive cells were counted by an 
investigator who was blinded to different groups. Three sec-
tions per mouse were stained for statistical calculation.

Assessment of Evans blue (EB) extravasation with 
spectrophotometer

BBB permeability was evaluated by EB, as previously 
described [19]. On D1, D3, D7, D42 after the operation, 
2% EB (#E2129, sigma) was injected intraperitoneally 
and circulated for 2 h, mice were then anaesthetized with 
an overdose of pentobarbital sodium (1%, 10 ml/kg) intra-
peritoneally and then perfused with 37℃, 200 ml saline till 
the perfusing liquid turns clear. The brains were removed 
and cortical tissue was harvested and weighed. Tissue was 
grinded and formamide (1 ml/100 mg, Beijing tongguang 
fine chemical Co. LTD, China) were added, homogenized 
and then incubated at 60 ℃ for overnight to extract EB dye 
from the brain. The homogenate was centrifuged and the 
optical density of supernatants was measured at 620 nm by 
spectrophotometer (Thermo Scientific, United States). The 
cortical content of EB was expressed as the content of EB 
dye quantity in the brain (µg/g).

Assessment of Evans Blue extravasation with 
confocal fluorescence microscope

Confocal fluorescence microscope (Olympus FV1000, 
Japan) was used to observe the EB extravasation more intui-
tively. On D1, D3, D7, D42 after the operation, 2% EB was 
injected intraperitoneally and circulated for 2 h. Mice were 
then anaesthetized by an overdose of pentobarbital sodium 
and perfused intracardially with 200 ml saline till the per-
fusing liquid turns clear and then followed by 50 ml 4% 
paraformaldehyde (PFA, pH 7.4). The brains were removed 
and post-fixed overnight in 4% PFA, then dehydrated with 
20% and 30% sucrose at 4  °C. Brains were embedded in 
OCT (RuiTaibio, China), frozen at -80 °C, cut into coronal 
Sect. (20 μm) on cryostat (Leica 1900, Germany). EB was 
labeled as purple fluorescence and vessels were labeled as 
green fluorescence by confocal microscope. Total fluores-
cence intensities of EB extravasation were quantified by the 
NIH ImageJ 1.44 analysis software. 3 view fields per sec-
tion, 3 non-adjacent sections each animal were chosen and 
average intensities were calculated. For statistical compari-
son, Average intensity of sham group was calculated and 
discrimination index were calculated as fold versus sham 
group.

Western blot analysis.
Mice were anaesthetized with an overdose of pento-

barbital sodium (1%, 10 ml/kg) and then sacrificed by 
decapitation on D1, D3, D7, D42 after the operation. Corti-
cal tissue was then dissected on ice, RIPA protein extract 
reagent (Applygen, China) containing protease inhibitor 
cocktail (Roche, Switzerland) was used for sample homog-
enization. Total proteins were abstracted and quantified by 
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Results

BCAS mice showed working memory impairment in 
radial arm maze test

Young adult male Tie2-GFP mice were subjected to 
BCAS or sham operation. Radial arm maze test was per-
formed to investigate working memory in BCAS and sham 
groups beginning on D28 after the operation. The test stage 
included 14 trials, twice a day with an interval of 4 h. Two-
way ANOVA with repeated analysis was conducted to com-
pare differences between groups. The two groups showed 
significant difference in both correct entrances and wrong 
entrances (p < 0.05). In the repeated analysis, less correct 
entrances in first eight entrances were shown in BCAS group 
(5.50 ± 0.22 in trial 6, 5.60 ± 0.27 in trial 10), compared with 
sham group (6.90 ± 0.31 in trial 6, 6.90 ± 0.28 in trial 10) 
(P < 0.05) (Fig.  1a), more wrong entrances were made to 
take all the cheese pieces or till the end of the test in BCAS 
group in trial 4 (13.00 ± 2.20), compared with sham group 
(4.40 ± 0.70) (P < 0.05) (Fig. 1b). The less correct and more 
wrong entrances revealed dysfunction of working memory 
in BCAS group. Altogether, BCAS mice showed working 
memory impairment compared with sham operation.

BCAS mice showed impairments in object location 
recognition test and novel object recognition test

Object location recognition test and novel object recog-
nition test were developed to assess spatially dependent 
memory in sham and BCAS groups beginning on D28 after 
the operation, based on the innate preference for novelty of 
mice. BCAS mice showed significantly less preference for 
novel location, evidenced by lower discrimination index 
of exploring frequency (P < 0.01) (Fig.  2c) and exploring 
time (P < 0.05) (Fig.  2d), compared with sham group in 
the test session. However, both discrimination index for 
exploring frequency and time showed no significant differ-
ences in BCAS and sham group in novel object recogni-
tion test (P > 0.05) (Fig. 3c, d). These results suggested that 

BCA method, boiled for 5 min and stored at -80 ℃ until 
further use. Homogenate aliquots (40  µg of total protein) 
were boiled for 5  min and then electrophoresed on SDS-
PAGE acrylamide gels, transferred onto PVDF membrane 
(0.45  μm), blocked in Tris-buffered saline containing 
0.05% Tween-20 and 5% nonfat milk (Applygen, China) 
for 1 h and then incubated with primary antibodies against 
β-actin (1:1000 dilution, Origene, China); ZO-1 (1:500 
dilution, Invitrogen, United States); claudin-5 (1:1000 
dilution, Abcam, United Kingdom); occludin (1:2000 dilu-
tion, Abcam, United Kingdom) at 4 °C for overnight. After 
washing with TBS-T, membranes were then incubated with 
peroxidase-conjugated anti-rabbit antibody (1:1,000 dilu-
tion, Origene, China); peroxidase-conjugated anti-mouse 
antibody (1:1,000 dilution, Origene, China) for 1 h at room 
temperature. Pre-stained protein ladders (#26,616, Thermo 
Scientific, United States) (#26,625, Thermo Scientific, 
United) were used as the molecular weight marker. Blots 
were assessed by an ECL system. Relative densities of the 
blots were semi-quantified with software Quantity One 4.6.

