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Abstract Chronic cerebral hypoperfusion (CCH) con-
tributes to the Alzheimer’s-like pathogenesis, but the rela-
tionship between CCH and the occurrence of Alzheimer’s
disease (AD) remains obscure. The aim is to elucidate the
potential pathophysiological mechanism in the field of amy-
loid-beta (Ap) pathology induced by CCH. A rat model of
CCH has been developed with permanent bilateral occlusion
of common carotid arteries (BCCAO). The cognitive func-
tion of rats was tested by the Morris water maze. The levels
of AP (AP40 and AP42) and soluble amyloid precursor pro-
tein (SAPP: sAPPa and sAPPp) were determined by enzyme
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linked immunosorbent assay. The expression of beta-site
amyloid precursor protein cleaving enzyme 1 (BACE1), pre-
senilinl (PS1), nicastrin (NCT), anterior pharynx-defective
lalpha (Aph-1a) and presenilin enhancer 2 (Pen-2), sAPPa
and sAPPp were detected by Western blotting. Morris water
maze test showed that CCH induced decline in learning and
memory related to Ap levels in the hippocampus. The levels
of sAPPa, ADAM10 and ADAM17 in the hippocampus of
CCH rats were higher than the control ones (P < 0.05); the
levels of SAPPP, BACE and BACEI increased more than
the control ones (P <0.05). CCH intervention (1-week or
4-week) markedly increased the expression of PS1, Aph-1a
and Pen-2 in the hippocampus of rats, but had no effect on
NCT. CCH contributed to cognitive impairment and altered
the amyloidogenic and non-amyloidogenic pathway of APP
processing by boosting the activity of f-secretase/y-secretase
and a-secretase respectively. The non-amyloidogenic path-
way can’t overcome the damage role of the amyloidogenic
pathway in the process of chronic cerebral hypoperfusion
which promotes amyloid-beta pathogenesis.

Keywords Cerebral hypoperfusion - Cognitive
impairment - Amyloid-beta peptides - Secretase

Introduction

Alzheimer’s disease (AD) is an age-related neurodegenera-
tive disorder that is the most common cause of dementia
among older adults. Multiple pathogenic hypotheses have
been put forward, including amyloid the theory of extracel-
lular amyloid-beta peptide (AP) deposition [1], intracellular
accumulation of hyperphosphorylated tau protein (forma-
tion of neurofibrillary tangles) [2, 3], cholinergic hypothesis
[4], neuroinflammation and oxidative stress [5, 6]. It is well
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known that the AP hypothesis is the most classical patholog-
ical feature among them [7, 8]. AP generation and deposition
represents the triggering role in the pathogenesis of AD [9].

AP generated from amyloid precursor protein (APP) by
sequential actions of two proteolytic enzymes (p-secretase
and y-secretase) [7]. B-secretase indicates the beta-amyloid
precursor protein cleavage enzyme (BACE) which mainly
includes BACEI and BACE2 [10, 11]. BACEI is responsible
for the chief function of f-secretase for processing APP [12,
13]. y-secretase is an enzyme complex and its main compo-
nents include the amino- and carboxy-terminal fragments of
presenilin 1 (PS1), a highly glycosylated form of nicastrin
(NCT), anterior pharynx-defective lalpha (Aph-la), and
presenilin enhancer 2 (Pen-2) [12, 14]. y-secretase plays a
critical role in the AP generation [12, 14].

