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Abstract Patients with Alzheimer’s disease (AD)
often have cerebral white matter (WM) hyperinten-
sities on MRI and microinfarcts of presumed micro-
vascular origin pathologically. Here, we determined
if vasodilator dysfunction of WM-penetrating arte-
rioles is associated with pathologically defined WM
injury and disturbances in quantitative MRI-defined
WM integrity in patients with mixed microvascu-
lar and AD pathology. We analyzed tissues from 28
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serially collected human brains from research donors
diagnosed with varying degrees of AD neuropatho-
logic change (ADNC) with or without cerebral micro-
infarcts (mVBI). WM-penetrating and pial surface
arteriolar responses to the endothelium-dependent
agonist bradykinin were quantified ex vivo with vid-
eomicroscopy. Vascular endothelial nitric oxide syn-
thase (eNOS) and NAD(P)H-oxidase (Nox1, 2 and
4 isoforms) expression were measured with quan-
titative PCR. Glial fibrillary acidic protein (GFAP)-
labeled astrocytes were quantified by unbiased ste-
reological approaches in regions adjacent to the sites
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of WM-penetrating vessel collection. Post-mortem
diffusion tensor imaging (DTI) was used to measure
mean apparent diffusion coefficient (ADC) and frac-
tional anisotropy (FA), quantitative indices of WM
integrity. In contrast to pial surface arterioles, white
matter-penetrating arterioles from donors diagnosed
with high ADNC and mVBI exhibited a significantly
reduced dilation in response to bradykinin when com-
pared to the other groups. Expression of eNOS was
reduced, whereas Nox1 expression was increased in
WM arterioles in AD and mVBI cases. WM astro-
cyte density was increased in AD and mVBI, which
correlated with a reduced vasodilation in WM arteri-
oles. Moreover, in cases with low ADNC, bradykinin-
induced WM arteriole dilation correlated with lower
ADC and higher FA values. Comorbid ADNC and
mVBI appear to synergistically interact to selectively
impair bradykinin-induced vasodilation in WM-pen-
etrating arterioles, which may be related to reduced
nitric oxide- and excess reactive oxygen species-
mediated vascular endothelial dysfunction. WM arte-
riole vasodilator dysfunction is associated with WM
injury, as supported by reactive astrogliosis and MRI-
defined disrupted WM microstructural integrity.

Keywords Aging - Alzheimer’s disease - White
matter - Microvascular - Dilation - Astrocyte - MRI

Introduction

Clinical and experimental studies support that vascu-
lar dysfunction not only worsens, but plays a mecha-
nistic role in the development of cognitive decline
and dementia in patients with Alzheimer’s disease
(AD) [1-4]. Vascular contributions to cognitive
impairment and dementia (VCID) are highly preva-
lent in individuals 75 years of age or older [1, 5].
VCID is accompanied by impairment in cognitive and
executive function of presumed cerebral microvascu-
lar origin, which comprises a spectrum of subcortical
small vessel disease that contributes to progressive
injury of the periventricular and frontal white mat-
ter (WM) [6-10]. In addition to the abnormalities in
the cerebral cortex, such as neuron loss and decreased
synaptic density, clinical observations also suggest
that alterations in the cerebral WM contribute to the
development of cognitive dysfunction and memory
deficits in AD [5, 11, 12]. Notably, a large proportion
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of AD patients exhibit co-morbid cardiovascular risk
factors (i.e., hypertension, diabetes mellitus, and
dyslipidemias) that are known to impair cerebral
microvascular function. Cerebral small vessel dis-
ease is a common manifestation of aging and other
cardiovascular disorders that cause cerebral hemo-
dynamic disturbances, leading to reduced cerebral
WM perfusion and subsequent axonal damage [1-4].
Myelination deficits can manifest as WM lesions or
WM hyperintensities, detected by neuroimaging [8,
13-21]. Apparent differences in WM hyperintensities
in elderly patients with AD coincide with diffusion
tensor imaging (DTI)-measured fractional anisotropy
(FA) abnormalities as an independent determinant of
axonal loss [22]. Furthermore, individuals with AD
pathology may not develop dementia without under-
lying vascular dysfunction. Human autopsy find-
ings suggest that over 50% of clinical AD patients
have histopathology- or MRI-defined vascular brain
injury [23, 24]. Presently unresolved is the extent to
which cerebrovascular dysfunction is associated with
changes in WM integrity that affect cognitive and
memory functioning in AD patients.