Statistical analysis

Results were expressed as mean ± Standard Error of the 
Mean (SEM). Statistical comparisons were performed 
using GraphPad Prism software (version 7.04). Data was 
analyzed between the two groups by student’s t test. Two-
way ANOVA with repeated analysis was conducted to com-
pare differences between groups in radial arm maze test. 
Immunoblots were evaluated for statistical significance by 
two-way ANOVA followed by a multiple comparison test. 
Pearson correlation analysis was performed to assess the 
correlation between performance in radial arm maze test 
and BBB permeability. Differences in the values were con-
sidered significant at P < 0.05.

Fig. 1  BCAS led to working 
memory impairment in radial arm 
maze test. BCAS and sham group 
showed significant difference in 
both correct entrances and wrong 
entrances (p < 0.05). BCAS mice 
showed significant decreased cor-
rect entrances in trial 6 and 10 (a) 
and increased wrong entrances 
in trial 4 (b) (n = 10, *p < 0.05 vs. 
sham group)
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BBB Permeability was Increased in BCAS Group

Evans blue extravasation was detected to evaluate BBB per-
meability. 2% EB was injected intraperitoneally on D1, D3, 
D7 and D42 after the BCAS or sham operation. EB was 
labeled as purple fluorescence and vessels were labeled as 
green fluorescence by confocal microscope. 3 view fields 
of cerebral cortex per section, 3 non-adjacent sections each 
animal were chosen and average intensities were analyzed. 
Distribution of EB around vessels or even the entire brain 
slices in BCAS group were observed on each time point, 
especially on D1, while little red fluorescence was detected 
in brain slices of the sham group (Fig.  5a). Analysis of 
fluorescence intensity suggested that EB extravasation was 
more than that in sham group on D1 (sham: 1.02 ± 0.04; 
BCAS: 1.40 ± 0.08) (P < 0.01) (Fig.  5b) and D42 (sham: 
0.98 ± 0.05; BCAS: 1.17 ± 0.02) (P < 0.01) (Fig. 5e), slightly 
but not significantly more on D3 (sham: 1.04 ± 0.14; BCAS: 
1.16 ± 0.20) (P > 0.05) (Fig. 5c) and D7 (sham: 1.01 ± 0.02; 
BCAS: 1.10 ± 0.07) (P > 0.05) (Fig. 5d). For further confir-
mation, we verified EB content at 620 nm using a spectro-
photometer. Increased EB content was observed on each 

compared with sham operation, BCAS could lead to spatial 
memory impairments.

BCAS mice exhibited increased quantity of microglia 
compared with sham mice

General marker ionized calcium-binding adapter molecule 
1 (Iba-1) was used to label microglia. Mice were sacrificed 
42 d after the operation and Goat anti-Iba-1 (Abcam, United 
Kingdom) antibody was used for immunofluorescence 
staining of microglia. Three sections in cerebral cortex per 
mouse were stained for analyzation. The numbers of immu-
nofluorescence positive cells were counted. The normal dis-
tribution of the data was checked by KS normality test and 
the p value was > 0.10. Unpaired T test was used for the sta-
tistical analysis. On D42, BCAS mice exhibited increased 
quantity of microglia (20.15 ± 1.42), compared with sham 
group (14.94 ± 1.60) (P < 0.05) (Fig.  4a-c). These results 
indicated that cerebral hypoperfusion in this model led to an 
increase number of microglia.

Fig. 3  BCAS mice showed no significant differences with sham group 
in novel object recognition test. a Schematic diagram of novel object 
recognition test. b Representative tracks of sham and BCAS groups. 
c, d No significant differences were observed between the two groups 
(n = 10)

 

Fig. 2  BCAS led to spatial memory impairment in object location 
recognition test. a Schematic diagram of object location recognition. 
b Representative tracks of sham and BCAS groups. c, d The explor-
ing time and frequency decreased significantly in BCAS mice (n = 10, 
**p < 0.01 vs. sham group, *p < 0.05 vs. sham group)
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BCAS mice Showed Reduced Expression of TJs

To verify whether tight junction participated in changes of 
BBB permeability, we then evaluated expression of TJs ZO-1, 
claudin-5 and occludin by western blot analysis in brains of 
mice that subjected to BCAS or sham operation. Represen-
tative immunoblots showed decreased expression of ZO-1, 
claudin-5 and occludin in BCAS mice(Fig. 7a). Densitom-
etry analysis of the immunoblots revealed that BCAS mice 
showed decreased ZO-1 expression on D1 (0.81 ± 0.08), 

time point in BCAS group (D1: 7.65 ± 1.21; D3: 5.35 ± 0.29; 
D7: 6.75 ± 0.71; D42: 6.43 ± 0.66), compared with sham 
operation (D1: 4.12 ± 0.28; D3: 4.01 ± 0.35; D7: 4.46 ± 0.39; 
D42: 3.77 ± 0.44) (P < 0.05) (Fig. 6a-d). Taken together, our 
findings suggested that BBB permeability was increased in 
BCAS group, compared with sham operation.

Fig. 5  a representative EB fluorescence images in sham and BCAS 
groups. b-e EB total fluorescence intensities in sham and BCAS 
group on D1 (b), D3 (c), D7 (d) and D42 (e). Increased fluorescence 

intensities of EB were observed on D1 (b) and D42 (e) in BCAS group 
(n = 7, **p < 0.01 vs. sham group, measured by confocal microscope)

 

Fig. 4  Representative microglia immunofluorescence labelled by Iba-1 in sham (a) and BCAS (b) groups. c BCAS mice showed increased microg-
lia (n = 10, *p < 0.05, vs. sham group)
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correlation was found between wrong entrances and EB 
extravasation (Fig. 8b).

Discussion

BCAS model as one of the best models for ischemic vas-
cular dementia, was used in this study. The survival rate 
of this model fluctuated between 87.5% and 100%. BCAS 
surgery did not cause any mobility deficiencies in mice. 
Our data indicated that procedure of BCAS led to work-
ing memory and spatial memory impairments, accompanied 
with increased microglia. Moreover, increased BBB per-
meability on each time point was observed in BCAS mice. 
Additionally, reduced TJs expression in BCAS group after 
the operation was demonstrated. A moderate negative cor-
relation between the cognitive performance in radial arm 
maze test and BBB permeability was found in this model.

