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Abstract

Cerebrovascular lesions are widely prevalent in patients with Alzheimer’s disease (AD), but their relationship to the pathophysiology of AD
remains poorly understood. An improved understanding of the interaction of cerebrovascular damage with AD is crucial for the development
of therapeutic approaches. Herein, we investigated the effects of chronic cerebral hypoperfusion (CCH) in a SXFAD transgenic (Tg) mouse
model of AD. We established CCH conditions in both Tg and non-Tg mice by inducing unilateral common carotid artery occlusion (UCCAO).
Cognitive performance in mice was evaluated, and their brain tissue was examined for amyloid-beta (Ap) pathology to elucidate possible
mechanisms. We found that UCCAO-operated Tg mice showed impaired cognitive flexibility in the reversal phase of the hidden-platform
water maze task compared to sham-operated Tg mice. Interestingly, UCCAO-operated Tg mice used fewer spatial cognitive strategies than
sham-operated Tg mice during reversal learning. These cognitive deficits were accompanied by increased Ap plaque burden and AB42 levels
in the hippocampus and prefrontal cortex, 2 regions that play essential roles in the regulation of cognitive flexibility. Furthermore, changes
in cognitive flexibility are strongly correlated with the expression levels of enzymes related to Af clearance, such as neprilysin and insulin-
degrading enzymes. These findings suggest that, in SXFAD mice, impaired cognitive flexibility is related to CCH, and that A clearance might
be involved in this process.
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For the past 20 years, many studies have been conducted to develop
a cure for Alzheimer’s disease (AD), a progressive neurodegenerative
disorder affecting an increasing number of people. However, treat-
ments effective in animal studies have largely failed to translate to
humans; thus, since the early 2000s, no new drugs have been ap-
proved for treating AD (1). These successive failures have led re-
searchers to reconsider the causes of AD.

In general, dementia is defined as a condition associated with
multifaceted progressive cognitive deficits and can be subdivided
into AD and non-AD, the latter group including vascular dementia
(VaD), frontotemporal dementias, and Lewy body dementia (2).
However, it is difficult to identify distinct subtypes of dementia, be-
cause multiple dementias often coexist in the same patient (3), a situ-
ation often referred to as mixed dementia (MD). Among MDs, VaD

in combination with AD is the most common form, accounting for
approximately 50% of all dementia patients (4,5). Vascular dementia
is mainly characterized by a heterogeneous pathology involving
white matter lesions and neurological dysfunction (6,7), and many
clinical studies have suggested that cerebral hypoperfusion can lead
to VaD and/or MD progression (8,9). In fact, oxidative stress, in-
flammatory responses, and amyloid-beta (Af) accumulation, which
are also common to the pathology of AD, have been previously re-
ported to be associated with chronic cerebral hypoperfusion (CCH)
(10-12). Moreover, CCH is present at “early” stages of AD. Further,
alterations in cerebral blood flow (CBF) have been detected by ar-
terial spin-labeling magnetic resonance imaging before the onset of
explicit AD symptoms (13,14), which suggest the potential of CCH
as a biomarker of AD. Therefore, since cerebrovascular damage can
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trigger the progression of dementia (15,16), it is important to con-
sider vascular factors in AD research.

Owing to the limitations of using transgenic (Tg) mice targeting
AP as an important diagnostic hallmark of AD, there is a growing
need for developing newer animal AD models capable of reflecting
the pathophysiology of VaD (9). A previous study showed that the
J20 strain, a mouse model of AD overexpressing human amyloid
precursor protein (APP) with the Swedish and Indiana mutations, in
combination with CCH, one of the most common causes of VaD, ex-
hibited impaired learning ability compared to AD mice (17). Another
study demonstrated that the CCH + APP23 AD mice (expressing
human vasculotropic Swedish mutant APP) showed aggravated cog-
nitive dysfunction in an 8-arm radial maze with Af accumulation
compared to APP23 alone (18). Furthermore, increased AB40 depos-
ition was reported in the cerebral cortex of CCH model of APP23
AD mice (19), while spatial learning ability became more impaired
after CCH surgery in Tg 2576 mice (a mouse model overexpressing
human APP . with the Swedish mutation) than in the Tg 2576 mice
without CCH (20). However, a systematic evaluation of learning
and memory from simple to higher-order cognition in MD animal
models has not been fully undertaken. Moreover, the molecular links
between AD and VaD have not been sufficiently clarified to develop
successful drug treatments for dementia.

Thus, we systematically investigated the effect of CCH on
learning and memory in an AD mouse model. The Y-maze and
water maze tasks were performed in succession to test for working
memory, spatial learning, and spatial memory. We also investigated
reversal learning and memory to test cognitive flexibility, which is a
central feature of higher-order cognition (21). Alterations in AB40,
AB42, and plaque load in the brain were measured by immuno-
fluorescence staining and sandwich enzyme-linked immunosorbent
assay (ELISA). Further, we examined the expression level of proteins
related to AP production and clearance using western blots to ex-
plore the molecular evidence linking CCH with AD. Finally, we used
microarray analysis to briefly analyze gene expression patterns and
pathways to investigate the molecular differences between groups.

