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Partial loss of endothelial nitric oxide
leads to increased cerebrovascular
beta amyloid

Susan A Austin and Zvonimir S Katusic

Abstract

Cerebral amyloid angiopathy (CAA) is present in over half of the elderly population and in 80–90% of Alzheimer’s disease

(AD) patients. CAA is defined by the deposition of beta amyloid (Ab) in small cerebral arteries and capillaries.

Cardiovascular risk factors are associated with an increased incidence of CAA. We utilized 18-month-old endothelial

nitric oxide synthase (eNOS) heterozygous knockout (þ/�) mice, a clinically relevant model of endothelial dysfunction, to

examine the role of endothelial nitric oxide (NO) in vascular Ab accumulation. eNOSþ/� mice had significantly higher

vascular levels of Ab40 (P< 0.05). Ab42 was not detected. There was no difference in Ab in brain tissue. Amyloid

precursor protein and b-site APP cleavage enzyme 1 protein levels were unaltered, while levels of the a-secretase

enzyme, a disintegrin and metalloproteinase 10, were significantly lower in eNOSþ /� microvascular tissue (P< 0.05).

Insulin degrading enzyme and low-density lipoprotein receptor-related protein 1 were significantly increased in eNOSþ/�

microvascular tissue, most likely an adaptive response to locally higher Ab concentrations. Lastly, catalase and CuZn

superoxide dismutase were significantly elevated in eNOSþ/� microvascular tissue (P< 0.05). These data demonstrate

decreased availability of endothelial NO leads to increased cerebrovascular concentration of Ab along with compensa-

tory mechanisms to protect the vasculature.
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Introduction

Cerebral amyloid angiopathy (CAA) is present to some
degree, asymptomatic to severe, in over half the elderly
population.1 Furthermore, it is present in up to 80–
90% of Alzheimer’s disease (AD) patients.2,3 CAA is
characterized by the deposition of beta amyloid (Ab) in
small cerebral arteries, arterioles, and capillaries.1,4 The
exact mechanism and source of the increased Ab within
the cerebral vessel wall are unknown. It has been sug-
gested that several cardiovascular risk factors are asso-
ciated with a higher incidence of CAA.5–7 A common
feature of cardiovascular risk factors is endothelial
dysfunction. Endothelial dysfunction is characterized
by decreased bioavailability of endothelial nitric
oxide (NO).8

Endothelial NO is produced and released by
endothelial cells within the vascular wall. NO is
highly diffusible and can act in an autocrine and para-
crine fashion on the endothelium and smooth muscle

cells (SMCs). Endothelial NO has many important
functions, including: vasodilation and anti-inflamma-
tory effects. Our previous studies also demonstrate an
important role for endothelial NO in modulating amyl-
oid precursor protein (APP) processing within human
brain microvascular endothelial cells and mouse cere-
bral microvessels.9–12 Human brain microvascular
endothelial cells treated with the nitric oxide synthase
(NOS) inhibitor, N(G)-Nitro-L-Arginine Methyl Ester
(L-NAME) led to increased APP and b-site APP cleav-
ing enzyme (BACE)1 expression as well as increased Ab
production.12 Furthermore, increased APP and BACE1
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expression were dependent on the NO second messen-
ger, cyclic guanosine monophosphate (cGMP) as treat-
ment with a soluble guanylyl cyclase inhibitor also led
to increased APP and BACE1 expression in these cells.
Lastly, phosphodiesterase 5 inhibition, resulting in
increased cGMP levels, led to decreased APP and
BACE1 expression.12

APP is highly expressed in the vessel wall in both
vascular endothelial cells12–17 and SMCs.18–22 Both
cell types express the secretase enzymes (a, b, and
g-secretase) required to generate APP cleavage prod-
ucts, including Ab.12–22 Importantly, Ab deposited
within the vascular wall could be of vascular origin.
Delineating the role of endothelial NO signaling in vas-
cular Ab deposition will provide mechanistic insights
into the role of endothelial dysfunction in the patho-
genesis of CAA and AD.

