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Synergistic Memory Impairment Through the Interaction of
Chronic Cerebral Hypoperfusion and Amlyloid Toxicity in a
Rat Model

Bo-Ryoung Choi, MA; Sang Rim Lee, BA; Jung-Soo Han, PhD; Sang-Keun Woo, PhD;
Kyeong Min Kim, PhD; Dong-Hee Choi, PhD; Kyoung Ja Kwon, PhD; Seol-Heui Han, MD;
Chan Young Shin, PhD; Jongmin Lee, MD; Chin-Sang Chung, MD;
Seong-Ryong Lee, MD; Hahn Young Kim, MD

Background and Purpose—YV ascular pathology and Alzheimer disease (AD) pathology have been shown to coexist in the
brains of dementia patients. We investigated how cognitive impairment could be exacerbated in a rat model of combined
injury through the interaction of chronic cerebral hypoperfusion and amyloid beta (Af3) toxicity.

Methods—In Wistar rats, chronic cerebral hypoperfusion was modeled by permanent occlusion of bilateral common
carotid arteries (BCCAo). Further, AD pathology was modeled by bilateral intracerebroventricular A3 (A
toxicity) using a nonphysiological AR peptide (A3 25 to 35). The experimental animals were divided into 4 groups,
including sham, single injury (A toxicity or BCCAo), and combined injury (BCCAo-Ap toxicity) groups (n=7
per group) . Cerebral blood flow and metabolism were measured using small animal positron emission tomography.
A Morris water maze task, novel object location and recognition tests, and histological investigation, including
neuronal cell death, apoptosis, neuroinflammation, and AD-related pathology, were performed.

Results—Spatial memory impairment was synergistically exacerbated in the BCCAo-Af3 toxicity group as compared to
the BCCAo or A toxicity groups (P<<0.05). Compared to the sham group, neuroinflammation with microglial or
astroglial activation was increased both in multiple white matter lesions and the hippocampus in other experimental
groups. AD-related pathology was enhanced in the BCCAo—Af toxicity group compared to the Af toxicity group.

Conclusion—Our experimental results support a clinical hypothesis of the deleterious interaction between chronic cerebral
hypoperfusion and Af toxicity. Chronic cerebral hypoperfusion-induced perturbation in the equilibrium of AD-related
pathology may exacerbate cognitive impairment in a rat model of combined injury. (Stroke. 2011;42:2595-2604.)
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1zheimer disease (AD) and vascular dementia are the

most common causes of cognitive decline in the aging
population.! Accumulation of insoluble amyloid beta (AB)
in the brain has been identified as the major culprit for the
cognitive impairment observed in AD patients.> Because
senile plaques composed of the AB peptide have been
found in the brains of AD patients,?> extensive research
has focused on the amyloid hypothesis to explain AD
pathology.

A hypothesis emphasizing the interaction between AD and
vascular pathologies has recently emerged.>-> The Nun study
and other clinico-pathological studies®~® have revealed that
patients with AD exhibit concomitant vascular lesions in the
brain. Further, epidemiological studies have shown that the
major risk factors for AD mostly coincide with those for
vascular dementia.* The Rotterdam study,® a large
population-based prospective study, reported an increased
prevalence of atherosclerosis in patients either with AD or
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Figure 1. A, Allocation table for each group. Mortality and blindness occurred only in rats with permanent occlusion of bilateral com-
mon carotid arteries. B, The timeline of the experiment. The rats underwent permanent occlusion of bilateral common carotid arteries
or sham operation at 12 weeks. Additional amyloid B or phosphate-buffered saline injection was performed at 15 weeks after screening
for blindness. Behavioral tests and histological evaluation were performed at 16 and 18 weeks, respectively. C, Escape latency longer
than mean plus 3 SD of sham-operated rats was used as an arbitrary cut-off to determine blindness. Sham (n=8), nonblind (n=20), and
blind (n=17). D, Compared to sham-operated rats, percent exploratory preference in the novel object location test was significantly
decreased in other experimental groups (P<0.05); n=3 in each group. AB, bilateral amyloid B injection; BCCAo, permanent occlusion of
bilateral common carotid arteries; BCCAo-AB, combined injury of BCCAo and Ap; icv, intracerebroventricular injection. *P<0.05 com-

pared with the sham group on post hoc analysis.

with vascular dementia. In recent imaging studies, vascular
lesions such as white matter ischemic changes or lacunar
infarction have been suggested as risk factors for cognitive
decline in patients with AD.0

A converging hypothesis involving chronic cerebral hypo-
perfusion and AD pathology originally has been suggested in
clinical studies.!!-!3 Furthermore, the double-hit vascular
hypothesis of AD, based on molecular and cellular experi-
mental studies, has been proposed.'#-!7 An intact functional
neurovascular unit is an active system prerequisite to main-
tain normal brain function.'s Entry of peptides in the brain is
limited by the blood—brain barrier, unless there is a specific
receptor-mediated or carrier-mediated transport, as in case of
amino acids.'”'* The concept of blood—brain barrier dys-
function in a progressive age-dependent vascular-mediated
secondary neurodegeneration has been suggested.!6!7

However, how these 2 distinct vascular and AD patholo-
gies interact has not been clearly established. Recent animal
experiments using a rat model with combined injury of
lacunar infarction and Af toxicity revealed that vascular
insults exacerbated AD pathology.?® Aside from lacunar
infarction, we hypothesized that chronic cerebral hypoperfu-
sion may be an exacerbating factor for AD pathology and
cognitive impairment. Modeling vascular dementia in ani-
mals has been demonstrated by permanent occlusion of the
bilateral common carotid arteries in rats.2!-23 Further, intra-
ventricular injection of A has been reported as a method for
modeling of AD in rats.>*?> In the current study, we investi-
gated how cognitive impairment could be synergistically
exacerbated in a combined injury model of chronic cerebral
hypoperfusion and Af toxicity in rats.