Method

Animals

Three-month-old male SXFAD Tg mice (n = 20) harboring both
mutant human APP (K670N, M671L, 716V, V7171) and presenilin
1 (M146L * L286V), as well as their non-Tg control littermates
(1 = 16), were used in the present study. It has been reported that by
age 3 months, AR plaques already start to appear in this mouse model
(22); thus, we adopted this age to investigate the effects of CCH on
Tg mice. SXFAD Tg mice were purchased from Jackson Laboratories
(Bar Harbor, ME) and maintained by crossing hemizygous Tg mice
with non-Tg B6/SJL breeders (Jackson Laboratories). All newborn
pups were screened for transgene expression by polymerase chain
reaction analysis, as described in the Jackson Laboratory protocol.
Mice were housed in groups of 2—4 per cage under standard labora-
tory conditions (12-hour light/dark cycle; lights on at 8:00-20:00,
temperature: 23 = 2 °C, and humidity: 50% = 10%) with ad libitum
access to food and water.

Experimental Design

Mice were randomly divided into groups and subjected to uni-
lateral common carotid artery occlusion (UCCAO) for the in-
duction of CCH, or sham surgery. Four groups were defined in

this study: (i) non-Tg + SHAM (n = 8); (ii) non-Tg + UCCAO
(n = 8); (iii) Tg + SHAM (1 = 10); and (iv) Tg + UCCAO (n = 10).
In order to generate CCH, right UCCAO surgery was performed
according to our previous report (23). The detailed surgical pro-
cedure and a schematic design of the present study are shown in
the Supplementary Figure 1A.

Open Field Test

The animals were placed in the middle of a square arena (40 x 40 x
40 cm) and allowed to explore freely for 10 minutes. Locomotor be-
havior was continuously recorded by a camera, and the total distance
moved and time spent in the center (24 x 24 cm) were scored with
video tracking software (HVS Image, Bicester, UK). The arena was
cleaned with a 70% ethanol solution and a dry paper towel after
each trial.

Y-Maze Task

The Y-maze task can be used to evaluate short-term working
memory, as previously described (24). The animals were placed in
the junction of 3 identical arms (40 x 10 x 15 cm with the 120° angle
between arms) and given free access to the arms for an 8-minute ses-
sion. The entry of mice into each arm was video-recorded, and the
sequence and number of arms entered were analyzed. Spontaneous
alternation was calculated according to the following equation:

. Number of alternations
Spontaneous alternation ( % ) = - x 100
Total arm entries — 2

Water Maze Task

Long-term spatial memory was assessed using the water maze task,
as previously described, but with minor modifications (25). The ex-
perimental procedures consisted of 3 phases: the acquisition learning
phase, reversal learning phase, and cued trials.

The acquisition learning phase consisted of 4 trials daily (10-mi-
nute intertrial interval, maximum trial duration of 60 seconds) for
7 days (Days 1-7). On training Days 3 and 7, probe tests (without
the platform) were conducted. In the reversal learning phase, the
platform was placed in the opposite quadrant for 3 days (Days
8-10). On training Day 10, the probe test was also conducted. On
Day 11, the cued trials were conducted. In these trials, the visible
platform, marked with a salient black tape, was raised 2 cm above
the water surface and moved to different positions across trials
(4 trials/d). Detailed methods are provided in the Supplementary
Material, and a schematic design of the water maze protocol is
shown in Supplementary Figure 1B.

Analysis of Search Strategies

The swimming pattern of each mouse during the water maze task
was classified into 10 search strategies according to the criterion de-
scribed previously (26,27). Supplementary Figure 2 shows the classi-
fication of search strategies and representative swim paths for mice
using 10 different strategies. Detailed methods are provided in the
Supplementary Material.

Immunofluorescence Staining

To investigate AP plaque accumulation, immunofluorescence staining
was conducted as previously described (28). Serial sections from the
prefrontal cortex (PFC; bregma, 1.94-1.42 mm) to the hippocampus
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(bregma, -1.70 to -2.18 mm) were used for immunofluorescent
staining. Three sections per animal were blocked with 5% normal
goat serum (Vector Laboratories) and then immersed in anti-mouse
6E10 primary antibody (BioLegend) overnight at 4 °C. Sections were
immersed in Alexa Fluor conjugated secondary antibody (Invitrogen)
for 90 minutes, and incubated in 4’-6-diamidino-2-phenylindole solu-
tion (Sigma-Aldrich) for 10 minutes to stain the cellular nuclei. Stained
sections were imaged using a fluorescence microscope (Olympus,
Japan), and AP plaque load in the hippocampal subregions (CA1:
cornu ammonis 1 and DG: dentate gyrus) and PFC (PL: prelimbic
cortex and IL: infralimbic cortex) was quantified using Image J soft-
ware (NIH). For AB plaque load analysis, the number of 6E10-positive
pixels was divided by the number of whole pixels in each image and,
according to previous reports (18,29), the data are reported as the
percentage area occupied by the 6E10-positive signal. To apply the
same selection criteria to all cuts, a template was created from a region
of interest in the hippocampus and PFC and applied on each sample.

Sandwich ELISA

AB peptide levels were measured using commercially available
mouse AB40 and AB42 ELISA kits (Invitrogen). All assays, including
sample preparation, were conducted following the manufacturer’s
instructions. The absorbance of the ELISA well plate was read at
450 nm using a microplate reader (BioTek).

Western Blot

Western blot analysis was performed as previously described (30).
Tissues were homogenized on ice in radio-immunoprecipitation
assay (RIPA) buffer, and equivalent amounts of samples were frac-
tionated by sodium dodecyl sulfate (SDS)—gel electrophoresis, trans-
ferred onto polyvinylidene difluoride membranes, and blocked with
5% nonfat milk in phosphate-buffered saline containing Tween-
20. The membrane was incubated in primary antibodies over-
night at 4 °C. Protein bands were imaged using an imaging system
(ProteinSimple), and quantified using the Image Gauge program
(Fujifilm, Japan). Detailed information of the primary antibodies use
is presented in Supplementary Table 1.

