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Increasing evidence indicates that cerebrovascular dysfunction
plays a pathogenic role in Alzheimer’s dementia (AD). Amyloid-β
(Aβ), a peptide central to the pathogenesis of AD, has profound
vascular effects mediated, for the most part, by reactive oxygen
species produced by the enzyme NADPH oxidase. The mechanisms
linking Aβ to NADPH oxidase-dependent vascular oxidative stress
have not been identified, however. We report that the scavenger
receptor CD36, a membrane glycoprotein that binds Aβ, is essen-
tial for the vascular oxidative stress and neurovascular dysfunction
induced by Aβ1–40. Thus, topical application of Aβ1–40 onto the so-
matosensory cortex attenuates the increase in cerebral blood flow
elicited by neural activity or by endothelium-dependent vasodila-
tors in WT mice but not in CD36-null mice (CD360/0). The cerebro-
vascular effects of infusion of Aβ1–40 into cerebral arteries are not
observed in mice pretreated with CD36 blocking antibodies or in
CD360/0 mice. Furthermore, CD36 deficiency prevents the neuro-
vascular dysfunction observed in transgenic mice overexpressing
the Swedish mutation of the amyloid precursor protein Tg2576
despite elevated levels of brain Aβ1–40. CD36 is also required for
the vascular oxidative stress induced by exogenous Aβ1–40 or ob-
served in Tg2576 mice. These observations establish CD36 as a key
link between Aβ1–40 and the NADPH oxidase-dependent vascular
oxidative stress underlying the neurovascular dysfunction and
suggest that CD36 is a potential therapeutical target to counteract
the cerebrovascular dysfunction associated with Aβ.

Alzheimer’s disease | functional hyperemia | Nox2 | receptor for advanced
glycation end-products

There is increasing evidence that vascular factors play a signifi-
cant role in the pathogenesis of Alzheimer’s dementia (AD)

(1, 2). Whereas the structure of cerebral blood vessels is altered in
AD, cerebral blood flow (CBF) is reduced even in the early stages
of the disease (3). Epidemiological studies have shown that cere-
brovascular diseases and AD share similar risk factors, suggest-
ing a pathogenic commonality (4). Furthermore, small ischemic
lesions amplify the cognitive dysfunction linked to amyloid pla-
ques and neurofibrillary tangles, the neuropathological hallmarks
of AD (5, 6). These observations have suggested an interaction
between vascular insufficiency and the clinical expression of
AD, raising the possibility that cerebrovascular dysfunction
promotes the disease process underlying the dementia (1, 4, 7).
Amyloid-β (Aβ), the amyloid precursor protein (APP)-derived

peptide central to AD pathogenesis, has profound cerebrovas-
cular effects that disrupt the brain’s blood supply and render the
brain more vulnerable to injury (3). The survival of the brain
depends on continuous and well-regulated delivery of blood to
ensure that its energy requirements are met and that deleterious
metabolic byproducts are cleared from the neuronal microenvi-
ronment (8). Consequently, sophisticated vascular control mech-

anisms ensure that the brain receives a sufficient amount of
blood flow at all times (9). For example, functional hyperemia
matches the delivery of blood flow with the metabolic demands
imposed by neural activity, whereas vasoactive agents released
from endothelial cells regulate microvascular flow (9). Aβ1–40,
but not Aβ1–42, disrupts these vital homeostatic mechanisms,
leading to neurovascular dysfunction and increasing the suscep-
tibility of the brain to injury (3).
A key mechanism through which Aβ exerts its deleterious

vascular effects involves the production of reactive oxygen species
(ROS) by the enzyme NADPH oxidase, a multiunit enzyme that
requires the small GTPase Rac for activation (10, 11). The
mechanisms linking Aβ to vascular NADPH oxidase activation
have not been defined, however. In monocytic cells, the scavenger
receptor CD36, a membrane glycoprotein that binds a wide va-
riety of ligands, including Aβ (10), is part of a molecular complex
mediating Aβ-induced ROS production through a signaling
pathway culminating in Rac activation (11–13). Therefore, we
sought to determine whether CD36 is involved in the vascular
oxidative stress and neurovascular dysfunction induced by Aβ.
We found that the powerful effects of Aβ1–40 on endothelial va-
soactivity and neurovascular coupling are prevented by CD36
blocking antibodies and are not observed in CD36-null (CD360/0)
mice. Furthermore, mice overexpressing mutated APP (Tg2576)
but lacking CD36 did not exhibit impairment in neurovascular
regulation. These effects were associated with suppression of
vascular oxidative stress and were independent of changes in
brain Aβ levels in Tg2576 mice. These findings establish CD36 as
an absolute requirement for the NADPH oxidase-dependent
oxidative stress underlying the neurovascular dysfunction induced
by Aβ1–40 and identify this scavenger receptor as a target for
preventing the deleterious vascular effects of the Aβ peptide.