Materials and Methods

Experimental Groups

Male Wistar rats were used in these experiments (Charles River,
Gapeung, Republic of Korea). All rats resided in the vivarium at
Konkuk University for 2 weeks before the beginning of the experi-
ment. The rats were housed at a controlled temperature (22°C=*1°C)
and humidity (50%%10%) on a 12-hour alternate light—dark cycle.
Food and water were provided ad libitum throughout the experiment.
All animal experimental procedures were in accordance with the
approved guidelines of the Institutional Animal Care and Use
Committee of Konkuk University.

The experimental animals were divided into 4 groups using a 2-by-2
table of permanent occlusion of bilateral common carotid arteries
(BCCAo) or bilateral AB 25 to 35 intracerebroventricular injection (A3
toxicity), including sham, A toxicity, BCCAo, and BCCAo-AB
toxicity groups (Figure 1A). Detailed procedures are described in the
Supplemental Methods (http://stroke.ahajournals.org). A timeline for
surgical procedures for single (A toxicity or permanent occlusion of
bilateral common carotid arteries) or combined injury (permanent
occlusion of common carotid arteries and A toxicity) and other tests
were described (Figure 1B).

Behavioral Test

Water maze task and novel object location and recognition behavior
tests were performed to evaluate cognitive impairment. Before the
water maze task, a blind test was performed to exclude blinded rats.
Detailed procedures are described in the Supplemental Methods.

Cerebral Blood Flow and

Metabolism Measurement

Cerebral blood flow and metabolism were measured by 'SF-
fluorodeoxyglucose positron emission tomography scanner in the
acute and chronic phases after permanent occlusion of bilateral
common carotid arteries. First 5-minute and between 60- and
80-minute scans of 'SF-fluorodeoxyglucose uptake were used as
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indicators of cerebral blood flow and metabolism, respectively.?¢-27
Detailed procedures are described in the Supplemental Methods.

Histological Investigation

Six weeks after sham operation or permanent occlusion of bilateral
common carotid arteries (ie, 3 weeks after A or phosphate-buffered
saline injection), thionin staining, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling, and immunohistochemisty, including
0X-6, Iba-1, glial fibrillary acidic protein, NeuN, MAP-2, laminin,
amyloid 8 1 to 42, amyloid precursor protein (APP), and tau-2, were
performed. Quantitative analysis was performed when it was needed.
Detailed procedures and antibody information are described in the
Supplemental Methods.

Statistical Analysis

Parameters for spatial memory, including search error, time latency,
and path length, as well as swimming speed, were analyzed by 1-way
repeated-measure ANOVA followed by a post hoc Fisher protected
least-significant differences test. One-way ANOVA was conducted
to compare results of the probe trials, cued behavior, percent
exploratory preference, and the quantitative data of the immunohis-
tochemstry (mean*=SE). A value of P<<0.05 was considered to be
statistically significant. Data analyses were performed with the SPSS
software version 12.0.

Results

Mortality and Blindness

All procedures for the permanent occlusion of bilateral
common carotid arteries were completed within 15 minutes.
By the time of A or phosphate-buffered saline injection, the
mortality rate was 22.9% (8 of 35) in the permanent occlusion
of bilateral common carotid arteries group and 0% (0 of 14)
in the sham-operated group (Figure 1A). Before AB or
phosphate-buffered saline injection, rats with escape latency
longer than the blindness cut-off were considered blind and
were excluded from further experiments (Figure 1C). The
blindness rate among surviving rats was 48.1% (13 of 27) in
the permanent occlusion of bilateral common carotid arteries
group and 0% (0 of 14) in the sham-operated group (Figure
1A). Fourteen surviving nonblinded rats from each group
were equally allocated for an additional A or phosphate-
buffered saline injection procedure. No mortality related to
the AB or phosphate-buffered saline injection procedure
developed, and no major neurological deficits impairing
motor function, such as forelimb flexion or unilateral circling,
were observed in any group. Ultimately, 7 rats per group were
used for the behavioral test and 4 per group were used for the
histological study.

Cerebral Blood Flow Measurement

After permanent occlusion of bilateral common carotid arter-
ies, the first 5-minute uptake of '®F-fluorodeoxyglucose
indicating cerebral blood flow in the cortex was decreased to
96.8% of the baseline at 3 days, 98.3% at 5 weeks, and 74.5%
at 8 weeks (Figure 2A). Decreased cerebral blood flow in the
cortex was not evident at 3 days and 5 weeks after permanent
occlusion of bilateral common carotid arteries; however,
decreased pattern was shown at 8 weeks. Between 60- and
80-minute uptake of '*F-fluorodeoxyglucose, indicating ce-
rebral metabolism in the cortex, was decreased to 83.1% of
the baseline at 3 days, 80.1% at 5 weeks, and 80.3% at 8
weeks after permanent occlusion of bilateral common carotid

Memory Impairment in a Rat Model 2597

arteries (Figure 2B). Compared to the slightly recovered
pattern of the metabolism in the striatum and hippocampus,
decreased metabolism in the cortex was sustained over the
course of 8 weeks.

