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Neurobiology of Disease

Vascular Remodeling versus Amyloid B-Induced Oxidative
Stress in the Cerebrovascular Dysfunctions Associated with
Alzheimer’s Disease

Xin-Kang Tong, Nektaria Nicolakakis, Ara Kocharyan, and Edith Hamel
Laboratory of Cerebrovascular Research, Montreal Neurological Institute, McGill University, Montréal, Québec, Canada H3A 2B4

The roles of oxidative stress and structural alterations in the cerebrovascular dysfunctions associated with Alzheimer’s disease (AD) were
investigated in transgenic mice overexpressing amyloid precusor protein (APP *) or transforming growth factor-B1 (TGF ). Age-related
impairments and their in vitro reversibility were evaluated, and underlying pathogenic mechanisms were assessed and compared with
those seen in AD brains. Vasoconstrictions to 5-HT and endothelin-1 were preserved, except in the oldest (18 -21 months of age) TGF *
mice. Despite unaltered relaxations to sodium nitroprusside, acetylcholine (ACh) and calcitonin gene-related peptide-mediated dilata-
tions were impaired, and there was an age-related deficit in the basal availability of nitric oxide (NO) that progressed more gradually in
TGF " mice. The expression and progression of these deficits were unrelated to the onset or extent of thioflavin-S-positive vessels.
Manganese superoxide dismutase (SOD2) was upregulated in pial vessels and around brain microvessels of APP " mice, pointing to arole
of superoxide in the dysfunctions elicited by amyloidosis. In contrast, vascular wall remodeling associated with decreased levels of
endothelial NO synthase and cyclooxygenase-2 and increased contents of vascular endothelial growth factor and collagen-I and -IV
characterized TGF " mice. Exogenous SOD or catalase normalized ACh dilatations and NO availability in vessels from aged APP " mice
but had no effect in those of TGF * mice. Increased perivascular oxidative stress was not evidenced in AD brains, but vascular wall
alterations compared well with those seenin TGF * mice. We conclude that brain vessel remodeling and associated alterations in levels of
vasoactive signaling molecules are key contributors to AD cerebrovascular dysfunctions.
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Introduction

Alzheimer’s disease (AD) is characterized by neurofibrillary tan-
gles, oxidative stress, progressive neuronal deficits, increased lev-
els of amyloid B (AB) peptides, and their deposition in neuritic
plaques and cerebral blood vessels [cerebral amyloid angiopathy
(CAA)] (Hardy and Selkoe, 2002; McGeer and McGeer, 2003).
Recent evidence indicates that cerebrovascular pathologies, rang-
ing from structural alterations (Shi et al., 2000), atherosclerotic
lesions (Roher et al., 2003), and impaired hemodynamic re-
sponses at rest and during functional activation (Smith et al.,
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1999; Bookheimer et al., 2000; Johnson and Albert, 2000), are an
early if not a primary feature of AD (for review, see ladecola,
2004). Moreover, increased risk factors for AD include stroke,
hypertension, diabetes, atherosclerosis, and hypercholesterol-
emia (Kalaria, 2000; Iadecola, 2003; de la Torre, 2004; Casserly
and Topol, 2004), and their aggregation further increases the risk
of AD (Luchsinger et al., 2005). These pathologies, akin to AD
(Akiyama et al., 2000; McGeer and McGeer, 2003), are associated
with chronic inflammation and altered blood vessel responsive-
ness (Cai and Harrison, 2000; Iadecola, 2003).

In vitro studies on the effects of AB on cerebral blood vessels
(Niwa et al., 2001; Price et al., 2001; Paris et al., 2003) and in vivo
investigations with transgenic mice that overproduce A3 (Niwa
etal., 2000; Mueggler et al., 2002; Beckman et al., 2003; Paris et al.,
2004) have provided convincing evidence that inflammatory me-
diators and, particularly, reactive oxygen species (ROS) drive the
cerebrovascular pathology in these mice (Paris et al., 2000, 2003;
Park et al., 2004). However, microvessels from AD brains not
only display AB pathology and high levels of inflammatory mol-
ecules (Grammas and Ovase, 2001), but they also exhibit pro-
found structural alterations (Perlmutter and Chui, 1990; Vinters
et al., 1994; Zarow et al., 1997). Therefore, increased levels of the
angiogenic cytokine transforming growth factor-81 (TGF-B1)
are found in microvessels from AD brains (Chao et al., 1994;
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Wyss-Coray et al.,, 1997; Grammas and 4 months
Ovase, 2002). In CSF of AD patients, in- 5 so
creased levels of TGF-B1 and vascular = 40
endothelial growth factor (VEGF) have 230
. . 2
been ascribed to vascular remodeling g2
(Tarkowski et al., 2002), consistent with £ 10
elevated TGF-1 levels as a marker forvas-  § ©

cular diseases (Das, 2004). Moreover, ge-
netic polymorphisms of the TGF-£1 gene
represent an increased risk factor for hy-
pertension (Luedecking et al., 2000) or AD
(Yamada et al., 2002). Accordingly, trans-
genic mice that overproduce TGF-fS1 in
the brain display several features of AD ce-
rebral angiopathy, particularly those re-
lated to the vascular basement membrane
(Wyss-Coray et al., 1997, 2000).

These observations point to the impor-
tance of better understanding the respec-
tive role of amyloidosis and angiogenic
mediators such as TGF-1 in the cerebro-
vascular pathology associated with AD.
Hence, we studied the age-dependent
changes in responsiveness of cerebral ar-
teries from transgenic mice that overproduce AB or TGF-f1. Fur-
thermore, we investigated in vitro their reversibility at different
stages of the pathology and assessed alterations in protein expres-
sion for specific vascular or inflammatory markers. Additionally,
we sought to establish the relevance of these changes for the cortical
microcirculation in both transgenic mouse models and neuro-
pathologically confirmed cases of AD.

