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Fig. 3. Three-dimensional volume-rendered images of computed tomography (CT)-angiography showing the blood flow of the bilateral common carotid
arteries pre- and postimplantation of ameroid constrictors at indicated time intervals. Arrowheads indicate common carotid arteries and arrows ameroid

constrictors.

were assessed by quantitative real-time RT-PCR (Supple-
mental Method VIII).

2.10. Enzyme-linked immunosorbent assay (ELISA) for
TNF-«

The protein concentration of TNF-a in brain homoge-
nates were also measured using a specific ELISA kit ac-
cording to the manufacturer’s recommendation (R&D Sys-
tems, Minneapolis, MN, USA) (Supplemental Method IX).

2.11. Western blotting analysis for myelin basic protein

The optic nerves and chiasma were analyzed for demy-
elinating changes. A rabbit anti-MBP antibody and a mouse
anti B-actin antibody (which served as an internal control),
were used (Supplemental Method X).

2.12. Y-maze test for spatial working memory assessment

Spatial working memory was assessed by the Y-maze
test (Supplemental Method XI).

2.13. Statistical analysis

All values are expressed as mean * standard error of the
mean (SEM). One-way analysis of variance was used to
evaluate significant differences among groups (except
where otherwise stated) followed by a post hoc Tukey test
or Tukey-Kramer test. Differences with p < 0.05 were
considered significant in all statistical analyses.

3. Results
3.1. Mortality rates and body weight changes of rats

The mortality rate in the 2VGO group was 2.0% (1/49).
This was much lower than that of the 2VO group, which
was 13.8% (8/58), in accordance with previous reports (Fu-
jishima et al., 1976). In the sham group, all 48 rats survived
until euthanized. Body weight decreased in both the 2VGO
and 2VO groups, which was significantly less severe in the

2VGO group at 1 day postoperation (2ZVGO group,
—14.1 * 2.0% vs. 2VO group, —27.4 = 1.7%; p < 0.01).
Both groups of rats started to regain body weight at 3 days.

3.2. Gradual narrowing of the common carotid arteries

Bilateral placement of the ameroid constrictors on the
CCAs produced the expected narrowing of the inner lumen:
0.28 mm at 1 day postoperation, 0.24 mm at 3 days, and
0.19 mm at 5 days (Fig. IB and C). CTA indicated that
blood flow of CCAs distal to the implanted ameroid con-
strictors did not decrease at 1 hour but started to decrease at
3 hours, leading to complete occlusion of the CCAs at 3
days (Fig. 3).

3.3. Temporal profiles of CBF recorded by LSF

In the 2VO group, CBF dropped sharply to 55.2 *+ 0.8%
of the baseline level at 3 hours postoperation but started to
recover at 3 days and reached to 85.6 & 3.7% at 28 days. In
contrast, in the 2VGO group, the acute phase observed in
the 2VO group was absent; CBF did not decrease at 1 hour
(102.5 £ 2.9%) but started to decrease at 3 hours (79.6 =
3.3%), and reached a minimum at 3 days (69.3 * 1.7%),
before gradually recovering at 28 days (84.5 * 3.3%). In the
sham group, no apparent change of CBF was detected.
Two-way repeated measures analysis of variance showed a
significant interaction between group and time (F(14,63) =
16.976; p < 0.001) and significant differences between
the 2VGO and 2VO groups at 1, 3, and 6 hours, and 1 day
(Fig. 4).

The blood pressure and pulse rate of the surviving rats
did not differ significantly among the 3 groups at any
postoperative intervals until 28 days.

3.4. '"SF-FDG PET analysis

The first 5-minute uptake of '*F-FDG, which was used as
an indicator of CBF, showed a similar temporal profile of
the CBF recorded by LSF: the uptake dropped more sub-
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Fig. 4. (A) Representative cerebral blood flow (CBF) images of laser speckle flowmetry in each group at indicated time intervals. The value in each image
indicates relative CBF that is expressed as a percentage * standard error of the mean (SEM) of the baseline level (100%). Four to 6 animals in each group
were used at each point. (B) The temporal profile of CBF in each group. * p << 0.05, ** p < 0.01, 2-vessel gradual occlusion (2VGO) versus 2-vessel

occlusion (2VO).

stantially in the 2VO than 2VGO groups at 3 hours postop-
eration but recovered at 28 days in both groups (Fig. SA).

The late "*F-FDG uptake, used as an indicator of cerebral
glucose metabolism, did not significantly decrease at 28
days in the 2VGO group, whereas in the 2VO group at 28
days, late "F-FDG uptake significantly decreased in the
cerebral cortex compared with that in the 2VGO group and
in the hippocampus compared with preoperation (Fig. 5B).

3.5. Y-maze test for spatial working memory assessment

In the 2VGO and 2VO groups, the percentage of alter-
nation behaviors (used as a reflection of spatial working
memory) was significantly decreased (Fig. 6A), whereas the
number of arm entries was significantly increased, com-
pared with the sham group at 28 days (Fig. 6B).

3.6. Histological analysis of gray matter damage

Brain infarcted areas were not found in any rats of the
2VGO and sham groups but in 50% of rats in the 2VO
group at 3, 14, and 28 days (Supplemental Fig. 1A). The

infarctions were distributed mainly in the caudoputamen.
Cortical gliosis was not found in the sham group and was
present in only 8.3% of rats in the 2VGO group at 3, 14, and
28 days (Supplemental Fig. 1B); however, cortical gliosis
was present in 75% of rats in the 2VO group over the same
periods. There was a trend toward increased density of
pyknotic neurons in the hippocampal CA1 region at 28 days
in the 2VO group compared with the 2VGO and sham
groups (Supplemental Fig. 1C); however, there were no
significant differences in density among the 3 groups.

3.7. Histological analysis of white matter damage

Quantitative analysis of the grading score of Kliiver-
Barrera staining of the corpus callosum indicated that the
white matter damage was significantly more severe in both
the 2VGO and 2VO groups compared with the sham group
at 28 days postoperation; however, the extent of damage
was significantly smaller in the 2VGO compared with 2VO
groups (Fig. 7A). Similar findings in the degree of myelin
damage (assessed by dMBP staining) (Fig. 7B) and the
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Fig. 6. Histogram showing spatial working memory impairment (A) and
the locomotor activity (B) measured by Y-maze test at 28 days postopera-
tion in the sham (n = 10), 2-vessel gradual occlusion (2VGO) (n = 11) and
2-vessel occlusion (2VO) (n = 10) groups.

density of GST-m-positive oligodendrocytes (Fig. 7C) were
discovered: the white matter damage was slightly milder in
the 2VGO compared with the 2VO groups but was still
more severe than the sham group. In the 2VGO and 2VO
groups, MAG-immunopositive regions (indicating the de-
gree of axon-glial integrity) decreased compared with the
sham group, with the most apparent difference at 28 days
(data not shown). The density of glial fibrillary acidic pro-
tein-immunopositive astrocytes was significantly greater in
both the 2VGO and 2VO groups compared with the sham
group at 28 days (data not shown). The density of ionized
calcium binding adapter molecule-1-immunopositive mi-
croglia increased from 1 day in the 2VO group; while in
the 2VGO group, there was no change in microglia density
at 1 day but an increase at 3 days. The microglial density in
both the 2VGO and 2VO groups remained significantly
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greater than the sham group at 28 days (Supplemental Fig.
2A and B).

3.8. Western blotting analysis for MBP at 28 days
postoperation

In addition to dMBP immunohistochemistry, MBP im-
munoblotting was evaluated as a marker of white matter
integrity. Western blotting for MBP at 28 days showed
multiple bands corresponding to the 4 isoforms (21.5/18.5/
17/14 kDa). Densitometric analyses showed significant re-
duction in those bands both in the 2VGO and 2VO groups
compared with the sham group. However, the reduction was
less substantial in the 2VGO than 2VO groups (Fig. 8).