Studies have implicated that impaired cerebral blood flow
is correlated with cognitive impairment and chronic neuro-
degenerative process [15, 16]. It has been reported that cer-
ebral blood flow can better represent perfusion abnormalities
in predementia stages of AD than cerebral blood volume
[17]. Chronic cerebral hypoperfusion (CCH) is a common
impaired cerebral blood supply that promotes the synthe-
sis of AP [18]. Even CCH may act as a severity marker of
AD and a biomarker of preclinical AD [19, 20]. Previously,
we found that CCH results in cognitive impairment and the
occurrence of Alzheimer’s-like pathogenesis mediated by
upregulation of BACEI and Ap in the hippocampus [12].
However, the role of CCH in Af pathology remains unclear.
The purpose of this study is to investigate whether CCH
is involved in regulating the activity of y-secretase. This
study found that CCH enhanced both the non-amyloidogenic
and amyloidogenic pathway. CCH contributed to cognitive
impairment related to AP levels. CCH promoted the amy-
loidogenic pathway through increasing the activity of both
[B-secretase and y-secretase. The general neuro-pathological
presentation induced by CCH-insult may be attributed to
the imbalance between the non-amyloidogenic and amyloi-
dogenic pathway. The cognitive damage may be the results
that the pathological role of the amyloidogenic pathway
overrides the non-amyloidogenic pathway in the process of
CCH-condition. This study elucidates the potential mech-
anisms that CCH results in cognitive impairment and the
amyloidogenic pathway of APP processing by boosting the
activity of both B-secretase and y-secretase.

Materials and Methods
Animal Model
Sprague Dawley (SD) rats (female, weighting 250-300 g)

were obtained from the Animal Experimental Center of
Hubei University of Medicine (Shiyan, Hubei province,

China). All uses of experimental animals were conducted
with protocols that were approved by the Institutional
Animal Care and Use Committee of Hubei University of
Medicine. Ten-month-old SD rats were housed in individual
cages at constant temperature (25 °C) under with a 12/12 h
light/dark cycle and with free access to food and water. All
rats were habituated to the hanging cage for 5 days before
the experiments. A rat model of chronic cerebral hypop-
erfusion (CCH) has been developed with permanent bilat-
eral occlusion of common carotid arteries (BCCAO). Rats
were randomly divided into three groups. The 1-week CCH
group rats (n=10) and 4-week CCH group rats (n=10) were
subjected to permanent bilateral occlusion of both common
carotid arteries after 5 days adaptation, and the control rats
(n=10) underwent the same surgery procedure without ves-
sel occlusion. The BCCAO was performed by permanent
vessel double ligation under general anesthesia with 10%
chloral hydrate (350 mg/kg) intraperitoneally and allowed
to breathe spontaneously throughout the surgical procedure.
A midline incision was done to expose both common carotid
arteries. The artery was gently isolated from the carotid
sheath and vagus nerve and both common carotid arteries
was ligated with non-absorbable 6—0 black silk suture. The
rats were sent back into their cages with free access to water
and food after the midline incision was closed.

Morris Water Maze Task

Morris water maze (MWM) was performed extensively in
the study of the neurobiology and neuropharmacology of
spatial learning and memory. The procedure of the MWM
test was recorded with Morris Image System (Shanghai
DOIT Industrial Co., Ltd.). The MWM test was performed
in a circular white pool (a diameter of 180 cm and a height
of 60 cm) with white milk water and at a fixed range of
water temperature (20+ 1 °C). The pool was divided into
four quadrants (Quadrant A, B, C and D), and the escape
platform was placed at Quadrant A as the target quadrant,
which was hidden 2 cm below the water surface in this study.
This MWM test includes place navigation and spatial probe
carried in the Basic Research Center of Hubei University of
Medicine. The MWM test was finished according to these
previous studies [12, 21, 22] and the manufacturer’s instruc-
tions for use of Morris water maze. Five trials were created
with an inter-trial interval of 60 s. The trail length was 120 s.