Results
CD36 Is Present in Brain Microvascular Endothelia, and Its Expression
Is Enhanced in Tg2576 Mice. First, we used immunocytochemistry
to determine whether CD36 is expressed in the somatosensory
cortex in 3-mo-old Tg2576 mice and WT littermates. We found
that CD36 immunoreactivity is colocalized predominantly with
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the endothelial marker CD31 in WT mice (Fig. 1). In particular,
CD36 was observed in CD31+ penetrating arterioles (Fig. 1 A–F)
but not in MAP2+ neurons (Fig. S1 A–C). CD36 immunoreac-
tivity was not detected in cells expressing the microglial/macro-
phage marker Iba1, but it was seen in cultured microglia (Fig. S2
A–C and J–L). In Tg2576 mice, CD36 immunolabel (Fig. 1 A–G)
and mRNA (Fig. 1H) were increased in cerebral blood vessels,
whereas neurons and microglia remained unlabeled (Figs. S1
and S2). No CD36 immunoreactivity was observed in CD360/0

mice, attesting to the specificity of the label (Figs. S1 and S2).
Thus, CD36 is present predominantly in cerebral endothelial
cells and its expression is increased in Tg2576 mice.

Neurovascular Dysfunction Induced by Aβ1–40 Is Not Observed in
CD360/0 Mice. Next, we used CD360/0 mice to determine whether
this scavenger receptor is involved in the neurovascular dysfunc-
tion induced by Aβ1–40. All cerebrovascular responses tested, in-

cluding the CBF increase evoked by whisker stimulation or by
topical application of the endothelium-dependent vasodilators
ACh and bradykinin and the Ca2+ ionophore A23187, as well as
responses to the smooth muscle relaxant adenosine or to hyper-
capnia, did not differ between mice with WT CD36 (CD36wt/wt)
and CD360/0 mice (Fig. 2 and Fig. S3A). In CD36wt/wt mice,
neocortical superfusion with Aβ1–40 attenuated resting CBF
and the increase in CBF produced by whisker stimulation or by
endothelium-dependent vasodilators, attesting to the disruptive
effects of Aβ1–40 on CBF regulation (Fig. 2 A–C and Fig. S3A). As
in previous studies, responses to adenosine and hypercapnia were
not altered (Fig. 2D and Fig. S3A), indicating that selected vas-
cular responses are preserved. In contrast to WTmice, Aβ1–40 did
not alter cerebrovascular responses in CD360/0 mice (Fig. 2 and
Fig. S3A). To determine whether the lack of effect of Aβ1–40 in
CD360/0 mice was specific for this peptide, we examined the ce-
rebrovascular effects of neocortical superfusion with angiotensin
II (AngII), an octapeptide, which, like Aβ1–40, disrupts neuro-
vascular function through NADPH oxidase-derived ROS (14).
Unlike Aβ1–40, AngII attenuated cerebrovascular responses
equally in CD360/0 and CD36wt/wt mice (Fig. 2 A–C). Therefore,
CD36 is required for the cerebrovascular alterations induced by
Aβ1–40 but not by AngII.