Materials and Methods

Transgenic mouse models. All experiments were approved by the Animal
Ethics Committee of the Montreal Neurological Institute and abided by the
guidelines of the Canadian Council on Animal Care. Two transgenic mouse
models, characterized for amyloidosis [amyloid precusor protein (APP *)
mice, line J20] (Mucke et al., 2000) or cerebrovascular pathology (TGF *
mice) (Wyss-Coray et al., 2000), were used at 4, 12, or 18—21 months of age
(body weight, 40 = 10 g). Heterozygous transgenic founders were back-
crossed with wild-type C57BL/6 mice, and all mice were screened for trans-
gene expression by touchdown PCR using tail-extracted DNA (Wyss-Coray
etal,, 1997). Controls were wild-type littermates, with males and females in
approximately equal number in each group.

Vascular and brain tissues. The first segment of the middle cerebral artery
(MCA) (average intraluminal diameter, ~ 40—70 wm) was isolated from
wild-type control and transgenic mice killed by cervical dislocation and
collected in cold Krebs’ solution (4°C, pH 7.4 £ 0.1) containing the follow-
ing (in mm): 118 NaCl, 4.5 KCl, 2.5 CaCl,, 1 MgSO,, 1 KH,PO,, 25
NaHCO;, and 11 glucose. All remaining vessels of the circle of Willis and
their cortical branches, referred to as pial vessels, were removed under a
dissecting microscope, immediately frozen on dry ice, and stored at —80°C.
Another series of mice of the same ages (n = 4 of 6 per age group for both
wild-type and transgenic mice) were perfusion fixed through the heart
under deep anesthesia (65 mg/kg sodium pentobarbital, i.p.) with a 4%
paraformaldehyde phosphate-buffered solution, pH 7.4, and the brains
were removed and postfixed (overnight at 4°C) before sucrose cryoprotec-
tion, freezing, and sectioning (20 um thick) on a freezing microtome (Au-
coin et al., 2005).

Sections from human cerebral cortex. Freezing microtome sections (50
pm thick) from immersion-fixed human temporal cortex were obtained
and prepared as described previously (Tong and Hamel, 1999) from neu-
ropathologically confirmed cases of AD (clinically diagnosed for AD for
2—-11 years; n = 5 females) and non-demented elderly controls (1 = 7; two
females and five males). An additional group of paraffin-embedded sec-
tions (5 wm thick) from AD (n = 5; three females and two males) and

12 months

g 8 8

o

Constriction (% basal tone)
i
o =}

10 9 8 7 6
ET-1 [-log M]

Figure 1.

Error bars represent SEM.
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Cerebrovascular responses of the MCA to ET-1, CGRP, ACh, and NOS inhibition in APP *(A)and wild-type (@) mice
at4and 12 months of age. Although the contractile response to ET-1is preserved, the ability of CGRP and ACh to induce dilatation
is significantly impaired at both ages. Also, decreased responsiveness of the vessels after NOS inhibition (10 ~> m L-NNA) is
apparentat both ages but ignificant only in the aged APP * mice (n = 411 pergroup). *p << 0.05; **p << 0.01;***p < 0.001.

non-demented elderly controls (n = 5; two females and three males, four
from the same donors as for thick sections) was used for Sirius red stain-
ing of total collagen (see below). Donors (10 AD and 8 controls) were
matched as much as possible for age (79.1 * 3.2 vs 74.0 * 4.3 years old,
AD vs controls; not significant), postmortem delay (27.5 = 7.1 vs 24.1 *
5.8 h; not significant), and documented history of AD-related risk factors
that may alter vessel wall structure such as cardiovascular diseases (hy-
pertension, two AD and one control; coronary heart disease/infarcts, one
AD and two controls; hypercholesterolemia, one AD and 0 control) and
diabetes (one AD and one control). Atherosclerosis (light to severe) of
brain vessels was present in virtually all cases. Human tissues were ob-
tained through the Department of Neuropathology at McGill University
and the Douglas Hospital Research Centre Brain Bank (Verdun, Québec,
Canada) with the patients’ and/or family’s approval.

Cerebrovascular reactivity studies. MCA segments (~ 2 mm in length)
were mounted in a superfusion chamber system for on-line videomicros-
copy (Living Systems Instrumentation, Burlington, VT) (Elhusseiny and
Hamel, 2000). They were cannulated on a glass micropipette (~ 40 um
diameter) at one end, sealed to another glass micropipette on the other
end, and filled with oxygenated (5% CO, in 95% O,) Krebs’ solution
(37 £1°C,pH 7.4 £0.1). A pressure-servo micropump (Living Systems)
was used to maintain intraluminal pressure at 60 mmHg. Vessels were
superfused (6 ml/min) with Krebs’ solution and allowed to stabilize and
acquire basal tone (30—45 min). On-line measurements of intraluminal
diameter were performed using a closed-circuit video system (National
Electronics, Taiwan) coupled with a video caliper (Image Instrumenta-
tion, Trenton, NJ). All compounds were applied extraluminally to the
superfusion solution for a 3 min period.