In our studies, we utilize aged (18 month old) endo-
thelial (e)NOS heterozygous knockout (þ/�) mice which
represent a clinically relevant model of endothelial dys-
function, where there is a significant reduction in bio-
available NO but not a complete loss. We present novel
findings demonstrating that decreased availability of
endothelial NO leads to increased Ab accumulation in
the vascular tissue of aged eNOSþ/� mice without any
changes in the levels of Ab in brain tissue.

Materials and methods

Animals

All experimental protocols were reviewed and approved
by the Institutional Animal Care and Use Committee
of Mayo Clinic. All protocols comply with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and with ARRIVE guidelines.
Nos3tm1Unc/J (eNOS�/�), stock #002684, and C57BL/
6 (wild-type) mice, stock #000664 were purchased from
Jackson Laboratory (Bar Harbor, ME). eNOS�/�

mice were bred with eNOSþ/þ (wild type) mice to gen-
erate eNOSþ/� mice. eNOSþ/� were bred to generate
eNOSþ/� and littermate wild type controls for use in
experiments. Male mice were sacrificed at 17–19
months of age by a lethal dose of pentobarbital
(200–250mg/kg body weight, i.p.). Genotyping was
performed using eNOS primers according to Jackson
Laboratories. DNA was isolated from a 2–3mm piece
of mouse tail using the PureLink Genomic DNA mini
kit (Invitrogen) following manufacturer’s instructions.
The sequence for mutant (knock out) eNOS was
50- AAT TCG CCA ATG ACA AGA CG -30. The
wild type eNOS sequence was 50- AGG GGA ACA
AGC CCA GTA GT -30 and the common reverse
primer for eNOS was 50- CTT GTC CCC TAG GCA
CCT CT -30.

Glucose, cholesterol, and triglyceride measurements

Blood was collected via right ventricular puncture.
Glucose was measured in whole blood using Accu
Check (Roche Diagnostics, Indianapolis, IN). Blood
was centrifuged (2000 r/min, 10min, 4�C) and stored
at �80� until all samples were collected. Total triglycer-
ide and cholesterol levels were measured using the
Hitachi 912 chemistry analyzer (Roche Diagnostics).

Tissue collection

Brains were carefully removed and immediately placed
in ice cold modified Krebs-Ringer bicarbonate solution
containing 118.6mmol/L NaCl, 4.7mmol/L KCl,
2.5mmol/L CaCl2, 1.2mmol/L KH2PO4, 25.1mmol/L
NaHCO3, 0.026mmol/L EDTA, 10.1mmol/L glucose
as previously described (Austin et al 2010). Large cere-
bral arteries, including basilar and cerebral arteries
were carefully removed prior to cerebral microvessel
isolation or brain tissue homogenization.

Cerebral microvessel isolation

Cerebral microvessels were isolated from the remaining
brain tissue as previously described.11,12. Brain tissue,
devoid of large vessels, was homogenized in ice cold
PBS with Dounce homogenizer and centrifuged at
3000 r/min at 4�C. The supernatant, containing the par-
enchymal tissue, was discarded. The pellet was resus-
pended in PBS and centrifuged as described above.
The resulting pellet was resuspended and layered over
15% Dextran (in PBS) (Sigma, St. Louis, MO) and
centrifuged at 4000 r/min for 30min at 4�C. The top
layer was aspirated and discarded and the remaining
pellet was resuspended in 1% bovine serum albumin
(BSA) and the suspension was then passed through
a 40 mm nylon mesh (BD Falcon). Microvessels
retained on the mesh were washed with BSA/PBS and
collected by centrifugation at 3000 r/min for 10min
at 4�C. Microvessels were rinsed with PBS, centrifuged
at 4000 r/min for 5min at 4�C and then resuspended
in appropriate buffer according to assay being
performed.