Consistent with the contribution of cerebral micro-
vascular dysfunction to human WM injury, we previ-
ously described selective vasodilator dysfunction of
WM penetrating arterioles, which appears to contrib-
ute to remyelination failure in chronic WM lesions
in brain donors with no pathologically described
macroscopic infarcts or hemorrhages and with low
levels of AD neuropathologic change (ADNC) [24].
Earlier, we also identified significant oxidative dam-
age to myelin and axons in WM, which, independent
of the burden of ADNC, coincided with DTI-defined
WM lesions [25]. While strong associations between
oxidative stress and WM injury in chronic hyperten-
sion and diabetes support a microvascular etiology in
both VCID and AD [1, 26], the role of microvascular
dysfunction in the development of WM injury from
co-morbid pathologies of VCID and AD remains
undefined. Here, we hypothesized that vasodilator
dysfunction of WM-penetrating arterioles is closely
linked with quantitative MRI/DTI-defined WM integ-
rity and astrogliosis, especially in patients exhibiting
both microvascular brain injury (mVBI) and high
ADNC. To test this hypothesis, we analyzed pre-
frontal WM of deceased older participants in a pop-
ulation-based cohort focused on understanding the
epidemiology and biological underpinnings of brain
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aging and dementia. In contrast to pial arterioles, we
found that a selectively impaired, bradykinin-induced
vasodilation occurs in WM-penetrating arterioles
from brain donors with comorbid ADNC and micro-
vascular brain injury. Abnormal vasodilator responses
of WM penetrating arterioles were associated with
pathological confirmation of WM injury and MRI-
defined WM microstructural integrity changes.

Materials and methods
Subjects and tissue handling

All tissues were derived from brains donated for
research by participants in the Kaiser Permanente
Washington Health Research Institute Adult Changes
in Thought (ACT) study, an ongoing population-based
study of aging and incident dementia among men and
women in Seattle, WA. For vascular reactivity studies,
between 2013 and 2016, we prospectively collected 28
human WM samples at the level of prefrontal cortex
(PFC) from rapid research brain collections and pro-
tocols customized for this study in the University of
Washington Bio Repository and Integrated Neuropa-
thology Laboratory. Superior frontal gyrus and sub-
cortical white matter from one randomly determined
hemisphere from donors with short post-mortem
interval were rapidly dissected, immersed in ice-cold
artificial cerebrospinal fluid (aCSF), and shipped to
Augusta University for vascular reactivity studies and
analyses, as previously described [24]. Adjacent pre-
frontal subcortical and deep white matter were dis-
sected rapidly, flash frozen in liquid N, or fixed in
4% paraformaldehyde (followed 48 h later by trans-
fer to PBS), and shipped to Oregon Health Sciences
University for molecular and stereological analyses.
Post-mortem intervals were<8.3 h to tissue collec-
tion and preservation. After the rapid procedures, the
intact hemibrain, and remaining non-sampled dis-
sected hemisphere, were fixed in 10% neutral buff-
ered formalin (NBF), followed by systematic tissue
sectioning, sampling, and extensive histological and
immunohistochemical workup according to the NIA-
AA (National Institute on Aging-Alzheimer’s Asso-
ciation) guidelines for the assessment of ADNC [27,
28], which includes assessment of microvascular brain
injury (mVBI), as defined by the number of cerebral
microinfarcts in standard screening Sections [29-31].

We excluded other commonly comorbid pathological
changes in the aging brain, including Lewy body dis-
ease and gross infarcts or chronic hemorrhages. Inclu-
sion criteria for vascular reactivity studies took into
consideration the impact of vascular and parenchymal
amyloid and employed the NIA-AA criteria and scor-
ing for cerebral amyloid angiopathy (CAA) by evalu-
ation of amyloid (A)B immunohistochemistry in lep-
tomeningeal and parenchymal vessels. In addition to
overall ADNC, we focused specifically on Braak stage
of neurofibrillary degeneration as used in our past
studies. For both cohorts, cases with cortical, WM,
basal ganglia, or thalamic microinfarcts were assigned
to the mVBI group (Table 1).