CD36 Is Involved in the Neurovascular Dysfunction Induced by
Circulating Aβ1–40. CD36 is expressed on cerebral endothelial
cells (Fig. 1) and could interact with circulating Aβ1–40 to induce
neurovascular dysfunction. Considering that plasma Aβ1–40 alters
cerebrovascular reactivity (15–17), we examined the role of
CD36 in the cerebrovascular dysfunction induced by circulating
Aβ1–40. To this end, we infused human Aβ1–40 into the internal
carotid artery ipsilateral to the cortical site at which CBF was
measured. Infusion rate and Aβ1–40 concentration were adjusted
to achieve steady-state plasma Aβ1–40 levels comparable to those
of Tg2576 mice (Fig. S3B). In WT mice, intracarotid (i.c.) in-
fusion of Aβ1–40 attenuated the increase in CBF induced by
functional hyperemia or ACh, without altering resting CBF or
the CBF response to adenosine (Fig. 3 A–D). Infusion of CD36

Fig. 1. CD36 immunoreactivity is present in WT mice and is increased in
Tg2576 mice. In WT and Tg2576 mice (aged 3–4 mo), CD36 expression (A and
Aa for WT, D and Dd for Tg2576) is observed in endothelial cells immuno-
labeled with CD31 (B and Bb for WT, E and Ee for Tg2576), as shown by
merged images (C and Cc for WT, F and Ff for Tg2576). Images in Aa–Ff are
magnifications of boxed areas, indicated in a–f and A–F, respectively. The
CD36 expression level in endothelial cells in Tg2576 mice (D–F and Dd–Ff) is
higher than that in WT mice (A–C and Aa–Cc). CD36 immunoreactivity (G)
and mRNA (H) are increased in Tg2576 mice. Arrows in Aa–Ff indicate
colocalization between CD36 and CD31. n = 4–6 per group. *P < 0.05. (Scale
bars: C and F, 50 μm; Cc and Ff, 10 μm.)

Fig. 2. Cerebrovascular effects of Aβ1–40 superfusion are not observed in
CD360/0 mice. In CD36wt/wt mice, both Aβ1–40 (5 μM) and AngII (50 nM) at-
tenuate resting CBF (A) and dampen the increase in CBF evoked by whisker
stimulation (B) or ACh (10 μM) (C). (A–C) In CD360/0 mice, Aβ1–40 does not
attenuate vascular responses, whereas AngII does. (D) CBF response to
adenosine (400 μM) is not affected in either group. LDU, relative laser-
Doppler perfusion units; Veh, vehicle. n = 5 per group. *P < 0.05 from Veh by
ANOVA, and Tukey’s test.
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blocking antibodies, but not control IgG, before Aβ1–40 pre-
vented the cerebrovascular alterations, without reducing plasma
levels of Aβ1–40 (Fig. 3 B and C and Fig. S3B). Antibodies against
the receptor for advanced glycation end-products (RAGE) also
attenuated the CBF effects of i.c. Aβ1–40 (Fig. S4A), as reported
by others (17). In CD360/0 mice, i.c. administration of Aβ1–40
elevated plasma Aβ1–40 but failed to induce cerebrovascular
dysfunction (Fig. 3 A–D and Fig. S3B). Thus, the cerebrovascular
effects of circulating Aβ1–40 require CD36.

Tg2576 Mice Lacking CD36 Do Not Develop Neurovascular
Dysfunction. To determine whether CD36 is also involved in the
cerebrovascular dysfunction in mice overexpressing APP in which
endogenous levels of Aβ are elevated, we generated Tg2576 mice
lacking CD36. To avoid secondary cerebrovascular effects of the
pathological changes induced by amyloid plaques, experiments
were performed in littermates aged 3–4 mo when amyloid de-
position and behavioral deficits are not yet present (18). In
Tg2576 mice expressing WT CD36, cerebrovascular responses
to functional hyperemia and to endothelium-dependent vaso-
dilators were attenuated (Fig. 4 A and B and Fig. S4B). In con-
trast, in Tg2576 mice lacking CD36, these cerebrovascular
responses were completely normal (Fig. 4 A–C and Fig. S4B).
Remarkably, the protection from cerebrovascular dysfunction
conferred by CD36 deficiency in Tg2576 mice was not associated
with a reduction in the brain level of Aβ1–40 or Aβ1–42 (Fig. 4D).
Therefore, lack of CD36 protects Tg2576 mice from cerebro-
vascular dysfunction.