3.9. mRNA expression of inflammatory cytokines at 1 day
postoperation

At 1 day, cerebral mRNA expression of inflammatory
cytokines, MCP-1, and TNF-« was significantly increased
in the 2VO group but slightly increased in the 2VGO group
compared with the sham group (Fig. 9A and B).

3.10. The protein level of TNF-« at 1 day postoperation

At 1 day, cerebral protein level of TNF-a was signifi-
cantly increased in both the 2VGO and 2VO groups com-
pared with the sham group, with a tendency of increase in
the 2VO group (Fig. 9C).

4. Discussion

The findings in this study suggest circumvention of the
acute phase of CBF reduction and resultant acute inflam-
matory response observed in the 2VO model by gradual
narrowing of the bilateral CCAs using the ameroid constric-
tor device instead of ligation. As a result, segregation of the
chronic phase from the acute phase was achieved, suggest-
ing a more precise reconstruction of chronic cerebral hypo-
perfusion evident in clinical cases of SIVD. This method
induced demyelinating changes with inflammatory and glial
responses but without apparent infarcted lesions or pro-
nounced metabolic derangement in the gray matter. White
matter changes were substantial in both the 2VGO and 2VO
groups but significantly less severe in the 2VGO group. This
suggests that the neuropathological consequences and met-
abolic changes of the 2VO model had been generated not
only by chronic cerebral hypoperfusion but also by acute
drop in CBF immediately after bilateral CCAs occlusion.
The differences in mortality rate, infarction rate, and body
weight loss between the 2VGO and 2VO groups may reflect
gradual CBF reduction in the 2VGO group.

Y-maze tests showed significant spatial working memory
impairment in both the 2VGO and 2VO groups. The spatial
working memory impairment in the 2VGO model may be
derived from white matter damage because neuropatholog-
ical changes and glucose hypometabolism were not appar-
ent in the cortex and hippocampus at 28 days. By contrast,
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Fig. 8. Representative images of immunoblotting for myelin basic protein
(MBP) and B-actin in the optic nerve and chiasma of the sham (n = 4),
2-vessel gradual occlusion (2VGO) (n = 4), and 2-vessel occlusion (2VO)
(n = 4) groups at 28 days postoperation. Histogram showing the relative
amount of MBP as assessed by densitometric analysis.

the 2VO model exhibited persistent metabolic derangement
in the gray matter at 28 days, despite CBF recovery; this
suggests neurovascular uncoupling even at 28 days postop-
eration. The 2VO and 2VGO model may thus be defined by
the presence or absence of the acute CBF drop, respectively;
therefore, the persistent neurovascular uncoupling at 28
days in the 2VO group may result from the ischemic insult
applied to the brain in the acute phase postoperation. These
results therefore suggest that the 2VGO model may more
closely replicate the condition of working memory impair-
ment subsequent to ischemic white matter changes.

The reasons as to why the 2VGO model showed com-
parable spatial working memory impairment to the 2VO
model may be explained by the fact that less pronounced
white matter damage was sustained in the 2VGO model
compared with the 2VO model where the damage was
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sufficient to induce spatial working memory impairment
detected by the Y-maze test. Another reason may be the
impaired glial-axon integrity (assessed with MAG immu-
nostaining) (Quarles, 2007), which was comparable be-
tween 2VGO and 2VO models; this therefore may have
contributed to the working memory impairment.

No single animal model appears to recapitulate all the
features of SIVD as humans have different brain anatomy
and longer perforating arteries. In addition, the current
model lacks vascular risk factors and causative small vessel
changes that may lead to alterations in blood flow and
cerebral autoregulation. One of the ways to resolve this
problem could be to implant ameroid constrictors in spon-
taneous hypertensive rats (SHR) (Lin et al., 2001). How-
ever, SHRs subjected to the bilateral CCA occlusion have
shown more extensive CBF reduction accompanied by more
extensive cerebral infarcts and demyelinating changes and
higher mortality rate (72%; 78 of 108) than the correspond-
ing normotensive counterpart WKY rats (16%; 7 of 43)
(Fujishima et al., 1976; Ogata et al., 1976). Besides the high
mortality, such severe CBF reduction with marked infarc-
tions may not adequately represent SIVD. Our preliminary
data showed that the mortality rate of SHRs subjected to
implantation of ameroid constrictors to the bilateral CCAs
was only 6.2% (1 of 16) (Kitamura, unpublished data).
Therefore, comparison of the effects of 2VGO on SHRs and
on WKY rats could facilitate our understanding of the
clinical and pathological substrates of SIVD with small
vessel pathology, with the caveat that the genetic back-
ground of SHR is not necessarily identical to that of WKY
rats (St. Lezin et al., 1992).

Thus far, rats with several different backgrounds have
been used for 2VO model, including Sprague-Dawley,
Wistar, and WKY rats. There may therefore have been
discrepancies between rats in terms of the temporal CBF
profile after 2VO. The relative CBF reduction from the
baseline level in the current study was smaller than that
found in Sprague-Dawley or Wistar rats but approximated
that of WKY rats (Farkas et al., 2007).

The ameroid constrictor has been applied to the porcine
or canine coronary arteries to simulate atherosclerotic cor-
onary heart disease (Litvak et al., 1957), and the rabbit and
rat femoral arteries to mimic chronic hind limb ischemia
(Tang et al., 2005). However, this is the first report that the
ameroid constrictor is applied to the CCA to replicate

Fig. 7. (A) Representative images of Kliiver-Barrera staining in the corpus callosum at 28 days postoperation in each group (upper panels). Histogram
showing the grading of the white matter lesions in the sham (n = 4), 2-vessel gradual occlusion (2ZVGO) (n = 4), and 2-vessel occlusion (2VO) (n = 4)
groups. Scale bar, 50 um. (B) Representative images of immunohistochemical staining for degraded myelin basic protein (dAMBP) in the corpus callosum
at 28 days in each group (upper panels). Oligodendrocytic cell bodies of irregular size and myelin sheaths along the axons were densely stained for dMBP.
Scale bar, 20 pm. Histogram showing the area fraction (%) of dMBP-immunopositive fibers in the sham (n = 4), 2VGO (n = 4), and 2VO (n = 4) groups.
(C) Representative images of the immunohistochemical staining for glutathione S-transferase-pi (GST-7) in the corpus callosum at 28 days in each group
(upper panels). Histogram showing the density of GST-m-immunopositive oligodendroglia in the sham (n = 4), 2VGO (n = 4), and 2VO (n = 4) groups.

Scale bar, 50 pm.
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Fig. 9. Histogram showing the messenger RNA levels of tumor necrosis
factor-a (TNF-c) (A) and monocyte chemoattractant protein-1 (MCP-1) (B),
as analyzed with real-time reverse transcriptase-polymerase chain reaction
(RT-PCR), in the right anterior hemisphere of the sham (normalized as 1),
2-vessel gradual occlusion (2VGO) (18.7 *+ 7.28 and 2.79 + 1.02 -fold,
respectively), and 2-vessel occlusion (2VO) (91.2 = 28.8 and 3.68 = 1.14
-fold, respectively) groups at 1 day postoperation (n = 4 in each group). (C)
Histogram showing the protein level of TNF-a, as analyzed with enzyme-
linked immunosorbent assay (ELISA), in the left anterior hemisphere of the
sham (8.38 % 0.63), 2VGO (16.0 = 2.70), and 2VO (20.8 = 2.67) groups at
1 day postoperation (n = 4 in each group).
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chronic cerebral hypoperfusion. Although the ameroid con-
strictor device achieves predictable gradual narrowing of
the artery, the speed of arterial narrowing is dependent on
both the size of ameroid constrictor and the diameter of
arteries. As such, an in vivo noninvasive imaging technique,
such as CTA, may be applicable in the evaluation of the
temporal change in carotid blood flow. Moreover, use of
titanium for casing, instead of the stainless steel, will enable
magnetic resonance imaging/angiography.