To target the similar declining memory process as seen 
in humans with dementia, several tasks were developed to 
assess rodent memory acquisition, as previously described, 
with water maze test to assess spatial memory acquisition 
and some working memory, radial arm maze test to assess 
spatial and working reference memory, novel object recog-
nition test to assess associative memory and declarative as 
well as working memory, object location recognition test as 
a modification of novel object recognition to assess working 
memory and spatial memory, fear conditioning memory test 
to assess associative memory, and Y maze to assess active 
working short term memory [20]. In our present study, 
radial arm maze test, object location recognition and novel 
location recognition test were implemented to evaluate cog-
nition, so as to cover as many cognition types as possible. 
Water maze test were not conducted since our previous 
study has demonstrated that mice subjected to BCAS opera-
tion suffer cognitive deficits compared with sham group in 
the test [15], so as to reduce the stress and pain that could be 
caused during the tests.

In radial arm maze test, BCAS mice exhibited signifi-
cantly less correct entrances and more wrong entrances 
compared with sham mice. This result was consistent with 
previous studies [21], indicating that CCH induced spatial 
memory impairment [22]. Object location recognition test 
was developed utilizing rodents’ natural exploratory pro-
cess to assess working memory as well as spatial memory 
demanding for less cost and time, compared with other 
behavioral tests. Here, in object location recognition test, 
BCAS mice showed less exploring preference for novel 
location. Since novel location recognition assesses more 
spatially dependent memory [18], the results suggested that 
BCAS mice suffered more spatial memory deficits compared 
with sham mice. The two groups didn’t show significant 

D3 (0.78 ± 0.06) and D42 (0.92 ± 0.06) (P < 0.05) (Fig. 7b), 
but didn’t show significance on D7 (0.90 ± 0.10) compared 
with sham operation (D1: 1.16 ± 0.09; D3: 1.12 ± 0.10; D7: 
1.13 ± 0.09; D42: 1.29 ± 0.09) (Fig. 7b). The expression of 
claudin-5 decreased significantly D42 in animals subjected 
to BCAS (0.78 ± 0.01) (P < 0.05) (Fig. 7c), slightly but not 
significantly decreased on D1 (0.72 ± 0.15), D3 (1.04 ± 0.15) 
and D7 (0.84 ± 0.08), compared with sham operation 
(D1: 1.14 ± 0.20; D3: 1.27 ± 0.18; D7: 1.21 ± 0.19; D42: 
1.40 ± 0.14) (Fig. 7c). The expression of occludin decreased 
significantly on D42 in BCAS group (0.72 ± 0.08), com-
pared with sham group (1.21 ± 0.08) (P < 0.05) (Fig.  7d), 
slightly but not significantly decreased on other time points 
(D1: 0.98 ± 0.14; D3: 1.03 ± 0.13; D7: 0.97 ± 0.13), com-
pared with sham group (D1: 1.18 ± 0.10; D3: 1.18 ± 0.11; 
D7: 1.12 ± 0.15) (Fig. 7d). These results indicated that deg-
radation of TJs could be induced by BCAS.

Correlation Between Cognitive Performance and 
BBB Permeability

We assessed EB extravasation on mice that have just com-
pleted radial arm maze test. Pearson correlation analysis 
was used to verify whether there was a correlation between 
mice cognitive performance and BBB permeability. Right 
entrances and wrong entrances in the radial arm maze test 
were analyzed for cognitive performance, EB average 
extravasation per mice was analyzed for BBB permeability. 
Our results showed that correct entrances of mice in radial 
arm maze test had a moderate negative correlation with EB 
extravasation (r=-0.49, p < 0.05) (Fig.  8a), no significant 

Fig. 6  Brain EB dye content increased on D1 (a), D3 (b), D7 (d) and 
D42 (d) in BCAS mice. (n = 7, **p < 0.01 vs. sham group, *p < 0.05, vs. 
sham group, measured by spectrophotometer)

 

1 3

3823



Neurochemical Research (2022) 47:3817–3828

of exploring time and might also exist experimenter bias, 
as was used in the previous study, the software systems for 
scoring exploration we used reduced artificial error but also 
brought about a question that the software was not able to 
make discriminations when mice occasionally sit on or near 
the object without actively exploring the object. Further 
confirmation should be implemented. These results indicate 
that BCAS procedure could lead to cognitive impairments.

Neuroinflammation was found playing dual roles in 
response to brain ischemia [24] and involved in many other 
brain diseases [25]. Microglia are the main resident immune 
cells in the brain fulfilling protective functions in the central 
nervous system. They could also produce and release pro-
inflammatory factors and inflammatory mediators, which in 
turn activate more astrocytes and microglia, and promote 
the release of more inflammatory mediums in the patho-
logical state. This feedback loop propels neuroinflammation 
that results in brain injury [26]. Therefore, microglia are 

differences in novel object recognition test. However, study 
previously reported by Patel A showed that BCAS mice 
exhibited significant deficits in short-term memory [23]. 
One possible explanation accounting for this contradiction 
is that since manual analysis was imprecise in the record 

Fig. 8  Correlations between cognitive performances and BBB perme-
ability. a Correlation between mice correct entrances in radial arm 
maze test and EB extravasation. b Correlation between mice wrong 
entrances in radial arm maze test and EB extravasation (n = 17)

 

Fig. 7  Western blot demonstrated decreased TJs expression in BCAS 
mice. a Representative immunoblots depicting the protein expression 
of tight junctions ZO-1, claudin-5 and occludin in both groups on D1, 

D3, D7 and D42 after the operation. b-d Densitometry analysis of the 
immunoblots (n = 7, *p < 0.05, vs. sham group)
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is demonstrated involved in attenuation of cognitive impair-
ment [46]. c The role of BBB in cognitive impairments 
caused by CCH still needs further exploration.

