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Abstract

Introduction: The bilateral common carotid artery occlusion (BCCAO) rat model is

an ideal animal model for simulating the pathology of chronic brain hypoperfusion in

humans. However, dynamic changes in neuronal activity, cellular edema, and neuronal

structural integrity in vivo after BCCAOhave rarely been reported. The purpose of this

study is to use a 9.4 T MRI to explore the pathophysiological mechanisms of vascular

dementia.

Materials andMethods:Twelve Sprague–Dawley (SD) ratswere randomly divided into

two groups: the shamgroup and themodel group (n=6 for each group). Ratswere sub-

jected toMRI using T2*WI, diffusion tensor imaging (DTI), and DWI sequences byMRI

at the following six time points: presurgery and 6 h, 3 days, 7 days, 21 days, and 28 days

postsurgery. Then, the T2*, fractional anisotropy (FA), and average apparent diffusion

coefficient (ADC) valuesweremeasured in the bilateral cortices and hippocampi. After

MRI scanning, all rats in both groups were subjected to the Y-maze test, novel object

recognition test, and open-field test to assess their learning, memory, cognition, and

locomotor activity.

Results: The T2*, FA, and ADC values in the cerebral cortex and hippocampus

decreased sharply at 6 h after BCCAO in the model group compared with those of the

sham group. By Day 28, the T2* and ADC values gradually increased to close to those

in the sham group, but the FA values changed little, and the rats in themodel group had
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worse learning, memory, and cognition and less locomotor activity than the rats in the

sham group.

Conclusions: The BCCAO is an ideal rat model for studying the pathophysiological

mechanisms of vascular dementia.

KEYWORDS

bilateral common carotid artery occlusion, cerebral hypoperfusion, dementia, magnetic reso-
nance diffusion tensor image, astrocyte

1 INTRODUCTION

The rat model of permanent bilateral common carotid artery occlusion

(BCCAO) has been widely used in experimental research to simu-

late the pathological process of vascular dementia in humans (Hazalin

et al., 2020). The primary pathophysiological changes associated with

BCCAOare decreased cerebral blood flow, free radicals and inflamma-

tory reactions, neuronal apoptosis in the cortex and hippocampus, glial

cell proliferation (Vicente et al., 2009), and cognitive memory impair-

ment (Xi et al., 2014). However, dynamic changes in neuronal activity,

cellular edema, and neuronal structural integrity in vivo after BCCAO

have rarely been reported.

Paramagnetic deoxyhemoglobin in the blood can shorten the T2*

relaxation time (Wedegärtner et al., 2010). Based on this principle,

T2* is often used to evaluate the metabolic status of brain tissue

(Chavhan et al., 2009). Within a few minutes of cerebral hypoper-

fusion, ischemic cascade reactions such as cell energy failure (Busza

et al., 1992), cell membrane Na+-K+-adenosine triphosphatase pump

inhibition (Qiao et al., 2002), and cell membrane depolarization (de

Crespigny et al., 1999) appear. All these reactions are related to the

decrease in the apparent diffusion coefficient (ADC) in brain tissue.

If the hypoperfusion status of brain tissue is restored to normal in

a timely manner, the ADC value of the brain tissue increases (Sotak,

2004). Fractional anisotropy (FA), as a common quantitative index

of diffusion tensor imaging (DTI), reflects the diffusion characteris-

tics of water molecules in tissues, which is helpful in investigating

microstructural abnormalities (Yoon et al., 2006).

In this study, we observed the dynamic changes in the T2*, ADC,

and FA values after cerebral ischemia. We combined the results from

the Y-maze experiment, the novel object recognition (NOR)test and

open-field tests to study the effects of the dynamic changes in cerebral

hemodynamics, neuronal edema, and neuronal damage after BCCAO

in rats.