Microarray Analyses

RNA isolation and microarray analyses were performed as previ-
ously described, with minor modifications. Detailed methodology is
provided in the Supplementary Material.

Statistical Analysis

All data are expressed as the mean = SEM. The data shown are the
average of 2 independent replicate experiments. The homogeneity
of variances of each data set was analyzed using the Levene’s test.
The latencies of the water maze task were analyzed using a repeated
measures 3-way analysis of variance (ANOVA) with genotype, CCH,
and day as main effects, along with the interactions. For analysis of
search strategies, a 2-way ANOVA was used to test whether group,
strategy, and their interaction were significant. For other compari-
sons, a 1-way or 2-way ANOVA was performed followed by least
significant difference or Tamhane post-hoc test. A p-value <.05
was considered statistically significant. Correlation analysis was
performed using the Pearson correlation coefficient, and R? values
are included in the graphs. All statistical analyses were performed
using SPSS software (IBM Corp.). Detailed F and p values for each
ANOVA analysis are presented in Supplementary Table 2.

Results

Chronic Cerebral Hypoperfusion Exacerbates
Impairment of Reversal Learning and Memory in
5XFAD Mice

We first measured the locomotor activity of mice using an open field
test to assess the effect of CCH on general motor behavior and anx-
iety level. During the 10-minute test, there were no significant differ-
ences in the total distance traveled between groups (Supplementary
Figure 3A), suggesting that CCH did not induce any locomotor dis-
turbance. In addition, the amount of time spent in the center zone
was comparable between groups (Supplementary Figure 3B), sug-
gesting that CCH did not affect anxiety level.

Next, short-term working memory was assessed using the Y-maze
task, a widely accepted tool for evaluating the ability to temporarily
hold and manipulate information (31). There were no significant dif-
ferences in the total number of arm entries (Supplementary Figure
4B), indicating similar explorative behavior between groups. The
spontaneous alternation ratio of the other groups (non-Tg + UCCAO
and Tg + SHAM) was significantly lower than that of the non-Tg +
SHAM group, but there was no significant difference between Tg
+ SHAM or non-Tg + UCCAO and Tg + UCCAO (Supplementary
Figure 4A).

To evaluate long-term spatial learning and memory, a water
maze task was used. Initially, no significant differences in swim-
ming speed were observed between groups during the learning phase
(Supplementary Figure 5), which again suggests that none of the mice
had a motor impairment. Figure 1A shows the mice swim latency
during training sessions in the water maze. In the acquisition phase,
3-way repeated measures ANOVA revealed a significant main effect
of genotype (F,,,, = 123.781, p < .001) and day (F,,, = 23.002,
p < .001), though the main effect of CCH (F,, ,,, = 2.768, p = .098)
was not statistically significant. We also observed interactions be-
tween Genotype x CCH (F, ,,, = 5.388, p = .021) and Genotype x
Day (F,,, = 7.188, p < .001), but there were no significant CCH
x Day interactions (F16,224» = 0.633, p = .704). Post-hoc tests showed
that Tg + SHAM mice performed worse than non-Tg + SHAM
mice during acquisition learning (p < .001). Additionally, UCCAO-
exposed non-Tg groups were significantly better in finding the es-
cape platform than the Tg group (p < .001). However, we did not
observe synergistic learning impairments in Tg + UCCAO com-
pared to Tg + SHAM mice. Figure 1B and C show the data obtained
from probe tests for the assessment of spatial retention memory.
The 2-way ANOVA revealed a significant main effect of genotype
(F 5, = 6.030, p = .020 for the first, and F,, = 7.775, p = .009
for the second probe test), but there was no significant main effect
of CCH or Genotype x CCH interactions, in the time to the target
quadrant (Figure 1B). Post-hoc analysis showed that Tg + UCCAO
mice spent less time swimming in the target quadrant than non-Tg +
UCCAO mice did (p = .030 for the first, and p = .018 for the second
probe test). In terms of the number of platform position crossings
(Figure 1C), Tg + SHAM and Tg + UCCAO mice exhibited lesser
number of platform crossings than the non-Tg + UCCAO mice
during the second probe test (p < .001). Consistent with the acqui-
sition learning results, there was no difference between Tg + SHAM
and Tg + UCCAO mice in the probe tests.

In line with a previous study (25), 3 additional days of re-
versal learning were conducted to evaluate the cognitive flexibility
of mice after the acquisition learning phase. Three-way repeated
measures ANOVA revealed a significant main effect of genotype
(F,, 4 = 73.106, p < .001), CCH (F,,,, = 11.950, p < .001), and day

1,96 1,96
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Figure 1. Spatial learning and memory in 5XFAD mice with unilateral
common carotid artery occlusion (UCCAO). Spatial learning was measured
using the water maze protocol consisting of acquisition and reversal phases,
followed by cued platform trials. Reference memory of mice was examined
on Day 3 (first probe test), Day 7 (second probe test), and Day 10 (reversal
probe test). (A) Learning curves of the acquisition (7 d) and reversal phases
(3 d) were described in terms of latency (s) to find the hidden platform.
Latency in the cued platform trials was also described at the last (11th) day.
(B) Time spent in the target quadrant and (C) crossing times at platform
position during the probe trial on Day 3 (first) and 7 (second). (D) Time spent
in the target quadrant and (E) crossing times at platform position during the
reversal probe test on Day 10. Numbers in parentheses describe the number
of samples. Data are presented as the mean + SEM. #p < .001 compared
with non-Tg + SHAM group; ¥p < .05 and ¥&p < .001 compared with non-Tg
+ UCCAO group; *p < .05 and ***p < .001 compared withTg + SHAM group.
n.s. = nonsignificant.