Contractile responses were assessed with serotonin (5-HT) (10 ~? to
10 > M) and endothelin-1 (ET-1) (10 ' to 3 X 10 ~7 M) on vessels at
basal tone, whereas dilatory responses were tested with acetylcholine
(ACh) (107" to 10 7% wm), calcitonin gene-related peptide (CGRP)
(10 "'°t0 10 ~° M), or sodium nitroprusside (SNP) (10~ 19¢6 10 "*M) on
vessels preconstricted submaximally with 5-HT (10 " to 2 X 10 ™7 m).
The tonic production of nitric oxide (NO) was evaluated in vessels at
basal tone by superfusion (35 min) of the nitric oxide synthase (NOS)
inhibitor N“-nitro-L-arginine (.-NNA) 10 ~> M) (Erdos et al., 2002). In
some vessels, reversibility of the vascular deficit in response to ACh or
L-NNA application was tested before and/or after preincubation (30—60
min) of the arterial segments with the free radical scavenging enzyme
superoxide dismutase (SOD) or catalase (120 or 1000 U/ml, respectively;
Sigma, St. Louis, MO).
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Figure2. Cerebrovascular responses of the MCA to ET-1, CGRP, ACh, and NOS inhibition in TGF ™ (M) and wild-type (@) mice

Immumohistochemistry. Changes in pial

at 4, 12, or 18—21 months of age. In young mice, only the ACh-induced dilatation is significantly decreased. At 12 months,
impairmentsin the dilatory responses to ACh and CGRP are highly significant, and impairment in the dilatory response to CGRP was
reversed to a constriction. Inhibition of NOS with 1-NNA reveals a small, nonsignificant decrease in basal NO production. At 18 —21
months, impairments in contractile and dilatory responses are highly significant. Note the small but significant (“p << 0.05)
decrease in the maximal ACh-mediated dilatation in elderly wild-type controls compared with that in 4- and 12-month-old

and/or intracortical microvessels in transgenic
mice (perfusion-fixed brains) and AD patients
(50-pm-thick sections) were assessed by im-
munostaining for the following markers: SOD2

controls (n = 4-9 per group). *p < 0.05;**p < 0.01; ***

Calculations and statistical analysis of cerebrovascular responses. Re-
sponses to 5-HT, ET-1, ACh, CGRP, and SNP were compared on the
basis of their dose-dependent and maximal (EA _, ) responses (ex-
pressed as percentage of change in vessel diameter from basal or phar-
macologically induced tone) and/or potency (pD, values or -log of EC,)
expressed as mean = SEM. Statistical differences between transgenic
mice of different ages and their respective wild-type controls were deter-
mined by one-way ANOVA, followed by a post hoc Newman—Keuls mul-
tiple comparison test. For L-NNA, the extent of the contractile response
as a function of time was similarly compared by ANOVA. All statistics
and analyses were performed with the software Prism 4 (Graph Pad, San
Diego, CA). A p value of <0.05 was considered significant.

Western blot. Frozen pial vessels from each of the oldest APP " and
TGF * mice were powdered with a mortar on dry ice, dissolved in 20 ul of
Laemmli buffer (62.5 mm Tris, pH 6.8, 6 M urea, 160 mm 1,4-DTT, 2%
SDS, and 0.001% bromophenol blue), boiled (5 min), protein assayed
(assay kit; Bio-Rad, Hercules, CA), loaded (~10 ug) onto a 10% acryl-
amide SDS gel, and transferred to nitrocellulose membrane (Schleicher &
Schuell, Keene, NH) (Csiszar et al., 2002). The membrane was blocked (1
h at room temperature) with 5% skim milk in Tris-buffered saline—
Tween 20 (20 mm Tris, 137 mm NaCl, and 0.1% Tween 20) and incubated
overnight (4°C) with primary antibodies against endothelial NOS
(eNOS) (1:500; Transduction Laboratories, Lexington, KY), inducible
NOS (iNOS) (1:100; BD Bioscience, Mississauga, Ontario, Canada),
SOD1 (1:3000; Streegen, Victoria, British Columbia, Canada), SOD2
(1:3000; Streegen), cyclooxygenase-1 (COX-1) (1:250; Cayman Chemi-
cal, Ann Arbor, MI), COX-2 (1:2000; Cayman Chemical), VEGF (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), or B-tubulin (1:500; Santa
Cruz Biotechnology). The blots were then incubated (1 h) with second-
ary antibody (1:2000; horseradish peroxidase-conjugated anti-mouse
and anti-rabbit; Jackson ImmunoResearch, West Grove, PA), and the
membranes were developed with ECL (Amersham Biosciences, Baie

'p << 0.0071. Error bars represent SEM.

(rabbit anti-MnSOD; 1:400; Stressgen), nitro-
sative stress (mouse anti-nitrotyrosine; 1:1000;
Upstate Biotechnology, Lake Placid, NY), base-
ment membrane proteins collagen-I (goat anti-
collagen type I; 1:400; Southern Biotechnology, Birmingham, AL) and
collagen-IV (goat anti-collagen type IV; 1: 400; Chemicon), and astro-
glial (GFAP, rabbit anti-GFAP; 1:300; Dako, Glostrup, Denmark) or mi-
croglial (rat anti-CD11b; 1:100; Serotec, Raleigh, NC) activation. Sec-
tions were incubated (overnight at room temperature) with primary
antibody, rinsed (phosphate buffer), and incubated (1 h, 30 min) with
species-specific biotinylated IgG (Vector Laboratories, Burlingame, CA)
and the ABComplex (1 h, 15 min), and the reaction was visualized with a
0.05% solution of 3,3’-diaminobenzidine (DAB) (brown precipitate;
Sigma) activated with 0.005% H,O, or, in the case of SOD2, with the
slate-gray reagent (SG kit; Vector Laboratories). Double immunofluo-
rescence for nitrotyrosine (detected with a Cy3-labeled secondary anti-
body) and CD11b or GFAP (Cy2-labeled secondary antibody) was per-
formed on a few sections by simultaneous overnight incubation of the
two primary antibodies and observed under confocal microscopy as de-
scribed above. For finer inspection of collagen-I staining, 18-month-old
wild-type controls and TGF* mice (n = 3 per group) were perfusion
fixed as above, their brains were removed and processed for paraffin
embedding (Leica ASP300 paraffin tissue processor), and 5 um sections
were obtained with a Leica rotary microtome. Dewaxed paraffin sections
were then incubated (overnight at room temperature) with goat anti-
collagen-I(1:300), and the reaction was visualized with DAB as above. To
control for nonspecific staining, preimmune serum was substituted for
primary antibodies.