Behavioral Test

Parameters for spatial memory were significantly different
among groups with respect to search error (P<<0.001), time
latency (P<<0.001), and path length (P<<0.001; Figure 3A).
Swimming speed was not different among groups (P=0.27;
Figure 3B). Among the 4 groups, the rats with BCCAo-Af3
toxicity showed maximally increased search error, time
latency, and path length. On post hoc analysis, the rats with
BCCAo exhibited increased search error (P<0.05), time
latency (P<<0.01), and path length (P<<0.01) compared to rats
with sham operation or A toxicity (Figure 3A). When Af3
toxicity was added to the permanent occlusion of bilateral
common carotid arteries injury (ie, the BCCAo—Af3 toxicity
group), there was a synergistic increase in both search error
(P<<0.05) and time latency (P<<0.05) compared to the BC-
CAo group. In the first probe trial, the time in the target
quadrant was not different among groups (P=0.22); however,
in the second probe trial, the time in the target quadrant
increased up to >40% in sham-operated rats, implicating
effective learning and a difference among groups (P<<0.05).
On post hoc analysis, the time spent in the target quadrant
significantly decreased in rats with A toxicity (P<0.05),
BCCAo (P<0.05), and BCCAo0-Ap toxicity (P<<0.01) com-
pared to sham-operated rats (Figure 3C). Cued time latency to
reach the visible platform was not different among groups
(P=0.27; Figure 3D).

On the novel object location test, percent exploratory
preference was significantly different among groups
(P<<0.05). On post hoc analysis, percent exploratory prefer-
ence significantly decreased in rats with Af toxicity
(P<<0.05), BCCAo (P<0.05), and BCCAo0-AB toxicity
(P<<0.05) compared to sham-operated rats (Figure 1D). On
the novel object recognition test, percent exploratory prefer-
ence was not different among groups (P=0.80; Figure 1D).

Capillary Damages

Laminin staining showed no definite changes of vascular
basement membrane in the capillaries or total length of
the capillaries in the cortex among experimental groups
(Figure 2C).

Apoptosis or Changes in Neuronal Morphology
Thionin staining of the hippocampus demonstrated no signif-
icant morphological changes of neurons in the CAl, CA3,
and dentate gyrus in any group (Figure 4A). Additional
staining including transferase dUTP nick end labeling (Figure
4B), NeuN, and MAP-2 staining (Figure 4C) showed no
significant apoptosis or any neuronal morphological changes
in the CA1l. Further, no definite cell death was observed in the
cortex and striatum in any group (data not shown).

Neuroinflammation
As reported in previous studies using rats with permanent
occlusion of bilateral common carotid arteries, a microglial
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Figure 2. Representative positron emission tomography coronal images superimposed on CT images and temporal profiles of the mean nor-
malized "®F-fluorodeoxyglucose uptake during the first 5 minutes (A) and between 60 and 80 minutes (B) in the cortex, striatum, and hip-
pocampus; n=3. No morphological changes of capillaries using laminin and no difference of the total capillary length were observed (C); n=3
in each group. AB, bilateral amyloid B injection; BCCAo, permanent occlusion of bilateral common carotid arteries; BCCAo-AB, combined

injury of BCCAo and AB. Scale bar=100 um.

marker of the neuroinflammation (OX-6) increased in the
white matter region, including the corpus callosum and
fimbria of the hippocampus, as well as in the internal capsule
(Figure 5A). Microglial activation was also induced in rats
with A toxicity and BCCAo-Ap toxicity. Microglial acti-
vation in other region, including the cortex, striatum, and
hippocampus, was not as prominent as in the white matter
region (data not shown). OX-6 staining also can mark

peripheral monocytes or macrophages that have entered the
brain through a damaged blood—brain barrier. However,
OX-6-positive activated microglial cells, displaying a larger
amoeboid form with stubby processes, were colocalized with
Iba-1, suggestive of the central nervous system origin (lowest
column in Figure 5A).

An astroglial marker of the neuroinflammation (glial fibril-
lary acidic protein) increased in the CA1l, CA3, and dentate
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Figure 3. Spatial memory evaluation using several parameters, including search error, time latency, path length (A) and swimming
speed (B). Spatial memory impairment was synergistically exacerbated in the BCCAo-AB group, as compared to either the BCCAo or
AB group. In the second probe trial, the percent of time spent in the target quadrant was increased in sham-operated rats compared to
the rats from the other experimental groups (P<0.05) (C). Time latency in the cued behavior was not different among groups (D); n=7
in each group. AR, bilateral amyloid 3 injection; BCCAo, permanent occlusion of bilateral common carotid arteries; BCCAo-AB, com-
bined injury of BCCAo and AB; NS, not significant. *P<0.05, **P<0.01, and ***P<0.001 compared with the sham group. #P<0.05 com-

pared with BCCAo group.

gyrus subfields of the hippocampus in rats with Af toxicity,
BCCAo, or BCCAo—AR toxicity (Figure 5C). Further, astro-
glial activation also was induced in the white matter lesions,
where microglial activation was enhanced (data not shown).
Quantitative analysis revealed that compared to the sham
group, neuroinflammation with microglial (P<<0.01 in the
corpus callosum; P<<0.05 in the fimbra of the hippocampus)
or astroglial (P<<0.05 in the CA1 and CA3; P<0.01 in the
dentate gyrus) activation was increased both in multiple white
matter lesions and the hippocampus in other experimental
groups (Figure 5B, D). However, no synergistic increase in
neuroinflammation was observed in rats with BCCAo-Apf
toxicity compared to rats with A toxicity or BCCAo.