In the present study, we evaluated BBB permeability in 
cerebral cortex on D1, D3, D7 and D42 after BCAS pro-
cedure by two ways using EB. EB is a widely used marker 
to evaluate brain barrier integrity [47]. Our results showed 
higher fluorescence intensity on brain slices in BCAS mice 
on D1 and D42, on D3 and D7 after the operation, the fluo-
rescence in BCAS group tended to be higher but showed 
no significance, compared with sham group. In addition, we 
evaluated brain EB content at 620 nm by spectrophotometer. 
Increased EB content was observed on each time point in 
BCAS group, compared with sham operation. Comparable 
to previous studies which most focused on the early stage 
after the BCAS procedure [48], our results also suggested 
that increased BBB permeability could occur throughout the 
BCAS procedure. These results are slightly different from 
study reported previously that BBB dysfunction was most 
severe 3 days after the BCAS, and recovered gradually dur-
ing the following 30 days in the cortex, though Evans blue 
integrate densities in BCAS mice were still significantly 
higher than sham group on D30 [49], the reason of this dif-
ference may be that the mice we used in this study were not 
C57BL/6 mice, the degree of anastomosis between carotid 
and vertebrobasilar circulation at the circle of Willis was 
different between strains [50], besides, we did not compare 
BBB permeability between different time points, since we 
performed the surgery at a relatively strict week old and 
body weight, yet the mice body weight was still increasing 
over time, we couldn’t exclude the influence of body weight 
and age.

TJs are key components sealing the gap between adja-
cent endothelial cells, forming a continuous, impermeable 
membrane that constituted the primary anatomical substrate 
of the BBB [51]. Main TJs include claudins, occludin and 
membrane-associated guanylate kinase-like proteins, ZO-1 
for instance [52]. Decrease in TJs expression was exten-
sively reported after brain ischemia [53, 54]. In the present 
study, the expression of TJs ZO-1, claudin-5 and occludin 
was evaluated by western blot analysis in cerebral cortex on 
D1, D3, D7 and D42 after the BCAS procedure. The results 
demonstrated significantly decreased expression of ZO-1 on 
D1, D3 and D42 in BCAS group, and decreased tendency on 
D7. BCAS group showed significantly decreased expression 
of claudin-5 and occluding on D42. Though gentle opera-
tion was implemented, mice still suffered carotid artery ste-
nosis in a short time, this might explain the early decrease 
of TJs after BCAS. Nevertheless, it is worth mentioning that 
TJs remained decreased on D42 after the BCAS, this might 
be one reason responsible for the cognitive impairment. 
Observation on tight junction protein distribution changes 

the first line defending harmful stimulations [27]. Studies 
have suggested that microglia play vital roles in develop-
ment and homeostasis of the central nervous system [28]. 
Activation of microglia was proved to have crosstalk with 
the p38 MAPK-NF-κB signaling pathway, in which MMP9, 
as an inflammatory mediator but also a metalloprotease 
constituting BBB, is involved. Activated microglia presents 
functional dichotomy, M1 polarization exerts proinflamma-
tory and neurotoxic effects, while M2 polarization exerts 
anti-inflammatory effects [29]. Microglia are demonstrated 
to produce neuroregulatory factors that support synaptic 
plasticity [30], white matter injury in multiple sclerosis 
is accompanied by BBB dysfunction and glial activation, 
which is characterized by marked morphological changes 
[30]. In the present study, increased microglia were dem-
onstrated in the group that suffered BCAS procedure. Since 
we could not distinguish M1-type (classical/proinflamma-
tion activation) and M2-type (alternative/anti-inflammatory 
activation) simply by cellular morphology analysis, which 
play beneficial or detrimental roles [29], double labelling 
of Iba-1 with M1 marker and M2 marker is an exciting 
work to further explore the role of microglia in CCH in our 
future research. BBB disruption occurs in early phase of 
many central nerves system diseases, such as subarachnoid 
hemorrhage [31], multiple sclerosis [32], stroke [33], and 
Alzheimer’s disease [34] Various components of the blood-
brain barrier change when vascular events occur, leading to 
dysfunction and increased permeability, and may ultimately 
causing cognitive impairment [12]. Endodermis of cerebral 
vessels could generate Nitric Oxide, which participated in 
cerebral blood flow regulation and cognitive processes [39]. 
It has been demonstrated that L-arginine improved the uti-
lization of NO in the brain, thereby ameliorated learning 
and memory function [40]. Inverse relationship was found 
between pericyte coverage and blood-brain barrier perme-
ability [41]. The phagocytic properties of pericytes help to 
remove toxic circulating plasma proteins such as immuno-
globulin and albumin from brain tissue [41]. In addition, 
specific receptor proteins expressed by pericytes could 
clear macromolecules such as Aβ and lipoprotein receptor-
associated protein 1 [42]. Therefore, pericyte degeneration 
may lead to increased BBB permeability and accumula-
tion of metabolites, which may participate in the vascular 
pathology of AD. Astrogliosis developed in the damaged 
area under condition of ischemia and hypoxia, enhancing 
neuronal plasticity and promoting regeneration [43]. Nev-
ertheless, overactivation of astrocytes induced glial scarring 
and inhibited axonal regeneration [44]. ET-1 increased due 
to astrocyte activation under ischemic conditions and bound 
to its receptor RAGE, which was expressed by astrocyte, 
by prompting the cleavage of amyloid precursor protein 
(APP), thus could produce more Aβ [45]. Protection of BBB 

1 3

3825



Neurochemical Research (2022) 47:3817–3828

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 O’Brien JT, Thomas A (2015) Vascular dementia. The 
Lancet 10004:1698–1706. https://doi.org/10.1016/
s0140-6736(15)00463-8

2.	 Duncombe J, Kitamura A, Hase Y, Ihara M, Kalaria RN, Hors-
burgh K (2017) Chronic cerebral hypoperfusion: a key mecha-
nism leading to vascular cognitive impairment and dementia. 
Closing the translational gap between rodent models and human 
vascular cognitive impairment and dementia. Clin Sci (Lond) 
19:2451–2468. https://doi.org/10.1042/cs20160727