Sirius red staining for collagen content. Sirius red staining was used to
detect collagen accumulation (Orlandi et al., 2004) in brain vessels. Five-
micrometer-thick paraffin sections from 18- to 21-month-old TGF*
mice and wild-type littermate controls (n = 3 per group) or neuropatho-
logically confirmed cases of AD and non-demented elderly controls (n =
5 per group) were dewaxed, rinsed in H,O, and incubated (50 min) with
1% Sirius red saturated with picric acid. After rinsing, sections were
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dehydrated, defatted, and observed under a
Leitz Aristoplan light microscope (Leica).

APP* (12 months)
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Quantitative analysis of immunochemical and ~ @ 70 (+SOD) T 801 (+ catalase) 7 407 L-NNA (105m)
histocytochemical stainings. In 18-to 21-month- £ 60 g & 8 (+SOD)
old TGF ™ mice and their wild-type controls, § 50 § 60 § 30
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pressed as a ratio over background intensity. All % 0 g 0 g 0
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type littermates were averaged and compared
b};pStudent’s t test. In hum%m tissues, a Is)emi- ACh [-log M] ACh [-log M] ACh [-log M]
quantitative analysis was performed in the cor-
tical gray matter by three independent observ- 18-21 months
ers, two of them blind to the identity of the T 50 (+SOD) T 407 | -NNA (10°5Mm) T 6071 L-NNA (105m)
sections. Arbitrary scores (0-3, with increasing 2, g (+S0D) § 501 (+ catalase)
scores reflecting increased pathology) (Yerma- g g g 40
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with increased wall thickness for total collagen
(sirius red). The scores of the three observers  Figure3. Effectsof SOD or catalase on the cerebrovascular deficitsin APP ™ and TGF * mice. Untreated wild-type (@), APP

were averaged for AD samples and controls and
compared by Student’s ¢ test. In all cases, p <
0.05 was considered significant.

(A), or TGF * (M) mice and treated wild-type (O), APP * (), or TGF * (CJ) mice are shown. For clarity, the curves of SOD- or
catalase-treated vessels from wild-type controls were omitted because they were superimposed on those of untreated vessels,
except in 18- to 21-month-old wild-type controls (bottom left). In these elderly controls, the ACh-mediated dilatation was

reduced in nontreated compared with SOD-treated vessels and was statistically significant at 10 ~mACh (*p << 0.05). InAPP *

Results

Vasomotor dysfunctions in APP * and
TGF* mice

In APP ™ mice of both ages, the contractile
responses to 5-HT and ET-1 were compa-
rable to those of control littermates (Fig. 1
and supplemental Table 1, available at
www.jneurosci.org as supplemental material). In contrast, de-
spite preserved relaxation to SNP (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material), the dilata-
tions to CGRP and ACh were significantly reduced in APP * mice
compared with controls at both 4 months of age ( |, 48 and 38%,
respectively; p < 0.01) and 12 months of age ( | 56 and 47%,
respectively; p < 0.01 and 0.001), without any change in affinity
at the cerebrovascular receptors (supplemental Table 1 available at
www.jneurosci.org as supplemental material). The tonic produc-
tion of NO, as evaluated by the contraction elicited by inhibition
of NOS with L-NNA, was slightly reduced at 4 months of age (not
significant) and almost completely abolished ( | =70%) in 12-
month-old APP ™ mice (Fig. 1 and supplemental Table 1, avail-
able at www.jneurosci.org as supplemental material). In TGF "
mice, except for a reduced contractile response to ET-1 at 1821
months of age ( | 35%; p < 0.01) (Fig. 2), the efficacy and po-

mice, SOD and catalase normalized the responses to ACh and NOS inhibition, but they had no beneficial effectin TGF * mice atany
age. ™ or *p << 0.05,** or **p < 0.01,and *** or ***p < 0.001, in APP * mice compared with untreated wild-type controls
or with SOD- or catalase-treated APP * mice. *p << 0.05, **p < 0.01, and ***p << 0.001, in TGF * mice compared with
untreated TGF ™ mice and wild-type controls. *p < 0.05,**p << 0.01,and ***p << 0.001, in treated TGF * mice compared with
untreated or treated (data not shown, except in bottom left panel) wild-type mice. *p << 0.05, **p << 0.01,and ***p << 0.001, in
TGF * mice compared with wild-type control mice treated with SOD, for ACh only (n = 3—7 per group). Error bars represent SEM.

tency of 5-HT and ET-1 in inducing contraction were compara-
ble between wild-type and transgenic mice (supplemental Table
2, available at www.jneurosci.org as supplemental material).
Akin to APP " mice, the relaxation to SNP was unaltered, but the
dilatations to CGRP and ACh decreased with increasing age with
no (ACh) or small (CGRP) changes in potency, and the overall
response to CGRP was even reversed to a contraction in 12-
month-old TGF* mice (Fig. 2 and supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material). There was
also an age-dependent decrease in the tonic production of NO
that became significant at 21 months of age ( |, =54%; p < 0.01)
(Fig. 2 and supplemental Table 2, available at www.jneurosci.org
as supplemental material).