(Fg = 21.629, p < .001). The interaction between genotype and
CCH (F,,, = 14.483, p < .001) was significant, though Genotype
x Day (F,,, = 1.993, p = .142) and CCH x Day interactions
(F g = 2.676, p = .074) were not statistically significant (Figure 1A).

Post-hoc testing showed that Tg + SHAM mice performed worse
than non-Tg + SHAM mice during reversal learning (p < .001). In
addition, Tg + SHAM and Tg + UCCAQO groups displayed impaired
reversal learning abilities compared to non-Tg + UCCAO mice (p <
.001). Interestingly, the Tg + UCCAO mice performed significantly
worse than the Tg + SHAM mice (p < .001), indicating that cogni-
tive flexibility was affected by CCH in 5XFAD mice. Figure 1D and
E show the data obtained from probe tests for the assessment of re-
versal memory. The 2-way ANOVA revealed a significant main effect
of genotype (F,, ;, = 6.587,p =.015 for new target,and F  ,, = 5.288,
p = .028 for old target quadrant) and CCH (F,,, = 5.468,p = .026

for new target, and F, ,, = 4.157, p = .050 for old target), but there
were no significant Genotype x CCH interactions in the time taken
to reach the target quadrant (Figure 1D). Post-hoc analysis showed
that Tg + UCCAO mice spent more time in the acquisition target
quadrant than in the new target quadrant, which changed in the
reversal learning phase, relative to the other groups (Figure 1D). In
addition, Tg + UCCAO mice displayed a lower number of new plat-
form location entries than the other groups (Figure 1E; p < .001).

On the last day (Day 11), mice were tested in cued trials in which
the platform was changed to a marked visible platform. No signifi-
cant differences were found between groups in the latency to find the
salient black platform (Figure 1A), indicating that none of the mice
had visual impairments. Together, these results suggest that CCH
specifically induces reversal memory deficits in SXFAD mice in the
absence of visual impairment.

Chronic Cerebral Hypoperfusion Results in

Decreased Use of Spatial Search Strategies in

5XFAD Mice During Reversal Learning

We further analyzed the search strategies for the last day of acquisi-
tion (on Day 7) and reversal learning phase (on Day 10), respectively.
As shown in Figure 2A, there was a significant main effect of strategy
(F =4.729, p < .001) as well as Strategy x Group interactions
(F 055 = 3:213, p = .001) in acquisition learning. Post-hoc analysis
showed that the non-Tg + SHAM group used a significantly more
“spatial direct” strategy than the other groups (p < .001). In add-
ition, Tg + SHAM mice and Tg + UCCAO mice showed less use
of “focal correct” strategy than non-Tg + UCCAO mice (p = .030).
However, we did not find a significant difference when comparing Tg

(8,288)

+ UCCAO mice with Tg + SHAM group mice in acquisition learning.

By analyzing the mice’s strategies during reversal learning, we ob-
s = 10.595, p <.001)
27320 =3-227,p <.001; Figure 2B).
Post-hoc analysis showed that the Tg + UCCAO group used signifi-
cantly less “spatial direct” and “spatial indirect” strategies compared
to Tg + SHAM mice (p = .031 for spatial direct; p = .047 for spatial
indirect). On the other hand, Tg + UCCAO mice showed a signifi-
cant preference for “chaining” and “peripheral looping” strategies
compared to non-Tg + UCCAO or Tg + SHAM mice (p = .030 for
chaining; p = .026 for peripheral looping). Especially noteworthy is

served a significant main effect of strategy (F
with Strategy x Groupinteractions (F

the result that Tg + UCCAO mice used significantly more “persever-
ation” than Tg + SHAM mice (p = .015), indicating that these group
had difficulties to acquire newly updated information. Consistent
with these results, classifying 10 strategies into one of the 4 main
categories (spatial, nonspatial, repetitive, and perseveration) also re-
= 33.120,p <
sy = 10.533,p <
.001; Figure 2C). Collectively, these results suggest that CCH affects
the deployment of spatial cognitive strategies in SXFAD mice during

sulted in a significant main effect of strategy (F; ,q

.001) as well as Strategy x Group interactions (F

reversal learning.

Chronic Cerebral Hypoperfusion Increases Af

Plaque and Ap42 Levels in the Hippocampus and

PFC of 5XFAD Mice

AP plaque burden in the mouse brain, one of the major hallmarks of
AD, was measured using immunofluorescence staining to investigate
whether AB pathology is involved in these reversal learning deficits.
We focused on the analysis of the hippocampus and PFC because
reversal learning and behavioral flexibility mainly depend on func-
tional connections between these 2 regions (26,32). Comparison of
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Figure 2. Different spatial search strategy in 5XFAD mice with unilateral
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during the last day of the (A) acquisition phase (on Day 7) and (B)
reversal phase (on Day 10) was analyzed. The numbers in the x-axis refer
to the different subcategories of search strategies as listed below and in
Supplementary Figure 2, which are: (1) spatial direct, (2) spatial indirect, (3)
focal correct, (4) scanning, (5) random, (6) focal incorrect, (7) chaining, (8)
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grouped as spatial, 4-6 as nonspatial, and 7-9 as repetitive. The 10th strategy
(“perseveration”) is only applicable to the reversal phase. (C) Proportional
use of major categories of search strategies during the last day of acquisition
(on Day 7) and reversal phase (on Day 10). Data are presented as the mean
+ SEM. *p < .001 compared with non-Tg + SHAM group; ¥p < .05, ¥p < .01,
and ¥&p < .001 compared with non-Tg + UCCAO group; *p < .05 compared
withTg + SHAM group.