3.	 Holland PR, Searcy JL, Salvadores N, Scullion G, Chen G, 
Lawson G et al (2015) Gliovascular disruption and cognitive 
deficits in a mouse model with features of small vessel disease. J 
Cereb Blood Flow Metab 6:1005–1014. https://doi.org/10.1038/
jcbfm.2015.12

4.	 Liu X, Yamashita T, Shang J, Shi X, Morihara R, Huang Y et 
al (2019) Clinical and Pathological Benefit of Twendee X in 
Alzheimer’s Disease Transgenic Mice with Chronic Cerebral 
Hypoperfusion. J Stroke Cerebrovasc Dis 7:1993–2002. https://
doi.org/10.1016/j.jstrokecerebrovasdis.2019.03.029

5.	 Cai Z, Liu Z, Xiao M, Wang C, Tian F (2017) Chronic Cerebral 
Hypoperfusion Promotes Amyloid-Beta Pathogenesis via Acti-
vating β/γ-Secretases. Neurochem Res 12:3446–3455. https://doi.
org/10.1007/s11064-017-2391-9

6.	 Wang L, Du Y, Wang K, Xu G, Luo S, He G (2016) Chronic cere-
bral hypoperfusion induces memory deficits and facilitates Abeta 
generation in C57BL/6J mice. https://doi.org/10.1016/j.expneu-
rol.2016.07.006. Exp Neurol Pt A:353 – 64

7.	 Hecht N, Marushima A, Nieminen M, Kremenetskaia I, von 
Degenfeld G, Woitzik J et al (2015) Myoblast-mediated gene 
therapy improves functional collateralization in chronic cere-
bral hypoperfusion. Stroke 1:203–211. https://doi.org/10.1161/
strokeaha.114.006712

8.	 Song J, Nan D, He Q, Yang L, Guo H (2017) Astrocyte activa-
tion and capillary remodeling in modified bilateral common 
carotid artery occlusion mice. Microcirculation 6. https://doi.
org/10.1111/micc.12366

9.	 Shibata M, Ohtani R, Ihara M, Tomimoto H (2004) White matter 
lesions and glial activation in a novel mouse model of chronic 
cerebral hypoperfusion. Stroke 11:2598–2603. https://doi.
org/10.1161/01.str.0000143725.19053.60

10.	 Lee ES, Yoon JH, Choi J, Andika FR, Lee T, Jeong Y (2019) A 
mouse model of subcortical vascular dementia reflecting degen-
eration of cerebral white matter and microcirculation. J Cereb 
Blood Flow Metab 1:44–57. https://doi.org/10.1177/02716
78x17736963

11.	 Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE (2015) 
Transmembrane proteins of the tight junctions at the blood-brain 
barrier: structural and functional aspects. Semin Cell Dev Biol 
16–25. https://doi.org/10.1016/j.semcdb.2014.11.004

through immunohistochemistry should also be conducted in 
our future study.

In this study, we evaluated longer term changes in blood-
brain barrier, we found that BBB permeability was still 
increased in D42. Besides, we tried to figure out whether 
there was a relationship between BBB changes and cogni-
tion in this BCAS model, we performed correlation analysis 
between Evans blue extravasation and mice performance 
in radial arm maze test and demonstrated that Evans blue 
extravasation had a significant moderate negative cor-
relation with mice correct entrances in radial arm maze 
test (p < 0.05), indicating that permeability of BBB may 
be involved in the cognitive changes induced by CCH. 
We are also willing to try pharmacological modulation of 
BBB permeability to further clarify whether it could lead 
to reduced cognitive deficits in the future. We hope these 
results could provide a reference for future interventions to 
improve cognitive impairments caused by chronic cerebral 
hypoperfusion.

There are limitations of this study. This model could not 
exactly mimic the real situation in patients suffering CCH, 
since the narrow progress gradually rather than abrupt steno-
sis in the model. Besidesc, we did not verify the changes of 
other components forming BBB or TJs distribution. In addi-
tion, how BBB plays its role exactly in cognitive changes 
after BCAS still needs further confirmation.

Acknowledgements  This work was supported by the National Natural 
Science Foundation of China (No. 81230023). The authors thank the 
participants: the research staff at the department of neurology, Peking 
University People’s Hospital, Jie Wang, Shujun Zhong; the labora-
tory staff at Key Laboratory for Neuroscience, Ministry of Education, 
National Health and Family Planning Commission, Peking University, 
Ming Yi, Shan Shao, Cheng Wang and Jiaxin Wang.

Author Contributions  LY and HG designed the experiments and ana-
lyzed the data. LY, HG, and YW wrote the manuscript. LY, JS and DN 
performed the experiments.

Funding  This work was supported by the National Natural Science 
Foundation of China (No. 81230023).

Data Availability  All data included in this study are available upon 
request by contact with the corresponding author.

Declarations

Competing Interests  The authors have no relevant financial or non-
financial interests to disclose.

Ethics Approval  All procedures were performed in accordance with 
the National Institutes of Health guide for the care and use of labora-
tory animals and approved by the Institutional Animal Care and Use 
Committee of Peking University People’s Hospital.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

1 3

3826

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/s0140-6736(15)00463-8
http://dx.doi.org/10.1016/s0140-6736(15)00463-8
http://dx.doi.org/10.1042/cs20160727
http://dx.doi.org/10.1038/jcbfm.2015.12
http://dx.doi.org/10.1038/jcbfm.2015.12
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2019.03.029
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2019.03.029
http://dx.doi.org/10.1007/s11064-017-2391-9
http://dx.doi.org/10.1007/s11064-017-2391-9
http://dx.doi.org/10.1016/j.expneurol.2016.07.006
http://dx.doi.org/10.1016/j.expneurol.2016.07.006
http://dx.doi.org/10.1161/strokeaha.114.006712
http://dx.doi.org/10.1161/strokeaha.114.006712
http://dx.doi.org/10.1111/micc.12366
http://dx.doi.org/10.1111/micc.12366
http://dx.doi.org/10.1161/01.str.0000143725.19053.60
http://dx.doi.org/10.1161/01.str.0000143725.19053.60
http://dx.doi.org/10.1177/0271678x17736963
http://dx.doi.org/10.1177/0271678x17736963
http://dx.doi.org/10.1016/j.semcdb.2014.11.004


