13542 • The Journal of Neuroscience, December 10, 2008 • 28(50):13542–13550

Neurobiology of Disease

Cerebrovascular Dysfunction in Amyloid Precursor Protein
Transgenic Mice: Contribution of Soluble and Insoluble
Amyloid-␤ Peptide, Partial Restoration via ␥-Secretase
Inhibition
Byung Hee Han,1 Meng-liang Zhou,1 Fadi Abousaleh,1 Robert P. Brendza,2 Hans H. Dietrich,1
Jessica Koenigsknecht-Talboo,2 John R. Cirrito,2,4 Eric Milner,1 David M. Holtzman,2,3,4 and Gregory J. Zipfel1,2,4
Departments of 1Neurological Surgery, 2Neurology, and 3Developmental Biology, and the 4Hope Center for Neurological Disorders, Washington University
School of Medicine, St. Louis, Missouri 63110

The contributing effect of cerebrovascular pathology in Alzheimer’s disease (AD) has become increasingly appreciated. Recent evidence
suggests that amyloid-␤ peptide (A␤), the same peptide found in neuritic plaques of AD, may play a role via its vasoactive properties.
Several studies have examined young Tg2576 mice expressing mutant amyloid precursor protein (APP) and having elevated levels of
soluble A␤ but no cerebral amyloid angiopathy (CAA). These studies suggest but do not prove that soluble A␤ can significantly impair the
cerebral circulation. Other studies examining older Tg2576 mice having extensive CAA found even greater cerebrovascular dysfunction,
suggesting that CAA is likely to further impair vascular function. Herein, we examined vasodilatory responses in young and older Tg2576
mice to further assess the roles of soluble and insoluble A␤ on vessel function. We found that (1) vascular impairment was present in both
young and older Tg2576 mice; (2) a strong correlation between CAA severity and vessel reactivity exists; (3) a surprisingly small amount
of CAA led to marked reduction or complete loss of vessel function; 4) CAA-induced vasomotor impairment resulted from dysfunction
rather than loss or disruption of vascular smooth muscle cells; and 5) acute depletion of A␤ improved vessel function in young and to a
lesser degree older Tg2576 mice. These results strongly suggest that both soluble and insoluble A␤ cause cerebrovascular dysfunction,
that mechanisms other than A␤-induced alteration in vessel integrity are responsible, and that anti-A␤ therapy may have beneficial
vascular effects in addition to positive effects on parenchymal amyloid.
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Introduction
There is compelling evidence that the amyloid-␤ peptide (A␤), a
cleavage product of amyloid precursor protein (APP), is a key
factor in the pathogenesis of Alzheimer’s disease (AD) (Sisodia,
1999; Selkoe, 2001; Golde, 2005). Changes in A␤ conformation
from soluble monomeric A␤ to oligomers and insoluble amyloid
fibrils are likely critical events in AD pathogenesis (Golde et al.,
2000). Yet converging lines of evidence suggest that other factors
may also play key roles. One such factor is cerebrovascular disease
(Iadecola, 2004). AD patients have increased incidence of vascular brain lesions (Snowdon et al., 1997). They also have substantial cerebrovascular dysfunction at very early stages in their disReceived Sept. 30, 2008; accepted Oct. 29, 2008.
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ease (Prohovnik et al., 1988; Hock et al., 1997; Jagust et al., 1998;
Mentis et al., 1998; de la Torre, 2004). Most importantly, when
neurodegenerative and vascular features coexist, they appear to
act synergistically to cause dementia (Snowdon et al., 1997; Lim
et al., 1999; Vermeer et al., 2003).
Another link between cerebrovascular disease and AD is cerebral amyloid angiopathy (CAA). CAA is characterized by A␤ deposition within walls of leptomeningeal and cortical arterioles. It is
almost universally found in AD patients (Mandybur, 1975; Glenner et al., 1981; Vinters, 1987; Esiri et al., 1999; Jellinger, 2002).
CAA may in fact account for at least some of the cerebrovascular
observations noted above, because numerous studies document
its contribution to ischemic brain injury (Okazaki et al., 1979;
Greenberg et al., 1993; Premkumar et al., 1996; Breteler, 2000;
Cadavid et al., 2000) as well as intracerebral hemorrhage (Itoh et
al., 1993; Mann et al., 1996). These human observations are complemented by studies in AD mouse models demonstrating that
soluble and insoluble A␤ can disrupt the cerebral circulation. For
example, young APP mice having elevated levels of both APP and
soluble A␤ (but no CAA) have impaired cerebral blood flow
responses to vasodilatory stimuli (Zhang et al., 1997; Iadecola et
al., 1999; Niwa et al., 2000a,b, 2002a; Park et al., 2004, 2005, 2008;
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Tong et al., 2005). Impaired cerebral function has also been noted
in older APP mice having extensive CAA (Christie et al., 2001;
Shin et al., 2007; Park et al., 2008). Because these transgenic mice
overexpress APP as well as A␤, it has not been conclusively
proven that the observed cerebrovascular dysfunction is due to
A␤ vs APP.
To further assess the contribution of soluble and insoluble A␤
on cerebrovascular function, we examined vasomotor responses
and structural integrity of individual cerebral vessels in young (6
month; pre-CAA) and older (12–15 month; extensive CAA)
Tg2576 mice that overexpress mutant APP. In young Tg2576
mice, we found that responses to vasodilatory stimuli were impaired, that vascular smooth muscle cell (VSMC) dysfunction
contributed to this impairment, and that ␥-secretase inhibition
substantially restored cerebrovascular function. In older Tg2576
mice, we noted more severe vascular impairment that also appeared mediated in part via VSMC dysfunction. We identified a
significant dose–response between extent of vasodilation and
CAA severity, and we found that vessel dysfunction began at a
surprisingly early stage of CAA that preceded significant alterations in vessel integrity. Finally, ␥-secretase inhibition in older
Tg2576 mice produced a significant but less robust restoration of
vasomotor function. In total, these results strongly suggest that
both soluble and insoluble forms of A␤ cause cerebrovascular
impairment, that VSMC dysfunction at least in part underlies this
impairment, that mechanisms other than A␤-induced disruption
of vessel integrity are involved, and that anti-A␤ strategies have
the capacity to reverse at least some forms of A␤-induced vessel
dysfunction.

