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Abstract: The aim of this study was to investigate the relationship between chronic cerebral hypoperfusion and the
occurrence and development of Alzheimer’s disease (AD). A cerebral hypoperfusion rat model was established by
two vessels occlusion (2V0). The cognitive function of the rats with chronic cerebral hypoperfusion and the expres-
sion of p-Tau protein in the hippocampus were observed dynamically. Before the operation, no differences were
observed in the cognitive functions of the control and 2VO group (P > 0.05). However, a significant difference was
found at 2, 4, 8, and 12 weeks after the operation. The shock number required to reach the “learned” standard
in the 2VO group increased remarkably compared with that of the control group (P < 0.01). With the passage of
time, the shock number in the model group increased gradually. The p-Tau-positive cells in the CA1 region of the
hippocampus also increased markedly in the model group in a time-dependent manner as compared with that in
the control group (P < 0.01). Cerebral hypoperfusion can cause and aggravate the phosphorylation of Tau protein
in the brain, leading to cognitive dysfunction. Therefore, this protein is an important initiating and promoting factor
involved in the development of AD.
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Introduction

Alzheimer’s disease (AD) is the most common
type of dementia, which has become a com-
mon mental disorder currently prevalent in the
world [1]. However, no effective prevention and
treatment of AD has been found till date. Thus,
studies on the etiology and pathogenesis of AD
are of great significance. Recent studies sug-
gest that chronic cerebral hypoperfusion may
occur according to the common pathological
process in various diseases, such as vascular
dementia, AD, and Binswanger disease, which
may be involved in the occurrence and develop-
ment of such diseases [2, 3].

In the animal experiments on chronic cerebral
hypoperfusion, cerebral hypoperfusion seems
to initiate cognitive dysfunction in the model [4,
5]. The findings of recent animal experiments
indicate that cognitive dysfunction is a compli-
cated process, involving various pathophysio-
logical processes [6, 7]. Till date, many prelimi-
nary studies have been conducted on the loss

of cortical neurons, cholinergic neuronal dam-
age, cerebral white matter lesions, abnormal
oxygen free radicals, abnormal immune-regu-
lating participation, and energy metabolism dis-
orders [8-10]. However, no studies have been
conducted on the correlation between cognitive
dysfunction caused by chronic cerebral hypo-
perfusion and abnormal expression of Tau pro-
tein, which is an important limitation in the
studies on the role of chronic cerebral hypoper-
fusion on the pathophysiological mechanisms
of cognitive dysfunction and AD.

In recent years, with an increase in the number
of studies on the pathogenesis of AD, circulato-
ry disorders were found to play an important
role in the pathogenesis and progress of AD
[11]. However, most of the current studies focus
on the general observation of clinical symptoms
or epidemiology investigation. There are few
studies focusing on the change in the clinical
pathophysiology of the patients, especially the
abnormal change law of Tau protein during
cerebral hypoperfusion. It has been shown that
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phosphorylated Tau protein (p-Tau protein) is
the key component in AD senile plaque [12].
Thus, in this study, the expression of p-Tau pro-
tein in the rat hippocampus was investigated in
a two vessels occlusion (2VO) cerebral hypo-
perfusion rat model. We also observed the
dynamic change in cognitive function under the
chronic cerebral hypoperfusion (CCH) condi-
tion, so as to explore the relationship between
CCH and the occurrence and development of
AD as well as the circulation disorder mecha-
nism in the process of AD development.

Materials and methods
Animals

Fifty healthy male Sprague-Dawley rats, weigh-
ing 250130 g, were fed a normal diet and
housed in a room at a temperature of 18-25°C
and humidity of 60-70%. The rats were allowed
to drink freely but were subjected to 12 h fast-
ing prior to the operation.

This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the
National Institutes of Health. The animal use
protocol has been reviewed and approved by
the Institutional Animal Care and Use Com-
mittee (IACUC) of Shandong University.