Neurochemical Research (2022) 47:3817–3828

27.	 Correale J (2014) The role of microglial activation in dis-
ease progression. Mult Scler 10:1288–1295. https://doi.
org/10.1177/1352458514533230

28.	 Reemst K, Noctor SC, Lucassen PJ, Hol EM (2016) The Indis-
pensable Roles of Microglia and Astrocytes during Brain Devel-
opment. Front Hum Neurosci 566. https://doi.org/10.3389/
fnhum.2016.00566

29.	 Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S et al (2012) 
Microglia/macrophage polarization dynamics reveal novel mech-
anism of injury expansion after focal cerebral ischemia. Stroke 
11:3063–3070. https://doi.org/10.1161/strokeaha.112.659656

30.	 Ransohoff RM (2016) A polarizing question: do M1 and M2 
microglia exist? Nat Neurosci 8:987–991. https://doi.org/10.1038/
nn.4338

31.	 Hu HM, Li B, Wang XD, Guo YS, Hui H, Zhang HP et al (2018) 
Fluoxetine is Neuroprotective in Early Brain Injury via its Anti-
inflammatory and Anti-apoptotic Effects in a Rat Experimental 
Subarachnoid Hemorrhage Model. Neurosci Bull 6:951–962. 
https://doi.org/10.1007/s12264-018-0232-8

32.	 Kamphuis WW, Derada Troletti C, Reijerkerk A, Romero IA, de 
Vries HE (2015) The blood-brain barrier in multiple sclerosis: 
microRNAs as key regulators. CNS Neurol Disord Drug Targets 
2:157–167. https://doi.org/10.2174/18715273146661501161252
46

33.	 Haley MJ, Lawrence CB (2017) The blood-brain barrier after 
stroke: Structural studies and the role of transcytotic vesicles. J 
Cereb Blood Flow Metab 2:456–470. https://doi.org/10.1177/027
1678x16629976

34.	 Erickson MA, Banks WA (2013) Blood-brain barrier dysfunc-
tion as a cause and consequence of Alzheimer’s disease. J Cereb 
Blood Flow Metab 10:1500–1513. https://doi.org/10.1038/
jcbfm.2013.135

35.	 Egashira Y, Zhao H, Hua Y, Keep RF, Xi G (2015) White Mat-
ter Injury After Subarachnoid Hemorrhage: Role of Blood-Brain 
Barrier Disruption and Matrix Metalloproteinase-9. Stroke 
10:2909–2915. https://doi.org/10.1161/strokeaha.115.010351

36.	 Filley CM, Fields RD (2016) White matter and cognition: mak-
ing the connection. J Neurophysiol 5:2093–2104. https://doi.
org/10.1152/jn.00221.2016

37.	 Koizumi K, Hattori Y, Ahn SJ, Buendia I, Ciacciarelli A, Uekawa 
K et al (2018) Apoε4 disrupts neurovascular regulation and 
undermines white matter integrity and cognitive function. Nat 
Commun 1:3816. https://doi.org/10.1038/s41467-018-06301-2

38.	 Li Y, Li M, Zhang X, Shi Q, Yang S, Fan H et al (2017) Higher 
blood-brain barrier permeability is associated with higher white 
matter hyperintensities burden. J Neurol 7:1474–1481. https://
doi.org/10.1007/s00415-017-8550-8

39.	 Hortobagyi L, Kis B, Hrabak A, Horvath B, Huszty G, Schweer 
H et al (2007) Adaptation of the hypothalamic blood flow to 
chronic nitric oxide deficiency is independent of vasodilator 
prostanoids. Brain Res 1:129–137. https://doi.org/10.1016/j.
brainres.2006.11.009

40.	 Asif M, Soiza RL, McEvoy M, Mangoni AA (2013) Asym-
metric dimethylarginine: a possible link between vascular dis-
ease and dementia. Curr Alzheimer Res 4:347–356. https://doi.
org/10.2174/1567205011310040001

41.	 Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, 
Niaudet C et al (2010) Pericytes regulate the blood-brain barrier. 
Nature 7323:557–561. https://doi.org/10.1038/nature09522

42.	 Sagare AP, Bell RD, Zhao Z, Ma Q, Winkler EA, Ramanathan 
A et al (2013) Pericyte loss influences Alzheimer-like neurode-
generation in mice. Nat Commun:2932. https://doi.org/10.1038/
ncomms3932

43.	 Barreto GE, Gonzalez J, Torres Y, Morales L (2011) Astrocytic-
neuronal crosstalk: implications for neuroprotection from brain 

12.	 Rajeev V, Fann DY, Dinh QN, Kim HA, De Silva TM, Lai MKP 
et al (2022) Pathophysiology of blood brain barrier dysfunction 
during chronic cerebral hypoperfusion in vascular cognitive 
impairment. Theranostics 4:1639–1658. https://doi.org/10.7150/
thno.68304

13.	 Halliday MR, Rege SV, Ma Q, Zhao Z, Miller CA, Winkler EA 
et al (2016) Accelerated pericyte degeneration and blood-brain 
barrier breakdown in apolipoprotein E4 carriers with Alzheim-
er’s disease. J Cereb Blood Flow Metab 1:216–227. https://doi.
org/10.1038/jcbfm.2015.44

14.	 Motoike T, Loughna S, Perens E, Roman BL, Liao W, 
Chau TC, et al (2000) Universal GFP reporter for the study 
of vascular development. Genesis 2:75–81. https://doi.
org/10.1002/1526-968x(200010)28:2<75::aid-gene50>3.0.co;2-s

15.	 Song J, Yang L, Nan D, He Q, Wan Y, Guo H (2018) Histidine 
Alleviates Impairments Induced by Chronic Cerebral Hypo-
perfusion in Mice. Front Physiol 662. https://doi.org/10.3389/
fphys.2018.00662

16.	 Nishio K, Ihara M, Yamasaki N, Kalaria RN, Maki T, Fujita Y 
et al (2010) A mouse model characterizing features of vascular 
dementia with hippocampal atrophy. Stroke 6:1278–1284. https://
doi.org/10.1161/STROKEAHA.110.581686