Materials and Methods
Animals and surgical procedure. All experimental protocols were approved by the animal studies committee at Washington University. The
production, genotyping, and background strain (B6/SJL) of Tg2576 mice
used in this study have been described previously (Hsiao et al., 1996;
Holtzman et al., 2000). Tg2576 mice overexpress human APP695 with
the familial Swedish AD mutations at positions 670/671 under control of
the hamster prion protein (PrP) promoter and were generous gift from
Dr. K. Ashe (University of Minnesota, Minneapolis, MN). A closed cranial window preparation was performed as previously reported with
modification (Christie et al., 2001; Brendza et al., 2005). Briefly, mice
were anesthetized with isoflurane (4% induction, 1.5% maintenance),
and a 4 mm diameter craniotomy was performed with a water-cooled
dental drill in the right parietal bone. The craniotomy was filled artificial
CSF (aCSF [in mM: 125 NaCl, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1
MgCl2, 1 CaCl2, and 25 glucose]) and sealed to the bone with a microscope coverglass using dental cement. In select experiments, two SILASTIC tubings (inner diameter: 0.3 mm, outer diameter: 0.64 mm; Dow
Corning) were inserted through the bone wax to permit topical application of vasodilators. Mice were returned to their cages for the recovery
with access to food and water ad libitum.
Cerebral vasodilatory responses. Fifteen hours later, mice were anesthetized with isoflorane and ␣-chloralose (80 mg/kg, i.p.) and ventilated at a
stroke volume of 5 ml/kg body weight and ventilation rate of 150 strokes/
min with a rodent ventilator (Harvard Apparatus). Core body temperature was maintained at 37°C by a thermo-regulated heating pad (Cell
MicroControls). An arterial catheter was placed into the femoral artery
for measuring mean arterial blood pressure and blood gases. The mouse
was then placed in a custom-built stereotaxic device to secure its head on
the microscope stage. The leptomeningeal vessels were visualized using a
Nikon Eclipse 600ME digital video microscopy system and MetaMorph
imaging software (Molecular Devices). Vessel diameter response to hypercapnia or topical vasodilators was then assessed. To induce hypercapnia, mice were ventilated with 5% CO2/30% O2-containing air for 5 min
followed by ventilation with 30% O2-containing air. Blood gases were
analyzed before, 4 min after hypercapnia, and 4 min after recovery. For
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vasodilator experiments, the endothelium-dependent vasodilator acetylcholine (ACh; 100 M; Sigma) or the VSMC-dependent vasodilator
S-nitroso-N-acetyl-penicillamine (SNAP; 500 M; Sigma) was infused
into the cranial window at a rate of 20 l/min for 5 min. The cranial
window was then infused with aCSF for 20 –30 min or until the vessel
diameter returned to its baseline value. The order of vasodilatory agents
was randomly assigned. To examine the effect of ␥-secretase inhibition
on vasodilatory responses, mice received subcutaneously the potent,
blood– brain barrier permeable ␥-secretase inhibitor, LY411,575 or its
inactive enantiomer, LY424,196 (generous gift from Pat May, Eli Lilly
and Co) 15 h before vascular imaging.
Vessel diameter measurement. Vessel diameters were determined with
Diamtrak software (Tim Neild, Monash University, Melbourne, Australia). Averaged vessel diameter across a 25 m longitudinal segment (8
consecutive segments per mouse) of the dorsal middle cerebral arteries
were analyzed before (baseline) and 3–5 min after treatment with vasodilatory stimuli (see Fig. 2 A). Data were calculated as % vasodilation vs
baseline vessel diameter
CAA quantification. To label amyloid deposits in the brain, mice were
i.p. injected with a Congo red derivative, Methoxy-X04 (10 mg/kg) 15 h
before vascular imaging as described previously (Klunk et al., 2002;
Brendza et al., 2005). Utilizing the threshold function in MetaMorph
software, % CAA coverage in each 25 m-long segment of the pial vessels
(8 segments per brain) was determined.
VSMC staining and two-photon microscopy. After live brain imaging
described above, mice were perfused with PBS. Brains were removed,
fixed in 4% paraformaldehyde, and preserved in 30% glucose-PBS solution at 4°C. To label VSMCs, fixed whole brains were permeabilized with
PBS containing 0.25% Triton X-100 for 20 min at room temperature,
blocked with 2% bovine serum albumin (BSA) in PBS for 30 min, followed by incubation with phalloidin-Alexa-488 (Invitrogen) in 1% BSAPBS. Methoxy-X04 and phalloidin staining was simultaneously imaged
using a Zeiss LSM 510 META LNO two-photon microscope.
Determination of A␤ levels in interstitial fluid and plasma. In vivo microdialysis to assess brain interstitial fluid (ISF) A␤1-x in the hippocampus of awake, freely moving Tg2576 mice was performed as previously
described (Cirrito et al., 2003, 2005a). Ten to 12 h after microdialysis
probe insertion, LY411,575 was administered subcutaneously at 3 mg/kg
body weight in corn oil. ISF A␤1-x was assessed using a sandwich ELISA;
a central domain, mouse monoclonal antibody (m266) was used to capture and a biotinylated N-terminal, human A␤-specific antibody
(m3D6) was used to detect, followed by streptavidin-poly-HRP-20
(Fitzgerald Industries). Plasma A␤1-x levels were measured similarly, except the plasma was first denatured in 5M guanidine for 30 min at room
temperature, then diluted to 500 mM final for use in the ELISA. The assay
was developed using Slow ELISA TMB (Sigma) and read on a Bio-Tek
FL-600 plate reader at 650 nm.
Statistical analyses. Data were expressed as means ⫾ SEM. Comparison among multiple groups were performed with a one-way ANOVA
followed by Dunnett’s multiple comparison method. P value ⬍0.05 was
considered significant.