CD36 Is Required for the Cerebrovascular Oxidative Stress Induced by
Aβ1–40 and Observed in Tg2576 Mice.Next, we used dihydroethidine
(DHE) to study whether CD36 is involved in Aβ1–40-induced
vascular oxidative stress. In WT mice, neocortical application of
Aβ1–40 increased ROS-dependent DHE fluorescence, an effect
not observed in CD360/0 mice (Fig. 5A). Neocortical application
of AngII was able to increase ROS in CD360/0 mice, however,
attesting to the fact that these mice are capable of producing

vascular ROS (Fig. 5A). In CD36wt/wt mice, i.c. administration of
Aβ1–40 increased ROS production in endothelial cells of penetrat-
ing arterioles and capillaries (Fig. 5B and B1–B6). In CD360/0 mice,
however, i.c. administration of Aβ1–40 failed to increase endo-
thelial ROS (Fig. 5B and B7–B9). Similarly, ROS were not in-
creased in Tg2576 mice lacking CD36 (Fig. 5C). Furthermore,
CD36 blocking antibodies attenuated the ROS increase in ce-
rebrovascular preparation from Tg2576 mice, assessed ex vivo
by a luminol-based method (Fig. 5D). To determine whether
Aβ1–40 could increase ROS in endothelial cells in a CD36-de-
pendent manner, we used mouse cerebral endothelial cell cul-
tures, which express CD36 (Fig. 6 A–C). Aβ1–40, but not a
scrambled version of the peptide or Aβ1–42, increased ROS
production assessed by DHE (Fig. 6D). The increase in ROS was
attenuated by ROS scavengers and by the NADPH oxidase
peptide inhibitor gp91ds-tat (Fig. 6D), confirming that NADPH
oxidase was the source of the ROS in this model. The increase in
ROS induced by Aβ1–40 was prevented by pretreatment with
CD36 blocking antibodies but not control IgG (Fig. 6E). In
contrast to Aβ1–40, AngII was able to increase ROS in culture
pretreated with CD36 blocking antibodies (Fig. 6E). These
observations implicate CD36 in the endothelial ROS production
induced by Aβ1–40.

Discussion
We have demonstrated that the scavenger receptor CD36 is an
absolute requirement for the cerebrovascular alterations induced
by Aβ1–40. First, we established that CD36 is present in cerebral
endothelial cells inWTmice and that its expression is increased in
Tg2576 mice. We then examined the role of this receptor in the
cerebrovascular dysfunction induced by Aβ1–40. We found that
the deleterious cerebrovascular effects of Aβ1–40 are not observed
in CD360/0 mice. Thus, the increase in CBF induced by neural
activity or by endothelium-dependent vasodilators was preserved
in CD360/0 mice in which Aβ1–40 was topically applied to the so-
matosensory cortex. In contrast, AngII, a peptide that induces
cerebrovascular dysfunction through angiotensin type 1 receptors

Fig. 3. Cerebrovascular effects of i.c. infusion of Aβ1–40 are prevented by
CD36 blocking antibodies and are not observed in CD360/0 mice. In CD36wt/wt

mice, i.c. infusion of Aβ1–40 (1 μM, 150 μL/h) attenuates the increase in CBF
induced by whisker stimulation (B) or ACh (C) but not by adenosine (D). (A–
C) Anti-CD36 antibodies do not affect resting CBF or baseline cerebrovas-
cular responses but prevent the dysfunction induced by Aβ1–40. (A–D) Control
(Con) IgG had no effect. The cerebrovascular dysfunction is not observed
in CD360/0 mice. n = 5 per group. *P < 0.05 from no treatment by ANOVA
and Tukey’s test.