Rats of 12-14 weeks of age were used in the current
study to reproduce chronic cerebral hypoperfusion. How-
ever, application of the ameroid constrictor to older animals
for longer periods should be considered given that SIVD is
an age-related disease that develops over many years.

In conclusion, we have established a novel rat model that
may more closely mimic cognitive impairment subse-
quent to selective white matter damage. The 2VGO
model may therefore be adapted to explore possible treat-
ments for SIVD.
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In recent years there has been increased interest in whether vascular disease contributes to Alzheimer's disease
(AD). This review considers how modifiable risk factors such as hypertension, atherosclerosis, diabetes,
dyslipidaemia and adiposity may impact on vascular structure and function to promote neurodegenerative pro-
cesses and instigate AD. The presence of vascular pathology involving arterial stiffness, arteriolosclerosis, endo-
thelial degeneration and blood-brain barrier dysfunction leads to chronic cerebral hypoperfusion. Pathological
changes in human brain and animal studies suggest cerebral hypoperfusion which in turn induces several

:;};‘:ITS' features of AD pathology including selective brain atrophy, white matter changes and accumulation of abnormal
Alzheimer's disease proteins such as amyloid (3. Cerebral pathological changes may be further modified by genetic factors such as the
Dementia apoliopoprotein E €4 allele. Although tau hyperphosphorylation and tangle formation still needs robust
Diabetes explanation further support for the notion that vascular pathology influences AD changes is provided by the
Diet : evidence that interventions which improve vascular function attenuate AD pathology.
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1. Introduction

Epidemiological, clinicopathological and animal studies show that
both systemic vascular disorders and cerebrovascular disease (CVD) in
various forms contribute to cognitive decline [1]. Increasing age is the
strongest risk for dementia whether it results from a vascular aetiology
or neurodegenerative disease processes such as in Alzheimer's disease
(AD). Age is the overarching common factor when considering the
impact of one type of pathology on the other which results in single or
additive effects on dementia. AD and vascular dementia (VaD) or vascu-
lar cognitive impairment (VCI), the two most common causes of demen-
tia, represent two extremes of the spectrum, and in-between entities
with varying degrees of neurodegenerative and vascular pathologies
occur. These entities include AD with cerebrovascular disease (mixed de-
mentia), AD with vascular lesions, AD with severe cerebral amyloid
angiopathy (CAA), CAA with plaques, VCI with AD changes and VC
with small vessel disease (SVD) [2] but are more common than the
‘pure’ conditions of AD and VaD. The pure forms are preferred for conve-
nience to label, treat or manage but conditions within the spectrum are
the norm rather than the exception. The greater degree of one type
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pathology over another may inform on the interactions between differ-
ent pathologies. Here, we review evidence from relevant human and an-
imal studies for the contribution or influence of vascular changes on the
development and progression of the pathological features which charac-
terise AD. The information also demonstrates that vascular disease trig-
gers or uncovers dementia but the types invariably include AD.

2. Vascular disease as risk factor for increasing clinically
diagnosed AD

Several vascular risk factors have been found to be associated with
AD type of dementia. These include hypertension, diabetes mellitus, ath-
erosclerosis, hypercholesterolemia, obesity and metabolic syndrome,
smoking and certain forms of coronary disease (Table 1). Transient ische-
mic attacks and stroke episodes as indicators of large or small vessel dis-
ease also increase incidence of AD. The apolipoprotein E (ApoE; APOE)
genotype with the link to dynamics of cholesterol transport is also impli-
cated as a vascular risk factor in influencing AD. Among the vascular dis-
ease factors hypertension appears to be the strongest risk for AD [3].
Most studies demonstrate that hypertension in mid-life predisposes to
cognitive decline and AD type of dementia in late life [4,5], although a
few studies have found negative or no correlation [6-8]. Several reasons
including low statistical power may explain the lack of association in
these studies. However, long-standing increase in blood pressure may
increase risk of dementia by inducing small vessel disease, white matter
(WM) changes and cerebral hypoperfusion through the disruption of
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Table 1
Vascular risk factors for Dementia and AD.
Data from several references [4,5,15,20,27,30,90].

Times relative risk* Pathological verification

Type of risk Individual features
Stroke(s)/vascular origin Silent infarcts
Stroke

Transient ischaemic attacks
Carotid arteries

Aortic arch

Circle of Willis

Vascular pathology: atherosclerosis

Blood pressure
diastolic>95 mm Hg
Coronary artery disease
Atrial fibrillation

Heart disease

Diabetes Type |
Type Il
Dyslipidemia High cholesterol
High triglycerides
Homocysteine Hyperhomocysteinemia; >13 mmol

Hypertension systolic BP; >130 mm Hg;

1.2 N/A
3 Yes
2 o

2 2

2 Yes
2 Yes
2-3 Yes
2 Yes
2 No
13 No
14 Yes, NFT increased
1.5 No
15 No
2 No

This table lists factors that may directly or indirectly affect vascular health. *Degree of risk (strong means=>3 fold RR or HR; weak means<two-fold RR or HR) were derived from

published relative risk (RR) and hazard ratios (HR).

vasoregulatory functions or atherosclerotic disease [9]. Antihypertensive
therapies have been shown to decrease the incidence of cognitive decline
and dementia [10] and reduce AD pathology [11].

The increased risk of dementia in diabetes mellitus (DM) is attrib-
uted to CVD [12,13] and the association of AD with DM is clearer
when milder cases are included in the analysis [14]. DM causes
ischaemic CVD, primarily lacunar infarcts, and is positively associated
with AD pathology through hyperinsulinemia (causing increased
secretion but reduced extracellular degradation of amyloid 3), im-
paired insulin signalling, oxidative stress, inflammatory mechanisms
and coupling of neuronal components by advanced glycation end
products [15]. Individuals with high BMIs have a significantly greater
risk of dementia [16] whereas those who were obese at mid-life have
a 3-fold increased risk of dementia (AD, VaD) in old age [17]. Hyper-
cholesterolemia in mid-life also tends to show positive association
with dementia including AD and VaD [18-20] although cholesterol
levels assessed in late life reveal less significant association with AD
[21,22]. Statins have a broad range of properties including antioxidant
activity, immunomodulation and regulation of inflammatory process-
es, all of which could prevent neuronal death and generally exhibit
beneficial effects. Simvastatin has been found to reduce the levels of
amyloid [ peptides (AB42 and AR40) [23], but the results of clinical
studies do not consistently show robust protective effects of statins
in preventing AD [24].

Smoking predisposes to oxidative stress, atherosclerosis, plaque
formation and silent brain infarctions . In the Honolulu-Asia Ageing
Study (HAAS), the association between mid-life smoking and late-
life dementia, following adjustment for age, education and APOE ge-
notype, showed the risk of AD in smokers increased with pack-years
of smoking. Neuropathological findings in a sub-sample showed in-
creased number of neuritic plaques with higher smoking levels [25].
Another study has also demonstrated that heavy smoking in
mid-life is associated with >100% increased risk of AD and VaD
after over twenty years [26].

Atherosclerosis predisposes to small and large infarcts and cerebral
hypoperfusion leading to vascular and degenerative changes associated
with cognitive decline and both AD and VaD. Other complications
relating to atherosclerosis include coronary heart disease and conges-
tive heart failure. The Rotterdam study revealed that atherosclerosis,
predominantly of the carotid arteries, was associated with an increased
risk of dementia [AD and VaD] [27]. A significant association between
coronary disease and dementia, and AD through the causation of multi-
ple cerebral emboli and reduced cerebral perfusion has also been
reported [28,29]. Although homocysteine is an established risk factor
for cardiovascular disease, its role in dementia has been controversial

[30]. High homocysteine concentrations in mid-life is an independent
risk factor for the development of late-life AD in women [31]. Although
these epidemiological studies do not explain how pre-existing or
co-morbid vascular disease precisely impacts on processes that lead to
neurodegeneration characteristic of AD they collectively demonstrate
that there is a clear link between vascular disease and an increased bur-
den of AD (Table 2). Furthermore, a Rottterdam study demonstrated
that silent brain infarcts detected on magnetic resonance (MR) imaging
doubled the risk of dementia and AD in elderly community-dwellers
[32] Thus a number of vascular disease risk factors indicate greater or
cumulative risk of AD primarily via a vascular effect rather than distinc-
tive neuronal degeneration (Fig. 1).