2 MATERIALS AND METHODS

2.1 Animals and experimental groups

Male Sprague–Dawley (SD) rats (weight: 200–220 g, mean: 210.7 ±

4.0 g at the beginning of the study; 65 days old) were provided by the

Medical Experiment Animal Center of Guangdong Province. Twelve

rats were randomly divided into two groups (n = 6, each group): the

sham group and the model group. All rats were housed in cages under

controlled temperature (23.2 ± 1.3°C) and humidity (60.4 ± 5.1%)

conditions with a constant 12-h light/12-h dark cycle. All rats were

fed according to the relevant feeding management regulations of the

Experimental Animal Management Center of Jinan University. The

protocol was approved by the competent ethics committees at Jinan

University.

2.2 Preparation of the BCCAO model

The rats in themodel groupwere fasted for 8–10honenight before the

operation andwere allowed to drink freely. The rats in themodel group

were anesthetized with pentobarbital sodium (30 mg/kg, intraperi-

toneal). Once they failed to respond to a painful stimulus, the hair in the

middle of the rats’ necks was shaved and disinfected. The median skin

was cut, and the bilateral common carotid arteries and the adjacent

vagus nerves were carefully separated. Then, each side of the common

carotid artery was ligatedwith two 3-0 sutures.

2.3 Magnetic resonance imaging

Rats were imaged using a 9.4 T Bruker Biospec 94/30 USR at Jinan

University. Signals were generated and received by an 86-mm-ID

orthogonal volume transmitter combined with a 20-mm-diameter

single-ring surface coil (Bruker, Germany) placed on the top of the

rat skull. Rats were subjected to MRI (including T2star_mapping_MGE

(T2*WI), diffusion-weighted imaging (DWI), and DTI sequences at the

following six time points (Figure 1): presurgery and 6 h, 3 days, 7 days,

21 days, and 28 days postsurgery. The scanning for each sequence are

shown in Table 1.

T2*, FA, and ADC images were automatically generated by the Par-

avision 360 V1.1 workstation. The T2*, ADC, and FA values were

measured in the following four regions: the bilateral cortices and the

bilateral hippocampi (Figure 2a). The area of the regions of interest

(ROIs) was approximately 1.1 mm2. Each ROI was measured three

times, and the average value of each ROI was taken as the final

value.
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F IGURE 1 Animal experiment workflows

TABLE 1 Magnetic resonance sequence scanning protocols

T2*WI DWI DTI

Repetition time/echo time (ms) 1050.000 /3.500 3000.000/20.000 3000.000/20.000

Averages 2 2 8

Repetition 1 1 1

Flip angle 50.0◦ 90.0◦ 90.0◦

Echo images 9 – –

Slices 19 19 19

Slice thickness (mm) 1.000 1.000 1.000

Image size 256× 256 96× 96 108× 96

Field of view (mm) 25× 25 25× 25 25× 25

Dummy duration (ms) 2100.000 3000.000 3000.000

Resolution 0.098× 0.098 0.260× 0.260 0.231× 0.260

Slice gap (mm) 0.300 0.300 0.000

Slice distance (mm) 1.300 1.300 1.000

Bandwidth 69,444.4 340,909.1 33,3333.3

b value (s/mm2) – 800 650

2.4 Y-maze test

The Y maze test was used to determine the spatial working mem-

ory of the rodents. The test was performed according to a previously

described method (Jin et al., 2017) the day after MRI scanning. The

time spent in the three arms of the maze and the number of shut-

tles were both recorded by a camera above the Y-maze. Learning and

memory functionswereevaluatedby the residence timediscrimination

index. The specific calculation formula used was novel arm time/total

explored time.

2.5 Novel object recognition test

The NOR test is often used to study the cognitive ability of animals.

It was performed according to a previously described method (Kara-

sawa et al., 2008) the day after the Y-maze test. During the training

and testing, tracking of the rats’ head movements was recorded by a

camera above the open box, and the cognitive and memory abilities of

the rats were evaluated based on the exploration time of novel objects

(NT) and old objects (or familiar objects, FT). The discrimination index

was used to quantify the preference of the experimental animals for

novel and familiar objects. The discrimination index was calculated by

the formula: (NT− FT)/(NT+ FT).