Videomicroscopic assessment of cerebral arterioles

Pial surface and WM-penetrating arterioles were dis-
sected from PFC samples and maintained at 37 °C in
Krebs solution (mmol/L): 110 NaCl, 5.0 KCI, 1.25
CaCl,, 1.0 MgSO,, 1.0 KH,PO,, 5.0 glucose, and
24.0 NaHCO; equilibrated with 21% 0,/5% CO,,
pH 7.4. Microvessels were cannulated on both ends
and mounted on glass micropipettes connected to a
pressure servo controller. Internal arteriolar diam-
eter at the midpoint of the arteriolar segment was
measured by videomicroscopy with a microangiom-
eter (Living Systems Instrumentation) [32, 33]. After
1 h equilibration, internal arteriolar diameter (ID)
was measured in response to step increases in intra-
luminal pressure from 20 to 120 mmHg (20 mmHg
pressure increments) in the presence of normal Ca**
(1.25 mM) and absence of extracellular Ca’* con-
centrations (Ca2+ free Krebs solution, passive arte-
riolar diameter). Arterioles (50 mmHg intraluminal
pressure) were pre-constricted with thromboxane A,
analog, U46619 (3%x107® mol/L) to induce~30%
of arteriolar tone. Cumulative concentrations of the
endothelium-dependent agonist, bradykinin (BK,
107°-10~° mol/L) was administered and arteriolar
diameter changes measured. Maximally developed
percent changes in vasodilatation were calculated
[(IDmaximul _IDiniz‘iul)/(IDpassive_IDinitial) x100)].

RT-qPCR

Total RNA was extracted from fast-frozen pial
surface and WM-penetrating arteries using Tri-
zol (Invitrogen Life Technologies, Carlsbad, CA)
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Table 1 Donor
characteristics,
neuropathology, and
vascular dimensions.
Data presented as number
(n) percent (%), or

mean =+ standard deviation.
No mVBI is defined as
no infarcts (territorial,
lacunar, CMIs). mVBI is
defined as any CMIs as
depicted in Fig. 1. AD

is defined as NIA-AA
ADNC intermediate or
high. Abbreviations:
mVBI microvascular
vascular brain injury,

AD Alzheimer’s disease,
No. number of subjects,
Age average age at death,
Ventricular Diameter left
ventricular diameter at
temporal tips, CAA cerebral
amyloid angiopathy,
NIA-AA National Institute
on Aging and Alzheimer’s
Association. Fisher’s
exact test is used for the
categorical variables, and
2-sample r-test is used for
the continuous variables.
P <0.05 *, compared to
control; t, compared to
mVBI

Control mVBI AD AD +mVBI

Number (n) of donors 6 7 8 7
Age (years) 89.0+£5.7 89.7+4.3 89.7+7.3 87.9+15.7
Female:male 4:2 3:4 6:2 6:1
Post-mortem interval (hours) 4.83+1.32 4.55+0.6 533+1.7 4.86+1.7
Brain weight (grams) 1189+105 1183+86 1146 +131 1102+97
CAA

None, n, (%) 5(83) 4(57) 4 (50) 3 (43)

Mild, n, (%) 1(17) 3 (43) 1(13) 1(14)

Moderate, n, (%) 0(0) 0(0) 3(38) 2(29)

Severe, n, (%) 0(0) 0(0) 0(0) 1(14)
Thal AP phase

0, n, (%) 3 (50) 2 (29) 0(0) 0(0)

1or2,n, (%) 2 (33) 1(14) 0(0) 0(0)

3, n, (%) 0(0) 2 (29) 2 (25) 1(14)

4or5,n, (%) 1(17) 1(14) 6 (75)+ 6 (86)*
CERAD

Absent, n, (%) 3 (50) 4(57) 0(0)F 0(0)

Sparse, n, (%) 1(17) 1(14) 3(38) 0(0)

Moderate, n, (%) 1(17) 0(0) 2 (25) 1(14)

Frequent, n, (%) 1(17) 1(14) 3(38) 6 (86)*
Braak NFT stage

/1, n, (%) 4.(67) 3 (43) 0(0)* 0(0)*

HI/TV, n, (%) 2 (33) 4.(57) 3 (38) 1(14)

V/IVI, n, (%) 0(0) 0(0) 5 (63)*% 6 (86)*
NIA-AA ADNC

Not or low, n, (%) 6 (100) 7 (100) 0 (0)*+ 0 (0)*f

Intermediate, n, (%) 0(0) 0(0) 4 (50) 2 (29)

High, n, (%) 0(0) 0(0) 4 (50) 5 (TH*%
Pial artery diameters (in um)

Active (Ca®* plus) 83+25 94 +54 86+40 88+26

Passive (Ca>™" free) 137+47 141+56 138 +88 106 +45
WM artery diameters (in um)

Active (Ca®* plus) 70+13 71+9 60+21 66+40

Passive (Ca>* plus) 106 +24 120+36 100+41 101 +42

and assessed for RNA purity using NANO Drop.
Complementary DNA was synthesized from 1 pg
purified RNA using oligo(dT) primers and the
SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen Life Technologies, Carls-
bad, CA). Primers used for analysis for eNOS and
NOX1-4 were chosen from primer pairs designed
with BLAST. Quantitative real-time PCR was per-
formed with SYBR green (Bio-Rad Laboratories,
Hercules, CA) on a Bio-Rad CFX Connect Real-
time PCR detector. Amplification was performed in
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duplicate at 95 °C for 3 min, followed by 45 cycles
at 95 °C for 15 s, 58.5 °C for 15 s, and 72 °C for
15 s. The relative gene expression of individual tar-
get genes was calculated using the 2722 method
against a human 18S ribosomal RNA.