Effect of in vitro treatment with SOD and catalase
Superfusion of vessels with SOD or catalase resulted in a
complete normalization of ACh-mediated dilatations and
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Figure 4.  Cerebrovascular amyloid pathology and changes in protein levels in pial vessels
from APP * (12 months of age) and TGF * (18 —21 months of age) mice. 4, APP * mice. Left,
Perivascular amyloid plaques in APP * mice detected with thioflavin-S (green) are located
outside the blood vessel wall immunodetected with laminin (red). Middle, Western blot anal-
ysisin pial vessels revealed significantincreases in SOD2 protein levels, as quantified in the right
panel as percentage of change from wild-type controls. B, TGF ™ mice. Left, Thioflavin-S stain-
ing (green) in vessels from TGF * mice was reqular along the vessel walls of intracortical (top)
and penetrating (bottom) arteries. Middle, Western blot analysis indicated significant uprequ-
lation in the VEGF, whereas eNOS and COX-2 protein levels were decreased, as quantified in the
right panel. WT, Wild type. Error bars represent SEM. *p << 0.05.

L-NNA-induced contractile responses in 12-month-old APP*
mice (Fig. 3 and supplemental Table 3, available at www.jneuro-
sci.org as supplemental material), indicating that basal NO pro-
duction was normal in these vessels but that NO was unavailable
because of its trapping by superoxide (O ) anions. In contrast,
SOD or catalase had no beneficial effect in TGF © mice of any age,
and vessels still exhibited an impaired ability to dilate to ACh or
constrict in response to L-NNA application (Fig. 3 and supple-
mental Table 4, available at www.jneurosci.org as supplemental
material). SOD or catalase had no effect on vessels from wild-type
controls, except for the normalizing effect of SOD on the small
decrease in the ACh-mediated dilatation in 18- to 21-month-old
wild-type controls from TGF ¥ mice (Fig. 3 and supplemental
Table 4, available at www.jneurosci.org as supplemental mate-
rial), suggesting the presence of age-related vascular oxidative
stress in these elderly mice.

CAA and changes in vascular protein expression

No vascular amyloid deposits were detected with thioflavin-S
staining in wild-type controls or in APP " mice at 4 months of
age. In 12-month-old APP " mice, some pial vessels and pene-
trating arteries amounting to approximately three vessels per
hemisphere exhibited thioflavin-S-positive plaques outside their
basement membrane immunodetected with laminin (Fig. 4 A). In
TGF " mice, a comparable number of vessels were thioflavin-S
positive at all ages (13.4 = 1.2 vessels per hemisphere for all age
groups), in agreement with vascular thioflavin-S material reach-
ing steady-state levels by 4 months in these mice (Lacombe et al.,
2004). The stained material covered the overall surface of the
vessel wall (Fig. 4B), and well defined perivascular plaques, as
seen in APP * mice, were virtually never detected in TGF ™ mice
(see Fig. 9). Western blot analysis of cerebral blood vessels from
12-month-old APP " mice showed a significant increase in levels
of SOD2 (1 12.5 = 3.8%; p < 0.05) compared with wild-type
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controls (Fig. 4A). In contrast, in vessels from 18- to 21-month-
old TGF ™ mice, eNOS (| 14.8 = 5.8%; p < 0.05) and COX-2
() 15.6 = 2.9%; p < 0.05) proteins were significantly decreased
compared with controls, and a modest albeit significant increase
in VEGF ( 1 4.5 = 0.9%, p < 0.05) protein content was observed
(Fig. 4B). None of the other proteins tested (iNOS, COX-1,
SOD1) was significantly altered.

Changes in intracortical microvessels in transgenic mice and
in AD brains

Oxidative/nitrosative stress

To compare the changes in pial vessels with those of intracortical
microvessels, we looked at SOD2 immunoreactivity in the cere-
bral cortex of APP " and TGF * mice, neuropathologically con-
firmed cases of AD, and their respective controls. In wild-type
mice, SOD2 immunostaining was concentrated in small punctate
structures in the cytoplasm of neuronal cell bodies (Fig. 54, left
inset), consistent with a mitochondrial localization of the enzyme
(Lindenau et al., 2000). Perivascular expression of SOD2 was
upregulated in APP * mice at all ages and was detected in the
form of small immunoreactive material distributed in cuffs and
rims around some penetrating arteries and small intracortical
microvessels. In contrast, in TGF ¥ mice, perivascular SOD2-
immunoreactive material was not or only rarely observed, even in
18- to 21-month-old mice (Fig. 5A, right inset). In human cere-
bral cortex from elderly controls, SOD2 immunolabeling had a
punctate cytoplasmic localization in neuronal cell bodies with
occasional weak perivascular labeling and virtually no glial stain-
ing (Fig. 5B). In contrast, in AD brains, a few to many glial cells
were intensely SOD2 immunoreactive and distributed either dif-
fusely or in islands across the cerebral cortex with neuronal label-
ing that was barely detectable in most cases. As in TGF * mice,
there was no evidence of enhanced SOD2 perivascular labeling
(Fig. 5B). Nitrosative stress was seen in small cortical microves-
sels, likely capillaries, of young but not 12-month-old APP " mice
compared with wild-type controls. The 12-month-old APP ™
mice nonetheless exhibited nitrotyrosine-immunoreactive mate-
rial throughout the cortical parenchyma, localized primarily in
CD11b-immunoreactive microglia but also in some neurons
(Fig. 6). In contrast, in TGF " mice, glial labeling was of compa-
rable intensity between transgenic and age-matched littermate
controls, as shown in aged mice (Fig. 6).