Results
CAA deposits increased with age in Tg2576 mice
To assess progression of CAA deposits in the leptomeningial arteries, A␤ that was deposited in a ␤-pleated sheet structure was
visualized using a congo red derivative fluorescent dye, methoxyX04 (Fig. 1). Consistent with previous reports (Hsiao et al., 1996;
Kawarabayashi et al., 2001; Fryer et al., 2003), we found no parenchymal or vascular amyloid deposits in 6-month-old Tg2576
mice (Fig. 1 A). Substantial CAA deposits, however, were noted in
12-month-old Tg2576 mice (Fig. 1 B, D). These deposits were
typically patchy in nature with spacing between affected vessel
segments. By 15 months of age, CAA deposits in Tg2576 mice had
substantially progressed to encompass almost the entire leptomeningeal arteriolar system without interruption (Fig. 1C).
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Vessel dysfunction in young Tg2576
mice lacking CAA
Vasodilatory response to hypercapnia was
decreased by 48% in young Tg2576 mice
(pre-CAA) compared with age-matched,
littermate wild type (WT) mice (Tg2576
mice: 14.5 ⫾ 2.5% vs WT mice: 27.7 ⫾
5.1%; p ⫽ 0.0233) (Fig. 2 B). The attenuated vasodilatory response could not be attributed to differences between groups in
extent of pCO2 change after induced hypercapnia (Table 1), other physiological
parameters (Table 1), or baseline vascular
diameters (Fig. 2C). A similar reduction in
vessel response to topical ACh and SNAP
was also noted in young Tg2576 mice
compared with age-matched, littermate
WT mice (ACh–Tg2576 mice: 11.4 ⫾
2.2% vs WT mice: 20.5 ⫾ 2.6%; p ⫽ 0.009;
SNAP–Tg2576 mice: 20.0 ⫾ 3.7% vs WT
mice: 33.9 ⫾ 2.6%; p ⫽ 0.003) (Fig. 2 D).
These data confirm that young Tg2576
mice have significant impairment in vascular reactivity and indicate that under our
experimental conditions this is primarily
the consequence of VSMC dysfunction.
Further vessel dysfunction in older
Tg2576 mice having extensive CAA
Hypercapnia-induced vasodilation was
even further reduced by 85% in older
Tg2576 mice having extensive CAA
(Tg2576 mice: 4.1 ⫾ 2.0% vs WT mice:
25.3 ⫾ 3.0%; p ⬍ 0.0001) (Fig. 2 B). To
more specifically examine the relationship
between CAA deposits and vessel function,
we compared amyloid load across individual 25 m vessel segments (reported as %
CAA) to the vasodilatory function across
the given vessel segment. In those segments having no or minimal CAA (i.e.,
0 –10% CAA), we noted significant reduction in hypercapnia-induced vasodilation
compared with vessel segments from agematched, littermate WT mice (Fig. 3B).
Cerebrovascular function was further
compromised in vessel segments having
11–20% CAA, and vascular response was
completely abolished in vessel segments
have ⬎20% CAA (Fig. 3B). These alterations in vasodilatory response could not
be attributed to extent of pCO2 change after induced hypercapnia or to other physiological parameters between groups (Table 1). These data strongly implicate CAA
as a causal factor in the cerebrovascular
dysfunction of older Tg2576 mice.