Immunohistochemistry and stereological
quantification of N,

After MRI studies were completed, tissue blocks
were serially sectioned free-floating (50 pm) in PBS
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with a Leica VTS-1000 vibrating microtome. After
antigen-retrieval [34], three tissue sections per case
were incubated for 48 h at 2-4 °C in mouse anti-
human GFAP (1:500; Merck-Millipore). Tissue sec-
tions were incubated in goat anti-mouse secondary
antibody (1:200; Vector) and processed for immunop-
eroxidase staining [34]. Estimation of numerical cell
densities (N,) for GFAP-labeled somata was accom-
plished with the optical fractionator using detailed
protocols for (1) delineation and systematic random
sampling of regions-of-interest; (2) section thickness
measurements; (3) counting brick construction; and
(4) counting procedures [34].

Ex vivo diffusion tensor magnetic resonance imaging

Tissue was immersed in PBS within a 2.5-cm diame-
ter tube. A 3.5-cm diameter, 3.5-cm in length, single-
turn solenoidal coil was utilized for radiofrequency
transmission and reception. Experiments were per-
formed using a 11.7 T magnet interfaced with a 9-cm
inner diameter magnetic field gradient coil (Bruker,
Rheinstetten, Germany). A Stejskal-Tanner multi-
slice spin-echo pulse sequence was used to perform
DTI measurements utilizing 3 b-values of 2.5, 5.0,
and 7.5 ms/pmz. For each b-value, a 25-direction,
icosahedral sampling scheme, in combination with
two measurements in which b=0, was utilized. Other
pulse sequence settings were TR=9 s, TE=42 ms,
NEX (the number of averaged transients)=1, and
image resolution was isotropic, with voxel dimen-
sions of (0.5 mm)® and a 32 (phase-encode) by 64
(readout) by 30 mm (slice-select) field of view. A
Hanning filter was applied to the k-space data prior
to Fourier transformation in the readout and phase-
encode directions to minimize Gibbs ringing intensity
variations arising from sharp transitions in intensity
between tissue and PBS. Data were then analyzed
with standard DTI formulas [35] to obtain ADC and
FA parameter maps. Voxels within WM for each tis-
sue block were manually classified by an individual
who was blinded to neuropathologic classification
using the image comprised of the average of the 6
b=0 images with ITK-snap [36] (http://www.itksn
ap.org/pmwiki/pmwiki.php). Mean values for DTI-
derived parameters within WM reported herein for a
given case are computed as means over the set of vox-
els classified as WM.

Statistical analysis

Vascular  studies Data are expressed as
mean+ SEM. Statistical analysis employed Graph-
Pad Prism Software by one-way ANOVA followed by
Tukey post hoc test, or Student’s #-test. If normal data
distribution was met (Kolmogorov—Smirnov), Pear-
son’s correlation and linear regression analyses were
performed. For data not meeting normal distribution,
Spearman’s correlations were used.

GFAP studies Statistical analysis employed SAS
software 9.2. To compare group means, unpaired
two-tailed Student’s #-tests were performed.

Results

Features of cases from a population-based autopsy
cohort

From 28 prospective cases that were consecutively
collected in a blinded study design, we identified
cases with NIA-AA intermediate or high ADNC

Il NIA-AA
25 Il Thal

I CERAD
20 Il Braak

1 cMmi

Cumulative
Neuropathology Score
o

15 | \
1
g

1L
17

Control mVBI AD AD + mVBI

Control: NIA-AA= Low, no Cerebral Microinfarcts (CMI)
mVBI: NIA-AA= Low, CMI > 0

AD: NIA-AA= Intermediate/High, no CMI

AD & VBI: NIA-AA=Intermediate/High, CMI > 0

Fig.1 Burden of AD and mVBI for each of 28 cases ranked
by a cumulative neuropathology score based on NIA-AA score
(1-3; low to high), Thal phase (0 to 5), CERAD score (1-3;
sparse to frequent), Braak stage for neurofibrillary tangles (I-
VI), and the sum of CMIs

@ Springer


http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php

1896

GeroScience (2022) 44:1891-1904

(AD, n=8), no or low ADNC and mVBI (mVBI,
n=7), intermediate or high ADNC and mVBI (AD
plus mVBI, n=7), and control (no or low ADNC and
no mVBI, n=6) based on a detailed neuropathologic
evaluation (Table 1). Figure 1 depicts the cumulative
neuropathological scores in the four groups.