Collagen accumulation

After dissection and manipulation, the MCAs and pia-arachnoid
membrane from TGF ™" mice were more rigid, at all ages, than
those of wild-type littermates and APP ™ mice, as reported previ-
ously in these mice (Buckwalter et al., 2002). We thus investigated
collagen deposition in pial and intracortical microvessels because
collagen and, particularly collagen-I, is the major extracellular
matrix protein associated with vascular stiffness, remodeling, and
dysfunctions in cardiovascular pathologies (Bishop et al., 1990).
Similarly, these matrix proteins were examined in AD patients
and elderly controls with similar history of pathologies known to
affect blood-vessel structure (see Materials and Methods). Sirius
red staining of total collagen in 18-month-old TGF * mice re-
vealed increased vascular collagen content compared with wild-
type littermates. Wild-type mice showed no darkly stained or
thickened vessels, but an average of 27 * 3 vessels per hemisphere
exhibited thickened walls, albeit to different extents, in TGF*
mice, with an overall twofold increase in Sirius red staining in-
tensity compared with controls (16.3 = 1.8 vs 7.1 = 1.7; p < 0.01)
(Fig. 7). A similar phenomenon was observed in AD cases with a
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larger proportion of brain vessels exhibit-
ing increased collagen content compared
with controls (scores of 2.2 + 0.1 vs 0.9 =
0.2, respectively; p < 0.01); several vessels
also displayed a ragged and irregular sur-
face as shown here in a penetrating cortical
artery (Fig. 7).

Analysis of collagen-I-immunostained
sections in TGF™ mice also indicated a
thicker and/or darker pial membrane,
with no obvious change in APP* mice
(data not shown). At 18 months, TGF "
mice exhibited both a significantly thicker
(1 28%;4.78 = 0.33 vs 3.74 = 0. 26 wm;
p < 0.05) and more intensely stained
(2.25-fold; p < 0.001) pial membrane
compared with wild-type controls (Fig.
8A). Additional inspection in thin
paraffin-embedded  sections revealed
collagen-I upregulation not only in the pia
but also in a subset of small cortical mi-
crovessels (Fig. 8 A). Similarly, in AD cere-
bral cortex, more cortical vessels showed
moderate to dark collagen-I immuno-
staining compared with controls (scores
0f2.2 =0.2vs0.7 = 0.2; p < 0.01), and
some immunolabeled vessels were deco-
rated with thioflavin-S-positive plaques
(Fig. 8 B).

A thickened pial membrane was also
apparent, albeit not significant, in
collagen-IV-immunolabeled brain sec-
tions of TGF " mice (Fig. 94) (7.62 = 1.15
vs 4.95 * 0.66 wm at 18 months; 1 54%;
not significant). Most, if not all, vessels
were positive for collagen-IV in both con-
trols and transgenic mice at all ages. How-
ever, vessels in TGF * mice were intensely
stained, and the vast majority exhibited an
irregular surface with perivascular accu-
mulation of stained material, in contrast to
wild-type controls that exhibited smooth
vascular walls, as shown here in 18-
month-old mice (Fig. 9A4). Double immu-
nostaining of collagen-IV and thioflavin-S
revealed partial colocalization of the two
markers in some vessels (Fig. 9A). A simi-
lar pattern of collagen-IV immunoreactiv-
ity was seen in AD brains, which displayed
an increased ragged appearance and vacu-
olization of the blood-vessel walls com-
pared with elderly controls (scores of 2.1
0.4vs 0.6 = 0.1; p < 0.05) (Fig. 9B). These
findings in a limited sampling of patients
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Figure5. Cerebrovascular oxidative stressin APP ™ and TGF ™ mice, or AD. A, SOD2 immunoreactivity in wild-type (WT) mice
is found in neurons and distributes in small puncta (arrows in left inset) within the cytoplasm, consistent with a mitochondrial
localization of the enzyme. SOD2 i upregulated in perivascular cuffs and rims (open arrows) in both 4- and 12-month-old APP *
mice but not or only slightly (open arrows in right inset) in 18- to 21-month-old TGF ™ mice. mo, Month. B, SOD2 immunoreac-
tivity in elderly, nondemented controls distributes primarily in neurons (also located in small punctate structures; arrow in top
inset) with a slight perivascular location (open arrows; bottom insets). In contrast, in AD tissues, SOD2 is upregulated in glial cells
without any apparent increase in perivascular staining (open arrows; bottom inset). Scale bars: 4, 75 wm; B, 40 um.
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Figure 6. Nitrosative stress in the cerebral cortex of APP * and TGF * mice. Nitrotyrosine immunoreactivity is uprequlated in
the vessel walls of young APP ™ mice, whereas it is distributed in the neuropil and around intraparenchymal blood vessels in
12-month-old APP ™ mice. As shown in the adjacent panels, nitrotyrosine immunoreactivity (red) is mainly located in CD11b-
immunopositive microglial processes (green; the merge with nitrotyrosine is yellow) and cells (open arrows), but some neurons
are also nitrotyrosine immunopositive (small arrows). In TGF ™ mice, nitrotyrosine immunoreactivity is primarily distributed to
glial elements in both wild-type (WT) and transgenic mice. Scale bar, 75 rm. mo, Month.

similar cerebrovascular dysfunctions that can be summarized asa

confirm previous, more exhaustive reports of vascular basement
membrane alterations in AD (Perlmutter and Chui, 1990; Vinters
et al., 1994; Kalaria and Pax, 1995; Zarow et al., 1997; Shi et al.,
2000) but also suggest that cardiovascular diseases or diabetes are
not the only contributing factors to this pathology.

Discussion
Our prominent finding is that APP " and TGF * mice, even at
ages when CAA is absent or very limited, exhibited relatively

(1) decreased response to vasodilators such as ACh and CGRP,
(2) reduced NO basal tone, and (3) preserved contractile capac-
ity, except for aslightly reduced ET-1 response in old TGF " mice.
We confirmed that O, anions drive the readily reversible AB-
induced dysfunctions in APP " mice and found that vascular
remodeling in TGF * mice was associated with progressive cere-
brovascular deficits that resisted antioxidant therapy. Increased
perivascular oxidative stress was not evidenced in AD brains,
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Figure 7.  Sirius red staining of collagen in the cerebral cortex from TGF * mice and AD.
Perivascular accumulation of collagen is increased in cerebral blood vessels of various sizes in
18-month-old TGF ™ mice and AD brains compared with wild-type (WT) and elderly controls,
respectively. Note the irreqular wall (curved arrow) of a cortical penetrating artery in AD. Insets,
Smallintracortical microvessels with thickened walls in AD compared with regular thin walls in
controls. Scale bar, 100 wm.
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Figure 8.