Figure 1. Progression of CAA in Tg2576 mice. Fluorescent microscopic images were taken 24 h after intraperitoneal injection
of methoxy-X04 through a closed cranial window in 6- (A), 12- (B, D), and 15- (C) month-old Tg2576 mice. Neither CAA deposits
nor parenchymal A␤ plaques was noted in 6-month-old mice (A). At 12 months of age, methoxy-X04-positive A␤ deposition
(bright blue) in the pial arterioles was prominent but patchy (B, D). By 15 months of age, CAA deposits were further progressed to
almost the entire pial arteriole system without interruption (C). Scale bars: A–C, 200 m, D, 50 m.

Figure 2. Cerebrovascular dysfunction in Tg2576 mice. Vascular responses to vasodilatory stimuli in the leptomeningeal arterioles
through a closed cranial window were visualized and monitored via video microscopy in 6-month-old and 12- to 15-month-old Tg2576
mice. A, To determine vessel diameter, an average vessel diameter in 25-m-long vessel segments (8 consecutive segments per animal)
was measured using a Diamtrak software. B, Vasodilatory response to hypercapnia. Percentage changes in vessel diameter were calculated and represented as mean ⫾ SEM. C, Baseline vessel diameters were similar between groups before exposure to hypercapnia. D,
Vascular responses to ACh and SNAP were attenuated in 6-month-old Tg2576 mice lacking CAA.

Relationship between CAA and cerebral
vessel structural integrity
To explore whether alterations in VSMC architecture and/or
density accounted for the observed cerebrovascular dysfunction,
we sought to rigorously characterize vessel wall changes in

Tg2576 mice. In young mice, no CAA was found and VSMCs
were arranged closely in parallel in all examined pial arterioles
(Fig. 4 B, Ca). At 12 months of age, CAA deposits were found
between VSMCs (Fig. 4 D–F ). In vessels having small amounts of
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Table 1. Physiological parameters pre-hypercapnia and post-hypercapnia
pCO2 (mmHg)
MBP (mmHg)

pH

pO2 (mmHg)

Group

n

Pre

Post

Pre

Post

Pre

Post

Pre

Post

6 months, WT
6 months, Tg
12–15 months, WT
12–15 months, Tg

7
8
8
8

31.1 ⫾ 1.1
28.2 ⫾ 1.8
31.5 ⫾ 1.1
32.4 ⫾ 0.8

56.1 ⫾ 2.4
51.1 ⫾ 4.8
60.0 ⫾ 1.1
61.9 ⫾ 1.7

76.4 ⫾ 2.6
65.9 ⫾ 2.7
65.9 ⫾ 3.1
79.3 ⫾ 8.3

75.1 ⫾ 2.9
69.6 ⫾ 4.5
72.9 ⫾ 3.3
81.4 ⫾ 7.8

7.43 ⫾ 0.01
7.44 ⫾ 0.03
7.46 ⫾ 0.03
7.51 ⫾ 0.05

7.23 ⫾ 0.01
7.28 ⫾ 0.03
7.31 ⫾ 0.03
7.23 ⫾ 0.04

160.5 ⫾ 3.7
142.9 ⫾ 12.6
158.5 ⫾ 2.7
158.0 ⫾ 6.3

157.7 ⫾ 2.7
165.0 ⫾ 3.6
151.8 ⫾ 1.7
145.9 ⫾ 3.1

Mean arterial pressure (MAP) and blood gases were analyzed before (Pre) and 5 min after (Post) induction of hypercapnia. Data indicate mean ⫾ SEM.