17.	 Yoshizaki K, Adachi K, Kataoka S, Watanabe A, Tabira T, Taka-
hashi K et al (2008) Chronic cerebral hypoperfusion induced 
by right unilateral common carotid artery occlusion causes 
delayed white matter lesions and cognitive impairment in 
adult mice. Exp Neurol 2:585–591. https://doi.org/10.1016/j.
expneurol.2007.12.005

18.	 Lueptow LM (2017) Novel Object Recognition Test for the 
Investigation of Learning and Memory in Mice. J Vis Exp 126. 
https://doi.org/10.3791/55718

19.	 Lima JPM, Rayêe D, Silva-Rodrigues T, Pereira PRP, Mendonca 
APM, Rodrigues-Ferreira C et al (2018) Perinatal Asphyxia and 
Brain Development: Mitochondrial Damage Without Anatomi-
cal or Cellular Losses. Mol Neurobiol 11:8668–8679. https://doi.
org/10.1007/s12035-018-1019-7

20.	 Wahl D, Coogan SC, Solon-Biet SM, de Cabo R, Haran JB, 
Raubenheimer D et al (2017) Cognitive and behavioral evaluation 
of nutritional interventions in rodent models of brain aging and 
dementia. Clin Interv Aging 1419–1428. https://doi.org/10.2147/
cia.s145247

21.	 Maki T, Ihara M, Fujita Y, Nambu T, Miyashita K, Yamada M et 
al (2011) Angiogenic and vasoprotective effects of adrenomedul-
lin on prevention of cognitive decline after chronic cerebral hypo-
perfusion in mice. Stroke 4:1122–1128. https://doi.org/10.1161/
strokeaha.110.603399

22.	 Divanbeigi A, Nasehi M, Vaseghi S, Amiri S, Zarrindast MR 
(2020) Tropisetron But Not Granisetron Ameliorates Spatial 
Memory Impairment Induced by Chronic Cerebral Hypoperfu-
sion. Neurochem Res 11:2631–2640. https://doi.org/10.1007/
s11064-020-03110-2

23.	 Patel A, Moalem A, Cheng H, Babadjouni RM, Patel K, Hodis 
DM et al (2017) Chronic cerebral hypoperfusion induced by 
bilateral carotid artery stenosis causes selective recognition 
impairment in adult mice. Neurol Res 10:910–917. https://doi.org
/10.1080/01616412.2017.1355423

24.	 Qin C, Zhou LQ, Ma XT, Hu ZW, Yang S, Chen M et al (2019) 
Dual Functions of Microglia in Ischemic Stroke. Neurosci Bull 
5:921–933. https://doi.org/10.1007/s12264-019-00388-3

25.	 Felger JC, Li Z, Haroon E, Woolwine BJ, Jung MY, Hu X et al 
(2016) Inflammation is associated with decreased functional con-
nectivity within corticostriatal reward circuitry in depression. Mol 
Psychiatry 10:1358–1365. https://doi.org/10.1038/mp.2015.168

26.	 Allan SM, Rothwell NJ (2003) Inflammation in central nervous 
system injury. Philos Trans R Soc Lond B Biol Sci 1438:1669–
1677. https://doi.org/10.1098/rstb.2003.1358

1 3

3827

http://dx.doi.org/10.1177/1352458514533230
http://dx.doi.org/10.1177/1352458514533230
http://dx.doi.org/10.3389/fnhum.2016.00566
http://dx.doi.org/10.3389/fnhum.2016.00566
http://dx.doi.org/10.1161/strokeaha.112.659656
http://dx.doi.org/10.1038/nn.4338
http://dx.doi.org/10.1038/nn.4338
http://dx.doi.org/10.1007/s12264-018-0232-8
http://dx.doi.org/10.2174/1871527314666150116125246
http://dx.doi.org/10.2174/1871527314666150116125246
http://dx.doi.org/10.1177/0271678x16629976
http://dx.doi.org/10.1177/0271678x16629976
http://dx.doi.org/10.1038/jcbfm.2013.135
http://dx.doi.org/10.1038/jcbfm.2013.135
http://dx.doi.org/10.1161/strokeaha.115.010351
http://dx.doi.org/10.1152/jn.00221.2016
http://dx.doi.org/10.1152/jn.00221.2016
http://dx.doi.org/10.1038/s41467-018-06301-2
http://dx.doi.org/10.1007/s00415-017-8550-8
http://dx.doi.org/10.1007/s00415-017-8550-8
http://dx.doi.org/10.1016/j.brainres.2006.11.009
http://dx.doi.org/10.1016/j.brainres.2006.11.009
http://dx.doi.org/10.2174/1567205011310040001
http://dx.doi.org/10.2174/1567205011310040001
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1038/ncomms3932
http://dx.doi.org/10.1038/ncomms3932
http://dx.doi.org/10.7150/thno.68304
http://dx.doi.org/10.7150/thno.68304
http://dx.doi.org/10.1038/jcbfm.2015.44
http://dx.doi.org/10.1038/jcbfm.2015.44
http://dx.doi.org/10.1002/1526-968x(200010)28:2<75::aid-gene50>3.0.co;2-s
http://dx.doi.org/10.1002/1526-968x(200010)28:2<75::aid-gene50>3.0.co;2-s
http://dx.doi.org/10.3389/fphys.2018.00662
http://dx.doi.org/10.3389/fphys.2018.00662
http://dx.doi.org/10.1161/STROKEAHA.110.581686
http://dx.doi.org/10.1161/STROKEAHA.110.581686
http://dx.doi.org/10.1016/j.expneurol.2007.12.005
http://dx.doi.org/10.1016/j.expneurol.2007.12.005
http://dx.doi.org/10.3791/55718
http://dx.doi.org/10.1007/s12035-018-1019-7
http://dx.doi.org/10.1007/s12035-018-1019-7
http://dx.doi.org/10.2147/cia.s145247
http://dx.doi.org/10.2147/cia.s145247
http://dx.doi.org/10.1161/strokeaha.110.603399
http://dx.doi.org/10.1161/strokeaha.110.603399
http://dx.doi.org/10.1007/s11064-020-03110-2
http://dx.doi.org/10.1007/s11064-020-03110-2
http://dx.doi.org/10.1080/01616412.2017.1355423
http://dx.doi.org/10.1080/01616412.2017.1355423
http://dx.doi.org/10.1007/s12264-019-00388-3
http://dx.doi.org/10.1038/mp.2015.168
http://dx.doi.org/10.1098/rstb.2003.1358