Establishment of an animal model and group-
ing

Rats were randomly divided into the 2VO group
(n = 25) and sham operation group (n = 25).
The 2VO0 rat model was established according
to the DE la Torre method, described previously
[13]. Briefly, after the rats were anesthetized
with 0.4% pentobarbital sodium (1 mL/100 g)
via a intraperitoneal injection, bilateral com-
mon carotid arteries was exposed by blunt sep-
aration from the anterior midline incision, and
care was taken not to damage the vagus nerve.
The bilateral common carotid artery was dou-
ble ligated with silk and was cut off between
the two ligation points. The anterior midline
incision was sewed up step by step. During the
operation, the rectal temperature was moni-
tored, and the body temperature was main-
tained at 37°C using a roast lamp. Animals in
the sham operation group only received the
corresponding operation but no ligation or bloof
flow blockage was performed. After the opera-
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tion, each rat was kept in a cage alone to pre-
vent choking.

Ethologic observation

The MG-B electric maze, a Y-electric maze com-
posed of three isometric arms (each 45 cm)
and a junctional area, was used to test the rats’
behavior on regaining consciousness. A stimu-
lation signal lamp was installed on the top of
each arm to indicate the safety zone (switch
off). By randomly changing the location of the
safety zone and shock area, the animals’
response to flee from the shock area to the
safety zone was observed. A rat escaping from
the electric shock area to the safety zone
successfully by only one time was defined as
“right”. With continuous training, the number of
shocks needed for the rat to meet the “learned”
standard (nine “right” after ten consecutive
tests was defined as “learned”) was recorded
as a judge index for evaluating the learning abil-
ity and memory of rats. Ethologic tests were
carried out between 8:00 am to 11:00 am on
the day before the operation and 2, 4, 8, and
12 weeks after the operation.

Sampling and fixation of brain tissues

After the ethologic test, the rats were ane-
sthetized with 0.4% pentobarbital sodium (1
mL/100 g) via an intraperitoneal injection.
Then, 100 mL warm physiological saline was
perfused via the ascending aorta of the left
ventricle, followed by 400 mL precooled 4%
paraformaldehyde (PFA), which was initially per-
fused quickly, but then slowed down. During the
perfusion, the rat’s head was kept at a low posi-
tion to ensure full perfusion in the brain. Forty
minutes later, the rat’s brain was dissected and
fixed in 4% PFA at 4°C overnight. The brain was
dehydrated with 30% sucrose solution until it
sank. According to the map of the rat’s brain,
the brain tissue was repaired and cut into 5-uym
thick continuous coronary slices from the optic
chiasma using a AO cryotome. One of every 5
slices was placed on polylysine-coated slides
for H&E and immunohistochemical staining.

Immunohistochemistry

SABC method: After incubation with 3% H,O,-
methanol solution for 10 min, the slides were
treated with 0.01% trypsin for 30 min at room
temperature. Slides were incubated with rabbit
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Table 1. The number of electric shocks needed for rats to meet “learned” standard (n = 5)

) Postoperative
Groups Preoperative
2w 4w 8w 12w
Sham operation 10.25+3.32 11.45+3.76 10.45+2.96 10.85+3.43 9.75+2.68
2V0 10.75+£3.93 24.15+3.28" 32.65+4.14" 43.05+4.86"% 51.95+5.16"

Data were shown as mean + SD; “P < 0.01 and “*P < 0.001, compared with sham operation group; “P < 0.01, compared

among the time points.

anti-rat p-Tau polyclonal antibody (Biosource
International, Inc. USA) at 4°C overnight, fol-
lowed by incubation with a goat anti-rabbit
secondary antibody at 37°C for 2 h. After that,
the slides were incubated with SABC reagent
(Wuhan Boster Biological Engineering Co., LTD)
at 37°C for 2 h. Finally, a DAB kit was used for
chromogenic reaction. After counterstaining
with hematoxylin, the slides were dehydrated
with gradient alcohol and xylene. Normal rabbit
immunoglobulin G (IgG) was substituted for a
primary antibody as the negative control.

Evaluation of the immunostaining

Samples were considered to be positive for
p-Tau protein if buffy granules were observed
in the cytoplasm or nuclei. Three high-power
fields (magnification x400) of the CA1 region of
the hippocampus were examined under a light
microscope. The mean count of the positive
neurons from three fields was calculated.

Statistical analysis

All data were shown as mean * standard devia-
tion (SD) and analyzed using SPSS version
11.0 for Windows software (SPSS, Chicago, IL).
Comparisons among groups were carried out
using analysis of variance. The difference bet-
ween the two groups was compared using t
test. P < 0.05 was considered to be statistical
significant.