3. Influence of Apolipoprotein E (Apo E)

ApoE is a major constituent of very low density lipoproteins
(VLDL) and plays a key role in the transport of cholesterol among var-
ious cells of the body. APOE &4 allele is associated with younger onset
AD, and increases disease risk in a dose-dependent manner in both
AD and VaD. APOE &4 allele has the most consistent but varying mod-
ulating influence on the vascular factors, particularly blood pressure,
diabetes, dyslipidaemia, atherosclerosis, lacunar infarcts and homo-
cysteine [2,19]. Furthermore, the APOE &4 allele may mediate risk
for AD by decreasing resting CBF well before the onset of dementia
[33].

4. Cerebrovascular pathology in AD

As implied above, AD and VaD to varying degrees demonstrate simi-
larities in risk factors, pathophysiology and neuropathological substrates
[2]. In the very first documented case of AD reported by Alzheimer, the

Table 2
Alzheimer type of changes in VaD.
Data taken from several original references cited in [12,58].

AD feature Change and localization
CAA Presence in cortical cerebral vessels
Amyloid peptides Increased in temporal and frontal lobes

Increased in CSF

Decreased ChAT activity
Decreased 5-HT concentrations
Decreased cortical activity
Presence in most VaD cases

Tau isoforms (hyperphosphorylated)
Cholinergic neuronal markers
Serotonergic markers
Synaptophysin

APOE €4 allele

This table lists overlap of markers linked to Alzheimer pathology present in VaD subjects.
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P < 0.0001 for trend

Hazard Ratios [95% CI] for

Developing Possible or Probable AD
o - L w
. ;
- :
~
n
o .

(reference) Number of Risk Factors

Fig. 1. Graph shows cumulative risk for probable and possible AD. In this study 1138
individuals without dementia were screened at baseline. The risk factors included
diabetes, hypertension, heart disease and smoking. Heart disease was indicated by
history of atrial fibrillation and other arrhythmias, myocardial infarction, congestive
heart failure and angina pectoris.

Data modified from Luchsinger ] et al. [91].

descriptions of autopsy findings in the index patient, showed consider-
able microvascular pathology [34]. Several autopsy series have reported
the existence of a high degree of vascular pathology. From 60 to 90% of
AD patients exhibit various cerebrovascular pathologies including white
matter lesions, CAA, microinfarcts, small infarcts, haemorrhages and mi-
crovascular degeneration [2,35-39]. It is also recognized that with
co-existent pathological substrates of AD and cerebrovascular lesions, it
takes lower burden of AD pathology to produce the same degree of de-
mentia [40]. The Nun Study showed that individuals with one or two la-
cunar infarcts have a steeper drop in cognitive function compared to
those with no infarcts [41]. While the relationship between AD pathology
and infarctions is debated the presence of one or more infarctions
independently increases the odds of dementia beyond their additive ef-
fect [42]. Periventricular lesions and cerebral microbleeds [43] are also as-
sociated with degenerative pathology [44].

5. White matter changes and AD pathology

White matter changes reflected by white matter hyperintensities
(WMHs), lacunar infarcts, enlarged Virchow Robin spaces and
microbleeds upon MR imaging are often present to a variable degree
in clinically diagnosed AD. Using positron emission tomography im-
aging, WMHs correspond to areas of hypometabolism, reduced CBF
and increased oxygen extraction which are further evidence of the
ischaemic origin [45,46] but evident in AD. Frontal WMHs scored
upon imaging were associated with increasing burden of neurode-
generative pathology as determined by Braak staging [38,47].

Neuropathological findings suggest that demyelination evolves in
parallel with shrunken oligodendrocytes in VaD but their increased
density in AD [38], while these observations highlight partially differ-
ent mechanisms associated with myelin degeneration both could
originate from chronic hypoxic damage to oligodendrocytes and
other components of the WM [48]. However, myelin loss secondary
to axonal degeneration in AD cannot be excluded. Imaging studies
also suggest breach of the BBB especially in those subjects with histo-
ry of vascular disease irrespective of type of clinical diagnosis of de-
mentia type [49].

6. Vascular basis of the neurovascular unit

The ‘neurovascular unit’ describes a close developmental, structural
and functional relationship existing among the cerebral microvascular
cells (endothelium, pericytes and adventitial cells), neurons and glial
cells (astrocytes, microglia and oligodendrocytes). This relationship,
‘neurovascular coupling’ ensures a coordinated response to injury to
any of the component parts of the unit that may be vulnerable to amy-
loid [50]. To maintain the integrity of the neurovascular unit, certain

e

cerebrovascular mechanisms are in place which include cerebrovascu-
lar autoregulation, functional hyperaemia and the blood brain barrier
(BBB) [51,52]. Cerebrovascular autoregulation ensures that cerebral
blood flow (CBF) is maintained independently of alterations in mean
arterial blood pressure while functional hyperaemia ensures that
blood flow is increased to an activated brain region through the release
of several vasoactive agents (including nitric oxide, prostanoids, adeno-
sine, K+ ions, carbon monoxide, cytochrome p450 metabolites) from
neurons, astrocytes and vascular cells. The BBB limits the entry of poten-
tially toxic substances into the brain through its impermeable mem-
brane [52,53].

Cerebrovascular disease and systemic vascular disorders may irre-
versibly affect these defence mechanisms leading to reduction of re-
gional blood flow and loss of autoregulation causing cerebral
hypoperfusion (Fig. 2). Previous observations in biopsy cortical tissue
from AD subjects has indicated various features consistent with BBB
breakdown [51]. These include thinning of the endothelium, loss of
mitochondria and thickening of basement membranes, which in-
crease focal amyloid B peptides accumulation. A breach of the BBB
also leads to potentially toxic substances and metabolites gaining
access into the brain [52,53].

7. How might cerebrovascular disease affect the neurovascular
unit and produce AD changes?

The structural and functional changes associated with CVD will cause
a reduction in CBF at rest and during brain activation. It has been
hypothesised that when this reduction reaches a critical level, described
as the “Critically Attained Threshold of Cerebral Hypoperfusion (CATCH)”

Oxygen |
Energy |
Hypoperfusion
l Vicious
cycle
\
)