age, VSMCs were extensively dismantled
throughout the pial vessels, as CAA deposition had progressed to the point of nearcontinuous involvement of the arteriole
system (Fig. 4G–Ie). These architectural
changes were not apparent in age-matched
WT mice (data not shown).
We also examined VSMC density. In
WT mice of all examined ages, we found
⬃20 VSMCs per 100 m vessel segment
(Fig. 5A). In young Tg2576 mice, VSMC
density did not differ from age-matched
WT mice. In older Tg2576 mice, however,
decreased overall VSMC density was noted
(Tg2576 mice: 15.5 ⫾ 0.5 cells/100 m vs
WT mice: 20.6 ⫾ 1.3 cells/100 m; p ⬍
0.05). A correlative analysis between CAA
load and VSMC density was performed,
and a strong correlation between CAA severity (measured as % CAA) and VSMC
density was noted (R 2 ⫽ 0.506; p ⬍ 0.001)
(Fig. 5B). Specifically, unaffected or mildly
affected vessels (i.e., 0 –20% CAA) had no
VSMC loss, moderately affected vessels
(i.e., 21– 40% CAA) had a nonsignificant
trend for VSMC loss, and severely affected
vessels (i.e., ⬎40% CAA) had substantial
and significant VSMC loss (Fig. 5C). Finally, a positive correlation between vessel
caliber and severity of CAA deposits was
noted (R 2 ⫽ 0.3588, p ⬍ 0.001) (Fig. 5D).
These data suggest that mild amounts of
CAA have no or minimal effect on vessel
wall integrity, but as increasing amounts of
CAA develop significant disruptions of
vessel wall integrity including frank loss of
VSMCs occur.
Figure 3. Vascular function was severely reduced in CAA-affected vessels. A, Live images of the leptomeningeal arterioles of
12- to 15-month-old WT and Tg2576 mouse brains were taken before (baseline) and 4 min after the onset of hypercapnia.
Methoxy-X04-positive CAA deposits were imaged in the same vessels. In WT mice, vasodilatory response to hypercapnia was
evident across the entire vessel segments (arrowheads). In Tg2576 mice, however, hypercapnia-induced vasodilation was noted
in vessels without CAA (arrowheads), whereas there was little to no vascular response within the CAA-affected vessels (arrows).
Scale bar, 100 m. B, Relationship between vasodilatory function and CAA coverage. Percentage CAA coverage within 25 m
longitudinal vessels (8 consecutive segments per brain) were assessed as described in the Materials and Methods. CAA coverage
was plotted against vasodilatory response to hypercapnia. Data indicate mean ⫾ SEM. *p ⬍ 0.05 compared with WT mice
analyzed by one-way ANOVA followed by Dunnett’s test.

CAA (⬍20%), no or minimal disruption of VSMC topography
was noted and circumferential amyloid deposition was distinctly
rare (Fig. 4 D–Fb). However, when greater amounts of CAA were
present (⬎20%), architectural VSMC changes became increasingly frequent and more severe, particularly when extent of CAA
reached very high levels (⬎40%) (Fig. 4 D–Fc,d). At 15 months of

␥-Secretase inhibition restores vascular
function in Tg2576 mice
Our results and those of others (Zhang et
al., 1997; Iadecola et al., 1999; Niwa et al.,
2000b, 2002a,b; Paris et al., 2004; Park et
al., 2004, 2005, 2008) suggest that soluble
A␤ can cause significant vessel dysfunction. However, decreasing endogenous A␤

levels or blocking its function followed by
assessment of vasoreactivity has not been
performed. We hypothesized that acute depletion of soluble A␤
via ␥-secretase inhibition would improve vessel function. We
assessed vessel reactivity in young Tg2576 mice in the presence
and absence of significant extracellular brain and plasma human
A␤ using the blood– brain barrier permeable ␥–secretase inhibi-
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Figure 4. Disruption of vascular smooth muscle cells was noted in CAA-affected vessels. Amyloid deposition and vascular smooth muscle cells (VSMCs) in the leptomeningeal vessels were stained
with methoxy-X04 (blue) and phalloidin-Alexa 488 (green), respectively, and imaged with a two-photon microscope. In 6-month-old Tg2576 mice having no CAA deposits, VSMCs were arranged
closely in parallel to each other in the leptomeningeal vessels (A–Ca). At 12 months of age, the VSMC architecture had no or minimal disruption in the pial arterioles having small amounts of CAA
(D–Fb, c), whereas severe disruption of VSMC arrangement in the vessel segments had greater amounts of CAA (D–Fd). Structural VSMC changes became more evident and severe in 15-month-old
mice (G–Ie). Scale bars: A–I, 50 m, a– e, 20 m.

tor, LY411,575 (Cirrito et al., 2003; Best et al., 2005). Similar to
previous results (Cirrito et al., 2005b), subcutaneous administration of LY411,575 (3 mg/kg) in young Tg2576 mice resulted in
almost complete depletion of soluble human A␤1-x pool in the
interstitial fluid (ISF) up to 36 h after drug administration (Fig.
6 A). It also markedly reduced the soluble human A␤1-x pool in
plasma (vehicle-treated group: 17.2 ⫾ 2.1 ng/ml vs LY511,475treated group: 3.3 ⫾ 0.9 ng/ml, p ⬍ 0.05) (data not shown).
Although LY411,575 did not affect baseline vessel diameters in
leptomeningeal arteries (Fig. 6 B), it did substantially restore cerebral vasodilatory responses in young Tg2576 mice (but not WT
mice) (Fig. 6C,D). Vessel function was not improved after administration of the inactive form of the ␥–secretase inhibitor,
LY424,196 (Fig. 6C). These data implicate soluble human A␤ as a
causative agent in cerebrovascular impairment of young Tg2576
mice. The effect of murine A␤ on cerebrovascular function, however, appeared negligible, as LY411,575 treatment in WT mice decreased murine A␤ in ISF (data not shown) but did not alter cerebrovascular function (Fig. 6C).
We next examined whether ␥-secretase inhibition was capable