Western blotting

To perform Western blot analyses, tissue homogenates
were lysed in ice cold Triton lysis buffer (10mmol/L
Hepes, 50mmol/L NaF, 50mmol/L NaCl, 5mmol/L
EDTA, 5mmol/L EGTA, 100 mmol/L Na3VO4,
50mmol/L Na pyrophosphate and 1% Triton X-100)
plus protease inhibitors as previously described.12

Equal protein amounts were resolved by SDS-PAGE
and transferred to nitrocellulose membranes for
Western blotting. Blots were probed with primary
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antibodies. b-site APP cleaving enzyme 1 (BACE1),
presenilin (PS)1, PS2, low-density lipoprotein recep-
tor-related protein 1 (LRP1), and neuronal (n) NOS
were purchased from Cell Signaling (Danvers, MA).
Endothelin-converting enzyme-1 (ECE1), insulin-
degrading enzyme (IDE), and receptor for advanced
glycation endproducts (RAGE) were obtained from
Abcam (Cambridge, MA). APP was obtained from
Upstate Cell Signaling (Temecula, CA) and cyclooxy-
genase (COX)-1 was purchased from Invitrogen
(Camarillo, CA). COX-2, eNOS, and inducible (i)
NOS were purchased from BD Transduction
Laboratories (San Jose, CA). Manganese (Mn) super-
oxide dismutase (SOD), extracellular (EC) SOD, and
Copper-Zinc (CuZn) SOD were purchased from Enso
Life Sciences (Farmingdale, NY). Prostacyclin synthase
(PGI2S) and thromboxane synthase (TXA2S) antibo-
dies were obtained from Cayman Chemical (Ann
Arbor, MI). Neprilysin and nicastrin antibodies were
purchased from Millipore (Temecula, CA.). Anterior
pharynx-defective 1 (Aph1) and a disintegrin and
metalloproteinase (ADAM)10 antibodies were pur-
chased from Thermoscientific and Chemicon
International [of Thermoscientific] (Rockford, IL).
Catalase and Actin were purchased from Sigma-
Aldrich (St. Louis, MO). Presenilin enhancer 2 (Pen2)
was purchased from ProSCi (Poway, CA.). For protein
quantitation, the optical density of each protein
of interest was normalized to its respective loading
control’s optical density. Actin was used as the
loading control. Data are presented as a ratio to wild
type controls.

�-secretase activity assay

Brain and cerebral microvessels were homogenized with
CelLytic MT lysis buffer (Sigma-Aldrich) and assayed
for b-secretase activity via a commercially available
fluorescent assay kit per manufacturer’s instructions
(Sigma-Aldrich, St. Louis, MO).

A� ELISA

Ab1-40 and Ab1-42 levels from the circulating blood
and from brain and microvascular tissue lysate were
measured using commercially available ELISA kits
(Invitrogen, Camarillo, CA).

sAPP� ELISA

Circulating and brain and microvascular tissue
lysate levels of soluble (s)APPa were measured
via a commercially available colorimetric ELISA
per manufacturer’s instructions (IBL International,
Japan).

Ex vivo measurement of secreted A� and sAPP�

Cerebral microvessels were isolated as described.
Cerebral microvessels were then incubated overnight
in endothelial basal medium 2 (EBM2; Lonza, Basel,
Switzerland) at 37�C. Cultured medium was collected
and assayed for secreted levels of Ab and sAPPa.

Statistical analysis

Data are presented as mean �SD. Graphs also display
individual data points. Statistical analysis was performed
using the unpaired Student’s t-test. For non-parametric
data, statistical analysis was performed using Mann–
Whitney Rank Sum. A value of P< 0.05 was considered
statistically significant. When appropriate, power ana-
lysis tests were performed and significant data had a
minimum power of 0.80 and an alpha of 0.05.

Results

Characteristics of aged (18 month old)
eNOSþ/� mice

Body weight of 18-month-old eNOSþ/� mice was not
significantly different than that of littermate wild type
controls (Supplemental Table 1; P> 0.05). Prior studies
established that arterial blood pressure was not differ-
ent between 18-month-old eNOSþ/� and wild type
mice.23 Furthermore, circulating levels of total choles-
terol, HDL cholesterol, and glucose were not different
between wild type and eNOSþ/� mice (Supplemental
Table 1; P> 0.05). Circulating levels of triglycerides
were significantly elevated in 18-month-old eNOSþ/�

mice as compared to littermate wild type controls
(Supplemental Table 1; P< 0.05). Lastly, circulating
plasma levels of APP cleavage products: sAPPa, Ab40
and Ab42 were also not different between wild type and
eNOSþ/� mice (Supplemental Table 1; P> 0.05).