Fig. 2. Vascular changes may influence Alzheimer lesion burden: evidence from animal
studies. Scheme and arrows indicate how cerebrovascular factors affect the amyloid 2 pro-
cessing and clearance. (1) When oxygen is in short supply as a result of arteriolosclerosis or
blood-brain barrier (BBB) disruption, hypoxia-inducible factor (HIF)-1ct is induced, which
binds to the hypoxia-responsive element (HRE) on the 3 amyloid cleaving enzyme 1
(BACE1) promoter region and upregulates the expression of BACE1 mRNA, subsequently
leading to predominant generation of amyloid [ over secreted (s) amyloid precursor pro-
tein o (2) The energy insufficiency, which could result from hypoperfusion, elevates
BACE1 levels and activity, leading to amyloid 5 overproduction |92], probably through the
stress-activated p38 pathway. (3) Chronic hypoperfusion itself (and the resultant energy
and oxygen deficiency) also elevates BACE1 expression and amyloid P generarion.
(4) Amyloid P overproduction leads to amyloid plaque formation and cerebral amyloid
angiopathy (CAA). (5) CAA further potentiates deficiencies of oxygen, energy, and blood
flow by aggravating preexisting arteriosclerosis and BBB disruption, thus forming the vi-
cious cycle.
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hypothesis [ 54], there is breakdown of the cerebrovascular defence sys-
tem, arterial stiffness, uncoupling of the neurovascular unit, reduced
clearance of by-products of brain activity, accumulation of such sub-
stances as amyloid  and activation of neurcinflammatory responses.
Few longitudinal studies followed to autopsy support the thesis that
hypoxia or oligaemia increases accumulation of AD pathological
changes and cognitive dysfunction. Roher and colleagues [55-57]
have shown that atherosclerotic occlusion of the circle of Willis arteries
was more extensive in the AD subjects accompanied by a greater bur-
den of neurofibrillary pathology and white matter rarefaction than in
the non-demented ageing individuals but not against subjects with
VaD. These observations were not necessarily influenced by the pres-
ence of an APOE &4 allele, however. This and our previous autopsy find-
ings [58] suggest that atherosclerosis-induced brain hypoperfusion
contributes to the clinical and pathological manifestations of AD. In
the Honolulu Heart Program/Honolulu-Asia ageing Study (HHP/HAAS)
cohort elevated systolic BP (=160 mm Hg) in midlife was associated
with low brain weight and greater numbers of NP in both neocortex
and hippocampus. Furthermore, diastolic BP elevation (=95 mm Hg)
was associated with greater numbers of NFT in the hippocampus. It is
plausible that gradual arteriolosclerosis induces NFT formation in close-
ly perfusing neuronal populations. However, these findings suggest that
in addition to the accepted association of high BP with cerebrovascular
lesions, there is a direct relationship with brain atrophy, neuritic
plaques and neurofibrillary tangles [59].

Cerebral hypoperfusion or oligaemia induced by CVD may either
initiate and/or accelerate the neurodegeneration cascade causing am-
yloid deposition, synaptic and neuronal dysfunction and lead to cog-
nitive impairment [58] apart from the direct cognitive effect of
microvascular pathology as seen in subjects with DM type Il and AD
[12]. As part of the compromise of cerebrovascular defence mecha-
nisms occasioned by CVD, there could be disruption of the endotheli-
um and the BBB causing transport disequilibrium across the barrier.
However, the presence of brain microvessels within or juxtaposed
to plaques in AD [60] also suggests the perfusing surface of the
brain has a role in cerebral amyloidosis [9]. Cortical microvascular ab-
normalities may be impacted by ageing per se but greater degenera-
tive changes are accelerated by amyloid deposition. Consistent with
this, a recent study in rhesus monkeys [61] demonstrated that B am-
yloid cleaving enzyme 1 (BACE1)-labelled dystrophic axons resided
near to or in direct contact with cortical blood vessels. Thus plaque
formation in AD appears linked to a multisystem axonal pathogenesis
occurring in partnership with potential vascular deficits (Fig. 2). This
also explains why senile plaques preferentially occur near the
cerebral microvasculature [62]. It is plausible that ageing associated
microvascular abnormalities including disruption of the vascular
extracellular matrix forms a nidus for amyloid  deposition [60].

Another vital mechanism by which CVD may cause cognitive im-
pairment and Alzheimer type of dementia is through their impact on
cholinergic neurotransmission which subserve a pivotal role in nor-
mal cognition, particularly in the domains of attention, emotion and
memory [63]. CVD also impacts on the collections of cholinergic neu-
rons in the basal forebrain including the nucleus basalis of Meynert
(nBM). Ischaemic injury resulting from cerebral hypoperfusion leads
to widespread disconnection of cholinergic innervations from the
neuronal population of the nBM to other parts of the brain including
the neocortex, and this has been documented in both AD and VaD
[63,64].

Oxidative stress in the brain and cerebral blood vessels has been
found to play a critical role in the processes associated with cerebrovas-
cular dysfunction, with NADPH oxidase being a major source of reactive
oxygen species (ROS) involved [50,65,66]. ROS alter vascular regulation
through processes involving the formation of peroxynitrite from the re-
action between nitric oxide (NO) and superoxide radical. Oxidative
stress and reactive oxygen species resulting from mitochondrial dys-
function have, consequently, been strongly implicated in brain ageing,

AD and VaD [67,68]. Overall, various factors may contribute to a chronic
hypoperfusive state leading to microscopic tissue damage and regional
specific syndromes (Fig. 2).

8. Ageing related vascular changes may impede clearance of proteins
contributing to AD pathology

Increasing age is associated with structural changes and stiffness
of the vasculature resulting in reduced tone and transport functions
[51]. It has been previously suggested that age-related basement
membrane thickening and loss of elasticity within the arterial vessels
may reduce the amplitude of the pulsations, which is the main driv-
ing force for drainage of soluble proteins along the lymphatic drain-
age pathways. The deposition of amyloid ( in the walls of arteries
as CAA and impedance of perivascular drainage of amyloid 3 can
have major consequences including intracerebral haemorrhage asso-
ciated with rupture of amyloid (3-laden arteries and further increase
the burden of AD pathology [69,70]. Furthermore, the reduced ex-
pression of the low density lipoprotein receptor related protein
(LRP) as a major efflux transporter and abnormalities in other trans-
porters e.g. the advanced glycation end product receptor (RAGE)
[71] in ageing rodents, non-human primates and AD patients [72,73]
handling amyloid 3 peptides across a defective BBB would com-
promise the homeostasis of the cerebral microenvironment and in-
crease oxidative and nitrosative damage as well as protease activity
(Fig. 2).

9. Cerebral perfusion protects against AD type of pathology

The link between hypoxia or oligaemia and AD features e.g. re-
gion specific atrophy, accumulation of amyloid 3 and cognitive dys-
function has been difficult to readily address in man. We previously
showed the differential but increased deposition of soluble amyloid
f, particularly amyloid [3(42) residue peptide in temporal and fron-
tal lobes of VaD subjects compared to cognitively normal ageing in-
dividuals [44]. This suggests that stroke injury or oligaemia per se
increases amyloid 3 accumulation although it may not be evident
within visible neuritic plaques. Similarly, medial temporal atrophy
(indicative of degenerative pathology) rather than WMHs (indica-
tive of SVD) predicted cognitive decline and progressive brain atro-
phy in stroke survivors. This suggested a greater role for Alzheimer
pathology rather than vascular pathology in the evolution of de-
layed cognitive impairment after stroke [74]. However, our recent
findings suggest a vascular basis for medial temporal atrophy too in-
cluding hippocampal cell atrophy in humans [75,76] and in rodents
[77].

Select animal models have provided clues whether vascular changes
increase the burden of AD pathology. Working on the hypothesis that
stroke injury may accelerate clinicopathological changes in AD [78], we
have examined whether chronic cerebral hypoperfusion accelerated am-
yloid beta deposition in a variety of amyloid protein precursor transgenic
(APP-Tg) mouse [79,80]. In animals subjected to bilateral common carotid
artery stenosis using an established procedure using microcoils, we found
that the white matter was not only rarefied with increased astrogliosis
but both amyloid peptides accumulated in axons and in short- and
long-term hypoperfused animals. Further fractionation of extracellular
cortical tissue showed an increase of amyloid [ fibrils supporting the
notion that cerebral hypoperfusion induced amyloid (3 deposition in the
intracellular compartment and, accelerate the pathological changes of
AD [79]. In a subsequent study, we found that cerebral hypoperfusion sig-
nificantly reduced the density of Nissl-stained neurons and silver-stained
cored plaques in the hippocampus of APP-Tg mice but increased the
amount of filter-trap amyloid B in the extracellular-enriched soluble
brain fractions. These observations suggested an interaction between
chronic cerebral hypoperfusion and APP overexpression in cognitive de-
cline in mice through enhanced neuronal loss and altered amyloid B
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metabolism [80]. APP overexpressing mice that predominantly exhibit
CAA show that following chronic cerebral hypoperfusion there is acceler-
ated deposition of leptomeningeal amyloid  and that impaired microvas-
cular function due to perivascular amyloid (> accumulation precipitates
microinfarcts [81]. These animal studies support the hypothesis that vas-
cular pathology influences changes characterised by AD.