ELISA for Ap

The rats were deeply anesthetized with 4% chloral hydrate
intraperitoneally (400 mg/kg) 48 h after MWM test. The
blood was collected from the orbital sinus by removing the
eyeball from socket with a pair of tissue forceps. The har-
vested hippocampus tissues were dissected and homogenized
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with T-PER buffer (Biosource International, Inc., USA) in
the presence of protease inhibitors (Biosource International,
Inc., USA). The 100 mg hippocampus tissue was rinsed with
1 xXPBS, homogenized in 1 ml of 1 XPBS and stored overnight
at —20 °C. After two freeze—thaw cycles were performed to
break the cell membranes, the homogenates were centrifuged
for 5 min at 5000xg, 2-8 °C. The supernate was removed
and assayed immediately. The colorimetric enzyme-linked
immunosorbent assay (ELISA) kits were used to determine
the concentrations of AP (AB40 and AP42: Abcam, Cam-
bridge, UK) and sAPP (sAPPa and sAPPf: Cusabio Biotech
Co., Ltd, USA) according to the manufacturer’s instructions
and previous studies [23]. The optical density (OD) at 450 nm
of each well was read using a microplate reader immediately.
The concentration of AP (AB40 and Ap42) and sAPP (sAPPa
and sAPPp) in the samples was then determined by comparing
the OD of the samples to the standard curve. The sensitivity in
this assay is 1.0 pg/ml.

Western Blotting

The hippocampus tissues were homogenized in the pres-
ence of protease inhibitors and incubated on ice for 30 min.
After the homogenate samples was centrifuged at 5000xg
for 30 min at 4 °C to generate their supernatant fractions,
the supernatant was collected and used for Western blot-
ting arrays. The procedure of Western blotting was executed
according to the manufacturer’s instructions and previous
studies [24, 25]. The equal protein was loaded for all sam-
ples, including the control. The sAPPa (1:500), BACE
(1:100), BACE1(1:300), NCT(1:1000), PS1(1:200), Aph-1a
(1:300) and Pen-2 (1:1000) antibodies were purchased from
Abcam, Cambridge, UK. The optical densities (OD) of the
specific bands were scanned and measured by image analysis
software (HPIAS 2000, Tongji Qianping Company, Wuhan,
China).

Statistical Analysis

Quantitative data were expressed as the mean + SEM. Sta-
tistical analysis was carried out with GraphPad Prism 6.
For statistical evaluation of intergroup differences, one-way
analyses of variance (ANOVA) were employed. A two-tailed
t test was used for two group comparisons. Differences were
considered significantly at P <0.05.

@ Springer

Results
Morris Water Maze (MWM) Test

To investigate the potential effect of CCH on cognitive
deficit in learning and memory, the functions of learn-
ing and memory of rats were measured with the MWM
test. Rats were subjected to MWM test 1 week or 4 weeks
after BCCAO. In MWM, the spatial learning of rats is
tested with the hidden-platform acquisition test (naviga-
tion), and spatial memory is investigated with the probe
trial test. The escape latency which rats find the hidden-
platform time in the water maze was more increased in
CCH-insulted rats (1 week or 4 weeks) than control ones
in Day 4, 5, 6 and 7 (P <0.01) (Fig. 1a, b), implicating
that the BCCAO rats had cognitive impairment in spatial
learning. In the probe trials, the platform was removed,
and the rats were placed into the non-target quadrants
(Quadrant B, C and D) respectively and allowed to swim
freely for 120 s. The BCCAO rats was significantly lower
than the littermate control in the time spent in the target
quadrant (Quadrant A: removed-platform one) and the
number of times crossing the target quadrant during the
last probe trial (P <0.01) (Fig. lc, d), implicating that the
BCCAO rats had cognitive impairment in spatial learning
and memory.

Upregulation of AP in the Hippocampus of CCH Rats

The AP levels in the serum and hippocampal tissues of
rats were investigated with colorimetric ELISA method.
As shown in Fig. 2a, the AP42 levels in the hippocampal
tissues were increased in the CCH-intervened rats com-
pared to the control rats. The Ap40 levels were also mark-
edly elevated in the CCH-intervened rats compared to the
control rats. These results indicate that CCH enhanced the
expression of A in the hippocampus of rats.