2.6 Open-field test

The open-field test is a method for evaluating the locomotor and

exploratory behavior of rodents in new environments. The movement

of the rats in the field was tracked by a camera directly above the open

chamber and recorded for 5 min. Smart v3.0 software (Panlab) was



4 of 12 SUN ET AL.

(a)

(b)

(c)

(d)

F IGURE 2 Magnetic resonance imaging (MRI) images showing changes in T2* in the cortex and hippocampus of rats. TheMRI scanning time
points from left to right are presurgery and 6 h, 3 days, 7 days, 21 days, and 28 days after BCCAO. (a) Gray images are from rats in themodel group.
The yellow circle in the leftmost image represents the area where the T2* value wasmeasured. (b) Color images are from rats in the sham group.
Areas in yellow in T2*WI images represent the strongest T2* signal, areas in violet reflect the weakest T2* signal, and the green or blue color is an
intermediate signal. (c) Color images are from rats in themodel group. The colors have the samemeaning as in (b). (d) Histogram showing
quantitative results of T2* at different time points after BCCAO. In the cortex and hippocampus, the T2* values in the sham groupwere not
significantly different at differentMRI scanning time points (p< 0.001). In themodel group, T2* values immediately decreased 6 h after BCCAO (p
< 0.001) and then gradually recovered from the third day. On the 28th day, the T2* value was close to the preoperative level. *p< 0.05, **p< 0.01,

*** p< 0.001

used to analyze the total moving distance and movement speed of the

rats.

2.7 Tissue Preparation

After the behavioral tests, the rats were sacrificed by deep anesthe-

siawith pentobarbital sodium (60mg/kg, intraperitoneal). The thoracic

cavity was opened, a 50-mL syringe needle was inserted from the apex

of the heart to the aortic arch, the right atrial appendagewas cut open,

and precooled PBS (approximately 200 mL) was perfused until the vis-

cera turnedwhite and the blood from the atrial appendagewas clear or

did not exhibit blood staining. Then, the brains were removed, quickly

frozen in liquid nitrogen, and placed in an−80◦C freezer for long-term

storage.

2.8 Nissl Staining

The removed brain tissue was fixed in 4% paraformaldehyde. Staining

was performed according to a previously described method (Jin et al.,

2017). Cell counting was performed and analyzed by an experimenter

blinded to the groups using ImageJ software (Bethesda, MD) at 20×

magnification.

2.9 Immunohistochemical staining

Staining was performed according to a previously described method

(Chen et al., 2020). The cell countingmethodwas the same as that used

for Nissl staining.
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2.10 Statistical analysis

In the experiment, MRI results, behavioral test results, and immunos-

taining cell counts were analyzed in a double-blind manner. All data

were plotted with GraphPad Prism 8.0.2 and analyzed using SPSS 23.0

statistical software. Normality assumptions for all data were verified

by the Shapiro–Wilk test, with p> 0.05 indicating that the data obeyed

a normal distribution. Independent-samples t-tests were used to com-

pare themeasured data between rats in the sham group and themodel

group according to the specific situation. The data are expressed as the

mean ± standard deviation, with p < 0.05 representing a significant

difference.

3 RESULTS

3.1 Alterations in T2* values in the cortices and
hippocampi of rats in the sham group and the model
group at different time points

In the T2*WI grayscale images (Figure 2a), no infarction was found in

any brain tissue at any time point before or after BCCAO in either

group. During T2*WI pseudoimaging, the colors of the brain tissue of

rats in the sham group at all time points and in the model group before

surgery were mostly yellow (indicating a strong signal) (Figure 2b). Six

hours after surgery, the signal in most regions turned blue (indicating a

weak signal) or violet (the weakest signal) in the model group, and the

blue or violet signals persisted until the seventh day. After that, some

areas gradually returned to green (intermediate signal between yellow

and blue) or yellow (Figure 2c).