Clinical and epidemiological studies have shown that relevant diet,
healthy nutrition and adequate physical exercise are important
non-pharmacological, lifestyle-related interventions that could help
maintain normal vascular tone, adequate CBF and normal cognition dur-
ing ageing. For example, the higher adherence to a Mediterranean-type
diet, regular consumption of fish and diets rich in polyphenols are asso-
ciated with slower cognitive decline, reduced risk of progression from
mild cognitive impairment to AD, reduced risk of AD or decreased
all-cause mortality in AD [82-85]. There is a large body of evidence on
the beneficial effects of physical exercise on brain health across the life
span and reducing the risk of dementia [86]. There are few pathological
studies in man verifying that the burden of vascular pathology is reduced
with such interventions but various animal models allow this to be test-
ed albeit with limitations.

Studies in amyloid over-expressing transgenic mice have shown that
enriched environment (increased exercise) is a useful intervention to
ameliorate behavioural changes and AD type pathological changes in
normal [87] and in high fat diet-induced aggravation of equivalent AD
symptoms [88]. Consistent with this adults who engage in high intensity
physical activity are less vulnerable to the pathological effects of an un-
healthy diet, while those with mild cognitive impairment have the
greatest benefit of a healthy diet in modulating CSF amyloid (42)
concentrations only when paired with high physical activity [89]. Thus,
vascular protective factors may attenuate pathological processes that
ultimately modify risk of AD.

10. Summary

In balance, majority of epidemiological studies support the view
that vascular disease risk factors impact on neurodegenerative pro-
cesses. There are several caveats in this working hypothesis including
the role of vascular disease in hyperphosphorylation of tau and tangle
formation but both clinicopathological and animals studies suggest
there is a strong link between vascular disease and Alzheimer-like
changes if not AD per se. Almost all studies suggest vascular insuffi-
ciency or chronic cerebral hypoperfusion including that resulting
from abnormalities within components of the neurovascular unit, in-
creases white matter changes, axonal damage and cerebral amyloid
deposition which may lead to atrophy. There is also evidence that
interventions which improve vascular function attenuate AD patholo-
gy. Although there may not be a direct interaction between the two
concomitant pathologies, vascular lesions in the presence of AD
changes unquestionably worsens cognitive outcomes.
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Abstract Cortical microinfarcts (CMIs) observed in
brains of patients with Alzheimer’s disease tend to be
located close to vessels afflicted with cerebral amyloid
angiopathy (CAA). CMIs in Alzheimer’s disease are
preferentially distributed in the arterial borderzone, an area
most vulnerable to hypoperfusion. However, the causal
association between CAA and CMIs remains to be eluci-
dated. This study consists of two parts: (1) an observational
study using postmortem human brains (n = 31) to deter-
mine the association between CAA and CMlIs, and (2) an
experimental study to determine whether hypoperfusion
worsens CAA and induces CMIs in a CAA mouse model.
In postmortem human brains, the density of CMIs was
0.113/cm? in mild, 0.584/cm” in moderate, and 4.370/cm”
in severe CAA groups with a positive linear correlation
(r = 0.6736, p < 0.0001). Multivariate analysis revealed
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that, among seven variables (age, disease, senile plaques,
neurofibrillary tangles, CAA, atherosclerosis and white
matter damage), only the severity of CAA was a significant
multivariate predictor of CMIs (p = 0.0022). Consistent
with the data from human brains, CAA model mice fol-
lowing chronic cerebral hypoperfusion due to bilateral
common carotid artery stenosis induced with 0.18-mm
diameter microcoils showed accelerated deposition of
leptomeningeal amyloid B (AP) with a subset of them
developing microinfarcts. In contrast, the CAA mice
without hypoperfusion exhibited very few leptomeningeal
AP depositions and no microinfarcts by 32 weeks of age.
Following 12 weeks of hypoperfusion, cerebral blood flow
decreased by 26% in CAA mice and by 15% in wild-type
mice, suggesting impaired microvascular function due to
perivascular Af accumulation after hypoperfusion. Our
results suggest that cerebral hypoperfusion accelerates
CAA, and thus promotes CMIs.

Keywords Cerebral amyloid angiopathy -
Cortical microinfarcts - Tg-SwDI -
Bilateral common carotid artery stenosis

Introduction

Cortical microinfarcts (CMIs) are frequently observed in
the brains of Alzheimer’s disease (AD) patients [33, 41],
and tend to be located in the vascular territory of lepto-
meningeal arteries or cortical arterioles exhibiting cerebral
amyloid angiopathy (CAA), a pathological hallmark of AD
[20, 33]. Furthermore, CMIs in AD are preferentially dis-
tributed in the arterial borderzone, an area particularly
vulnerable to hypoperfusion [41], suggesting a causal
relationship between CAA and CMIs, with hypoperfusion
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serving as a mediating factor. Indeed, our neuropatho-
logical study has shown that CMIs are present
predominantly in the arterial borderzone between the
middle and posterior cerebral artery territories in AD
patients [33], which may coincide with the relative predi-
lection of CAA pathology in posterior brain regions [42].

Nevertheless, the previous reports on the association
between CAA and CMIs in AD brains have been con-
flicting [12, 24, 34, 40]; some studies have reported an
association [34, 40] while others have found no such link
[12, 24] (Supplementary Table 1). One of the plausible
explanations for the disparity in the previous reports is the
difficulty in assessing how the various AD-related pathol-
ogies, such as senile plaques (SPs), neurofibrillary tangles
(NFTs), and CAA contribute to CMI development. Another
complication arising from the findings is that these patho-
logical changes can also be interdependent on concomitant
atherosclerosis or arteriolosclerosis [34, 46]. Such diffi-
culties are exemplified by the fact that SPs and CAA
appear in close proximity in AD patients [48], though on a
case-by-case level, an inverse correlation between CAA
and plaque density is apparent [50].

The purpose of this study was to elucidate the possible
association between the burden of CMIs and CAA by
investigating postmortem brains exhibiting CAA where the
final neuropathological diagnoses included not only AD but
also other neurodegenerative disorders and vascular cog-
nitive impairment. By avoiding a biased selection of
postmortem brains, we anticipated this study would enable
comparison of AD and non-AD patients that are accom-
panied by pathologically proven CAA to investigate the
association between CMIs and CAA.

To explore whether chronic cerebral hypoperfusion is
associated with the relationship between CMIs and CAA,
we used a transgenic mouse CAA model that expresses
human vasculotropic Swedish/Dutch/lowa mutant amyloid
precursor protein (APP) (Tg-SwDI mice) [11] and sub-
jected them to bilateral common carotid artery stenosis
(BCAS) to mimic chronic cerebral hypoperfusion [37]. By
combining the animal investigations with postmortem
human work, we aimed to reveal the underlying mecha-
nisms in the relationship between CMIs and CAA.

Materials and methods

Postmortem human brain material

Two hundred seventy-five autopsied brains were obtained
from Kyoto University Hospital and Osaka Saiseikai
Nakatsu Hospital from 1992 to 2009 through a process

approved by an institutional research committee. As we
described previously [, 21], neuropathological diagnoses

@ Springer

were made by thorough histopathological examination of
extensively sampled brain sections (Supplementary Fig. 1).
In brief, in all brains at least 20 different samples, including
anteroinferior frontal region, anterior cingulate region,
middle frontal gyrus, superior frontal gyrus, precentral
gyrus, superior and middle temporal gyri, amygdala, hip-
pocampus, entorhinal cortex, supramarginal sulcus,
occipital lobe, basal ganglia, thalamus, cerebellum, and at
least 3 levels of the brainstem, were systematically taken
from the formalin-fixed brains (Supplementary Fig. 1).
Among the 275 patients, 31 patients were pathologically
proved to have CAA by hematoxylin and eosin (H&E)
staining and then by B-amyloid (Ap) immunostaining, all
of which were included in this study. Autopsies were
performed at 129 £ 11.9 h (mean + SD) (range 1.5-
45.5 h) after death. The average fixation time was 37 +
57 days (range 6-330 days) (Supplementary Table 2).