of restoring vasomotor function in 12-month-old Tg2576 mice
having extensive CAA. We found that LY411,575 treatment produced a small but significant improvement in cerebral arteriole
function compared with vehicle-treated animals (Fig. 6 F). Importantly, this partial restoration of vasodilatory response to hypercapnia resulted entirely from functional improvement in vessels having small amounts of CAA (i.e., ⱕ 20% CAA), whereas no
effect was noted in more severely affected vessels (i.e., ⬎20%
CAA) (Fig. 6G). Of note, acute LY411,575 treatment had no appreciable effect on CAA severity within vessel walls (Fig. 6 E),
strongly suggesting that reduction in soluble human A␤ was responsible for the improved vessel function.

Discussion
Our principal findings are as follows: (1) soluble and insoluble
forms of A␤ contribute to age-dependent cerebrovascular dysfunction in Tg2576 mice; (2) CAA-induced cerebrovascular impairment develops via dysfunction rather than frank loss or disruption of VSMCs; and (3) acute depletion of soluble A␤ via
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function. We documented a differential
impairment in vasomotor function in
young (pre-CAA) vs older (extensive
CAA) Tg2576 mice, with the former having 50% impairment and the latter having
85% impairment in hypercapnia-induced
vasodilation. This result, along with that of
other investigators who have also documented marked cerebrovascular dysfunction in older Tg2576 mice (Christie et al.,
2001; Shin et al., 2007; Park et al., 2008),
strongly but indirectly linked CAA to vessel dysfunction. It remained possible that
worsened vessel function in older Tg2576
mice might result from prolonged exposure to increased levels of soluble A␤
and/or APP rather than a direct consequence of vascular amyloid. To more directly implicate CAA, we next examined
how CAA severity across a given vessel segment affects its vasodilatory response. By
comparing vascular reactivity across variously affected CAA vessels in same age
mice in which length and extent of exposure to soluble A␤ (at least globally) and
APP were constant, these two potential
confounds were effectively controlled.
With this method, we identified a signifiFigure 5. Correlation between CAA coverage and VSMC loss. A number of VSMCs and CAA coverage were assessed as described cant dose–response between extent of
in the Materials and Methods. A, A number of VSMCs were decreased in the leptomeningeal vessels of 12- to 15-month-old, but CAA and degree of impaired vasomotor
not 6-month-old Tg2576 mice compared with age-matched WT mice ( p ⬍ 0.05). B, At 12–15 months of age, VSMC loss was function, a result that more definitively
markedly noted in the leptomeningeal vessel segments having ⬎40% CAA coverage. C, Correlation between CAA severity and implicates CAA as a causal factor accountVSMC loss. D, Correlation between vessel caliber versus severity of CAA deposits in the leptomeningeal vessels (R 2 ⫽ 0.3588, p ⬍ ing for the severity of vasomotor dysfunc0.001).
tion noted in older Tg2576 mice.
One surprising finding from this anal␥-secretase inhibition significantly restores vessel function in
ysis was that relatively small amounts of CAA were associated
young and to a lesser degree older Tg2576 mice.
with either substantial vessel dysfunction (11–20% CAA) or
complete vasomotor paralysis (⬎20% CAA). Although previous
Vascular dysfunction in young Tg2576 mice
studies (Christie et al., 2001; Shin et al., 2007; Park et al., 2008)
Our results indicate that soluble A␤ induces significant cerebrohave shown substantial cerebrovascular impairment in CAAvascular dysfunction. First, we demonstrated that young Tg2576
affected Tg2576 mice, the extent of CAA necessary to affect vessel
mice having elevated soluble A␤ levels (but no CAA) had markfunction remained unknown. Our results show that extensive
edly reduced cerebrovascular responses to vasodilatory stimuli.
CAA is not required to produce marked vessel dysfunction, sugThis is consistent with the majority of previous reports (Iadecola
gesting that simple mechanical or architectural changes (e.g., ciret al., 1999; Niwa et al., 2000a,b; Niwa et al., 2002a,b; Park et al.,
cumferential amyloid deposition that could mechanically restrict
2004, 2005, 2008; Tong et al., 2005). Second, we found that vessel
vessel reactivity, or amyloid-induced loss or disruption of
dysfunction in young Tg2576 mice was substantially restored afVSMCs that might preclude a coordinated vasodilatory reter acute depletion of soluble A␤ via administration of the
sponse) do not fully account for CAA-associated vasomotor dys␥-secretase inhibitor, LY411,575. The latter finding is enlightenfunction. Results from our assessment of CAA’s effect on vessel
ing for two reasons. (1) It provides further support to the notion
wall integrity support this contention. For example, although
that disrupted cerebrovascular regulation in young Tg2576 mice
CAA severity correlated well with VSMC loss, a threshold effect
is due to soluble A␤ and not APP overexpression [although furwas identified whereby a certain quantity of CAA must be
ther confirmatory experiments are required because ␥-secretase
reached before significant VSMC loss occurs. In our experiments
is known to cleave not only APP but also other type-I membrane
this threshold was ⬎40% CAA. Yet significant CAA-related vessel
proteins (Wolfe, 2007)]. (2) It demonstrates that cerebrovascular
dysfunction began at 11–20% CAA and complete vessel shutdysfunction in young APP mice is reversible within hours of A␤
down occurred at ⬎20% CAA. Moreover, at these levels of CAA,
depletion, an important finding not only in regards to mechaminimal VSMC disruption and rare circumferential amyloid
nism but also in the context of potential A␤-directed therapeutics
deposition were present. In total, these results indicate that
for cerebrovascular disease.
mechanisms such as simple mechanical or architectural effects of
CAA are not responsible for the observed vasomotor paralysis.
Vascular dysfunction in older Tg2576 mice
Rather, certain molecular effectors are likely present and repreResults from our study also implicate insoluble vascular A␤ (i.e.,
sent the true mediators of CAA’s deleterious effect on cerebroCAA) in causing significant and often severe cerebrovascular dysvascular function. These data also suggest that therapies targeting
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Figure 6. Blockade of A␤ production restored vascular function in Tg2576 mice. A, The blood– brain barrier permeable ␥–secretase inhibitor, LY411,575 depleted soluble A␤1-x levels in the
interstitial fluid (ISF) in 6-month-old Tg2576 mice. LY411,575 (3 mg/kg) was subcutaneously administered and human A␤1-x levels in the ISF were assayed as described in the Materials and
Methods. Data represent mean ⫾ SEM (n ⫽ 5). B, Baseline vessel diameters were analyzed in the leptomeningeal arterioles before and 3 h after LY411,575 treatment in 6-month-old Tg2576 and
WT mice. C, D, Six-month-old WT or Tg2576 mice treated with vehicle (Veh), LY411,575 (LY), or the inactive form LY424,196 (inactive LY) were subjected to vascular function tests in response to
hypercapnia (C), ACh (100 M) (D), or SNAP (500 M) (D) (n ⫽ 7–9). E, In 12- to 15-month-old Tg2576 mice, CAA deposits were fluorescently labeled with methoxy-X04 and photographically
imaged before (green) and 15 h after (red) the LY411,575 treatment. Scale bar, 20 m. F, G, Vascular reactivity was examined in 12- to 15-month-old Tg2576 mice 15 h after treatment with vehicle
or LY411,575 (n ⫽ 5). Vascular reactivity was analyzed in all vessel segments (F ) and further compared in vessels having ⱕ20% versus ⬎20% CAA coverage (G). Note that LY411,575 restored
vascular function in cerebral arterioles with little or no CAA (ⱕ20% coverage), but had no effect in vessels with extensive CAA (⬎20% coverage). *p ⬍ 0.05 as analyzed by ANOVA followed by
Dunnett’s multiple comparison test.