Selectively impaired bradykinin-induced WM
arteriole dilation in AD plus mVBI cases

Baseline diameters of pial and WM-penetrating arte-
rioles were similar in cases of AD with or without
mVBI when compared to controls, both in the pres-
ence of Ca’ (active diameters at 50 mmHg) and
absence of Ca’* (passive diameters at 50 mmHg)
(Table 1). Vasodilation in response to bradykinin was
similar in pial arterioles regardless of AD or mVBI,
when compared to controls (Fig. 2A). However, dila-
tion of WM penetrating arterioles to increasing con-
centrations of bradykinin, an endothelium-dependent
agonist, was significantly reduced in the AD plus
mVBI group (Fig. 2B). Pial and WM-penetrating
arteriole responses to bradykinin were not signifi-
cantly influenced by patient age or post-mortem inter-
val (Supplemental Figure I).

WM arteriole dilator dysfunction is accompanied by
changes in eNOS and Nox1 expression

To determine the potential underlying mecha-
nisms of the selectively impaired dilator function

in WM-penetrating arterioles, gene expression of
vascular endothelial nitric oxide synthase (eNOS)
and NAD(P)H-oxidase (Nox1, 2 and 4 isoforms)
was measured with quantitative PCR. We found
a trend for a reduced expression of eNOS in pial
and WM-penetrating arterioles in cases with AD
and mVBI when compared to controls (Fig. 3A).
Nox1 expression showed a trend towards increased
expression only in WM arterioles in AD and mVBI
cases (Fig. 3B). There were no changes detected in
the expression of Nox2 and Nox4 among the cases
(Fig. 3C & D). These data suggest that altered
eNOS and Nox1 levels contribute to alterations in
the WM arteriole dilation in AD and mVBI.

WM arteriole dysfunction is accompanied by
astrogliosis in cases with AD and mVBI

We previously reported that mVBI WM lesions
displayed an increase in GFAP-labeled astrocytes
in the prefrontal WM [24]. We therefore deter-
mined the extent of astrogliosis in cases with AD
and mVBI, which also displayed WM-penetrating
arteriole dysfunction. We quantified GFAP-labeled
astrocytes in the prefrontal WM (Fig. 4A-D) and
found a significant increase in astrocyte density for
AD and mVBI vs. controls (Fig. 4E). The mixed
presence of AD and mVBI coincided with the high-
est magnitude of WM injury as defined by astro-
cyte density (Fig. 4E). Analysis of the entire cohort

Fig. 2 Summary data of A Pial Arteriole B WM Arteriole
vasodilation in response
to cumulative concentra-
tions of bradykinin (1071 -O- Control = AD -O- Control -= AD
to 10~7 mol/L) is shown -+ mVBI -+ AD+mVBI - mVBI -+ AD+mVBI
in pial surface (A) versus
WM-penetrating arterioles 100 100
(B) in the control (n="6),
mVBI (n=7), AD (n=8), e ~ 80
and mVBI plus AD (n=7) < o~
groups. *P <0.05 compared c 60 : 60
to control, mVBI, or AD -‘g 40 4 o
o 'g 40
Q 201 3 20
0 0 *
(N TR
Bradykinin (mol/L) Bradykinin (mol/L)
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Fig. 3 Expression of vascular endothelial nitric oxide synthase »
(A; eNOS) and NAD(P)H-oxidase (Nox1, 2 and 4 isoforms;
B-D) measured by qPCR in pial and WM-penetrating arteri-
oles for control, mVBI, AD, and mVBI+ AD cases (n=4 per
group)

showed a trend towards a negative correlation
(P=0.057, r—0.44, Pearson correlation) between
the magnitude of WM arteriole dilation and white
matter astrocyte density (Fig. 4F).