Levels of APP cleavage products, A� and sAPP� in
brain and cerebrovasculature

Ab40 and Ab42 levels were measured via ELISA from
cerebral microvascular tissue lysate of 18-month-old male
wild type and eNOSþ/� mice. Levels of Ab40 were sig-
nificantly higher in cerebral microvascular tissue of
eNOSþ/� mice as compared to wild type (Figure 1(a);
P< 0.05). Ab42 was not detected in microvascular
tissue lysate from either wild type or eNOSþ/� mice
(n¼ 4; data not shown). Interestingly, when we measured
Ab levels in brain tissue lysate there was no difference in
either Ab40 or Ab42 between 18-month-old wild type
and eNOSþ/� mice (Figure 1(b) and (c), P> 0.05).

To begin to examine the source of the increased
microvascular Ab, we next performed ex vivo
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experiments on isolated cerebral microvessels. First, we
measured the secreted levels of Ab from isolated cerebral
microvessels of 18-month-old wild type and eNOSþ/�

mice. Ab42 was not detected in the cultured medium
of the microvessels of either wild type or eNOSþ/�

mice (n¼ 3; data not shown). Ab40 levels were signifi-
cantly higher in the conditioned medium of the cerebral
microvessels isolated from 18-month-old eNOSþ/� mice
as compared to wild type (Figure 2(a); P< 0.05).
We also measured the APP cleavage product, sAPPa,
in the conditioned medium of isolated cerebral micro-
vessels of 18-month-old wild type and eNOSþ/� mice.
sAPPa was significantly lower in the conditioned
medium of isolated cerebral microvessels from
eNOSþ/� mice as compared to age-matched wild type
controls (Figure 2(b); P< 0.05).

Levels of APP and its cleavage enzymes

Next, we examined if protein expression of the major a
and b-secretase enzymes was altered in microvascular

or brain tissue of 18-month-old wild type or eNOSþ/�

mice. APP, ADAM10, the major a-secretase,24,25 and
BACE1 protein levels were measured by Western blot
analyses. Cerebral microvessel protein levels of APP
and BACE1 were not different between 18-month-old
wild type and eNOSþ/� mice (Figure 3(a) to (c)),
P> 0.05). However, cerebral vascular ADAM10 pro-
tein levels were significantly lower in 18-month-old
eNOSþ/�mice as compared to littermate wild type con-
trols (Figure 3(a) and (d); P< 0.05). Notably, levels of
APP, BACE1, and ADAM10 were not altered in the
brain tissue of 18-month-old eNOSþ/� mice as com-
pared to wild type control (Supplemental Figure 1(a)
to (d)); P> 0.05). Importantly, this demonstrates that
alterations in APP processing and Ab are restricted to
microvascular tissue.

We also measured enzyme activity of BACE
from brain and cerebral microvascular tissue of
18-month-old wild type and eNOSþ/� mice. BACE
enzyme activity in microvascular tissue was not differ-
ent between littermate wild type and eNOSþ/� mice

Figure 1. Ab40 levels were increased in eNOSþ/� microvascular tissue. Microvascular tissue from 18-month-old eNOSþ/� and wild

type animals was analyzed for (a) Ab40 via commercially available ELISA kit. Brain tissue from 18-month-old eNOSþ/� and wild type

animals was analyzed for (b) Ab40 and (c) Ab42 via commercially available ELISA kits. All data are presented as mean �SD with

individual data points shown (n¼ 4 animals; *P< 0.05).

Figure 2. Ex vivo secretion of Ab40 is increased, while secretion of sAPPa is decreased from microvessels isolated from eNOSþ/�

mice. Cerebral microvessels were isolated from 18-month-old eNOSþ/� and wild type mice and incubated overnight in fresh

endothelial basal media. Supernatant was collected and analyzed for Ab40 and sAPPa. Ex vivo secreted levels of (a) Ab40 and

(b) sAPPa from cerebral microvessels of 18-month-old eNOSþ/� and wild type mice were measured via commercially available ELISA

kits. All data are presented as mean �SD with individual data points shown (n¼ 5 animals; *P< 0.05).
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(Figure 3(e); P> 0.05). BACE enzymatic activity was
decreased in the brain tissue of 18-month-old eNOSþ/�

mice as compared to wild type (Supplemental Figure
1(e)). The difference was very small but it did reach
statistical significance (wild type: 0.454� 0.0152,
eNOSþ/�: 0.415� 0.0058; n¼ 4, P< 0.05).