the ipsilateral and contralateral sides did not show significant dif-
ferences in AP plaque load in Tg + UCCAO mice (Supplementary
Figure 6); thus, we selected each ipsilateral region and compared
the groups for subsequent analyses. An ANOVA of the levels of
hippocampal plaque load showed significant main effects of geno-
- 288255, p < .001; CAL: F,, = 442.487,
= 19.724, p = .002), CCH (whole: F,, , = 21.238,
p =.002; CAl: F = 29.120, p = .001) as well as Genotype x CCH
interactions (whole: F ¢ = 20.923, p = .002; CAl: F = 33.776,
p <.001). Post-hoc testing showed that Tg + UCCAO mice exhlblted
remarkable increases in AP} plaque load relative to Tg + SHAM mice
in the whole hippocampus (p = .006) and CA1 (Figure 3A, p =.005).
In the analysis of PFC and its subregions (PL and IL), we also ob-
served significant main effects of genotype (whole: F = 208.149,
p <.001; PL: F| ; = 96.824,p < .001; IL: F = 339.786, p < .001),
CCH (whole: F,4=22.681,p=.001;PL: F , = 8.524,p =.019; IL:
=33.849,p <.001), and Genotype x CCH interactions (whole:
F,,=12.528,p=.008; PL: F,, =7.786,p =.024; IL: F , = 31.268,
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Figure 3. Ap plaques and levels of AB40 and Ap42 in the hippocampus
and prefrontal cortex (PFC) of 5XFAD mice with unilateral common carotid
artery occlusion (UCCAO). (A, B) The Ap plaques were stained with anti-6E10
antibody (green) and the nuclei were counterstained with 4/,6-diamidino-2-
phenylindole (red). N = 3 per group. (A) Left: Schematic illustration of the
regions of interest depicted in the cornu ammonis 1 (CA1) and dentate
gyrus (DG) areas of the hippocampus. The hippocampus and its subregions
(CA1 and DG) were analyzed at —1.70 to —2.18 mm from bregma. Middle:
Representative images of AP} plaques in the hippocampus and its subregions.
Right: Quantitative analysis of Af plaque burden (%). (B) Left: Schematic
illustration of the regions of interest depicted in the prelimbic (PL) and
infralimbic (IL) subdivisions of the PFC.The PFC and its subregions (PL and IL)
were analyzed at 1.94-1.42 mm from bregma. Middle: Representative images
of AB plaques in the PFC and its subregions. Right: Quantitative analysis of
AP plaque burden (%). (C-E) Quantification of AB40 (C) and AB42 (D) in brain
lysate analyses by sandwich enzyme-linked immunosorbent assay. Values
are expressed as nanograms of AB40 or AB42 per milligram of total protein.
(E) The ratio of AB42 to AB40 (%). N = 4 per group. Data are presented as the
mean + SEM. *p < .05 and **p <.01 compared withTg + SHAM group.

p = .001). Similar to the hippocampus, more Af plaque accumula-
tion was observed in Tg + UCCAO mice than in the Tg + SHAM
group mice in the PFC region (Figure 3B, p = .010 for PFC; p = .044
for PL; p = .00S for IL).

As AP plaques were increased in Tg + UCCAO mice, AB peptides
including AB40 and AB42, which are the starting points for plaque
aggregation, were measured. An ANOVA of AB40 levels revealed a
significant main effect of genotype (hippocampus: F , = 37.417,
p <.001; PFC: F, , = 28.192, p < .001), but there was no signifi-
cant main effect of CCH and Genotype x CCH interactions. Post-
hoc testing showed that the AB40 level in Tg + UCCAO group was
not significantly different than that in Tg + SHAM group. In con-
trast, in AP42 levels, we observed a significant main effect of geno-
type (hippocampus: F ., =58.648,p < .001; PFC: F |, = 36.351,
p = .001), CCH (hippocampus: F,,, = 6.863, p = .022; PFC:

E ) = 4729, p = .050) as well as Genotype x CCH interactions
(hlppocampus. F 1, =6.879,p=.022;PFC: F |, = 4.822,p =.048).
Post-hoc analysis revealed a significant increase in AB42 levels be-
tween Tg + UCCAO mice and Tg + SHAM mice in both regions
(Figure 3D; p = .040). These results indicate more obvious changes in
ApB42 levels than in AB40 levels. Similar trends in the ratio of AB42
to AB40 in both the hippocampus and PFC are shown in Figure 3E.
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Taken together, these results suggest that CCH exacerbates A} accu-
mulation in the hippocampus and PFC of 5XFAD mice, but not in
their non-Tg littermates.

Chronic Cerebral Hypoperfusion Reduces
Expression Levels of Proteins Associated With Ap
Clearance in 5XFAD Mice