The quantitative results values followed anormal distribution based

on the Shapiro–Wilk test (Figure 2d). There were no significant dif-

ferences in the T2* values in the bilateral cortices and hippocampi of

rats in the sham group at the above six time points and in the model

group at the preoperative time point (p < 0.001). In the model group,

the T2* value in the bilateral cortices (21.13 ± 1.98) and hippocampi

(21.31 ± 2.22) 6 h after surgery was lower than that (cortex: 29.87

± 2.07; hippocampus: 33.79 ± 1.95) before surgery (p < 0.001). Then,

the T2* value in the bilateral cortices and hippocampi of the rats grad-

ually increased. By the 28th day, the T2* value (cortex: 30.24 ± 1.25;

hippocampus: 31.83 ± 1.10) was very close to that of the sham group

(cortex: 31.65 ± 1.50; hippocampus: 33.20 ± 1.77) (cortex: p = 0.020,

hippocampus: p= 0.033).

3.2 Differences in ADC values in the cortices and
hippocampi of rats in the sham group and the model
group at different time points

In the ADC images, most areas of the bilateral cortices and hippocampi

in the sham group at all six time points and in the model group before

surgery were yellow (Figure 3a). At 6 h postsurgery, most areas of

the cortices and hippocampi were blue or green in the model group

(Figure 3b). From the third to the seventh day, the green area became

increasingly larger, and the yellow areas appeared on the 21st day.

Most of the areas were yellow by the 28th day.

The quantitative ADC values in all regions followed a normal dis-

tribution based on the Shapiro–Wilk test (Figure 3c), and there were

no significant differences in the ADC values in the bilateral cortices

and hippocampi of rats in the sham group at the six time points and in

the model group at the preoperative time point. In the model group,

the ADC value in the bilateral cortices ((6.23 ± 0.29) mm2/s) and

hippocampi ((6.08 ± 0.24) mm2/s) 6 h after surgery was lower than

that (cortex: (8.00 ± 0.27) mm2/s, hippocampus: (7.83 ± 0.22) mm2/s)

before surgery (p < 0.001). Then, the ADC values in the above areas

gradually increased. On the 28th day, the ADC value (cortex: 7.92 ±

0.10; hippocampus: 7.94 ± 0.14) was close to that of the sham group

(cortex: 8.09 ± 0.19; hippocampus: 8.06 ± 0.16) (cortex: p = 0.009,

hippocampus: p= 0.065).

3.3 Differences in FA values in the cortices and
hippocampi of rats in the sham group and model
group at different time points

In the FA pseudocolor images, all areas of the corpus callosum

appeared yellow (the strongest signal), while areas of the cortices and

hippocampiwere violet (theweakest signal) at all six timepoints in both

groups. The areas of the cortices and hippocampi were similar in the

sham group at all six time points and the model group at the preop-

erative time point (Figure 4a). However, these values were larger than

those in themodel group at the other five time points (Figure 4b).

The quantitative FA values in all regions followed a normal distri-

bution based on the Shapiro–Wilk test (Figure 4c), and there were no

significant differences in the FA values in the bilateral cortices and hip-

pocampi of rats in the sham group at the abovementioned six time

points and in themodel group at the preoperative time point. Six hours

after surgery, the FA values in the cortices (0.1567 ± 0.0067) and hip-

pocampi (0.1067 ± 0.0058) in the model group began to decrease and

were lower than those in the sham group (cortex 0.2122± 0.0090; hip-

pocampus 0.1408 ± 0.0050) (p < 0.001). From the third to the 28th

day, the FA values in the bilateral cortices and hippocampi continued

to decrease slightly. However, on the 28th day, the FA value (cortex:

0.1458 ± 0.0082; hippocampus: 0.1048 ± 0.0094) in the model group

was still lower than that in the sham group (cortex: 0.2216 ± 0.0110;

hippocampus: 0.1287± 0.0064) (p< 0.001).