We examined protein levels of the g-secretase
complex: PS1, PS2, nicastrin, Aph1, and Pen2 in micro-
vascular tissue. PS1, but not PS2, protein expression
was significantly increased in the cerebral microvascu-
lar tissue of 18-month-old eNOSþ/� mice as compared
to littermate wild type mice (Figure 4(a) and (b));
P< 0.05) while the other g-secretase protein levels
were unchanged (Figure 4(a) and (c) to (f)); P> 0.05).

Measurement of proteins involved in A�
clearance mechanisms

Next, we measured protein levels of the three major
Ab-degradation enzymes: ECE1, IDE, and neprilysin.
ECE1 and neprilysin protein levels were not signifi-
cantly altered in eNOSþ/� mice as compared to litter-
mate wild type control (Figure 5). IDE protein levels
were significantly higher in 18-month-old cerebral
microvessels of eNOSþ/� mice as compared to litter-
mate wild type controls (Figure 5(a) and (c);
P< 0.05). We also measured the protein levels of the
two major Ab receptors responsible for Ab efflux

(LRP1) and influx (RAGE) into the brain. Protein
levels of LRP1 were significantly higher in the cerebral
microvascular tissue of 18-month-old eNOSþ/� mice as
compared to littermate wild type controls (Figure 6(a)
and (b); P< 0.05). Protein levels of RAGE were
not altered between cerebral microvascular tissue
of 18-month-old wild type and eNOSþ/� mice
(Figure 6(a) and (c); P> 0.05).

Characterization of proteins important for
endothelial signaling pathways

We measured levels of all NOS isoforms in the cerebral
microvessels of 18-month-old wild type and eNOSþ/�

mice. As expected, eNOS was significantly reduced in
the cerebral microvessels of 18-month-old eNOSþ/�

mice as compared to littermate wild type controls
(Supplemental Figure 2(a) and (b); P< 0.05). iNOS
protein levels were unchanged and nNOS was not
detected in cerebral microvessels of wild type and
eNOSþ/� mice (Supplemental Figure 2(a) and (c)
and (d)).

Next, we measured levels of critical enzymes
involved in the antioxidant system, including: catalase,
CuZn SOD, EC SOD, and Mn SOD. Levels of catalase
and CuZn SOD were significantly increased in cerebral
microvessels of 18-month-old eNOSþ/� mice as com-
pared to littermate wild type controls (Figure 7(a) to

Figure 3. Mature ADAM10 protein levels were significantly reduced in eNOSþ/� microvascular tissue. (a) Microvascular tissue from

18-month-old eNOSþ/� and wild type animals was Western blotted using anti-APP, anti-BACE1, anti-ADAM10, and anti-Actin (loading

control) antibodies. Representative image is shown. Densitometric analysis was performed for (b) APP (n¼ 6 animals), (c) BACE1

(n¼ 7 animals), and (d) ADAM10 (n¼ 5 animals; *P< 0.05). BACE enzymatic activity was measured from 18-month-old eNOSþ/� and

wild type (e) microvascular tissue via a commercially available BACE activity assay kit (n¼ 3–4). All data are presented as mean �SD

with individual data points shown.
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(c)); P< 0.05), while levels of EC SOD and Mn SOD
were not altered in 18-month-old eNOSþ/� mice
(Figure 7(a) and (d) and (e)); P> 0.05).

Lastly, we measured levels of COX-1, COX-2,
PGI2S, and TXA2S protein. COX-2 protein levels
were significantly higher in the cerebral microvessels
of 18-month-old eNOSþ/� mice as compared to litter-
mate wild type controls (Supplemental Figure 3(a) and
(c); P<0.05). TXA2S protein levels tended to be
increased but did not quite reach significance
(Supplemental Figure 3(a) and (e); P¼ 0.0699, n¼ 12).