To further examine the underlying mechanisms regarding the in-
creased AP plaque and AB42 in the hippocampus and PFC of Tg +
UCCAO mice, we next investigated the expression levels of several
proteins capable of Af clearance and production. First, we analyzed
the expression of 2 proteins related to A clearance, neprilysin and
insulin-degrading enzyme (IDE). With respect to neprilysin levels,
there was a significant main effect of genotype (hippocampus:
F, ., = 51.809, p < .001; PEC: F, , = 10.425, p = .007). Post-hoc
testing showed that Tg + UCCAO mice showed significantly lower
neprilysin levels than Tg + SHAM mice in both regions (Figure 4A;
p = .027 for hippocampus; p = .033 for PFC). As for IDE levels, a
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Figure 4. Expression level of proteins related Ap production and clearance
in the hippocampus and prefrontal cortex of 5XFAD mice with unilateral
common carotid artery occlusion (UCCAO). (A) Western blotting for neprilysin
and its quantification. (B) Western blotting for insulin-degrading enzyme (IDE)
and its quantification. (C) Representative western blot images of proteins
related AR production including ADAM10, p-site APP cleavage enzyme
(BACE), and APP. Analyses were performed to quantify the expression of
ADAM10 (D), BACE (E), and APP (F). Immunoreactive protein bands in each
group were normalized to the internal control glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). N = 4 per group. Data are presented as the mean =
SEM. #p < .01 compared with non-Tg + SHAM group; p < .05, ¥p < .01, and
&&&p < .001 compared with non-Tg + UCCAO group; *p < .05 and **p < .01
compared withTg + SHAM group. n.s. = nonsignificant.

significant main effect of genotype (F, ,, = 6.619, p = .024) and
CCH (Fypp = 9755, p = .009) was detected in the PFC. In concord-
ance with the results of neprilysin, IDE expression was decreased in
Tg + UCCAO mice compared with Tg + SHAM mice in both regions
(Figure 4B; p = .004 for hippocampus; p = .010 for PFC).

Second, we investigated the expression levels of proteins re-
lated to AP production, such as APP, f3-site APP cleavage enzyme
(BACE), disintegrin, and metalloproteinase 10 (a disintegrin and
metalloproteinase 10 [ADAM10]; Figure 4C). It has been widely re-
ported that A is generated from APP by the action of BACE, whereas
AP formation is prevented by ADAM10 (33). Considering ADAM10
levels, a significant main effect of genotype (F, |, = 14.957,p = .002)
was detected in the hippocampus. Post-hoc testing showed that Tg
+ UCCAO exhibited a remarkable decrease in ADAM10 levels rela-
tive to Tg + SHAM mice in the hippocampus (Figure 4D; p = .042),
but not in the PFC. For the BACE levels, only a main effect of geno-
type (F, ,, = 7.669, p = .017) in the hippocampus was detected by
ANOVA. Despite increase in BACE expression in the hippocampus
of Tg + UCCAQ mice, it was not significantly different from that of
Tg + SHAM (Figure 4E; p > .05). As for APP expression levels, no
difference between groups was observed in either the hippocampus
or the PFC (Figure 4F). Collectively, these findings imply that CCH
increased AP accumulation in SXFAD mice, potentially by reducing
the levels of enzymes involved in Af clearance.

Reduction of Neprilysin and IDE in the

Hippocampus and PFC of 5XFAD + UCCAO Mice Is
Correlated With the Loss of Reversal Memory

We conducted Pearson’s correlation analysis to elucidate the poten-
tial role of the above-mentioned Af-related proteins in the reversal
memory changes particularly observable in Tg + UCCAO. We ana-
lyzed the correlation between the number of new platform location
entries in the reversal probe test of the water maze and the expres-
sion levels of each protein in the hippocampus and PFC, respectively
(Supplementary Figure 7). In the hippocampus, there was a signifi-
cant positive correlation between the number of new platform loca-
tion entries and neprilysin (R* = .4961, p = .002), IDE (R? = .4484,
p =.005), or ADAMI10 levels (R? = .3009, p = .028). On the other
hand, no significant correlation was detected between BACE or APP
levels and the number of new platform location entries. In the PFC,
the number of new platform location entries significantly correlated
with the expression levels of neprilysin (R* =.5078, p =.002) or IDE
(R* = .4285, p = .006), but not of ADAM10, BACE, or APP. These
findings suggest a clear association between reversal memory deficits
in SXFAD mice after UCCAO, and decreased levels of enzymes re-
lated to AP clearance in the hippocampus and PFC.

Differences in Gene Expression in the Hippocampus
and PFC Among Animal Models

To investigate the molecular differences among animal models, we
measured gene expression levels in the hippocampus and PFC of each
model. As shown in Figure 5A, we observed a clear difference in gene
expression patterns between the 2 brain regions. However, within
each region, similar gene expression patterns were observed (correl-
ation coefficient > .4) among animal models. In particular, Tg and Tg
+ UCCAO models showed the highest correlation of gene expression
in both the hippocampus and PFC. This pattern of similarity among
samples was also observed when comparing the number of com-
monly expressed genes at the criterion of 1.5-fold ratio, as shown
in Figure 5B. In addition, we observed that, compared to the other
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Figure 5. Gene expression patterns in the hippocampus and prefrontal
cortex (PFC) of each model. (A) Differentially expressed genes (total: 3001
genes) showing an expression ratio >1.5 or <0.67 in at least one sample
were hierarchically clustered. The columns represent individual samples
and the rows individual genes. The red and green colors indicate up- and
downregulation, respectively, as shown in the scale bar. (B) The number of
differentially expressed genes was presented using a Venn diagram. (C) The
functional association of differentially expressed genes was measured using
ClueGO. The significantly enriched GO terms (p < .01) are represented as a
network with names of representative functions in the hippocampus and PFC.

2 models, the largest number of genes differentially expressed in
both the hippocampus and PFC were found in the Tg + UCCAO
model. Thus, the biological functions associated with these differen-
tially expressed genes were the most intricately interconnected, dis-
played as a huge network in both the hippocampus and PFC of the
mixed models (Figure 5C). In particular, in this functional network,
immune-related functions were significantly enriched (p < .01).