3.4 Comparison of learning and memory abilities
of rats before and after surgery

The Y-maze test can detect the learning and memory abilities in

rodents after hippocampal injury (Sarnyai et al., 2000). As shown in

Figure 5b, the discrimination index of the entire residence time in the



6 of 12 SUN ET AL.
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(b)

(c)

F IGURE 3 MRI images showing changes in ADC values in the cortex and hippocampus of rats. TheMRI scanning time points from left to right
are presurgery and 6 h, 3 days, 7 days, 21 days, and 28 days after BCCAO. The regions and areas measuredwere the same as those with the T2*WI
sequence. (a) Color images from rats in the sham group. (b) Color images from rats in themodel group. The colors have the samemeaning as in (b)
for the T2*WI images. (c). Histogram showing quantitative ADC results at different time points after BCCAO. In the cortex and hippocampus, the
ADC values in the sham group showed no significant differences at differentMRI scanning time points (p< 0.001). In themodel group, ADC values
immediately decreased 6 h after BCCAO (p< 0.001) and then gradually recovered from the third day. On the 28th day, the ADC value was close to
the preoperative level. *p< 0.05, **p< 0.01, *** p< 0.001

novel armwas significantly lower in the rats in themodel group than in

the rats in the sham group (p= 0.002).

3.5 Comparison of cognitive abilities of rats
before and after surgery

NORtesting has beenwidely used to assess cognitive abilities in rodent

experiments (Vidyanti et al., 2020). The quantitative results (Figure 5d)

demonstrated that the novel object discrimination index for rats in the

model groupwas lower than that for rats in the shamgroup (p=0.004).

3.6 Locomotor activity of rats before and after
surgery

The open-field test is a classic behavioral experiment that has been

widely used to assess rodent locomotor activity (Zuloaga et al., 2015).

Figure 5g shows that the total distance traveled by rats in the sham

groupwas clearly greater than that traveled by rats in themodel group

(p = 0.010). Moreover, there was almost no movement of rats in the

model group in the central area of the open field.

3.7 Changes in neurons in the cortex and
hippocampus before and after BCCAO

Cerebral hypoperfusion can easily lead to neuronal injury, which

can impair learning and cognition (Boehm-Sturm et al., 2017).

Figure 6a shows that the cells of normal neurons were arranged in

an orderly manner, with small nuclei and weak cytoplasmic staining

(red arrow). The normal structure disappeared in damaged neurons;

the neurons became disorderly, the size of the nucleus increased,

and the cytoplasm decreased sharply and was stained dark blue

(black arrow). Compared with the rats in the sham group, the rats

in the model group had significantly fewer normal neurons and



SUN ET AL. 7 of 12
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(b)

(c)

F IGURE 4 MRI images showing changes in FA values in the cortex and hippocampus of rats. TheMRI scanning time points from left to right are
presurgery and 6 h, 3 days, 7 days, 21 days, and 28 days after BCCAO. The regions and areasmeasuredwere the same as those with the T2*WI
sequence. (a) Color images from rats in the sham group. (b) Color images from rats in themodel group. Areas in yellow represent the strongest FA
signal, and areas in violet reflect the weakest FA signal.With the passage of time, the violet area of the cortex and hippocampus in themodel group
gradually decreased, but there was no significant change in the violet area in the sham group. (c). Histogram showing quantitative FA results at
different time points after BCCAO. The FA value in the cortex and hippocampus in themodel group immediately decreased 6 h after BCCAO (p<
0.001) and then continued to decrease slightly until the 28th day (p< 0.001). *p< 0.05, **p< 0.01, *** p< 0.001

significantly more injured and degenerated neurons (p < 0.001)

(Figure 6b).

3.8 Alterations in astrocytes in the cortex and
hippocampus before and after BCCAO

Astrocytes are the most widely distributed cells in the mammalian

brain and are the largest glial cells (Matsuyama et al., 2020). The

number of astrocytes (Figure 7a, black arrow) in the cortex and hip-

pocampal CA1 area of the rats in the model group, compared with the

sham group, was increased by nearly three times 28 days after BCCAO

(p< 0.001) (Figure 7b).