Characterization of 18-month-old eNOSþ/�

brain tissue

As stated earlier, no increases in APP expression, pro-
cessing, or Ab generation were observed in the brains
of 18-month-old eNOSþ/� mice; however, we also

examined NOS isoforms, Ab degradation enzymes,
and receptors in brain tissue.

As anticipated, eNOS protein was significantly
decreased in the brain tissue of eNOSþ/� mice as com-
pared to littermate wild type mice (Supplemental
Figure 4(a) to (d); P> 0.05). This reflects decreased
microvascular expression of eNOS protein as eNOS
expression is restricted to endothelial cells.26,27 No
compensatory changes in other NOS isoforms were
detected (Supplemental Figure 4(a) and (c) and (d);
P> 0.05).

Protein levels of IDE were significantly higher in 18-
month-old eNOSþ/� mice as compared to littermate
wild type controls (Supplemental Figure 5(a) and (c);
P< 0.05). All other proteins involved in degradation
or proteins acting as Ab receptors were unchanged
in eNOSþ/� mice (Supplemental Figures 5 and 6;
P> 0.05).

Figure 4. PS1, a major g-secretase component, was significantly increased in microvascular tissue of eNOSþ/� mice. (a) Microvascular

tissue from 18-month-old eNOSþ/� and wild type animals was analyzed by Western blot analyses for g-secretase components: PS1, PS2,

nicastrin, Pen2, and Aph1. Representative image is shown. Densitometric analysis was performed for (b) PS1 (n¼ 6 animals; *P< 0.05),

(c) PS2 (n¼ 4 animals), (d) nicastrin (n¼ 6 animals), (e) Pen2 (n¼ 6 animals), and (f) Aph1 (n¼ 4 animals). All data are presented as

mean�SD with individual data points shown.
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Discussion

Our data demonstrate that partial loss of endothelial
NO, a clinically relevant model of endothelial dysfunc-
tion, leads to increased Ab40 production and

accumulation within microvascular tissue. We were
unable to detect Ab42 in vascular lysates. CAA is pre-
sent to some degree in over half the elderly population
and is present in up to 80–90% of AD patients.1–3 Ab40
is the predominant Ab species present in vascular

Figure 5. IDE was significantly increased in eNOSþ/� microvascular tissue. (a) Microvascular tissue from 18-month-old eNOSþ/�

and wild type animals was Western blotted using anti-ECE1, anti-IDE, anti-neprilysin, and anti-Actin (loading control) antibodies.

Representative image is shown. Densitometric analysis was performed for (b) ECE1 (n¼ 12 animals), (c) IDE (n¼ 7 animals;

***P< 0.0001), and (d) neprilysin (n¼ 15 animals). All data are presented as mean �SD with individual data points shown.

Figure 6. Ab receptor, LRP1, was significantly increased in microvascular tissue of eNOSþ/� mice. (a) Microvascular tissue from

18-month-old eNOSþ/� and wild type animals was analyzed by Western blot analyses for Ab receptors: LRP1 and RAGE. Representative

image is shown. Densitometric analysis was performed for (b) LRP1 (n¼ 7 animals; **P< 0.01) and (c) RAGE (n¼ 7 animals). All data are

presented as mean �SD with individual data points shown.
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tissue, while Ab42 is the prominent species in parenchy-
mal plaques.28,29 In line with this, we report increased
Ab40 within the vasculature. Importantly, microvascu-
lar changes are independent of alterations in brain
tissue Ab production as brain tissue from 18-month-
old eNOSþ/� mice lacked any changes in APP expres-
sion or processing. Our previous results as well as
those from others have demonstrated the ability of
endothelial NO to inhibit amyloidogenic processing
of APP in both human cells and mouse cerebrovascular
tissue.9,11,12,23,30

Vascular dysfunction is a significant feature of CAA
and AD.31,32 Endothelial dysfunction is an early event
in a mouse model of AD.33,34 Faraco et al.35 demon-
strated profound endothelial dysfunction in Tg2576
mice that was exacerbated with angiotensin II induced
hypertension. It is possible that in these mice, loss
of endothelial NO played a role in the angiotensin
II-induced exacerbation of amyloid pathologies.