AD-Related Pathology

AD-related pathology was scarcely observed in the white
matter region in any group. Deposition of A in the cortex
and striatum was not different among rats with a single or
combined injury (data not shown). Both APP and tau-2
pathology were scarcely and randomly observed in the cortex
and striatum in sham-operated rats. In rats with BCCAo-Af
toxicity, APP staining showed enhanced immunoreactivity

with sporadic cellular or clustered plaque patterns in the
cortical or deep gray matter (Figure 6A) and tau-2 staining with
sporadic cellular patterns in the cortical gray matter (Figure 6B)
compared to rats with Af toxicity. Quantitative analysis re-
vealed that, compared to the sham group, AD-related pathology
was increased in other experimental groups (P<<0.01; Figure
6C). The tau-2 pathology was especially significantly increased
in rats with BCCAo0—AR toxicity compared to rats with a single
injury (ie, A toxicity or BCCAo0).

Discussion

Spatial Memory Impairment Synergistically
Exacerbated by the Combined Injury of Chronic
Cerebral Hypoperfusion and Amyloid Toxicity
Chronic cerebral hypoperfusion has been assumed as a
pathogenic mechanism in patients with not only vascular
dementia but also AD.*5 Cognitive impairment has been
demonstrated in animals with chronic cerebral hypoperfusion,
modeling patients with vascular dementia.?'->® Results of our
experiment were in accordance with previous studies that
replicated spatial memory impairment in rats with permanent
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occlusion of bilateral common carotid arteries. With respect
to swimming path analysis, the search error, time latency, and
path length to find a hidden platform were increased in rats
with BCCAo, although the swimming speed was not different
among groups. Rats with a visual disturbance were excluded
by a blind test before the water maze task and cued time
latency dependent on the visual information was not different
among rats included in our study. Additionally, other cogni-
tive tests relatively unrelated to the visual ability, such as
novel object location and recognition test, also showed some
cognitive impairment in rats with BCCAo. Taken together,
delays in finding a hidden platform may have occurred
because of the spatial memory impairment, rather than being
produced by motor or visual dysfunction.

In previous studies, diverse animal models with Af3 toxic-
ity showed cognitive impairment in various behavioral
tests.2+2>-2° However, in our experiment, rats with A3 toxicity
did not show any spatial memory impairment through an
analysis of the swimming path. According to the post hoc
analysis of the swimming path, spatial memory impairment
that was initially induced by the permanent occlusion of
bilateral common carotid arteries became significantly exac-
erbated by additional A toxicity in rats with combined
injury (BCCAo—Ap toxicity). In the second probe trial, the
time to swim in a target quadrant was >40% in sham-
operated rats, demonstrating normal memory consolidation
with respect to spatial learning (ie, rats remembering where
the hidden platform was). According to the post hoc analysis
of the second probe trial, spatial memory was significantly
impaired in all 3 injury groups (Af toxicity, BCCAo, and
BCCAo0-Ap toxicity). Interestingly, this included the A
toxicity group in which spatial memory impairment was not
initially evident in the swimming path analysis compared to
sham-operated rats. In general, a trend for severe spatial
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Figure 4. Thionin-stained hippocampus
and magnification of CA1 showed no
significant neuronal cell death (A). Both
transferase dUTP nick end labeling (B)
and NeuN and MAP-2 (C) staining
showed no significant apoptosis or mor-
phological changes in CA1 neurons. AR,
bilateral amyloid 3 injection; BCCAo,
permanent occlusion of bilateral com-
mon carotid arteries; BCCAo-AB, com-
bined injury of BCCAo and AB. Scale
bar=100 um.

memory impairment in rats with combined injury was dem-
onstrated in probe trials.

Another behavioral test including novel object location and
recognition test was performed to confirm memory impair-
ment in our animal models.!'%-3%3! The novel object location
test, indicating more hippocampal specific memory, showed
significant difference among groups.>* Compared to sham-
operated rats, other experimental groups showed significant
memory impairment, although a synergistic pattern was not
observed in rats with BCCAo—-Ap toxicity. In contrast, the
novel object recognition test, indicating perirhinal cortex-
mediated memory consolidation,'®3! showed no significant
difference among groups.