Pathway analysis also confirmed that immune-related pathways
were activated in the Tg + UCCAO mouse model (Supplementary
Figure 8A). In addition to these pathways, we also observed changes
to diverse signaling pathways, including metabolism and signaling,
in both the hippocampus and PFC. Consistent with the results on
individual genes, a greater number of pathway activities (empirical
p-value < .01) were altered in the Tg + UCCAO model than in the
other 2 models (Supplementary Figure 8B). However, the pathway
functions in the Tg + UCCAO model were significantly correlated
with those in the Tg model (p < .001), supporting the molecular
similarity between the 2 (Supplementary Figure 8C). In addition, sig-
nificant similarities in pathway activities between the hippocampus
and PFC were observed, especially in the Tg or Tg + UCCAO model
(p < .001), as shown in Supplementary Figure 8D.

Discussion

Although AD and VaD share several key pathophysiology features in
patients with dementia and overlap substantially in their comorbidity

(34), the interaction between these 2 disorders has received relatively
little attention. Herein, we sought to systematically investigate the
effects of a reduction in cerebral perfusion on learning and memory
in AD mice, and find their potential molecular basis. We found that
cognitive flexibility was impaired in AD mice, and that CCH greatly
exacerbated this impairment. We also observed a reduction in en-
zymes related to AP clearance in a CCH-induced AD mouse model,
associated with increased A plaque accumulation in the hippo-
campus and PFC. Interestingly, disruption of cognitive flexibility in
SXFAD mice following UCCAO was significantly correlated with
decreased levels of AB-clearing-related enzymes, including neprilysin
and IDE. This is the first study to report the interaction between
CCH and AD in cognitive flexibility deficits associated with changes
in AB metabolism.

People live in continuously changing environments, requiring us
to learn and adapt to new lifestyles and ways of thinking. In this
respect, cognitive flexibility, the ability to switch goal-directed adap-
tations in response to novel stimuli, is a crucial subdomain of brain
function in humans (335). Several studies have reported impaired ex-
ecutive function related to cognitive flexibility in the early stages of
AD (21,36). It has also been reported that low marks in the Trail
Making Test, a criterion reflecting cognitive flexibility, is an indicator
of high risk for cerebrovascular damage (37). These findings imply
that patients with coexistent VaD and AD may struggle even more to
maintain cognitive flexibility. The reversal version of the water maze
task was used in the present study is known to explore behavioral
flexibility in rodents (35,38). This task requires mice to learn the
newly updated location of the platform, not the previously learned
location. In the present study, we found indications of impaired re-
versal learning abilities in SXFAD mice. Interestingly, after UCCAO,
SXFAD mice faced greater difficulties in learning the novel platform
position than did the sham-exposed SXFAD mice during reversal
learning; the SXFAD mice also failed to remember the updated plat-
form location during the reversal probe test. Moreover, when we
analyzed their searching strategies, UCCAO-exposed SXFAD mice
appeared to travel to previously learned quadrants, suggesting that
CCH affected the ability of AD mice to adjust their behavior to
learning new information and repressing previously learned infor-
mation. These observations require future clinical studies to verify
whether these alterations of cognitive flexibility also occur in pa-
tients with MD.

In the past decade, several approaches have aimed to inves-
tigate the effects of CCH on cognition in AD mice. Zhai et al.
introduced bilateral common carotid artery stenosis in APP23 AD
mice, resulting in exacerbated cognitive dysfunction in an 8-arm
radial maze test (18). However, a severe impairment of motor per-
formance was also observed in these Tg + CCH mice. Given that
locomotor function could affect memory (39), this model cannot
exclude the possibility that motor dysfunction influences syner-
gistic memory impairment. In contrast, we investigated the cog-
nition state of Tg + UCCAO mice, which show full motor abilities
and has unimpaired visual function or anxiety levels, indicating
its reliability for evaluating the basic cognitive function in MD.
In addition, Pimentel-Coelho et al. (40) observed spatial learning
impairments in the acquisition learning phase of the T-water maze
task in APPswe/PS1 mice subjected to UCCAO, but not in the re-
versal learning phase, which is not in accordance with our data.
One possible explanation for the difference between prior studies
and ours is that the progress of the Ap pathology varies depending
on the mouse strain. The APPswe/PS1 mice used in Pimentel-
Coelho et al’s study are known to show a slow progression of
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the AD phenotype relative to the SXFAD mice used in the present
study (41). This means that APPswe/PS1 mice can only be represen-
tative of the early phase of AD, which may not include a prolonged
phase of AD. In addition, we conducted behavioral tasks 3 months
after UCCAOQO, whereas Pimentel-Coelho et al. (40) conducted it §
weeks thereafter. Previous studies reported that 2-3 months after
CCH can be considered a chronic CCH stage, which highly reflects
the pathophysiology in patients with dementia (17,42). Therefore,
it is possible that CCH requires time to exert its effects on various
types of memory, including reversal memory. In other words, it is
important to select the appropriate experimental conditions, such
as strain or time after CCH, for the detection of alterations in cog-
nitive function.

To date, AP has been regarded as a major hallmark of AD and has
been the driving force of Alzheimer’s pathophysiology; thus, various
approaches have aimed to targeting Af as therapeutic strategies for
AD (43). In addition, increases in AP burden are found in individuals
with CBF dysregulation (44). Based on prior studies, we examined
AP plaque load in the mouse brain to investigate the potential role
of AP pathology in memory reversal. Given that cognitive flexibility
depends mostly on the interaction between the hippocampus and
the PFC (35,38), we subsequently focused on the analysis of these
2 regions. Indeed, we observed significantly increased AB plaque de-
position in the hippocampus and PFC of Tg + UCCAO mice com-
pared to other groups. In line with the results of Ap plaques, ELISA
analysis demonstrated that UCCAO-exposed SXFAD mice showed
elevated AB40 and AB42 levels in the hippocampus and PFC. As ab-
normal A generation is essential for its deposition, it can be inferred
that in AD mice only, AB peptide overproduction due to CCH results
in abnormal Af plaque growth.