Collagen-l immunoreactivity in TGF * mice and AD. 4, Virtually no collagen-| immunostaining could be detected in
wild-type (WT) controls or APP * mice (data not shown), but collagen-| was upregulated in the pia (open arrows), pial vessels, and
intracortical microvessels (black arrows) in TGF * mice, as shown in 18-month-old mice. Thin paraffin sections revealed uprequ-
lation in collagen-I in the walls of some vessels (black arrows in middle and right panels). B, In AD brains, collagen-I immuno-
staining was upregulated in cortical microvessels, and some were associated with thioflavin-positive plagues, as shown in double-
immunofluorescence staining for collagen-| (red) and thioflavin-S (green) (right). Scale bars: 4, 40 um; B, 50 um.
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which exhibited structural vascular alterations comparable to
those of TGF " mice. We conclude that vascular remodeling, and
its associated alterations in key vasoactive signaling molecules, is
an important contributor to AD cerebrovascular deficits.

Vascular dysfunctions in APP * mice

Our findings of altered cerebrovascular reactivity priming vaso-
constriction support recent data in other APP" mice of de-
creased responses to dilators but not constrictors (Iadecola et al.,
1999; Niwa et al., 2001), reduction in functional hyperemia
(Niwa et al., 2000), and compromised hemodynamic responses
to pharmacological stimuli (Mueggler et al., 2002). Furthermore,
these deficits are independent from CAA because ACh- and
CGRP-mediated dilatations were altered at 4 months when there
were no vascular A deposits, in line with early perfusion deficits
in other APP " mice (Niwa et al., 2002; Beckmann et al., 2003;
Park et al., 2004).

The complete recovery in the responses to ACh and NOS
inhibition (and this in 12-month-old APP * mice with fully de-
veloped dysfunctions) by in vitro SOD or catalase treatment un-
ambiguously demonstrated that free radicals, and primarily
O, ~-mediated oxidative stress, account for the AB-induced ce-
rebrovascular deficits. Such a statement agrees with previous re-
ports, albeit in young APP " mice, that endothelial impairments
can be abrogated by coexpression of APP * and SOD1, or topical
SOD application (Iadecola et al., 1999). A remarkable finding
from our study is that SOD2 was increased
in meningeal vessels and around some in-
traparenchymal microvessels of APP™
mice at all ages, hence stressing that oxida-
tive stress precedes A3 deposition (Drake
etal., 2003). Such perivascular localization
also argues that O, production is inti-
mately associated with the vessel wall
(Park et al., 2004). Because we found no
upregulation in iNOS, eNOS, COX-1, and
COX-2 proteins in pial vessels, increased
enzyme activity rather than levels or, alter-
natively, other pathways may be involved
in O, production. In this respect, xan-
thine and/or NADPH oxidase, the main
sources of O, ~ in vascular tissues (Cai and
Harrison, 2000), may be implicated, as
shown recently for NADPH oxidase in an-
other APP* mouse model (Park et al.,
2005).

Signs of peroxynitrite (ONOO ~) up-
regulation were detected in microvessels
from young APP " mice and in microglia
and neurons in aged APP " mice (Park et
al., 2004). This suggests that NO trapping
by increased O, ™ results in local nitrosa-
tive stress early in the pathology, but when
O, production exceeds its stabilization
by NO, SOD2 is upregulated, likely as an
ultimate effort from vascular and perivas-
cular cells to maintain NO availability and
endothelium-dependent relaxation by
converting O, into hydrogen peroxide
(Lacza et al., 2002). However, the prompt
reversibility of the deficits by exogenous
SOD indicates that SOD2 upregulation is in-
sufficient or not in the right cellular com-

collagen-I+thioflavin
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partment to fully counteract O, produc- A
tion and, furthermore, that structural WT N3
changes are not yet manifest, as documented *
in other APP " mice (Christie et al., 2001).

Increased ROS levels thus seem suffi-
cient to alter cerebrovascular responsive- ey
ness. Both O, ~ and ONOO ™ favor a con- }
tractile status (Elliott et al., 1998; Didion
and Faraci, 2002): O, ~ by trapping NO in
the vessel wall and ONOO ~ because it in-

duces alterations in ATP-sensitive K*  TGE*+ L
(KATP) channels. O, and ONOO ~have %,
also been shown to eliminate CGRP- =~ & ¢ ¥
mediated dilatations, but not the contrac- T
tile responses to 5-HT, a selectivity attrib- 4« } 3
uted to their ability to impair KATP & & R
channels, important mediators of the o
CGRP-induced dilatation (DeWitt et al., il
2001). AB-generated ROS reportedly also

alter Ca®* homeostasis and affect synthe-

sis and release of vasoactive substances ~Figures.

triggered by Ca*" mobilization (Price et
al., 2001).

Vascular dysfunctions in TGF * mice

As in APP " mice, we observed a progres-
sive loss of function in TGF™ mice that
affected selective vasomotor responses. In
contrast to APP ™ mice, however, antioxi-
dants had no beneficial effects, and there was no upregulation in
levels of free radical-generating or antioxidant enzymes in TGF *
mice, excluding ROS as mediators of the dysfunctions. The defi-
citsin TGF " mice, when apparent, were seen in all arteries tested,
whereas only a minority of vessels were thioflavin-S positive at all
ages (Lacombe et al., 2004; present study), strongly arguing that,
asin APP ¥ mice, vascular amyloid peptide accumulation cannot
explain the vasomotor dysfunctions. Similarly, the unaltered dil-
atory and contractile capacity of the vessels to SNP and 5-HT,
respectively, despite their increased rigidity, further suggests that
selective functional deficits occur independently from fibrosis.
Correspondingly, VEGF and collagen (~1000-fold stiffer than
elastin) (Mujumdar et al., 2001), both increased in AD cerebral
blood vessels (Vinters et al., 1994; Kalaria and Pax, 1995; Kalaria
et al., 1998; Tarkowski et al., 2002; present study), were upregu-
lated in TGF * mice in the face of decreased levels of eNOS and
COX-2.