4 DISCUSSION

Hypoperfusion of brain tissue is a promoter of many neurological

and mental diseases (Ferro et al., 2020). A continuous and moderate

decrease in cerebral blood flow (CBF) leads to impairments in mem-

ory and cognitive function (Moghaddasi et al., 2017). After BCCAO,

CBF in the bilateral anterior cerebral artery andmiddle cerebral artery

decreased immediately (Jing et al., 2015). Amazingly, these ischemic

cerebral areas could remain in a hypoperfusion state for a period of

time because of the distribution of blood by the complete circle of

Willis. In this study, our results revealed that the T2* and ADC val-

ues in the cortex and hippocampus of rats experienced a very similar

trend after BCCAO, and both values recovered to near-normal levels
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F IGURE 5 Comparison of learning, memory, cognitive function,
and locomotor activity in the rats. Schematic diagram of the new arm
in the Y-maze (a). The residence time discrimination index in themodel
groupwas shorter than that in the sham group (b) (p< 0.05).
Schematic diagram of the NOR experimental equipment (c). The novel
object discrimination index of rats in themodel groupwas lower than
that of rats in the sham group (d) (p< 0.05). The shuttle times of rats in
the sham group around the novel object were higher than those
around the old object, but those of rats in themodel group around the
two objects were roughly the same (e). Schematic diagram of the
open-field experiment (f). The total moving distance traveled by rats in
the sham groupwas clearly greater than that traveled by rats in the
model group (g) (p< 0.05). The red line represents the trajectory of the
rat’s center of gravity (h). Themovement distance and range of rats in
the sham groupwere greater than those in themodel group. *p< 0.05,

**p< 0.01, ***p< 0.001

on the 28th day. These findings indicate that the brain tissue of rats has

a strong compensatory ability related to blood perfusion after BCCAO.

However, the FA value did not return to normal, which indicated that

the damaged neurons did not completely recover on the 28th day

after BCCAO. For this reason, the learning, memory, cognition, and

locomotor activity of rats didnot recover on the28thdayafterBCCAO.

The functionalMRI T2*WI sequence has beenwidely used in experi-

mental and clinical situations to detect tissue activity in vivo (Darcourt

et al., 2019). In this study, the T2* values in the cortex (21.13 ± 1.98)

and hippocampus (21.31± 2.22) in themodel groupwere clearly lower

than those (cortex: 29.87 ± 2.07; hippocampus: 33.79 ± 1.95) in the

sham group 6 h after BCCAO (p < 0.001). This result was due to an

increase in the oxygen extraction fraction in ischemic brain tissue,

which leads to an increase in deoxyhemoglobin concentrations in cere-

bral veins and capillaries (Lee et al., 2003). Starting on the third day,

the T2* value began to increase (cortex: 21.49 ± 2.71; hippocampus:

24.62 ± 2.27). This indicated that the perfusion of the brain tissue

hadbegun toameliorate. Several compensatorymechanismshavebeen

reported, including vertebral artery and basilar artery dilation (Jing

et al., 2015). The concentration of NO, which has a vasodilating effect,

was increased in thebloodduring cerebral ischemia (Qi et al., 2020) and

neovascularization (Jing et al., 2015). On the 28th day, T2* values in the

cortex and hippocampus in themodel groupwere very close to those in

the sham group.

In the present study, the ADC values in the cortex and hippocam-

pus in the model group significantly decreased 6 h after BCCAO. This

suggested that cytotoxic edema in the rat brain cells was due to an

insufficient blood supply. As the T2* results indicated, the ADC val-

ues in the cortex and hippocampus have increased from the third day

to the 28th day. These increases in the ADC values in the brain tis-

sue were not the result of brain tissue evolving into angiogenic edema

because no necrotic brain tissue was observed on the T2*WI images

at any time point (Figure 2a); this increase was due to the recovery of

cerebral perfusion.