WM arteriole dysfunction correlates with quantitative
MRI-defined changes in WM integrity

We next determined if dysfunction of WM-pene-
trating arterioles correlates with WM microstruc-
tural integrity changes in cases with AD and mVBI.
We used ex vivo DTI on fixed brain tissue samples
to measure the ADC and FA in prefrontal WM. In
the whole cohort, there was only a trend towards the
anticipated negative correlation (P=0.067, r—0.43,
Pearson correlation) between the magnitude of
bradykinin-induced WM arteriole dilation and ADC
(Fig. 5A). No associations were observed between
WM arteriole dilations and FA (Fig. 5B), whereas a
positive correlation would be expected if bradykinin
response corresponded to WM integrity. We found
however that the anticipated negative correlation with
ADC and positive correlation with FA were observed
in cases with low ADNC (Fig. 5C, D). In contrast, in
cases with high ADNC where the dynamic range of
vasodilator responses to bradykinin was much lower
and limited, associations with DTI parameters were
not found.

Discussion

This study was conducted in prospectively and con-
secutively collected samples from a community-
based cohort followed until death with brain aging
and incident dementia. We report that a selectively
impaired vasodilation to the endothelium-dependent
agonist bradykinin occurs in WM-penetrating arteri-
oles in cases with high ADNC and comorbid mVBI
(cases with cerebral microinfarcts). The impaired
vasodilator response of WM arterioles in AD and
mVBI is associated with WM injury, as confirmed
by astrogliosis and DTI-measured changes in WM
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microstructural integrity. These findings suggest a
synergistic, detrimental effect of ADNC and mVBI
on WM arteriole vasodilator function and associated
WM injury, which could contribute to enhanced risk
for cognitive dysfunction and dementia.
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We previously reported that mVBI is accompa-
nied by oxidative stress and quantitative MRI-defined
abnormalities in prefrontal WM that involve dis-
rupted integrity of axons and myelin [25]. In a subse-
quent study, we found that human mVBI involves an
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unexpected imbalance in vascular reactivity between
pial and WM microvessels, and that impaired vasodila-
tor function of WM-penetrating arterioles was associ-
ated with WM lesions in which oligodendrocyte pro-
genitors failed to terminally differentiate to myelinating
oligodendrocyte in astrocyte-enriched lesions [24].
Recent evidence suggests that individuals with
high ADNC (AP deposition and pathologic tau) may
not develop dementia without underlying cerebrovas-
cular dysfunction [37], which may not only worsen
but also play a mechanistic role in the development of
cognitive decline and dementia in patients with AD.
While strong associations between cerebral small
vessel disease and WM injury suggest such a mecha-
nistic link, the contributions of cerebral vascular dys-
function and human AD remain poorly defined. It has
been long recognized that many AD patients exhibit
co-morbid cardiovascular disease, including hyper-
tension and diabetes mellitus that are well-known
contributors to cerebral microvascular endothelial
dysfunction [1-4]. In these pathological conditions,
disrupted cerebral perfusion may arise even before
the development of substantial neuronal and axonal
damage and cognitive dysfunction. On the other

hand, studies also have shown a significantly reduced
cerebral blood volume in young (4-month-old) trans-
genic mutant amyloid precursor protein (APP) mice,
indicating that very early disturbances in the micro-
vasculature occur in the hippocampus and cerebral
cortex in this AD mouse model [38]. Interestingly,
aged mice overexpressing mutant or even non-mutant
forms of tau also develop both morphological and
functional pathological changes in cerebral cortex
blood vessels [39]. Collectively, emerging experimen-
tal evidence suggests that early changes in cerebral
microvascular function occur and may be mechanisti-
cally linked to ADNC.

In this study, we determined the function of WM-
penetrating arterioles in donors exhibiting both
microvascular brain injury (mVBI) and low or high
ADNC and defined the relationship between vascular
dysfunction, astrogliosis, and quantitative MRI-meas-
ured WM microstructural integrity. Most human cer-
ebrovascular functional reactivity studies examined
only larger caliber vessels such as the middle cerebral
[40, 41] and pial arteries [42]. In the present study,
pial arterioles had no apparent defects in vascular
reactivity, but WM arterioles displayed an impaired
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dilation to the endothelium-dependent agonist,
bradykinin in cases with mVBI, and high ADNC.
Since pial arterioles regulate downstream changes
in local WM flow [1], our results suggest that addi-
tional compromise of arteriolar blood flow involves
dysregulation of blood flow at the level of penetrat-
ing WM arterioles, especially with WM injury from
both mVBI and high ADNC. Moreover, impaired
endothelial function of WM arterioles may also limit
the retrograde, upstream propagation of vasodilator
signaling, thereby preventing both local and pial sur-
face artery-dependent control of cerebral blood flow
in ADNC, as previously suggested [43, 44]. Cerebro-
vascular endothelial cells are integral part of the neu-
rovascular unit. Through a dynamic communication
with cerebrovascular smooth muscle cells, astrocytes,
and neurons, endothelial cells critically contribute to
the moment-to-moment regulation of cerebral blood
flow [45]. In addition, hemodynamic forces acting
through vascular endothelial cells, such as wall shear
stress, can also modify glial and neuronal function-
ing to maintain cerebral homeostasis [45]. It has been
long known that ischemic WM lesions often occur in
watershed areas supplied by WM penetrating arter-
ies [46]. Under pathological conditions, subcortical
WM is considered even more vulnerable to reduced
perfusion and less capable of tolerating fluctuations
of cerebral blood flow and cerebral venous pressure
[47]. Tt is therefore plausible that cerebrovascular
endothelial cell dysfunction occurring selectively in
WDM-penetrating arterioles not only exaggerates but
also contributes to the development of WM injury in
AD patients.