Fig. 4. Tg2576 mice lacking CD36 are protected from the neurovascular
dysfunction. (A and B) Increase in CBF evoked by whisker simulation or ACh
is attenuated in Tg2576 mice expressing WT CD36. These cerebrovascular
responses are not altered in Tg2576 mice lacking CD36, however. (C) CBF
responses produced by adenosine are not affected in all groups of mice.
(D) Brain concentrations of SDS-soluble and SDS-insoluble (Inset) Aβ1–40 and
Aβ1–42 are comparable in Tg2576mice expressingWT CD36 (Tg2576/CD36wt/wt)
and lacking CD36 (Tg2576/CD360/0). n = 5–6 per group. *P < 0.05 from
transgene-negative CD36wt/wt, Tg2576-CD360/0, and transgene-negative
CD360/0 by ANOVA and Tukey’s test.
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and vascular NADPH oxidase (14), was effective in CD360/0 mice,
supporting the selectivity of the involvement of CD36 in Aβ1–40-
mediated vascular responses. We then explored the role of CD36
in the cerebrovascular actions of plasma Aβ1–40 and found that
the attenuation in vascular reactivity induced by Aβ1–40 infused
into the internal carotid artery was prevented by CD36 blocking
antibodies and was not observed in CD360/0 mice. To provide
further evidence of the involvement of CD36 in the cerebrovas-
cular effects of Aβ1–40, we investigated Tg2576 mice lacking
CD36. As observed with administration of exogenous Aβ1–40, the
cerebrovascular dysfunction was abrogated in Tg2576 mice lack-
ing CD36 despite comparable elevations in brain Aβ1–40.
Next, we sought to identify the mechanisms by which CD36

participates in the vascular effects of Aβ1–40. The cerebrovascular

dysfunction induced by Aβ1–40 is mediated, in large part, by ROS
generated by NADPH oxidase, which induce vascular dysfunc-
tion through multiple mechanisms, including reduced bioavail-
ability of nitric oxide (10, 11). Because CD36 binds Aβ and
increases NADPH oxidase-dependent ROS production in cells
of monocytic lineage (11–13), we hypothesized that CD36 is also
required for the vascular oxidative stress induced by Aβ1–40.
Consistent with this hypothesis, Aβ1–40, either applied to the
neocortex or infused into the carotid artery, failed to increase
vascular ROS in CD360/0 mice. CD36 blocking antibodies at-
tenuated the ROS increase observed ex vivo in cerebral vessels of
Tg2576 mice or induced by Aβ1–40 in cerebral endothelial cul-
tures. Furthermore, Tg2576 mice lacking CD36 did not exhibit
vascular ROS increases. Collectively, these findings unveil a
previously unrecognized role of CD36 in the vascular oxidative
stress and cerebrovascular dysfunction induced by Aβ1–40.
Aβ binds several cell surface proteins, including, for example,

integrins, the α7 subunit of the nicotinic ACh receptor, the in-
sulin receptor, the serpin enzyme complex, and different scav-
enger receptors (19). Of these putative Aβ “receptors,” CD36
has been found to be part of a macromolecular complex medi-
ating the increase in ROS by activating NADPH oxidase in
microglial cells (11–13). Our data suggest that the interaction of
Aβ1–40 with CD36 in endothelial cells is also critical for its ce-
rebrovascular effects. This conclusion is supported by the finding
that CD36 is expressed in endothelial cells and is required for the
cerebrovascular dysfunction induced by Aβ1–40 either applied to
the cortex or administered intravascularly. Because neocortically
applied Aβ1–40 may reach cerebral vessels from the abluminal
side and intravascular Aβ1–40 may reach cerebral vessels from the
luminal side, these findings would suggest expression of CD36
both on the luminal and abluminal endothelial cell membranes.
It remains to be established whether the subcellular localization

Fig. 5. Aβ1–40-induced vascular oxidative stress requires CD36. ROS gener-
ation was assessed by DHE microfluorography in the somatosensory cortex
(A–C) and by a luminol-based assay in pial cerebrovascular preparations (D).
(A) Neocortical superfusion with Aβ1–40 (5 μM) increases ROS production in
CD36wt/wt mice but not in CD360/0 mice, whereas AngII increases ROS in both
groups. (B) i.c. infusion of Aβ1–40 increases cerebrovascular ROS in CD36wt/wt

mice but not in CD360/0 mice. (B) Effect of Aβ1–40 i.c. infusion on ROS pro-
duction in penetrating arterioles of the somatosensory cortex outlined with
the endothelial marker tomato lectin (B1, B4, and B7). (B1–B3) In CD36wt/wt

mice, minimal vascular ROS signal is observed (arrows) with vehicle infusion.
(B4–B6) Aβ1–40 infusion increases the ROS signal in penetrating arterioles
(arrows), however. (B7–B9) In CD360/0 mice, Aβ1–40 infusion fails to increase
vascular ROS (arrows). (C) ROS are elevated in Tg2576 mice (aged 3–4 mo)
but not in Tg2576 mice lacking CD36. n = 5–6 per group.*P < 0.05 from
vehicle by ANOVA and Tukey’s test. (Scale bar: 200 μm.) (D) Anti-CD36
antibodies attenuate the increase in ROS observed in isolated cerebral ves-
sels of Tg2576 mice. n = 4–5 per group. *P < 0.05 from wt/wt; #P < 0.05 from
Con IgG. Con, control; RLU, relative fluorescent light unit; Veh, vehicle.