Several studies have reported that Ap deposition is further ac-
celerated owing to an imbalance between A clearance and gener-
ation (45,46). AP peptides are normally derived from APP, which is
sequentially cleaved by BACE (amyloidogenic process). Otherwise,
APP can be cleaved by ADAM10, which may not result in A (non-
amyloidogenic process). On the other hand, AB-degrading enzymes
such as neprilysin and IDE process the clearance pathway for Ap.
Interestingly, we found a significant reduction in the expression
levels of neprilysin and IDE, with a slight alteration in the levels
of ADAM10 and BACE, in the hippocampus and PFC of UCCAO-
exposed SXFAD mice. Considering previous reports on decreased
B clearance-related enzymes due to hypoxia/ischemia or AP
overexpression (47,48), we can speculate that CCH could additively
or synergistically contribute to the imbalance between Af produc-
tion and removal in AD. It should be noted that there was a strong
positive correlation between the expression levels of enzymes re-
lated to AP clearance and the measure of cognitive flexibility in the
water maze task. Although we cannot infer causality from this, this
change in AP clearance enzyme levels might be one molecular evi-
dence linking CCH with AD. In addition, although this study did
not investigate CCH, there is recent evidence suggesting that impair-
ment of Af} clearance may be occurring in hypoperfused brains due
to atherosclerosis, which is associated with reduction in Af solute
transport in the perivascular space (49). Based on an earlier report
showing that vascular—perivascular pathways play a key role in Ap
clearance (50), the effect of CCH on Af solute exchange via peri-
vascular pathways in AD brain should be investigated in the future.

While the relationship between CCH and AD requires add-
itional research, experimental data from other studies suggest that
AD pathology and vascular dysfunction interact additionally/syner-
gistically to promote brain damage. Cerebrovascular insufficiency

enhances Af production and accumulation, which in turn induces
vascular inflammation and oxidative stress (49,51). This inextric-
able link between the 2 factors was further developed into the 2-hit
hypothesis of AD (13,14,52). Specifically, Ap-independent mech-
anism (hit 1), which states that CBF reductions and dysregulation
may cause damage to the machinery of AP clearance, is followed by
ApB-dependent mechanism (hit 2), or the neurotoxic effects of Af-
induced vascular dysfunction. In support of this hypothesis, our re-
sults showed that AB accumulation in SXFAD mice was significantly
increased under UCCAQO-induced CCH condition; moreover, there
was a decrease in the level of AP clearance-related protein, which
reflects “hit 1” of the hypothesis. Future studies are warranted to
further investigate “hit 2” of the hypothesis.

The aforementioned results indicate that CCH could affect the
additional decline in levels of enzymes related to Af clearance in AD
mice, yet how CCH modulates relevant mechanisms remains elusive.
Prior studies have provided some possible explanations. Ashok et al.
reported that increased heparin-binding EGF-like growth factor
(HB-EGF) induced its transcription factor, resulting in the disinte-
gration of the blood-brain barrier, causing an impairment of Af
clearance under CCH conditions (53). Thus, it would be valuable to
investigate whether there is any crosstalk between HB-EGF and AP
pathology in a mixed mouse model of CCH and AD. Epigenetic al-
terations in gene expression of A clearance proteins may be another
possible explanation. It has been reported that hypoxia reduces
neprilysin gene expression by facilitating histone modifications in
the gene promoter, which can be reversed by inhibition of histone
deacetylase (HDAC) (54). Recently, treatment with HDAC inhibi-
tors has shown promise in preclinical trials with AD as well as is-
chemic stroke (55,56). Considering these reports, future research on
posttranslational histone modification in MD mouse models could
be worthwhile.

Lastly, we performed microarray analyses and compared gene
expression in the hippocampus and PFC among the experimental
groups. We also applied gene set-based approaches to determine
whether there might be changes in the functional association of
genes. Importantly, we found that pathway activities, including in-
dividual genes, were dramatically different in UCCAO-exposed
SXFAD mice than in the other mice. In other words, exposure of
Tg mice to UCCAQO can cause additive and/or synergistic regula-
tion of gene transcription in the brain. Considering all the present
data, including cognitive and histological results, the microarray
analyses raised the possibility of an interaction between CCH and
AD. Future studies targeting their relationship using major respon-
sive genes in diverse MD mouse models could be the optimal method
for elucidating the precise mechanisms of MD.

Our study had several limitations that need to be discussed. First,
assessment of cognitive flexibility is required to demonstrate a causal
link when enzymes related to Ap clearance are genetically or surgi-
cally upregulated in a MD mouse model. Second, a network analysis
of functional connectivity using resting-state functional magnetic
resonance imaging in MD mouse models would be useful to under-
stand the spatiotemporal dynamics during the cognitive process in
reversal learning. Lastly, while the present research focused on the
analysis of Ap pathology, it will be interesting to study the rela-
tionship between cognitive flexibility and tauopathy, another main
pathological hallmark in AD (57).

In conclusion, our study demonstrated that CCH could syner-
gistically interact with Af pathology in SXFAD Tg mice, and that it
was highly correlated with reversal learning deficits. This alteration
in cognitive behavior provides a platform for studying the effect of
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CCH on cognitive flexibility in AD. Future studies on the neuro-
biological mechanisms of impaired cognitive flexibility in MD are
needed to develop therapeutic candidates for further clinical trials.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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