The mechanisms of impaired vasodilation of WM
penetrating arterioles that contribute WM injury
remain poorly defined but appear to be exacerbated
by the combination of ADNC and mVBI. Notably,
transgenic mice overexpressing APP display pro-
nounced disturbances in cerebral autoregulation
[48]. Endothelial synthesis of the vasodilator NO
by the endothelial NO synthase (eNOS) is central to
dilation of cerebral arteries [49] and plays key roles
in cerebrovascular regulation related to cognitive
impairment [50]. We previously found a significant
elevation in WM oxidative stress in mVBI, independ-
ent of the burden of AD, but associated with WM
lesions [25]. APP transgenic mice with elevated solu-
ble AP levels display markedly reduced cerebrovas-
cular responses to vasodilatory stimuli [48, 51-55].

@ Springer

In endothelium-specific APP-deficient (eAPP—/-)
mice, NO-mediated endothelium-dependent vasodila-
tion was reduced, which was accompanied by reduced
eNOS expression and cGMP levels [56]. Notable,
endothelial dysfunction was found to be preserved in
transgenic mice expressing both mutant pathogenic
APP and superoxide dismutase-1 (SOD1), supporting
a role for excess production of reactive oxygen spe-
cies in mutant APP transgene mice. In this context,
it has been shown that in cerebral microvessels of
transgenic mice expressing the Swedish double muta-
tion of human APP (Tg2576 mice) leads to eNOS
uncoupling, which is a potential source of superoxide
anion production [57]. NAD(P)H oxidases (Nox1-4)
are another source of reactive oxygen species that can
directly interfere with NO-mediated vasodilation, and
thus contribute to the development of cerebrovascu-
lar dysfunction in transgenic mice that overexpress
abnormal APP [58, 59]. Here, we report a trend for a
reduced expression of eNOS in WM-penetrating arte-
rioles, when compared to pial vessels and also in WM
arterioles in human cases with ADNC and mVBIL.
Moreover, Nox1 expression showed a trend towards
increased expression only in WM arterioles in ADNC
and mVBI, when compared to other groups of cases.
These findings suggest a role for augmented oxidative
stress-related impairment of WM-penetrating arteri-
ole function, which may be attributed to a synergistic
interaction between mVBI and ADNC, but to demon-
strate causation additional mechanistic studies with
a larger cohort are required to further explore this
possibility.

We also examined whether changes in WM
microvascular vasomotor function correlate with
neuroimaging parameters of cerebral WM micro-
structural integrity. Although MRI-defined WM
hyperintensities are commonly detected in perive-
ntricular as well as frontal WM, the pathological
features for these lesions remain poorly defined [60,
61]. Studies have begun to determine the spectrum
of MRI-defined hyperintensities and other quantita-
tive MRI indices of WM injury in AD patients. A
prior study by Gouw et al. found considerable heter-
ogeneity in WM hyperintensities in elderly patients
with AD and observed that DTI-measured FA was
the only independent determinant of axonal loss
[22]. We previously analyzed frontal WM lesions
by diffusion-based ex vivo high-field quantitative
MRI and found that cases with mVBI and low AD
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pathology displayed no abnormalities, but a signifi-
cant loss of FA was detected in cases with mVBI
and high AD pathology [25]. In the present study,
we examined the associations between vasodilator
function of WM-penetrating arterioles and quantita-
tive DTI parameters (ADC and FA) in cases with
mVBI and ADNC mixed pathology. In cases with
low ADNC (with or without mVBI), the magnitude
of WM arteriole dilation was significantly corre-
lated with higher FA and lower ADC values, indi-
cating that vasomotor dysfunction was closely asso-
ciated with pathological microstructural changes in
the WM in these cases. Interestingly, the associa-
tion between penetrating arteriole dilation and FA
and also ADC were lost in cases with high ADNC,
which can be due to the markedly reduced vasodi-
lator responses of WM arterioles in most of these
cases. These observations suggests that ADNC-
related pathological changes in the WM may better
correlate with microvascular vasodilator dysfunc-
tion when compared to MRI-detected WM micro-
structural changes in patients with high ADNC.