Fig. 6. Aβ1–40-induced endothelial oxidative stress requires CD36. (A–C)
CD36 is expressed in CD31+ cerebral endothelial cell cultures (bEND.3). (D) In
these cultures Aβ1–40 (300 nM) but not scrambled Aβ1–40 (scAβ1–40, 300 nM) or
Aβ1–42 (5 μM) increases the ROS signal, an effect attenuated by the ROS
scavengers MnTBAP (30 μM) and PEG-SOD (50 U/mL) or by the NADPH oxi-
dase peptide inhibitor gp91ds-tat (1 μM). (E) Increase in ROS induced by
Aβ1–40 but not AngII (1 μM) is attenuated by CD36 blocking antibodies (Anti-
CD36; 2.5 μg/mL) but not control (Con) IgG.(Scale bar: 50 μm.) RLU, relative
fluorescent light unit. n = 18–50 cells per group. *P < 0.05 (significantly in-
creased from no treatment); #P < 0.05 (significantly decreased from no
treatment) by ANOVA and Tukey’s test.
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of endothelial CD36 follows this pattern. Microglial cells in
culture express CD36 and are a source of NADPH-derived ROS
(12, 13, 20). We did not observe CD36 immunoreactivity in
microglia in the mouse brain, however. Although we cannot rule
out that CD36 expression levels are below the sensitivity of im-
munocytochemistry, the data do not point to a major role of
microglia in this model.
CD36 has previously been reported to interact with fibrillary

forms of Aβ and to trigger NADPH oxidase-dependent ROS
production in monocytic cells (12, 21). Our in vivo and in vitro
studies suggest that Aβ1–40, a peptide not as fibrillogenic as Aβ1–42
(2), is able to induce CD36-dependent ROS production and
cerebrovascular dysfunction, however. Thus, fibril formation may
not be required for the functional interaction of Aβ1–40 with
CD36. Indeed, Aβ1–42 is not vasoactive (22) and, as anticipated,
does not induce endothelial oxidative stress (present study).
Whether oligomeric Aβ1–40 is involved in the response remains
unclear. Whatever the aggregation state of exogenous Aβ1–40,
the findings in Tg2576 mice lacking CD36 attest to the critical
role of this scavenger receptor in the vascular effects of Aβ1–40.
Another caveat is that the plasma and brain concentrations of
Aβ1–40 in AD models are higher than those observed in AD (23).
Nevertheless, the fact that AD is associated with cerebrovascular
dysfunction (1, 7) supports the relevance of the present obser-
vations to the pathobiology of AD.
CD36 deficiency in Tg2576 mice did not alter brain levels of

Aβ. This observation suggests that CD36 is not involved in the
mechanisms regulating Aβ homeostasis, at least in 3- to 4-mo-
old Tg2576 mice. Interestingly, brain Aβ levels are also not re-
duced in Tg2576 mice lacking the key NADPH oxidase subunit
NOX2 (24), indicating that NADPH oxidase-derived ROS do
not influence brain Aβ levels. Approaches that reduce ROS in-
dependent of their sources, such as ROS scavengers, have been
shown to reduce brain Aβ levels, however (25–27). Therefore,
the participation of other sources of radicals in brain Aβ pro-
duction cannot be excluded.
CD36 can signal either independently or as part of a larger