Results
Behavioral observation

Before the operation, no difference in the etho-
logic test was observed in the rats in both the
groups (P > 0.05). However, at 2, 4, 8, and 12
weeks after the operation, a significant differ-
ence was found in their behaviors, and the
number of electric shocks needed in the 2VO
group increased significantly (P < 0.01). More-
over, in the 2VO group, the number of electric
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shocks increased gradually with increase in
time, thereby showing a significant difference
(Table 1).

Histopathological examination

H&E staining revealed no significant infarction
in the cerebral cortex or hippocampus in both
the groups. Pyramidal cells in the CA1 region of
the rat hippocampus were arranged closely and
were ordered in the control group, with round
and big nuclei. The nuclei were weakly stained
and the nucleoli were clear. No damage, such
as clear concentrated and hyperchromatic
cytoplasm, karyopyknosis, and other neuron
degeneration were found in the control group.
However, in the 2VO group, obvious abnor-
malities, such as loose arrangement of cells,
reduced cell number, and morphological abnor-
malities, were found in the CA1 region of the
rat hippocampus. Some cells also showed
reduced volume, hyperchromatic nuclei, and
karyopyknosis.

Tau protein in brain tissues

Immunoreactivity of the Tau protein was mainly
located in the cytoplasm. The number of p-Tau
protein positive cells in the CA1 region of the
rat hippocampus increased markedly in the
2VO group compared with that in the control
group, and this increased in a time-dependent
manner (Figures 1-3; Table 2).

Discussion

In recent years, many of the epidemiological,
clinical, and pathological studies have shown
that long-term cerebral blood supply shortage
and free radical damage induced by chronic
hypoperfusion may be the causes of AD [14,
15]. Till date, a majority if reports in the risk fac-
tors of AD include vascular factors that reduce
cerebral blood flow perfusion [16]. Epidemio-
logical investigations show that many risk fac-
tors associated with vascular factors or hemo-
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Figure 1. The expression of p-Tau in the CA1 region of
hippocampus before operation (SABC, x200).

Figure 2. The expression of p-Tau in the CA1 region
of hippocampus at 2 w after operation (SABC, x200).

Figure 3. The expression of p-Tau in the CA1 region of
hippocampus at 12 w after operation (SABC, x200).

dynamics, such as hypertension, diabetes,
hypercholesterolemia, cerebral thrombosis,
high level of fibrinogen, high serum homocyste-
ine, arteriosclerosis, fibrillation atrial, smoking,
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and alcohol poisoning, can increase the risk of
AD. All of these factors can reduce or damage
normal cerebral perfusion. AD is a progressive
degenerative disease of the central nervous
system with clinical presentations of progres-
sive cognitive hypofunction. It is pathologically
characterized by the presence of beta-amyloid
in the cerebral cortex and hippocampus, forma-
tion of neural plaques or age spots, and accu-
mulation of abnormally phosphorylated Tau
protein causing nerve fiber entanglement in
cranial nerve cells.

Tau is a microtubule-related protein, associat-
ed with mitosis, intracellular transport, and
other functions. Normally, Tau protein exists in
a balance of phosphorylation and dephosphor-
ylation in the human brain [17]. Excessive phos-
phorylation of Tau protein induces change in its
physiological function and is thought to play
an important role in the pathogenesis of AD.
However, the initiating factors are still unclear,
especially the relationship between a blood cir-
culation disorder and Tau protein as well as its
phosphorylated state.

In this study, we found that the expression of
p-Tau protein increased in the CA1 region of
the hippocampus in a cerebral hypoperfusion
rat model, and the cognitive function of rats
was disturbed. This may be associated with
a change in the phosphorylation in cerebral
hypoperfusion. Such a phenomenon can also
be found in focal cerebral ischemia [18]. The
pathophysiological mechanism of cerebral hy-
poperfusion status influencing cognitive func-
tion is complicated and may be associated with
various factors. The first factor is the presence
of energy metabolic disorders. Results of ani-
mal experiments on chronic cerebral ischemia
[19, 20] suggest that chronic reduction in the
cerebral blood flow plays an initiating role in the
process of cognitive decline. Energy metabolic
disorders began when cerebral blood flow was
reduced to a critical threshold, i.e., 60-75% of
the normal level, or the nutrients transported
to neurons and glial cells were decreased to a
certain concentration. This resulted in a series
of reactions including ion pump failure and
the inhibition of protein synthesis, transcrip-
tion, translation, glutamate uptake, axoplasmic
transportation, neural transmission, and syn-
aptic activity. Dissemination of information in
the brain cells is blocked and eventually leads
to cognitive impairment. The second factor is
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Table 2. Comparisons of the number of p-Tau protein positive cells in the CA1 region of rat hippocam-