CAA or its downstream molecular effectors may need to be instituted at relatively early stages of the disease process, because more
advanced CAA and its attendant VSMC changes (especially frank
cell loss) may represent a “point of no return” beyond which
therapeutic strategies may prove futile.
Finally, we examined whether ␥-secretase inhibition could
restore function in CAA-ladened vessels. Administration of the
␥-secretase inhibitor, LY411,575, led to a small but significant
improvement in the vasodilatory capacity of older Tg2576 mice.
This improvement, however, was only seen in vessels with small
amounts of CAA (⬍20%), whereas no effect was noted in more
advanced stages of CAA (⬎20%). Because acute administration
of LY411,575 depleted A␤ pools, did not affect CAA severity, and
substantially restored vessel function in young Tg2576 having no
CAA, the parsimonious explanation for the improved vessel
function in older Tg2576 mice is its interruption of soluble A␤’s
effect on cerebral vessels. It is important to note that the magnitude of improved vessel function was substantially less in older vs
young Tg2576 mice. One explanation is that the coexisting presence of small amounts of CAA prevented full restoration of the
vasodilatory response to hypercapnia. Another explanation is
that the local presence of CAA, which is likely in dynamic equilibrium with soluble forms of A␤, prevented full depletion of
soluble A␤ in the perivascular space. Regardless of specific mechanism, the demonstration of improved vasomotor function after
A␤-directed therapy in CAA-affected vessels is an important
finding, because it demonstrates at least some capacity for restoration of cerebrovascular function in the face of coexisting vas-