However, there was no difference in serum Af levels
between control and CCH rats (Fig. 2b). Furthermore, the
correlation was analyzed between the A levels of hip-
pocampus and the variables of MWM task. As shown in
Fig. 2c and d, the levels of AB40 and 42 were positively
correlated with the escape latency (Ap40: r=0.8234,
P <0.0001; Ap42: r=0.9571, P<0.0001), suggesting that
the upregulation of AP enhanced the impairment of spa-
tial learning. Figure 2e-h interpreted the relation between
the AP levels and the trial probe task. These analysis dem-
onstrated the negative correlation between the Af levels
and the variables of the trial probe task: time staying in
the target quadrant which is the removed-platform quad-
rant (Ap40: r=-0.8119, P<0.0001; Ap42: r=-0.8322,
P <0.0001), and times acrossing the target quadrant
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Fig. 1 Morris water maze
(MWM) for behavioral test.
The escape latency which rats
found the hidden-platform time
increased in CCH-insulted

rats (1 week or 4 weeks)

in Day 4, 5, 6 and 7 (F(2,
15)=2.360, df=15, P<0.0001)
(a: P=0.0036, 1-week CCH
vs. control normal rats; b:
P=0.0029, 4-week CCH vs.
control normal rats). In the
probe trials, the BCCAO rats
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(AB40: 1=-0.7192, P=0.0009; AP42: r=—-0.7884,
P=0.0001). The negative correlation implicated that
the upregulation of AP contributed to the impairment of
memory.

CCH Enhanced the Expression of a-Secretase
in the Hippocampus of Rats

AP is produced by the proteolytic cleavage of amyloid
precursor protein (APP). APP cleavage mainly includes
two distinct pathways: the non-amyloidogenic pathway
and the amyloidogenic pathway (Fig. 3a). The non-amy-
loidogenic pathway involves the sequential cleavage of
APP by a-secretase and y-secretase to generate N-ter-
minal ectodomain (sAPPa) and p3 peptide. ADAMI10
and ADAMI17 have been identified as the two main
o-secretases.

To further explore the role of CCH in the A pro-
duction, the a-secretase (ADAM10 and ADAM17) and
sAPPa were measured in this study. As shown in Fig. 3b
and c, the levels of SAPPa, ADAM10 and ADAM17 in the
hippocampus of CCH rats significantly increased, com-
pared with the control ones (P <0.05).
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CCH Upregulated the Level of f-Secretase
in the Hippocampus of Rats

The amyloidogenic pathway produces neurotoxic Af pep-
tides by the sequential cleavage of APP by p-secretase
(BACE) and y-secretase. This process generates N-terminal
ectodomain (SAPPf) and AP peptides. The beta-amyloid
precursor protein cleavage enzyme 1 (BACE1) has been
identified as the leading function in A production. To fur-
ther clarify the role of CCH in the A production, this study
investigated the change in the levels of BACE and BACEL1
in the hippocampus.

As shown in Fig. 4a, the levels of BACE and BACEI in
the hippocampus of CCH rats were significantly higher than
the control ones (P <0.05). Figure 4b demonstrated that the
levels of SAPP in the hippocampus of CCH rats were signif-
icantly upregulated, compared to the control ones (P <0.05).

CCH Accentuated the Activity of y-Secretase Complex
CCH contributed to behavioral deficits by up-regulating
AP, and it had effects on BACE1 which is the primary

contributor to AP generation. It is well known that the pro-
duction of Ap is from a sequential cleavage by p-secretase
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Fig. 2 AP 40/42 ELISA assay
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and y-secretase. y-secretase is a protease complex which ~ were investigated the role of CCH on the AP production.

has at least four components: the amino- and carboxy-  As shown in Fig. 5, CCH intervention (1-week or 4-week)
terminal fragments of presenilin 1 (PS1), a highly glyco-  markedly increased the expression of PS1, Aph-la and
sylated form of nicastrin (NCT), anterior pharynx-defec-  Pen-2 in the hippocampus of rats, but had no effect on

tive lalpha (Aph-1la), and presenilin enhancer 2 (Pen-2).  NCT, suggesting the enhancing role of CCH in the activity
Therefore, the four components of y-secretase complex  of y-secretase complex in the hippocampus.
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Fig.3 The effects of CCH on a-secretase. The process of APP
cleavage mainly includes the following two pathways: the non-amy-
loidogenic pathway and the amyloidogenic pathway (a). Relative
amounts of ADAMI10 and ADAM17 were expressed as the densi-
tometry OD ratio to p-actin (mean + SED) for Western blotting. The
sAPPa, ADAMI10 and ADAMI17 levels in the CCH-treated rats were