molecular complex including Toll-like receptors (TLRs), the
class A scavenger receptor, α6-β1 integrin, and CD47 (12, 13,
23). Our observation that blocking RAGE also attenuates the
cerebrovascular dysfunction supports the involvement of this
scavenger receptor in the signaling pathway (17), but its rela-
tionships with CD36 await further exploration. Concerning
TLRs, some of the proinflammatory effects of CD36 have been
attributed to the association with TLR2/1, TLR2/6, or TLR4/6
heterodimers, leading to NF-κβ activation and proinflammatory
gene expression through the canonical MyD88-TIRAP-TRIP-
TRAM pathway (28–31). In particular, the proinflammatory
signaling of Aβ depends on the interaction of CD36 with TLR4/6
heterodimers (30). Nevertheless, considering the rapidity with
which Aβ1–40 increases ROS, this transcriptional pathway is un-
likely to induce the oxidative stress mediating the cerebrovas-
cular effects of Aβ1–40. Rather, the activation of NADPH oxidase
by CD36 may depend on GTP loading of Rac1 mediated by the
guanine nucleotide exchange factor vav (11), an effect requiring
the cooperative signaling of CD36 with TLRs, α6-β1 integrin,
and associated molecules (32). It remains to be established
whether a similar pathway is involved in the CD36-dependent
NADPH oxidase activation induced by Aβ1–40 in cerebral
endothelial cells.
In conclusion, we have demonstrated that CD36 is an essential

requirement for the cerebrovascular actions of Aβ1–40. CD36,
localized mainly to endothelial cells, may interact with Aβ1–40 to
activate NADPH oxidase, triggering vascular oxidative stress and
the attendant cerebrovascular dysfunction. CD36 is required for
the vascular dysfunction induced by Aβ1–40 but not by AngII,
supporting the selectivity of the involvement of CD36 in the
vascular effects of Aβ1–40. The fact that CD36 does not con-

tribute to Aβ1–40 production in the brain of Tg2576 mice suggests
that the vasoprotective effects deriving from its genetic in-
activation are not attributable to reduced Aβ1–40 levels. The
identification of CD36 as a key link between Aβ1–40 and vascular
oxidative stress offers the prospect of targeted interventions
aimed at ameliorating cerebrovascular function by suppressing
Aβ-induced CD36 signaling.

Materials and Methods
A more detailed description of the methods used in this study is presented in
SI Materials and Methods.

Mice. All procedures were approved by the Institutional Animal Care and Use
Committee of Weill Cornell Medical College. Studies were performed in 3- to
4-mo-old C57BL6/J or CD360/0 male mice. Transgenic mice overexpressing the
Swedish mutation of the APP Tg2576 (18) were crossed with CD360/0 mice
(33). To minimize confounding effects of background heterogeneity and
genetic modifiers, experiments were performed in age-matched littermates.

General Surgical Procedures. As described in detail elsewhere (10, 11, 28, 34)
and in SI Materials and Methods, mice were anesthetized with isoflurane
(1–2% vol/vol), followed by urethane (750 mg/kg administered i.p.) and
α-chloralose (50 mg/kg administered i.p.). A femoral artery was cannulated
for recording of arterial pressure and collection of blood samples. In some
studies, the external carotid artery ipsilateral to the cranial window was
catheterized for infusion of selected agents into the internal carotid artery
(see below) (17). Mean arterial blood pressure, blood gases, and rectal
temperature were monitored and controlled (Tables S1–S4).

Monitoring of CBF. A 2 × 2-mm opening was drilled through the parietal
bone, the dura was removed, and the site was superfused with modified
Ringer’s solution (37 °C, pH 7.3–7.4) (10, 11, 28, 34). Relative CBF was con-
tinuously monitored at the site of superfusion with a laser-Doppler flow
probe (Vasamedic).