Limitations

One limitation of our study was the small sample
size for studies of gene expression of pial surface and
WM penetrating arterioles, which yielded accept-
able RNA quality only in four subjects in each group.
These studies were not sufficiently powered to pro-
vide plausible links for the impaired vasomotor reac-
tivity observed in this study. It should be also noted
that assessment of eNOS and NOX gene expression
does not directly indicate the bioavailability of NO,
which should be evaluated in future mechanistic stud-
ies. We also note that in the present study, bradykinin
was used as a pharmacological agonist to assess the
magnitude of endothelium-dependent vasodilation in
isolated cerebral arteries. Interestingly, under patho-
logical conditions, bradykinin plays multiple roles in
the neurovascular unit, including regulation of blood
brain barrier permeability and inflammatory cytokine
release that may also contribute to astrocyte and
microglial activation [62]. The role of bradykinin in
mixed vascular (mVBI) and ADNC in affecting WM-
penetrating arteriole vasomotor response and other
AD-related pathological changes in the neurovascular
unit has yet to be elucidated. In addition, the small

sample size for the four patient groups also limited
the analysis of associations related to microvascular
vasodilator dysfunction and MRI-detected abnormal
WM microstructural changes.

Perspectives

Our study supports a role for independent and syn-
ergistic contributions of mVBI and AD to cerebral
microvascular and AD neuropathological changes in
aging human brain. Since there are no reliable tissue
biomarkers for mVBI, our results suggest the utility
of cerebral microvascular endothelial dysfunction
to determine the extent of mVBI in autopsy cases,
which can be used to stratify patients and also define
correlations with neuropathological and noninvasive
neuroimaging parameters. While the mixed effects of
AD and mVBI appear to have a synergistic impact on
cerebral microvascular dysfunction and WM injury,
several outstanding questions remain. Both AD and
cardiovascular diseases, such as hypertension, diabe-
tes mellitus, and heart failure, are similarly detrimen-
tal to the cerebral microvasculature, which undergoes
pronounced functional and structural changes. The
nature of the cellular and molecular mechanisms by
which WM parenchymal arterioles are selectively
affected and are more vulnerable and less capable of
tolerating fluctuations of cerebral blood flow under
the combination of these pathological conditions is
an area of active investigation. Underlying mecha-
nisms through which WM-penetrating arteriole dys-
function leads to WM microstructural changes in
patients with low or high ADNC also remain poorly
understood. Consistent with this notion, in this study,
we found that WM-penetrating arteriole responses
to bradykinin were more significantly associated
with MRI-defined diffusion changes in patients with
low ADNC, but were lost in cases where vasomotor
responses were mostly diminished in high ADNC.
In this context, we previously found that vasodilator
dysfunction of WM-penetrating arterioles is accom-
panied by reactive gliosis that involves astrocytes and
microglia [24]. Dysfunction of WM-penetrating arte-
rioles leads to hypoxia, inflammation, and oxidative/
nitrosative stress that contribute to axon and myelin
damage due to the failure in maturation of myelinat-
ing oligodendrocytes [24]. It is therefore possible
that mixed mVBI and ADNC is accompanied by
exaggerated damage selectively to the WM. Through
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this process, it is also possible that vasomotor dys-
function of cerebral parenchymal arterioles as well
as pathological hemodynamic changes, such as seen
in hypertension, can lead to the direct, vascular cell-
dependent activation of astrocytes [63, 64]. Cerebral
WM microvascular-mediated phenotypic changes in
astrocytes can also affect the upstream propagation of
vasodilator signaling, thereby preventing both local
(WM) and pial surface artery-dependent control of
cerebral blood flow. This scenario however has yet to
be demonstrated in human studies.

Taken together, our findings support that WM-
penetrating arteriole dysfunction commonly occurs in
aging-associated WM injury and raises the potential
for worse cognitive dysfunction and memory deficits
in patients with comorbid mVBI and AD. However,
future functional imaging studies that simultaneously
assess cerebral WM perfusion and test for cognitive
function are needed to provide direct mechanistic links
and insights. A better understanding of the molecular
mechanisms of human cerebral microvascular dys-
function could lead to the identification of novel thera-
peutic targets, thereby offering novel avenues for tar-
geted preventive strategies for VCID and AD.
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