In this study, 6 h after BCCAO, the FA values in the bilateral cortices

and hippocampi were clearly decreased. This may have been caused

by cytotoxic edema of the brain tissue (Wang et al., 2017). FA values

in the abovementioned regions continued to decrease slightly at the 3

(cortex: 0.1560 ± 0.0096, hippocampus: 0.1057 ± 0.0112), 7 (cortex:

0.1542 ± 0.0072, hippocampus: 0.1051 ± 0.0099), 21 (cortex: 0.1487

±0.0059, hippocampus: 0.1049±0.0025), and 28 days (cortex: 0.1458

± 0.0082, hippocampus: 0.1048 ± 0.0094) after BCCAO. The reason

for this may be that the hypoxia damaged the integrity of the dendrites

and axons of the neurons (Mamata et al., 2004), which had not been

repaired. In addition, astrocyte activation can cause additional neu-

ronal damage (Zhanget al., 2019) andbrainmicrostructure remodeling,

which can lead to an increase in the FA values (Williamson et al., 2021).

Therefore, cerebral hypoperfusion both decreases and increases the

FA value.

Chronic brain hypoperfusion can lead to cell degeneration and

astrocyte activation (Xi et al., 2014). Our study yielded similar results.

The number of normal cells dramatically decreased in the cortical and

hippocampal CA1 regions of rats in themodel group, and the disorderly
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(a) (a)

(b)

F IGURE 6 Nissl staining of the cortex and hippocampal CA1 region (0.35mm2) of rats. Normal neurons (red arrow) were arranged in an
orderly manner, with small nuclei andweak cytoplasmic staining, and the injured neurons (black arrow) became disorderly, the size of the nucleus
increased, and the cytoplasm decreased sharply andwas stained dark blue (a). Quantitative results are expressed as themean± SD (b)
(magnification: 20×). In the cortex and hippocampus, the number of normal cells in the sham groupwas greater than that in themodel group 28
days after BCCAO (p< 0.01). *p< 0.05, **p< 0.01, ***p< 0.001

arrangement and normal structure of injured neurons disappeared

by the 28th day after BCCAO. At the same time, astrocytes signif-

icantly proliferated. Our quantitative immunohistochemistry results

indicated that the number of astrocytes in the cortex and hippocampus

in the model group was twice as high as that in the sham group. These

results indicated long-termneuronal damage after BCCAO. It has been

reported that damaged hippocampal neurons continue to deteriorate

from 4 to 13 weeks after BCCAO (Liu et al., 2006). The histological

changes in rat brain tissuemay be the pathological basis for the contin-

uous decrease in FA values in brain tissue 28 days after BCCAO, which

can also lead to the incomplete recovery of learning, cognition, mem-

ory, and behavior. In this study, consistent with neuronal regression,

our results showed that the learning, memory, cognition, and locomo-

tor activity of rats were disrupted after BCCAO. The discrimination

index of the entire residence time in the Y-maze, the novel object dis-

crimination index in theNOR test, and the total distance traveled in the

open-field test of rats in the model group were significantly lower for

the rats in the model group than for the rats in the sham group. This

functional damage has been reported to be the result of a long-term

process (De Jong et al., 1999).

A limitation of this study is the small number of rats in each group.

In addition, neurons and glial cells on histological sections and behav-

ior tests were not evaluated at all scanning time points. Moreover, the

duration of the experimentwas too short, and the pathological changes

afterBCCAOwereassessedafter a longer time (e.g., 6, 8, and12weeks)

may have great clinical significance.
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F IGURE 7 Activated astrocytes in the cortex and hippocampal CA1 region (0.35mm2) of rats. Astrocytes in the cortex and hippocampal CA1
regions aremarkedwith a black arrow (a). Quantitative results are expressed as themean± SD (b). (magnification: 20×). The number of astrocytes
in the cortex and hippocampal CA1 area of the rats in themodel groupwas greater than that in themodel group 28 days after BCCAO (p<0.01). *p
< 0.05, **p< 0.01, ***p< 0.001

5 CONCLUSION

In conclusion, the BCCAO rat model is an ideal animal model for

studying the pathophysiological mechanisms of vascular dementia.

Multimodal MRI is an effective and convenient tool for noninvasive

dynamic observations of cerebral hemodynamics, neuronal edema, and

neuronal injury at various stages of chronic cerebral ischemia.
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