Partial loss of endothelial NO is a clinically relevant
model of endothelial dysfunction as complete loss of
endothelial NO does not occur in human disease.
Indeed, cardiovascular risk factors including aging,
hypertension, hypercholesterolemia, smoking, and
sedentary lifestyle cause partial loss of expression
and function of eNOS. Several human eNOS

genetic polymorphisms have been identified.36,37

Polymorphisms that are associated with enhanced
eNOS signaling are associated with decreased risk of
peripheral artery disease and stroke, while polymorph-
isms that result in decreased eNOS signaling correlate
with higher risks.37 The effects of eNOS polymorphisms
on CAA, AD, and cognitive function remain to be
determined. In mice, heterozygous eNOS gene defi-
ciency does not result in any overt phenotypic charac-
teristics. This is likely a result of adaptive mechanisms
activated in response to impairment of eNOS signaling
(reviewed36). In order to unmask the vulnerability of
the vasculature when only one copy of eNOS is present,
the animals must be stressed. In our studies, we are
using aging to stress eNOSþ/� mice.

It is important to note that phenotypically
18-month-old eNOSþ/� mice have metabolic param-
eters similar to their littermate wild type controls.
Importantly, Tan et al.23 demonstrated that mean
arterial blood pressure does not differ between 6- and
18-month-old eNOSþ/� and wild type mice.23 We
report here that body weight, glucose, total and HDL
cholesterol are not different between 18-month-old
eNOSþ/� and wild type mice. Triglycerides were signifi-
cantly higher in 18-month-old eNOSþ/� mice. The
effect of elevated triglyceride levels, if any, on vascular

Figure 7. Protein levels of catalase and CuZn SOD were significantly increased in eNOSþ/� microvascular tissue. (a) Microvascular

tissue from 18-month-old eNOSþ/� and wild type animals was Western blotted using anti-catalase, anti-CuZn SOD, anti-EC SOD,

anti-Mn SOD, and anti-Actin (loading control) antibodies. Representative image is shown. Densitometric analysis was performed for

(b) catalase (n¼ 9 animals; **P< 0.01), (c) CuZn SOD (n¼ 7 animals; **P< 0.01), (d) EC SOD (n¼ 5 animals), (e) Mn SOD (n¼ 6

animals). All data are presented as mean �SD with individual data points shown.
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Ab production remains to be determined. Taken
together, these data demonstrate that alterations
observed in the microvascular and brain tissue of
18-month-old eNOSþ/� mice are likely not caused by
an increase in arterial blood pressure or by systemic
alterations of lipid or glucose metabolism.

Most notably, we observed increased microvascular
Ab levels; however, we did not observe changes in APP
or BACE1 expression or activity in microvascular
tissue. Interestingly, we did observe decreased expres-
sion of mature ADAM10, the primary a-secretase
enzyme.24,25 Endothelial NO may affect transcription
or post translational modification of ADAM10 protein.
The promoter region for ADAM10 has several func-
tional binding sites, including stimulating protein
(Sp)-1, nuclear factor (NF)kB, and peroxisome prolif-
erator-activated receptors (PPARs) response elements
which can be modulated by NO.38–43 The mechanism
by which loss of endothelial NO leads to decreased
ADAM10 expression remains to be determined.
Regardless of the mechanism by which endothelial
NO modulates ADAM10 protein levels, a reduction
in mature ADAM10 could result in less full length
APP being processed via the a-secretase pathway
thereby leading to a larger pool of full length APP
available to be processed by BACE1. a and b secretase
pathways appear to compete for the same pool of
APP.44,45 In BACE�/� mice and in wild type mice trea-
ted with BACE inhibitior, sAPPb and Ab levels were
significantly reduced, while sAPPa levels were
increased.44 Furthermore, overexpression of BACE in
HEK293 cells resulted in increased Ab production and
decreased sAPPa levels.45 Taken together, these data
demonstrate that a shift in enzymatic activity or expres-
sion in one pathway likely shifts processing to the other
pathways as they are competing for the same pool of
APP. Indeed, we do see reduced sAPPa production
accompanied by increased Ab production in cerebral
microvessels of 18-month-old eNOSþ/� mice.
Furthermore, we observed an increase in PS1 protein
levels, a key component of the g-secretase complex.
Taken together, these data may explain why we have
observed a decrease in sAPPa production and an
increase in Ab levels without changes in APP or
BACE1 protein expression or activity.