pus (n =5)
) Postoperative
Groups Preoperative
2w 4w 8w 12w
Sham operation 12.34+3.56 13.25+4.16 12.21+3.06 14.06+3.23 13.81+3.78
2V0 13.15+3.63 31.25+4.08" 45.65+4.94" 58.63+5.26"% 71.95+£7.08"

Data were shown as mean + SD; “P < 0.01 and “*P < 0.001, compared with sham operation group; “P < 0.01, compared

among the time points.

protein metabolism abnormality in the brain. It
has been reported that chronic cerebral hypo-
perfusion can cause abnormal expression of
amyloid B-protein and microvascular JRP-1 pro-
tein, which are closely related to cognitive func-
tion [21-23]. The third factor is oxidative stress.
Chronic cerebral hypoperfusion has been prov-
en to activate oxidative stress pathways and
produce a large amount of oxygen-derived free
radicals, which may cause neuron damage in
the striatum and hippocampus, as well as ace-
tylcholine system dysfunction, thereby leading
to cognitive dysfunction [16, 24, 25]. The fourth
factor is inflammatory response. Activity of
immune cells can be elevated by chronic cere-
bral hypoperfusion, which is associated with
the degree of brain damage and cognitive
impairment [26]. With increase in immune cell
activity, brain damage and cognitive impair-
ment aggravate gradually, thereby suggesting
that chronic cerebral hypoperfusion can pro-
mote the occurrence and development of cog-
nitive impairment. In the 2VO rat model, the
brain was in a persistent low perfusion state
and excessive phosphorylation of the Tau pro-
tein was found in the hippocampus. Excessively
phosphorylated Tau protein not only competes
with normal microtubule-associated protein
and influences the formation of microtubules
but also promotes the separation of the normal
microtubule-associated protein from microtu-
bules, leading microtubule disintegration. It
also leads to sediment formation in the neu-
rons, thereby leading to neuron damage [27].
These processes may be important in the
pathophysiology of AD. Excessively phosphory-
lated Tau protein aggregates in neurons and
forms nerve fiber tangles, which is a classic
pathological characteristic of AD. From the
above results, it can be seen that cerebral
hypoperfusion may lead to excessive expres-
sion of Tau protein in the brain, thereby affect-
ing the pathophysiological process of AD as an
initiating factor of excessive phosphorylation of
the Tau protein.
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In this study, we dynamically observed the
expression of p-Tau protein expression and
cognitive function in experimental rats with dif-
ferent periods of cerebral hypoperfusion. The
results showed that the expression of p-Tau
protein increased with an increase in the hypo-
perfusion time and the degree of cognitive
dysfunction aggravated as well. Studies have
shown that the p-Tau protein is the main ele-
ment of neurofibrillary tangles. Excessive p-Tau
protein accumulates in the cell body of degen-
erated neurons and is positively correlated with
the degree of clinical dementia in patients with
AD [28]. The pathological changes of Tau pro-
tein occur before the onset of dementia symp-
toms and are independent of 3-amyloid anoma-
lies [29]. This indicates that excessive phos-
phorylation of the Tau protein plays an impor-
tant role in promoting nerve cell degeneration.
Sustained hypoperfusion causes excessive Tau
phosphorylation that aggregates in neurons,
leading to progressive exacerbation of cogni-
tive dysfunction seen in AD [30]. Therefore,
chronic cerebral hypoperfusion plays an impor-
tant role in the occurrence and development of
AD and excessive p-Tau protein may play an
important role in this mechanism.

In conclusion, cerebral hypoperfusion can
cause excessive phosphorylation of the Tau
protein in the brain, thereby resulting in cogni-
tive dysfunction. Cerebral hypoperfusion is
involved in the development of AD and may be
an important initiating and promoting factor.
Thus, further studies are warranted to deter-
mine the relationship between cerebral hypo-
perfusion and AD, the results of which can aid
in the discovery of a new effective method to
determine the occurrence and development of
AD.
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