AP toxicity in our model may not be enough to induce
full-blown cognitive impairment, because rats with A3 tox-
icity showed memory impairment only in the analysis of
probe trials and the novel object location test. Too short time
interval between A injection and behavioral tests or too low
concentration of used Af3 may have been the reason why the
rats with AP toxicity failed to show definite cognitive
impairment. However, our Af toxicity model with subtle
cognitive impairment may be more appropriate to test the
hypothesis of synergistic exacerbation of chronic cerebral
hypoperfusion and A toxicity than already full-blown AD
models. Regarding synergism, when minimal Af3 toxicity
was combined by the permanent occlusion of bilateral
common carotid arteries, the BCCAo—-Af toxicity group
showed statistically significant synergism of memory im-
pairment beyond the baseline memory impairment initially
induced by the permanent occlusion of bilateral common
carotid arteries. Similarly, AD-related pathology that was
initially minimal in rats with A toxicity was also en-
hanced when A toxicity was combined with permanent
occlusion of bilateral common carotid arteries. Therefore,
although Ap toxicity itself in our model may not have been
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Figure 5. Neuroinflammation measured by microglial and astroglial activation. A, OX-6 immunoreactivity in the corpus callosum, fimbria
of the hippocampus, and internal capsule, with magnification of the insets. OX-6-positive activated microglial cells were colocalized
with Iba-1 (lowest column of A). B, Quantitative analysis by counting active microglial cells under high magnification. C, Glial fibrillary
acidic protein immunoreactivity in the hippocampus and magnified subfields of the CA1, CA3, and the dentate gyrus (DG), with magnifi-
cation of the insets. D, Quantitative analysis by counting astroglial cells under high magnification; n=4 in each group. AB, bilateral amy-
loid B injection; BCCAo, permanent occlusion of bilateral common carotid arteries; BCCAo-AB, combined injury of BCCAo and AB.
Scale bar=200 um. *P<0.05 and **P<0.01 compared with the sham group.

enough to induce spatial memory impairment indepen-
dently, subclinical A toxicity could have played a syner-
gistic role when it was combined with critically impaired
cerebral hypoperfusion.

Taken together, results of behavioral tests and histological
investigations in our experiment support the clinical hypoth-
esis that chronic cerebral hypoperfusion and AD pathology
could interact in a synergistically exacerbating manner.

Mechanism of Combined Injury From Chronic
Cerebral Hypoperfusion and Amyloid Toxicity
A converging hypothesis has emerged to explain the interac-
tion between vascular and AD pathologies.>> However, how

these pathologies interact with each other has not been clearly
studied. In the current study, we investigated neuronal cell
death in the hippocampus to explain spatial memory impair-
ment. Cell death and diffuse atrophy of the hippocampus with
behavioral impairment have been reported in a rat model of
transient global ischemia or chronic cerebral hypoperfu-
sion.2!-32 On the contrary, no definite morphological change
in neurons or atrophy of the hippocampus was observed in
any of our experimental groups. Our results suggested that a
neuronal toxic effect from the permanent occlusion of bilat-
eral common carotid arteries, Af3 toxicity, or even a com-
bined injury was not strong enough to induce neuronal cell
death in the hippocampus.
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Figure 6. Alzheimer disease-related pathology and magnification of the insets. A, Amyloid precursor protein (APP) immunoreactivity
was enhanced in the cortex or striatum and magnification of neuronal or plaque form developed in rats with BCCAo-Ap toxicity com-
pared to those with AB toxicity. B, The tau-2 immunoreactivity was enhanced in the cortex and magnification of neuronal form
occurred in rats with BCCAo-A toxicity compared to those with AB toxicity. C, Compared to sham-operated rats, quantitative analysis
of both APP and tau-2 showed increased immunoreactivity in other experimental groups; n=3 in each group. BCCAo, permanent
occlusion of bilateral common carotid arteries; BCCAo-AB, combined injury of BCCAo and AB. Scale bar=200 um. *P<0.01 compared
with the sham group. #P<0.01 compared with A toxicity or BCCAo group.

Second, we hypothesized that the combined injury of the
permanent occlusion of bilateral common carotid arteries and
A toxicity may exacerbate neuroinflammation. Neuroin-
flammation or demyelination with neuroinflammation has
been suggested as a key pathological mechanisms of chronic
cerebral hypoperfusion.2!-2333 Further, microglial or astro-
glial activation in the hippocampus has been reported in
animal models of chronic cerebral hypoperfusion or Af
toxicity.2>2! A rat model with a combined injury of lacunar
infarction and A toxicity showed increased neuroinflamma-
tion in the hippocampus.?® In our experiment, neuroinflam-
mation was increased by the permanent occlusion of bilateral
common carotid arteries and A3 toxicity, as compared to that
in sham-operated rats; however, an additional synergistic
exacerbating effect was not definite in the combined injury
group. Neuroinflammation could not fully explain the syner-
gistic exacerbation that was observed in the spatial memory
test in the combined injury group.

Third, we investigated AD-related pathology, including
AB, APP, and tau. Increased APP deposition has been
demonstrated not only in animal models of AD but also in
acute or chronic ischemic lesions.33-35 In addition, APP
deposition in the cortex and hippocampus in an ischemic rat
model and alteration of A metabolism by chronic cerebral
hypoperfusion have been suggested.3%37 Chronic cerebral
hypoperfusion has been shown to accelerate A deposition in
an APP transgenic mouse model with chronic stenosis of the
bilateral carotid arteries.® Furthermore, A3 deposition in a
transgenic mouse model of cerebral amyloid angiopathy has
been demonstrated to impair cerebral blood flow regulation.?
Chronic cerebral hypoperfusion and A toxicity may interact
with each other in a deleterious way, rather than a 1-sided
cause-and-effect relationship. In our experiment, deposition
of A itself in the cortex, striatum, or hippocampus was not
different among rats with a single or combined injury.

Further, both APP and tau pathology were scarcely and
randomly observed in both the cortex and striatum of sham-
operated rats. However, APP and tau pathology were en-
hanced in rats with BCCAo-Ap toxicity compared to rats
with A toxicity. Patterns of APP staining were shown to be
sporadic neuronal or conglomerated plaque forms. Therefore,
chronic cerebral hypoperfusion may play a key role in
triggering A3 toxicity.