sAPPa is largely accepted as a vascular and neuro-
protective molecule. Numerous studies have demon-
strated the neuroprotective effects of sAPPa.46–49

sAPPa derived from vascular tissue may play a role
in protecting cells within the vasculature and
nearby neuronal tissue. d’Uscio et al.50 demonstrated
endothelial dysfunction in endothelial specific APP
knockout mice. Lastly, sAPPa may have a role in
memory learning in animal models.51,52 Tan et al.23

described impaired spatial learning and memory in

18-month-old eNOSþ/� mice.23 The loss of sAPPa, in
addition to the detrimental effects of increased vascular
Ab seen in this model of eNOS deficiency has serious
implications for cerebrovascular and cognitive health in
conditions where endothelial dysfunction is present.

Expression of IDE and LRP1 was increased in the
cerebral microvessels of 18-month-old eNOSþ/� mice.
We think that this is a compensatory adaptation made
by microvascular tissue in attempt to help lower rising
Ab levels. It is also possible that the decreased levels of
mature ADAM10 led to a reduction in cleavage of
LRP1. ADAM10 is one of the enzymes responsible
for shedding LRP153 to a smaller soluble LRP1. We
also observed increased IDE expression in brain tissue
in the absence of increased brain Ab levels.
Further studies will need to be done to examine other
important Ab related proteins, such as Ab scavenger
receptors, including: CD36, CD47, and scavenger
receptor-A which have been suggested to modulate
Ab accumulation.54–56

It appears that these compensatory increases in IDE
and LRP1 expression are not sufficient to lower Ab
levels. Endothelial dysfunction (lower bioavailability
of endothelial NO) as in eNOSþ/� microvascular
tissue is accompanied by an increase oxidative
stress.57 Cordes et al.58 report that oxidative stress
can alter enzymatic activity of IDE so even though
expression levels are increased, enzymatic activity of
IDE may be lower. Oxidized LRP1 does not bind Ab
as efficiently and therefore clearance of Ab may also be
lower even though LRP1 protein levels are increased.59

We speculate that LRP1 and IDE may be oxidized in
the eNOSþ/� model and thus net degradation and
clearance of Ab are reduced.

We report here that partial loss of endothelial NO
leads to increased expression of catalase and CuZn
SOD. Increased expression of these two major antioxi-
dant enzymes may be a compensatory response to
increased oxidative stress. Indeed, increased Ab
leads to oxidative stress and increased production of
superoxide anion in endothelial and SMCs of the vas-
culature.60–68 Increased superoxide anion is detrimental
in many ways, but specific to endothelial cells, it
inactivates endothelial NO leading to the formation
of peroxynitrite which could further damage the endo-
thelium and surrounding cells.69–71

COX-2 expression is increased in microvascular
tissue of eNOSþ/� mice. TXA2S protein tended to
be increased. COX-2 and TXA2S are typical proinflam-
matory mediators which are induced by a variety of
stimuli, including Ab oxidative stress.72–80

Importantly, TXA2 is a powerful vasoconstrictor and
stimulator of platelet aggregation.81,82 Loss of endothe-
lial NO and the resulting increased production of TXA2

puts the vasculature at greater risk of thrombotic
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events. Indeed, Tan et al.23 reported increased throm-
botic microinfarcts in aged eNOSþ/� mice.23

It is important to note that eNOS-deficiency first
leads to Ab changes within the vasculature and not
the brain parenchyma. This suggests that cerebrovascu-
lar alterations occur independent of changes within the
brain. Defining the role of endothelial NO signaling in
vascular Ab deposition provides mechanistic insights
into the role of endothelial dysfunction in the patho-
genesis of CAA as well as AD. In AD with CAA pre-
sent, these data suggest that vascular alterations may
initiate or exacerbate changes within the brain.
Our findings have important clinical implications.
Indeed, activation of NO/cGMP signaling in the cere-
brovascular endothelium and SMCs may offer a new
therapeutic approach in the prevention and treatment
of CAA.
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