Discussion

Reduced cerebral blood flow and cerebral ischemia play
an important role in the regulation of amyloid-beta (AP)
production. Chronic cerebral hypoperfusion (CCH) is an
etiological factor for Alzheimer’s disease (AD) besides the
causes of vascular dementia. The aim of this study was to
investigate the effects of CCH on the AP production. Our
study showed that CCH not only enhanced the activity of
the non-amyloidogenic pathway but reinforced the activity
of the amyloidogenic pathway as well. In addition, CCH
contributed to the cognitive dysfunction related to the Af
over-expression.

Compelling experiments to mimic CCH-induced cer-
ebral ischemia have been designed by permanent or revers-
ible occlusion of more than one major vessel supplying the
brain in animals [26-28]. There is accumulating evidence

significantly higher than the control rats (P<0.05) (b). The ELISA
test showed that the levels of SAPPa in the hippocampus of CCH rats
significantly increased, compared with the control ones (P <0.05) (c).
ADAM a disintegrin and metalloprotease domain, CCH chronic cer-
ebral hypoperfusion, OD optical density

that bilateral common carotid artery occlusion (BCCAO),
known as ischemic preconditioning or ischemic tolerance,
is an adequate CCH stimulus to induce chronic cerebral
ischemia [29-31]. Studies of rats with BCCAO have dem-
onstrated that BCCAO-induced CCH has been often used
as an animal model for vascular cognitive impairment and
dementia, involving in hippocampus-dependent memory
impairment and a series of neuropathologies (e.g. cerebral
microvessel, white matter and gray matter damage) associ-
ated with CCH [31-33]. In this study, we found that BCCAO
rats had the resulting impairment of spatial learning and
memory investigated by MWM testing, and confirmed the
causative relationship between CCH and cognitive impair-
ment. A variety of studies have indicated that A, a major
component of senile plaques in AD, has been implicated in
cognitive impairment [12, 34-37]. Our study suggested that
the upregulation of Af in the CCH-condition enhanced the
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impairment of spatial learning and memory, and reaffirmed
the evidence that CCH is associated with cognitive impair-
ment correlated to the AP expression.

The non-amyloidogenic pathway of APP processing indi-
cates a sequential cleavage of APP by a-secretase (ADAM-
10 and ADAM-17) and y-secretase to generate sAPPa, p3
and C-terminal fragment that is also known as APP intra-
cellular domain (AICD) [38-40]. The non-amyloidogenic
a-secretase cleavage of APP promotes the release of sSAPPa
[41, 42]. In this study, the sAPPa and two enzymes of
a-secretase (ADAM10 and ADAM17) were investigated.
These results showed that the levels of sAPPa, ADAM10
and ADAM17 in the hippocampus of CCH-rats were all
up-regulated, suggesting the enhancing role of CCH in
the non-amyloidogenic pathway. The non-amyloidogenic
pathway prohibits AP production since cleavage of APP by
a-secretase occurs within the Ap domain [38, 41]. There-
fore, it seems that the process of CCH-condition activated
the non-amyloidogenic pathway which acts as a beneficial
neurotrophic effect. The general neuro-pathological presen-
tation suffering from CCH-insult may be due to the imbal-
ance between the non-amyloidogenic pathway and amyloi-
dogenic pathway. The cognitive damage may be the results
that the non-amyloidogenic pathway can’t overcome the
damage role of the amyloidogenic pathway in the process
of CCH-condition.