The importance of cerebral blood flow in AD has been
well-documented in clinical studies.!!-!2 A clinical hypothesis
has suggested that regional cerebral hypoperfusion is one of
the earliest clinical manifestations in patients with AD.'> It
has been shown that amyloid is in dynamic equilibrium in
terms of clearance and kinetics between the brain and blood
compartments.'> In a previous study, mutant A peptides
showed reduced clearance from the brain because of lack of
affinity for the A peptide carrier, which eliminates A from
the cerebrospinal fluid and brain into the vascular circula-
tion.'7 It also has been suggested that perturbation in the
equilibrium of amyloid deposition between brain parenchy-
mal and vascular compartments may induce pathological
changes.!54041 Further, permanent occlusion of bilateral com-
mon carotid arteries-induced suboptimal cerebral perfusion
may generate ultrastructural damage of the cerebral capillary
walls.!? In our experiment, this capillary damage may have
had some effect on the normal clearance of AD-related
pathology. However, no definite morphological changes of
the vascular basement membranes in the capillaries were
observed. Instead, our serial positron emission tomography
study showed decreased cerebral blood flow and metabolism
in the various areas of the cerebral hemispheres, especially in
the cortex. Although vascular injury in our chronic cerebral
hypoperfusion model may not have been enough to induce
strong structural capillary damages as in acute ischemic
models, functional impairment in the cerebral blood flow and
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metabolism may be the main pathogenic mechanisms in our
chronic cerebral hypoperfusion model.

In addition, chronic cerebral hypoperfusion has been re-
ported to disturb endogenous AD-related pathology, includ-
ing APP.353738 In our experiment, exogenous Af3 in the A3
toxicity group may not have been enough to induce AD-
related pathology and was likely cleared by normal cerebral
perfusion. Thus, memory impairment and AD-related pathol-
ogy may be minimal in this AS toxicity group. However,
when Af3 toxicity was combined with the permanent occlu-
sion of bilateral common carotid arteries, AD-related pathol-
ogy was exacerbated. The vascular clearance mechanism may
be disrupted in rats with permanent occlusion of bilateral
common carotid arteries because of downregulation of low-
density lipoprotein receptor-related protein 1, the key A
clearance receptor, which has been recently shown to be
reduced in AD cerebral vessels via hypoxia-mediated over-
expression of vascular specific genes.*? Further study focused
on the A clearance receptor in this rat model of combined
injury is needed.

Limitations of A3 25 to 35

A 25 to 35 used in our experiment may not have contained
the A sequences that play a critical role in both transport and
interactions with Af putative receptors.!” The A brain
extract produced in vivo showed particular properties that are
essential for disseminating AD pathology.** Concentration of
A 25 to 35 in our experiment was significantly higher than
observed levels of endogenous AP in patients with AD.!*
Therefore, further study using different confirmations of A3
peptide (AB 1 to 40 or AB 1 to 42) with the concentration
relevant to clinical AD pathogenesis is needed, because
artificial A 25 to 35 may not have the same pathological
activity as the endogenous A proteins found in AD patients.

Conclusion
In summary, chronic cerebral hypoperfusion-induced pertur-
bation in the equilibrium of AD-related pathology may
exacerbate cognitive impairment in a rat model of combined
injury. Thus, maintaining optimal cerebral perfusion may be
crucial to prevent further cognitive impairment in patients
with AD.
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Supplemental Methods

Surgical procedures

Chronic cerebral hypoperfusion in the rat (12 weeks old) was modeled by BCCAo. Rats were
anesthetized with a 5% isoflurane/oxygen mixture and maintained on 3% isoflurane/oxygen during the surgery.
Through a midline incision, the bilateral common carotid arteries were carefully exposed and permanently
double ligated with silk sutures. With exception to the BCCAo, the same surgical procedures were performed in
sham-operated rats. Rectal temperature was maintained between 37+0.5°C with a heating pad during the surgery.

Alzheimer’s disease pathology was modeled by Ap toxicity. Three weeks after BCCAo0 or sham
operation, the rats were anesthetized by intraperitoneal injection of a ketamine/xylazine mixture and fixed onto a
stereotactic frame (Kopf Instruments, Tujunga, CA, USA). Subsequently, an incisor bar was set at 3.3 mm
below the ear bars. After shaving, a surgical area was disinfected with iodine and 70 % ethyl alcohol. Burr holes
were then drilled with a diameter of 0.8 mm at the coordinates of anteroposterior -0.8 mm and mediolateral +1.5
mm from the bregma. Amyloid beta 25-35 (Bachem, Torrance, California) or autoclaved 0.01M phosphate-
buffered saline (PBS) were bilaterally injected into the lateral ventricles at a depth of 4 mm. Amyloid beta 25-35
was then prepared at a concentration of 50 nM in 5 ul of saline and bilaterally injected with the velocity of
0.5ul/min. The injecting needle was slowly removed after completion of the injection to prevent overflow
regurgitation.

Blind test

Prior to the water maze task, a blind test was performed using a modified method as previously
described.! Rats were placed in a 90 cm x 45 cm x 32 cm (height) sized box separated by a wall with an open
path in the middle (18 cm x 32 cm). The floor of one space was gridded with electrodes and that of another
space was flat. After free exploration of the space for 5min, rats were put into the grid space and given a foot
shock with 3 mA for 1 sec. Under daylight, rats with normal vision could escape to a safe space through the
open path immediately after the shock, while blinded rats were unable to find the path and turned around
repeatedly in the grid space. Escape latency longer than the mean plus three standard deviations of sham-
operated rats was used as an arbitrary cutoff to determine blindness.