Clinical and pathological diagnosis

The 31 patients consisted of 14 AD (mean &+ SD, 81 %
8-year old) and 17 non-AD patients (78 + 8-year old). The
breakdown of the 17 non-AD patients is listed in Supple-
mentary Table 2. The premortem clinical diagnoses, causes
of death, vascular risk factors, postmortem pathological
diagnoses and other demographic and pathological data of
the 31 patients are also shown in Supplementary Table 2.

The clinical diagnosis of dementia met the criteria of the
Diagnostic and Statistical Manual of Mental Disorders IV
[3]. The neuropathological diagnoses of AD were made if
the postmortem brains revealed the presence of frequent
neuritic plaques in the neocortex (Consortium to Establish
a Registry for Alzheimer’s Disease, CERAD) [29], and
NFT stage was no less than IV, according to the Braak and
Braak neuropathological staging of Alzheimer-related
changes [7, 8] as assessed with modified Bielschowsky
staining. Two observers (T.Y. and Y.O.) assessed SP and
NFT stage individually, and if required, a joint assessment
was scrutinized under a two headed microscope. The
diagnosis of diffuse Lewy body disease was also made by
thorough histopathological examination of extensively
sampled brain sections [27]. The diagnosis of subcortical
ischemic vascular dementia was made clinically [5], and
was retrospectively found to meet the pathological criteria
outlined by Kalaria et al. [19]: (1) the presence of bilateral
diffuse white matter lesions, (2) the presence of lacunar
infarctions in the perforator territory, and (3) the presence
of arteriolosclerosis.

Grading of atherosclerosis

At autopsy, the atherosclerosis stage was consistently graded
by one of the authors (T.Y.). The degree of atherosclerosis at
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skull base was classified into four grades: ‘normal’ (no ath-
erosclerosis), ‘mild’ (the presence of patchy atheroma),
‘moderate’ (a severity that is intermediate between mild and
severe), or ‘severe’ (the presence of atheroma along the
entire length of the vessels). The above staging was
re-examined and confirmed by another author (Y.O.) using
the autopsy report and macroscopic images taken at autopsy.

Tinctorial and immunohistochemical staining

Tissue blocks were obtained from the frontal, temporal,
parietal, and occipital lobes (Supplementary Fig. 1). The
blocks were embedded in paraffin and sectioned at 12 pm
thickness for Congo Red staining, and 6 um thickness for
other staining on a microtome. To minimize variability in
staining intensity, tissue sections were prepared by the same
technician and stained with or using freshly prepared tinc-
torial and buffer solutions. Routine histological assessment
was carried out with Congo Red, H&E, Kliiver-Barrera
(KB), modified Bielschowsky, and Gallyas staining. Pearls-
Stieda staining was added as it was needed. The rest of the
blocks were used for immunohistochemistry, involving
sequential incubation with primary antibody, appropriate
biotinylated secondary antibody (diluted 1:200, Vector
Laboratories, Burlingame, CA, USA), and avidin-biotin—
peroxidase complex (1:200, Vector Laboratories) in 0.1 M
phosphate-buffered saline (PBS, pH 7.4). The sections were
visualized with 0.01% diaminobenzidine tetrahydrochloride
and 0.005% H,0, in 50 mM Tris—HCI (pH 7.6). The primary
antibodies were mouse anti-Afg_;; (6F/3D) (1:100, Novo-
castra, Newcastle, UK), rabbit anti-cow glial fibrillary acidic
protein (GFAP) (1:200, DAKO, Glostrup, Denmark), mouse
anti-human paired helical filament-tau (ATS; 1:200, Thermo
Scientific, Rockford, IL, USA), and mouse anti-cluster of
differentiation 68 (CD68) (1:100, DAKO) antibodies.

Senile plaque and neurofibrillary tangle burden

The burden of neuritic plaques was classified into ‘none’,
‘sparse’, ‘moderate’, and ‘frequent” categories in the cortical
sections stained with the modified Bielschowsky staining
according to CERAD protocol [29]. The stage of NFT's was
assessed according to the Braak and Braak neuropathological
staging of Alzheimer-related changes [7, &]. In this study, we
used 6 pm thick paraffin sections using the modified Biels-
chowsky method as we have previously reported [52];
because, the modified Bielschowsky method is far more
effective over other silver staining methods in detecting NFTs.

Staging of CAA

For staging of CAA, 12 pm thick sections were stained
with Congo Red and viewed with polarized light [13, 42].

CAA was classified into CAA Type 1 (affected capillaries
with or without larger cerebral vessel involvement) and
CAA Type 2 (affected leptomeningeal arteries, cortical
arteries/arterioles, or rarely veins), as proposed by Attems
et al. [4]. CAA Type 2 was further analyzed, and was
divided into three grades proposed by Vonsattel et al. [44]:
those with ‘mild’ (focal AP deposits in the smooth muscle
layer of the vessel walls), ‘moderate’ (circumferential AP
deposits in the smooth muscle layer of the vessel walls),
and ‘severe’ (extensive AP deposition with morphological
changes such as microaneurysms, fibrinoid necrosis, dou-
ble barreling, inflammation, thrombus, or hemorrhage)
(Fig. 1). When several grades were observed in one case,
the dominant grade represented the case.

Definition and quantitative analysis of CMI

CMIs were analyzed in the same sections that were used
for pathological confirmation of CAA. CMIs were defined
as cerebral cortex lesions visible only microscopically [19]
and usually accompanied by reactive glial proliferation.
Regions of interest with evidence of expanded Virchow-
Robin space or microabscess as well as those accompanied
by hemorrhagic changes or cortical laminar necrosis on
H&E staining were excluded from analysis. Following
further confirmation of CMIs with immunohistochemistry
for GFAP and CD68, we determined the density of CMIs
using a method reported previously [33]. In brief, the
number of CMIs in each lobe was counted in sections
stained with H&E. Images of the H&E stained slides were
scanned (GT-X770 EPSON, Nagano, Japan). The cerebral
cortices were outlined on each slide and the areas were
measured using the ImagelJ software package (image pro-
cessing and analysis in JAVA, ImageJ bundled with JAVA
1.43, NIH, USA). The number of CMIs per cm? of the
cortex was calculated as a measure of CMI density.
The CMI density in the frontal cortex was the mean of the
values obtained from the five areas (anteroinferior frontal
region, anterior cingulate region, middle frontal gyrus,
superior frontal gyrus, precentral gyrus), and that in the
temporal cortex was the mean of the values obtained from
the two areas (lateral and medial temporal). The CMI
density in the parietal cortex was obtained from the parietal
supramarginal gyrus, and that in the occipital cortex was
obtained from the occipital calcarine cortex (Supplemen-
tary Fig. 1).

Assessment of white matter changes
Using H&E- and KB-stained slides cut coronally at the
level of mid-hippocampus, parietal, and occipital lobes, we

classified white matter lesions into four grades as reported
previously [9, 17]: those with ‘normal’ (normal white
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Fig. 1 Representative photomicrographs of various grades of CAA. Congo Red staining showing mild CAA (a), moderate CAA (b), and severe
CAA associated with double barreling (c). Bars indicate 100 pm in a and ¢, and 50 pm in b

matter), ‘mild’ (no appreciable reduction in axonal mesh-
work density, and a slightly increased number of reactive
astrocytes), ‘moderate’ (a slight reduction of axonal
meshwork density, a reduction of oligodendroglial cell
nuclei, and a further increased number of reactive astro-
cytes), and ‘severe’ (a marked reduction of myelin, axons
and oligodendroglial cell nuclei with relatively marked
astrocytic reaction, loosely scattered macrophages but no
complete cerebral infarction).