Decreased eNOS protein levels and SOD inefficacy in vessels
of TGF ™ mice indicated that NO unavailability was attributable,
atleast in part, to its diminished synthesis. Long-term NOS inhi-
bition in animals induces collagen deposition and progressive
structural changes in coronary resistance blood vessels (Take-
moto et al., 1997), and homocysteinuria is associated with de-
creased vascular NO production and gradual replacement of elas-
tin by collagen in vessel walls (Mujumdar et al, 2001).
Furthermore, in brain vessels from Binswanger’s disease patients
(Lin et al., 2000), alterations like those reported here in TGF *
mice and AD patients result in profound microcirculatory distur-
bances, in conjunction with cerebral blood flow deficits. Simi-
larly, downregulation of COX-2 [an enzyme constitutively ex-
pressed in brain neurons and endothelial cells, in which it
catalyzes the synthesis of the endothelial-derived vasodilator
prostacyclin (Parfenova et al., 2000; Ospina et al., 2004)] occurs
in AD brains (Yermakova and O’Banion, 2001) and piglet cere-

bars: 4,40 m; B, 20 m.
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Collagen-1V immunoreactivity in TGF * mice and AD. 4, In wild-type (WT) controls, virtually all vessels were immu-
nopositive for collagen-IV and exhibited smooth and regular walls. In TGF * mice, collagen-IV was upregulated in the pia (open
arrows) and in intracortical microvessels in the form of irreqularities, vacuolization, and debris within and around the vessel walls.
Colocalization of collagen-IV (red) and thioflavin-positive (green) amyloid deposits was presentin some large penetrating vessels
(yellow, merged image). Note the presence of a thioflavin-positive perivascular plaque (curved arrow). B, Similarly, irregularities
and vacuolization (arrow) of vessels were readily detected by collagen-1Vimmunostaining in AD brains, whereas vessels in elderly
controls displayed smooth and regular walls. A string vessel connecting two capillaries is shown in AD tissue (curved arrow). Scale

bral microvessels after inhibition of NO production (Hauck et al.,
1999) and is associated with increased collagen production and
fibrosis of the lung (Hodges et al., 2004) and heart (Francois et al.,
2005). These observations, together with our findings, imply that
vascular remodeling and alterations in key vasoactive mediators
are two independent facets of the same pathological process.
Moreover, they indicate that vascular wall alterations indepen-
dent from CAA, asin AD (Perry et al., 1998), drive the functional
impairments in TGF © mice. Because these changes also occur in
microvessels (Figs. 6, 7) (Wyss-Coray et al., 2000), they likely
explain the deficit in local brain perfusion recently reported in
TGF * mice (Gaertner et al., 2005).

Modifications in intrinsic properties of the vessel walls such as
levels of NO, prostacyclin, and TGF-B1 could alter specific cere-
brovascular responses or their signaling pathways. Decreased
eNOS protein levels could explain the impaired basal NO pro-
duction detected in aged TGF © mice and the more severely less-
ened dilatations to receptor-mediated dilators such as CGRP and
ACh. Both responses depend on endothelial NO, but to a differ-
ent extent and via distinct transduction pathways (Elhusseiny
and Hamel, 2000; Akerman et al., 2002; Xu et al., 2002) that could
be differentially affected by TGF-B1. For instance, the altered
ET-1 contraction in older TGF " mice could be attributable to the
ability of TGF-B1 to affect protein kinase C (Johnson and Waller,
2002) and p38 MAPK (mitogen-activated protein kinase) phos-
phorylation (Tong and Hamel, 2005), the activation of which is
essential to the ET-1 response in cerebral arteries (Gorlach et al.,
1998; Tong and Hamel, 2005).

Relevance to AD

In AD brains, upregulation in SOD2 immunoreactivity was re-
stricted to glial cells, in accordance with previous studies (Pap-
polla et al., 1992; Furuta et al., 1995). Perivascular SOD labeling
compared with that of elderly controls, likely reflecting normal
oxidative stress of the aging vasculature (Taddei et al., 2001).
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However, the vascular wall alterations reported here in AD con-
firm and extend previous reports (Perlmutter and Chui, 1990;
Vinters et al., 1994; Kalaria and Pax, 1995; Zarow et al., 1997) that
together point to their similarity with those of TGF ™ mice (Wyss-
Coray et al., 1997, 2000; present study) and strongly support a
role for vascular wall pathology in AD cerebrovascular deficits
(Shi et al., 2000; Vagnucci and Li, 2003; de la Torre, 2004; Pogue
and Lukiw, 2004). The exact cause of the structural alterations in
AD brain vessels remains unknown, but our results suggest that
factors other than or in addition to diabetes and vascular risk
factors, such as chronic changes in levels of vasoactive mediators,
VEGF, TGEF-B1, soluble AB, and altered signaling or density of
cerebrovascular receptors, may need to be considered. In view of
the limited success of antioxidants in hypertension, atherosclero-
sis, and diabetes (Schwartz, 2001), we conclude that reducing
oxidative stress alone is unlikely to alleviate the cerebrovascular def-
icits in AD. Rather, promising therapies may be those that target the
onset and development of abnormal cerebrovascular remodeling or,
maybe more relevant clinically, attempt to reverse it.
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