Water maze task

Rats were evaluated in a Morris water maze. The maze was a round tank, 1.83 m in diameter and 0.58
m deep, filled to a depth of 35.5 cm with tepid (26+1°C) water made opaque by the addition of white paint. A
moveable circular platform 12 cm in diameter was located 2 cm below the surface of the water. The maze was
surrounded by white curtains on which black visual stimuli of various shapes and sizes were placed. A camera
was located above the center of the maze which relayed images to a videocassette recorder and an HVS Image
Analysis Computer System (Hampton, United Kingdom).

Four weeks after sham operation or BCCAo (one week after AB or PBS injection), a Morris water
maze task was performed to evaluate spatial memory (n=7 per each group). Four consecutive sessions, each
consisting of five trials for two days (alternating two or three trials per day), was conducted on eight consecutive
days. The hidden platform was constantly located in the southeast quadrant of the pool. Rats were gently
submerged in the water, facing the inside wall of the tank. Every trial started at different points, alternating
among four quadrants.

Rats were gently handled for 10 min daily for 7 days before the test. In the maze, rats were allowed to
swim for a maximum of 90 sec. Further, they were allowed to remain on the platform for 30 sec at the end of
each trial. Performance accuracy was evaluated by the analysis of the search error, time latency, and path length
data of all trials. Measurement of the search error was based on a computation of the average distance from the
platform during the trial. The distance between rat and the platform was sampled 10 times/sec during each trial
and these distances were averaged in 1-sec bins. Cumulative search error is the sum of these 1-sec averages of
the proximity measure corrected for the specific platform location and start location by subtracting the proximity
score that would be produced by a perfect performance in the trial. A probe trial was conducted 1 min after
every 10th training trial. The entire training procedure included two probe trials for each rat, during which the
rats swam with the platform retracted to the bottom of the pool for 30 sec. After recording the swimming path,
the platform was raised to its normal position for completion of the trial. Swimming time spent in the target
quadrant of the retracted platform was used as a parameter for the retention of spatial memory. One week after
the completion of the Morris water maze task with a hidden platform, all rats were assessed for cued behavior
with a visible platform raised above the surface of the water. The location of the visible platform varied from
trial to trial in a single session of six training trials.
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Novel object location and recognition behavior test

Four weeks after sham operation or BCCAo (one week after AP or PBS injection), a novel object
location and recognition behavior test was performed (n=3 per each group). The test was carried out by
modification of the method described in a previous study.? * The rats were placed in a 40 cm x 40 cm x 40 cm
(height) sized box and allowed to equilibrate to the testing area 10 minutes per day for 3 days. After 24 hours
two objects were placed in the testing area and then the rat was allowed to explore the two objects in the testing
area for 5 minutes before being returned to cage. After a 3 hour-interval one of the objects was either re-located
or replaced with a new object and the rats were allowed to explore the testing area once again for 2 minutes.
Exploring novel object was defined if the center of the rat’s head was oriented within 45° of the object and
within 4 cm of it. Climbing over or sitting on an object was not included A video camera was positioned over
the arena and exploratory behaviors were videotaped for later analysis. Exploratory time spent for novel objects
was recorded and percent exploratory preference was computed as [time in novel/(time in novel + time in old
object)] in a blind manner.

Motor function
Major neurological deficits that could physically limit swimming ability such as forelimb flexion or
unilateral circling were evaluated prior to every trial. Further, swimming speed was monitored during every trial.

Cerebral blood flow measurement

Cerebral blood flow was measured by *®F-fluorodeoxyglucose (*®F-FDG) positron emission
tomography (PET) scanner, consisting of a 16.1 cm ring diameter with a lutetium oxyorthosilicate crystal,
providing a 10 cm transaxial field of view and a 12.7 cm axial field of view, with spatial resolution of <1.8 mm
full-width half-maximum at the center and 9.3 % sensitivity within an energy window of 250 — 625 keV
(Inveon™, Siemens Preclinical Solutions, Knoxville, TN, USA). The PET studies were performed 3 days, 5
weeks and 8 weeks after BCCAo surgery (n=3). The rats were anesthetized with 2% isoflurane/oxygen and 37
MBGg/0.2 ml (1mCi) of **F-FDG was intravenously injected through the tail vein. Dynamic acquisition was
performed in three-dimensional mode, and the acquired emission data was reconstructed to temporally framed
sinograms using Fourier rebinning and the ordered subsets expectation maximization algorithm with 4 iterations.
Corrections for dead time, random, scatter, decay, and normalization were performed. First 5 minutes and
between 60 and 80 minutes scans of ®F-FDG uptake were used as an indicator of cerebral blood flow and
metabolism, respectively, which was suggested in previous studies. ® The volumes of interest (VOIs) in the
standard uptake value images were drawn and calculated on the cortex, striatum, hippocampus and cerebellum
areas and counts under the three VOIs (cortex, striatum and hippocampus) were normalized to an average count
of the cerebellum as a reference. Representative PET coronal images were superimposed on the CT images.