Experimental animals

We used transgenic mice, C57BL/6-Tg(Thyl-APPSwDu-
tlowa)BWevn/J [11] (Jackson Laboratory, Bar Harbor,
ME, USA), which overexpress the neuronally derived
human APP gene, encoding the Swedish p. K670N/M671L,
Dutch p.E693Q and Towa p.D694N mutations, under the
control of the mouse thymus cell antigen 1 (Thyl) pro-
moter. Generally, Thy1-driven exogenous gene expression
is not altered by hypoxic/ischemic condition [26, 43]. The
mice were screened for transgene expression by polymer-
ase chain reaction, and heterozygous mice were mated
with non-transgenic C57BL/6J mice (Japan SL.C, Ham-
amatsu, Japan). All mice were given free access to food
and water.

Surgical procedures and rearing methods

Male heterozygous mice were subjected to either sham or
BCAS operation using microcoils [22, 30, 32, 37, 38].
Body weight and rectal temperature were measured, and
blood pressure was monitored from the tail artery of the
sham- or BCAS-operated mice. Under anesthesia with
1.5% isoflurane, the common carotid arteries were exposed
through a midline cervical incision, and a microcoil with an
internal diameter of 0.18 mm was applied to the bilateral
common carotid arteries. Sham-operated animals under-
went bilateral exposure of the common carotid arteries
without inserting the microcoil. Rectal temperature was
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maintained between 36.5 and 37.5°C, and body weight
monitored until the animals were euthanized. After the
operation, the mice were housed in cages with a 12-h light/
dark cycle (lights on at 7:00 a.m.). Three animal groups
were prepared in this experiment (6 groups, n = 4-7 per
group, n = 31 in total; detailed information given in
Supplementary Table 3). The timing of sham/BCAS and
the duration of cerebral hypoperfusion are described in
Supplementary Fig. 2. In brief, Tg-SwDI mice were sub-
jected to sham or BCAS operation at 10, 16, and 20 weeks
of age, and they were subsequently killed at 18, 24, and
32 weeks of age, respectively, to assess histology. Wild-
type age-matched C57BL/6J mice (n = 5 per group) were
also subjected to BCAS operation. The number of mice
used in this study was minimized for ethical reasons, and
all procedures were performed in accordance with the
guidelines for animal experimentation from the ethical
committee of Kyoto University.

Systolic blood pressure and cerebral blood flow
measurements

Mice were thermostatically controlled at 37°C on a
warming pad and cerebral blood flow (CBF) and systolic
blood pressure (SBP) recorded preoperatively and postop-
eratively at 32 weeks of age (12 weeks after BCAS or
sham operation). Mean value of ten replicate measurements
of CBF or SBP was determined for each mouse. The SBP
was monitored in conscious mice by the tail-cuff method
(MK-2000ST; Muromachi Co., Kyoto, Japan). The CBF
was measured in identically sized regions of interest (900
pixels) located 1 mm posterior and 2 mm lateral from the
bregma by Laser speckle blood flow imager (Omega Zone;
Omegawave, Tokyo, Japan) under anesthesia with 1.5%
isoflurane after the periosteum was widely removed with
fine-tip forceps and calibration was carried out with a
calibration reference device (Calibrator S/N 080715-5,
Omegawave, Inc., Tokyo, Japan). CBF values were
expressed as a percentage of the preoperative value. Since
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repetitive CBF measurement leads to fibrous scar tissue
build up and bone opacification, CBF was measured only at
two time points.

Histological investigation in mice

Mice were anesthetized with sodium pentobarbital
(50 mg/kg, intraperitoneal) and transcardially perfused
with 0.01 M phosphate buffer (PB) in normal saline. The
removed brains were immersion-fixed in 4% paraformal-
dehyde in 0.1 M PB, and embedded in paraffin. The brains
were then sliced into 6 pm thick sagittal sections at 1, 2, 3,
and 4 mm lateral from the midline, and subjected to H&E
and modified Bielschowsky staining. Immunohistochemi-
cal staining was performed according to the same protocol
as human tissue. Mouse anti-AB;_40 (BA27) (Wako amy-
loid kit, Wako, Osaka, Japan), mouse anti-Ap;_4, (BCO05)
(Wako amyloid kit, Wako), and mouse anti-ABs_;o (6E10)
(1:500, Covance, Princeton, NJ, USA) antibodies were
used.

Densitometric analysis of mouse brains

The AB-stained slides were captured with a digital camera
(BZ-9000 KEYENCE, Osaka, Japan). Then, using the
ImageJ software, the densitometric analysis of AP was
performed blindly to animal groups by setting regions of
interest in the cerebral cortex, the hippocampus, and the
leptomeninges with the identical threshold in the AP
(6E10)-immunostained sections. Leptomeningeal vascular,
as well as pial, AB accumulations were jointly analyzed as
‘leptomeningeal AB’.

Statistical analysis

For human samples, numerical scores were computed from
the data analysis as follows: age, 65- to 93-year old;
disease group, AD = 1 or non-AD = 0; the grade of ath-
erosclerosis, 0-3; the severity of CAA, 1-3; SP burden,
0-3; NFT stage, 0-6; and the grade of WML, 0-3. We first
performed univariate analysis to determine whether age,
disease type, or the above pathological changes were pre-
dictive of CMI formation using Fisher’s exact test. Next,
multivariate analysis was performed while taking into
account the effects of all variables on the parameters
measured, including CMI formation.

In mice, Student’s ¢ test was used to evaluate possible
differences between the sham- and BCAS-operated mice
groups at each time point, and two-way ANOVA was used
to test for the effect of age and operation on AP deposition
in the hippocampus, cerebral cortex, and leptomeninges.
Differences with p < 0.05 were considered statistically
significant in all analyses used.

Results

The grade of CAA and atherosclerosis, SP and NFT stage,
the degree of WML, and the CMI densities in the autopsy
series are shown in Table 1.

Capillary CAA

Capillary CAA was found in only one patient (Table 1,
Patient no. 26). In this patient, findings of A depositions
in the leptomeningeal arteries and cortical arterioles were
also prominent. In the remaining 30 patients, capillary
CAA was undetectable with H&E staining and AP
immunohistochemistry. In the following analyses, there-
fore, only CAA Type 2 was graded.

Cortical microinfarcts

CMIs were present along the sulcus in the superficial
cortex with variable frequency among the postmortem
brains (Fig. 2a, b). The average microinfarct diameter was
approximately 200 pm (range 100-500 pum). Some lesions
were recently formed, with the presence of GFAP-positive
gemistocytic astroglial cells and CD68-positive microglia/
macrophages (Fig. 2c—e), while others were relatively old
with induction of fibrillary astrocyte gliosis. Thrombus
formation was found in one patient with severe CAA
(Table I, Patient no. 13).

Most CMIs (>90%) were located in close proximity
(~1cm) to AB-deposited vessels (Fig. 3a—c). Around
ischemic foci, such as CMIs or necrosis, SPs were some-
times not present (Fig. 3c). Furthermore, in and around
ischemic foci, vascular AP deposition appeared to increase
in intensity (Fig. 3a—c).

CMI density in AD and non-AD patients

The results of the univariate analyses are shown in Table 2.
The mean CMI density within the four cortical lobes was
not significantly different (r = —0.1007, p = 0.5900) in
AD group (0.71/cm?) and non-AD group (1.12/cm?)
(Fig. 4a). When AD and non-AD groups were combined,
CMI density in the frontal, temporal, parietal, and occipital
lobes was 1.02, 0.65, 1.18, and 0.93/cm?, respectively
(Fig. 4b). There were no significant differences in the CMI
density within the four cortical lobes. CMI density in the
frontal, temporal, parietal, and occipital lobes was 1.32,
0.29, 1.03, and 0.30/cm2, respectively, in the AD group,
while in the non-AD group the CMI density was (.76, 0.97,
1.29, and 1.44/cm? respectively (Fig. 4c).

CMI density was 0.11/cm? in mild, 0.58/cm? in mod-
erate, and 4.37/cm® in severe CAA groups, meaning it
became greater as CAA severity increased (r = 0.6736,
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