cular amyloid, a finding that could have significant clinical implications for both AD and CAA.
Mechanisms of A␤-induced vasomotor impairment
Our results suggest that both soluble and insoluble forms of A␤
cause vasomotor impairment at least in part via VSMC dysfunction. For example, we noted impaired vascular responses to hypercapnia and SNAP in young Tg2576 mice, both of which suggest abnormal VSMC function. Although some studies have
noted similar results using VSMC-dependent vasodilators such
as SNAP (Park et al., 2005) and calcitonin gene-related peptide
(Tong et al., 2005), others have found conflicting results using
hypercapnia (Iadecola et al., 1999; Park et al., 2008) and VSMCdependent vasodilators such as sodium nitroprusside (Tong et
al., 2005) and adenosine (Park et al., 2005, 2008). These discrepancies may result from differences in specific experimental methodology, including variations in anesthetic, method of cerebrovascular assessment, preferred vasoactive stimuli, and/or line of
APP transgenic mice. More experiments will be needed to clarify
this important issue.
Our study noted even greater impairment of hypercapniainduced vasodilation in CAA-ladened vessels of older Tg2576
mice. When coupled with the findings of Christie et al. (2001)
who demonstrated impaired vascular reactivity to sodium nitroprusside (a VSMC-dependent vasodilator) in older Tg2576 mice,
these results suggest that VSMC dysfunction is likely to be a key
pathophysiologic event underlying CAA-induced vasomotor impairment. Given the known pathological effects of fibrillar amy-
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loid on VSMCs (Van Nostrand et al., 1998, 2001; Muñoz et al.,
2002) and the nature and severity of VSMC dysfunction noted in
older Tg2576 mice (this study; Christie et al., 2001), it is logical
and attractive to hypothesize that VSMC dysfunction is an essential underlying cellular event responsible for CAA-induced cerebrovascular dysfunction.
In regards to the underlying molecular pathways leading to
A␤-induced cerebrovascular dysfunction, much is known for
soluble A␤. Both reactive oxygen species (ROS) (Iadecola, 2004;
Hamel et al., 2008) and proinflammatory pathways (Paris et al.,
2003) have been causally linked to soluble A␤-induced vasoactivity and the cerebrovascular dysfunction of young APP mice. In
particular NADPH oxidase-derived oxygen radicals appear to
play a central role, as Park and colleagues demonstrated that
genetic inactivation of the Nox2 catalytic subunit of NADPH
oxidase led to near complete restoration of the cerebrovascular
abnormalities in young Tg2576 mice (Park et al., 2005). However, investigations into the molecular underpinnings of CAAinduced vessel dysfunction have only just begun. To date, three
mechanistic studies examining cerebrovascular dysfunction in
older APP mice have been reported (Tong et al., 2005; Nicolakakis et al., 2008; Park et al., 2008), but only one used mice
having substantial amounts of CAA (Park et al., 2008). In that
study, Park and colleagues again used a genetic approach to investigate the role of NADPH oxidase, but in this case they examined older Tg2576 mice having substantial vascular as well as
parenchymal amyloid (Park et al., 2008). They found that older
Tg2576 mice lacking the Nox2 catalytic subunit of NADPH oxidase did not develop significant vasomotor impairment, suggesting a potential role for ROS in CAA-induced vessel dysfunction.
However, it is important to note that the method of cerebrovascular assessment used in this study (i.e., regional cerebral blood
flow via laser doppler flowmetry) did not permit direct functional
evaluation of CAA-ladened vessels. Therefore, additional experiments to confirm the role of ROS and NADPH oxidase in CAAinduced vasomotor impairment are required.
Conclusion
Our work supports the findings of previous investigators who
documented age-dependent impairment of cerebrovascular
function in APP transgenic mice. In addition, our observations
extend on these studies on several fronts. One, we demonstrated
for the first time that both young and older Tg2576 mice can
display significant cerebrovascular dysfunction under uniform
experimental conditions. Two, we more directly implicated CAA
as a causal factor in cerebrovascular dysfunction by demonstrating a dose–response to CAA severity and by controlling for confounds such as prolonged exposure to soluble A␤ and mutant
APP. Three, we provided robust evidence that CAA-related vessel
dysfunction begins before significant alterations in vessel wall
integrity, indicating that downstream molecular effectors likely
exist and are the true mediators of CAA-induced cerebrovascular
dysfunction. Four, we identified VSMC dysfunction as a likely
key cellular event underlying CAA-induced cerebrovascular impairment. And five, we provided evidence supporting the concept
that A␤-directed therapy may prove a viable strategy toward attenuating A␤-induced cerebrovascular dysfunction. Whether
restoration of vasoreactivity via ␥-secretase inhibition or other
A␤-directed therapy ultimately parlays into improved cerebral
blood flow, reduced ischemic brain injury, and/or enhanced cognitive function will be an important future issue to be assessed.
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