Brain preparation

Six weeks after sham operation or BCCAOo (three weeks after Ap or PBS injection), rats were
intracardially perfused with 0.01M PBS and subsequently with 4% paraformaldehyde (PFA) under deep
anesthesia (n=4 per each group). The brain was then removed and post-fixed in 4% PFA for 2 days,
cryoprotected in PBS containing 30% sucrose for 48 hours, frozen on powdered dry ice, and sectioned using a
microtome.

Thionin and terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) staining

Perfused brain tissues sectioned on a microtome in a 40um coronal plane were stored in 4°C PBS. The
sections for thionin staining were mounted onto resin coated slide glass, and then dried for 10 days. Sections
were hydrated through a descending concentration of ethanol and subsequently dipped twice in distilled water.
Sections were stained in thionin solution for a few minutes and washed in distilled water and ethanol, and then
dehydrated through ascending concentrations of ethanol. Sections were then defatted in xylene and cover-
slipped with permount reagent.

TUNEL staining was performed using commercial kit (In Situ Cell Death Detection Kit, TMR red,
Roche) according to the protocol provided by the manufacturer (available online at http://www.roche-applied-
science.com).

Immunohistochemistry

Sections were blocked with 3 % hydroxide and 10 % of methyl alcohol for immunoreactivity. Sections
were incubated in blocking serum, 10% normal donkey serum in 0.3% triton with PBS. Subsequently, sections
were incubated in primary antibody solution for 1 hour at room temperature and overnight at 4°C. To evaluate
microglial or astroglial activation and AD-related pathology, primary antibodies including those for mouse anti-
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OX-6 (BD bioscience, 1:1000), mouse anti-glial fibrillary acidic protein (GFAP) (BD bioscience, 1:1000),
mouse anti-amyloid B 1-42 (Covance, 1:1000), mouse anti-amyloid precursor protein (APP) (Chemicon, 1:2000)
and mouse anti-tau-2 (Sigma Aldrich, 1:2000) were used. Sections were washed in PBS with 0.3% Triton X-100
and incubated in a secondary antibody (biotinylated horse anti-mouse antibody, Vector, 1:200) solution for 1
hour at room temperature. Sections were then incubated in extravidin peroxidase solution for one hour at room
temperature and visualized with diaminobenzidine solution (Vector SG kit, Vector). Stained sections were
mounted on resin-coated slides and dried for a week. Slides were then defatted in xylene and cover-slipped with
permount.

To evaluate microglial activation originated from brain, neuronal morphology, and capillary damage,
immunofluorescence study was performed, Sections were washed with in PBS with 0.3% Triton X-100 and then
incubated in blocking serum, 5% normal donkey serum in 0.15% triton with PBS. Subsequently, sections were
incubated in primary antibody solution for 18 hour at room temperature. Mouse anti-OX-6 (BD bioscience,
1:1000), rabbit anti-Iba-1 (Wako, 1:500), mouse anti-NeuN (Chemicon, 1:1000), rabbit anti-MAP-2 (Sigma
Aldrich, 1:500) and rabbit anti-laminin (Sigma Aldrich, 1:500) were used, Sections were washed in PBS with
0.15% Triton X-100 and incubated in a secondary antibody solution (Alexa® 568 conjugated donkey anti-rabbit
antibody, Alexa® 488 conjugated donkey anti-mouse antibody, 1:200) for 3 hour at room temperature. Stained
sections were mounted on resin-coated slides and dried for 30 min. Slides were then cover-slipped with
ProLong® Gold antifade reagent (invitrogen).

Quantitative analysis

Sections including the cortex, striatum, hippocampus, and white matter region from four rats per
group were subjected to analysis. For a quantitative analysis, we selected specific lesions in which typical cell
death or neuroinflammatory changes had been reported in the literature.®®

White matter regions, including those in the corpus callosum, fimbria of the hippocampus, and the
internal capsule, were the focus for the quantification of microglial activation. One region of interest (ROI) of
0.5mm? per one section in the corpus callosum (bregma -2.04 to -3.60 mm; 6 sections per rat) and fimbria of the
hippocampus (bregma -3.36 to -3.72 mm; 6 sections per rat) were selected. The number of OX-6 microglial
cells was counted in each ROI and averaged. To confirm OX-6 positive activated microglial cells were
originated from the central nervous system, co-localization study with Iba-1 was performed.

Hippocampal CA1, CAS3, and the dentate gyrus were the focus for the quantification of astroglial
activation. Five ROIs of 0.01mm? per one section in the CA1, CA3 and dentate gyrus of the hippocampus
(bregma -3.24 to -3.72 mm; 6 sections per rat) were selected. The number of GFAP positive astrocytes was
counted in each ROI and averaged.

Serial cortical sections were the focus for the quantification of AD-related pathology. Two ROIs of
0.01mm? (APP) and 0.04 mm? (tau-2) per one cortical section (bregma 2.5 to -1.3mm; 3 sections per rat) were
selected. The number of APP or tau-2 positive neurons was counted in each ROl and averaged.

Quantitative analysis of the capillary vascular injury was carried out by modification of the method
described in a previous study.? The profiles of laminin-positive vascular basement membrane in the cortex were
analyzed. Individual length of the fragmentary capillaries in 2 ROIs of 1.5mm? per one cortical section (bregma
2.5 to -1.3mm; 3 sections per rat) was measured using the ImageJ software and summated length was expressed
as total capillary length in mm of laminin-positive vascular profiles per mm?. All quantitative analyses were
carried out in a blind manner.
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