Detection of ROS by DHE Fluoromicrography. ROS production was measured
using DHE (Molecular Probes) fluoromicrography (10, 11, 35). DHE (2 μM) was
superfused on the somatosensory cortex for 60 min. In some studies, DHE
superfusion was followed by cosuperfusion with human Aβ1–40 (5 μM;
rPeptide). Aβ1–40 was dissolved in DMSO to minimize subsequent fibril for-
mation (22). The Aβ1–40 concentration achieved in the brain is likely to be
lower because of diffusion limitations (22). At the end of the superfusion,
the brain was removed, sectioned (thickness of 20 μm), and processed for
detection of ROS-dependent fluorescence by confocal microscopy (10, 11,
35). To study ROS production in endothelial cells following i.c. infusion of
Aβ1–40, DHE was superfused cortically for 30 min, followed by a 30-min i.c.
infusion of Aβ1–40. FITC-conjugated Lycopersicon esculentum (tomato) lectin
(100 μg per 100 μL; Vector Laboratories), an endothelial marker, was then
infused i.c. over 5 min (36). Brain sections were cut and processed for de-
termination of ROS-dependent fluorescence in the cells labeled with FITC–
tomato lectin. Mouse brain endothelial cells (bEND.3 cells; American Type
Culture Collection) were incubated with DHE (2 μM, 30 min) and exposed to
Aβ1–40 (300 nM; rPeptide), scrambled Aβ1–40 (300 nM; rPeptide), Aβ1–42 (5 μM;
rPeptide), or AngII (1 μM; Sigma) for 15 min. Cultures were pretreated with
vehicle or with the ROS scavengers MnTBAP (30 μM; Calbiochem) and peg-
SOD (50 U/mL; Sigma). In other studies, cultures were pretreated with CD36
blocking antibodies (2.5 μg/mL, Clone FA6-152; StemCell Technologies, Inc.),
control IgG (2.5 μg/mL), or the NADPH oxidase peptide inhibitor gp91ds-tat
(1 μM). ROS-dependent fluorescence was quantified by confocal microscopy
as previously described (SI Materials and Methods).

CD36 Real-Time PCR and ROS Measurement in Isolated Cerebral Vessels. The pia
mater was stripped from the brain surface, and pial cerebral blood vessels
were processed for CD36 real-time PCR or assayed for ROS production using
the luminol-based indicator L012 (34) (SI Materials and Methods).

Measurement of Plasma and Brain Aβ. Brain or plasma Aβ levels were de-
termined using ELISA-based assays, as described previously (24, 27).

Immunocytochemistry. Mice were perfusion-fixed, and their brains were re-
moved and sectioned (thickness of 40 μm). Sections were processed for
double-labeling of anti-mouse CD36 IgA (1:500; BD Biosciences) with the
neuronal marker MAP2 (1:500; Sigma), the endothelial cell marker CD31
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(1:100; BD Biosciences), or the microglia/macrophage marker Iba1 (1 μg/mL;
Wako Pure Chemical Industries). Sections were then incubated with anti-
mouse IgA (CD36; BD Biosciences) and anti-rabbit IgG (MAP2 and Iba1) or
anti-rat IgG (CD31) secondary antibodies (Jackson ImmunoResearch). Images
were acquired using a confocal laser-scanning microscope (Leica). Proce-
dures for quantification of immunofluorescence are described in SI Materials
and Methods. Endothelial cell cultures were fixed, washed, and processed
for CD36 and CD31 or Iba1 immunofluorescence. Confocal images were
acquired as above.

Experimental Protocol for CBF Experiments. CBF recordings were started after
arterial pressure and blood gases were in a steady state (Tables S1–S4). To
study the increase in CBF produced by somatosensory activation, the whis-
kers were mechanically stimulated for 60 s. The endothelium-dependent
vasodilators ACh (10 μM; Sigma) and bradykinin (50 μM; Sigma) and the
calcium ionophore A23187 (3 μM; Sigma) were superfused on the cortex,
and the resulting changes in CBF were monitored. CBF responses to aden-
osine (400 μM; Sigma) or hypercapnia (PCO2, 50–60 mmHg) were also tested
(22, 35). In some studies, responses were tested before and after superfusion

with Ringer’s solution containing human Aβ1–40 (5 μM) or AngII (50 nM) (22).
In experiments with intravascular Aβ1–40 administration, responses were
tested before and after i.c. infusion of vehicle or Aβ1–40 (1 μM, 150 μL/h)
for 30 min. The Aβ1–40 concentration infused was chosen to increase plasma
Aβ1–40 to a level similar to that of Tg2576/CD36wt/wt mice (Fig. S3B). In some
studies, the effect of Aβ1–40 on CBF responses was tested before and 30 min
after i.c. infusion (150 μL/h) of CD36 receptor or RAGE blocking antibodies
(50 μg) or control IgG (50 μg).

Data Analysis. Data are expressed as mean ± SEM. Two-group comparisons
were analyzed by the two-tailed t test. Multiple comparisons were evaluated
by ANOVA and Tukey’s test. Differences were considered statistically sig-
nificant for probability values less than 0.05.
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