Neurochemical Research (2022) 47:3817–3828

49.	 Liu Q, Radwanski R, Babadjouni R, Patel A, Hodis DM, Baum-
bacher P et al (2019) Experimental chronic cerebral hypoperfusion 
results in decreased pericyte coverage and increased blood-brain 
barrier permeability in the corpus callosum. J Cereb Blood Flow 
Metab 2:240–250. https://doi.org/10.1177/0271678x17743670

50.	 Bink DI, Ritz K, Aronica E, van der Weerd L, Daemen MJ (2013) 
Mouse models to study the effect of cardiovascular risk factors 
on brain structure and cognition. J Cereb Blood Flow Metab 
11:1666–1684. https://doi.org/10.1038/jcbfm.2013.140

51.	 Reese TS, Karnovsky MJ (1967) Fine structural localization of a 
blood-brain barrier to exogenous peroxidase. J Cell Biol. https://
doi.org/10.1083/jcb.34.1.207. 1:207 – 17

52.	 Hawkins BT, Davis TP (2005) The blood-brain barrier/neuro-
vascular unit in health and disease. Pharmacol Rev. https://doi.
org/10.1124/pr.57.2.4. 2:173 – 85

53.	 Shen J, Xu G, Zhu R, Yuan J, Ishii Y, Hamashima T et al (2019) 
PDGFR-β restores blood-brain barrier functions in a mouse 
model of focal cerebral ischemia. J Cereb Blood Flow Metab 
8:1501–1515. https://doi.org/10.1177/0271678x18769515

54.	 Nahirney PC, Reeson P, Brown CE (2016) Ultrastructural analy-
sis of blood-brain barrier breakdown in the peri-infarct zone in 
young adult and aged mice. J Cereb Blood Flow Metab 2:413–
425. https://doi.org/10.1177/0271678x15608396

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

injury. Neurosci Res 2:107–113. https://doi.org/10.1016/j.
neures.2011.06.004

44.	 Cheon SY, Cho KJ, Song J, Kim GW (2016) Knockdown of 
apoptosis signal-regulating kinase 1 affects ischaemia-induced 
astrocyte activation and glial scar formation. Eur J Neurosci 
7:912–922. https://doi.org/10.1111/ejn.13175

45.	 Jo WK, Law AC, Chung SK (2014) The neglected co-star in the 
dementia drama: the putative roles of astrocytes in the pathogen-
eses of major neurocognitive disorders. Mol Psychiatry 2:159–
167. https://doi.org/10.1038/mp.2013.171

46.	 Gu YY, Huang P, Li Q, Liu YY, Liu G, Wang YH et al (2018) 
YangXue QingNao Wan and Silibinin Capsules, the Two Chi-
nese Medicines, Attenuate Cognitive Impairment in Aged LDLR 
(+/-) Golden Syrian Hamsters Involving Protection of Blood 
Brain Barrier. https://doi.org/10.3389/fphys.2018.00658. Front 
Physiol:658

47.	 Saunders NR, Dziegielewska KM, Møllgård K, Habgood MD 
(2015) Markers for blood-brain barrier integrity: how appropri-
ate is Evans blue in the twenty-first century and what are the 
alternatives? https://doi.org/10.3389/fnins.2015.00385. Front 
Neurosci:385

48.	 Toyama K, Koibuchi N, Uekawa K, Hasegawa Y, Kataoka K, 
Katayama T et al (2014) Apoptosis signal-regulating kinase 1 
is a novel target molecule for cognitive impairment induced by 
chronic cerebral hypoperfusion. Arterioscler Thromb Vasc Biol 
3:616–625. https://doi.org/10.1161/atvbaha.113.302440

1 3

3828

http://dx.doi.org/10.1177/0271678x17743670
http://dx.doi.org/10.1038/jcbfm.2013.140
http://dx.doi.org/10.1083/jcb.34.1.207
http://dx.doi.org/10.1083/jcb.34.1.207
http://dx.doi.org/10.1124/pr.57.2.4
http://dx.doi.org/10.1124/pr.57.2.4
http://dx.doi.org/10.1177/0271678x18769515
http://dx.doi.org/10.1177/0271678x15608396
http://dx.doi.org/10.1016/j.neures.2011.06.004
http://dx.doi.org/10.1016/j.neures.2011.06.004
http://dx.doi.org/10.1111/ejn.13175
http://dx.doi.org/10.1038/mp.2013.171
http://dx.doi.org/10.3389/fphys.2018.00658
http://dx.doi.org/10.3389/fnins.2015.00385
http://dx.doi.org/10.1161/atvbaha.113.302440

	﻿Cognitive Impairments and blood-brain Barrier Damage in a Mouse Model of Chronic Cerebral Hypoperfusion
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animal
	﻿Surgical procedure of bilateral common carotid artery stenosis
	﻿Radial arm maze test
	﻿Object location recognition and novel object recognition test
	﻿Immunofluorescence staining
	﻿Assessment of Evans blue (EB) extravasation with spectrophotometer
	﻿Assessment of Evans Blue extravasation with confocal fluorescence microscope
	﻿Statistical analysis

	﻿Results
	﻿BCAS mice showed working memory impairment in radial arm maze test
	﻿BCAS mice showed impairments in object location recognition test and novel object recognition test
	﻿BCAS mice exhibited increased quantity of microglia compared with sham mice
	﻿BBB Permeability was Increased in BCAS Group
	﻿BCAS mice Showed Reduced Expression of TJs
	﻿Correlation Between Cognitive Performance and BBB Permeability

	﻿Discussion
	﻿References