The amyloidogenic pathway of APP processing pro-
vides the results in neurotoxic AP generation, the releases
of sAPPf and AICD [43, 44]. The production and accu-
mulation of AP from APP by the sequential cleavage of
B-secretase and y-secretase, has been well recognized as the
initial causative events in AD. Previous study by our group
found the over-expression of f-secretase (BACE1) and Ap
in the hippocampus of BCCAO rats increased [12]. Level
of BACE1 and AP had a positive correlation with degree
of cognitive impairment in BCCAO rats [12]. Hence, over-
expression of BACE1 and AP from CCH was a potential
vascular pathogenesis of AD. This study further evidenced
the hypothesis that CCH makes a remarkable contribution
to AP generation and releases of sSAPPf via enhancing the
activity of p-secretase (ABCE and BACEL). It has also
been certified the determinative role of y-secretase in the
Ap pathogenesis [45, 46]. It seems that inhibiting the activ-
ity of y-secretase is a promising therapeutics target. This
study demonstrated that CCH activated the main three com-
ponents of y-secretase complex (PS1, Aph-la and Pen-2).
Taken together, CCH makes a remarkable contribution to A
generation because CCH not only enhanced the activity of
p-secretase but increased the activity of y-secretase as well.

The y-secretase complex, a membrane protein complex,
at least includes four components: presenilinl (PS1), nica-
strin (NCT), anterior pharynx-defective lalpha (Aph-1a)
and presenilin enhancer 2 (Pen-2) [47]. The y-secretase

complex catalyzes the intramembrane proteolysis of
Notch, APP and other substrates as a key step in the patho-
genesis of AD. This study demonstrated that CCH signifi-
cantly highered the expression of PS1, Aph-1a and Pen-2
in the hippocampus of rats, but had no effect on NCT. The
primary role of NCT is maintaining the stability of the
y-secretase complex and regulating intracellular protein
trafficking [48]. Hence, it seems that CCH has no influ-
ence on the functional stability and intracellular protein
trafficking of y-secretase.

A variety of mechanisms have been reported that CCH
may affect AD pathogenesis [49-52]. Cerebral hypoper-
fusion and glucose hypometabolism are key pathophysi-
ological modulators that promote the Alzheimer’s-like
neurodegeneration with impaired microvascular func-
tion (dysfunction of neurovascular unit, cerebrovascu-
lar remodeling damage and disruption of neurovascular
trophic coupling) [50, 53-55]. CCH impairs white matter
integrity and lesions in AD and leads to cognitive impair-
ment [36, 56]. Substantial studies have demonstrated that
reduced cerebral blood flow and CCH plays an impor-
tant role in the AP pathogenesis [12, 51, 57], and even
mild CCH ignites peripheral Af to enter into brain and
promote its aggregation [57, 58]. Although CCH makes
a remarkable contribution to AP generation via activat-
ing p-secretase, it remains elusive that what’s the relation
between CCH and activity of the y-secretase complex. The
purpose of the present study was to investigate whether
CCH would affect the activity of the y-secretase complex
in an Alzheimer’s mouse model. Our study demonstrated
that CCH promotes Af generation because CCH enhances
both the activity of B-secretase and y-secretase. Moreover,
the process of CCH activates the non-amyloidogenic path-
way which acts as a beneficial neurotrophic effect. There-
fore, the general neuro-pathological presentation suffering
from CCH-insult may be due to the imbalance between the
non-amyloidogenic and amyloidogenic pathway. The cog-
nitive damage may be the results that the pathological role
of the amyloidogenic pathway is more than over the non-
amyloidogenic pathway in the process of CCH-condition.
This study offers the possible mechanisms that CCH con-
tributes to cognitive impairment and the amyloidogenic
pathway of APP processing by enhancing both the activity
of P-secretase and y-secretase. These results provided a
novel molecular mechanism by which cerebral risk factors
contributed to AP pathology in the development of AD.
These findings also provide a possible mechanistic linkage
between AD and vascular factors.
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