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Amyloid-b disrupts unitary calcium entry
through endothelial NMDA receptors in
mouse cerebral arteries
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Abstract

Transient increases in intracellular Ca2þ activate endothelium-dependent vasodilatory pathways. This process is

impaired in cerebral amyloid angiopathy, where amyloid-b(1-40) accumulates around blood vessels. In neurons, amy-

loid-b impairs the Ca2þ-permeable N-methyl-D-aspartate receptor (NMDAR), a mediator of endothelium-dependent

dilation in arteries. We hypothesized that amyloid-b(1-40) reduces NMDAR-elicited Ca2þ signals in mouse cerebral artery

endothelial cells, blunting dilation. Cerebral arteries isolated from 4-5months-old, male and female cdh5:Gcamp8 mice

were used for imaging of unitary Ca2þ influx through NMDAR (NMDAR sparklets) and intracellular Ca2þ transients. The

NMDAR agonist NMDA (10 mmol/L) increased frequency of NMDAR sparklets and intracellular Ca2þ transients in

endothelial cells; these effects were prevented by NMDAR antagonists D-AP5 and MK-801. Next, we tested if amy-

loid-b(1-40) impairs NMDAR-elicited Ca2þ transients. Cerebral arteries incubated with amyloid-b(1-40) (5 mmol/L) exhib-

ited reduced NMDAR sparklets and intracellular Ca2þ transients. Lastly, we observed that NMDA-induced dilation of pial

arteries is reduced by acute intraluminal amyloid-b(1-40), as well as in a mouse model of Alzheimer’s disease, the 5x-FAD,

linked to downregulation of Grin1 mRNA compared to wild-type littermates. These data suggest that endothelial

NMDAR mediate dilation via Ca2þ-dependent pathways, a process disrupted by amyloid-b(1-40) and impaired in

5x-FAD mice.
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Introduction

Proper regulation of cerebral blood flow is essential to

supply oxygen and nutrients to regions of increased

neuronal activity in the brain. This process, known as

neurovascular coupling, is mediated by mechanisms

initiated in different cell types in the brain, culminating

in dilation of arterioles within the intraparenchymal

microcirculation.1 Several mechanisms ultimately lead

to arteriolar dilation, however, the most robust dilatory

pathways are those initiated by endothelial cells,

known as endothelium-dependent dilation. In this vas-

odilatory paradigm, endothelial cells receive signals

from the environment (partial pressure of oxygen,

chemical mediators, shear stress, etc.) and generate a

response that relaxes the smooth muscle layer. As a

result, arterial diameter increases, leading to an
increase in blood flow to regions of increased metabolic
demand. Virtually all endothelium-dependent dilatory
pathways (generation of nitric oxide, metabolites of
arachidonic acid and endothelium-dependent
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hyperpolarization) rely on transient increases in intra-
cellular Ca2þ within endothelial cells.2

Transient increases in intracellular Ca2þ occur via
Ca2þ influx through opening of Ca2þ-permeable chan-
nels in the plasmalemma, and/or via release from intra-
cellular stores.2 Endothelial cells possess a plethora of
Ca2þ-permeable ion channels in the plasma membrane,
including the N-methyl-D-aspartate receptor
(NMDAR).3 NMDAR are ionotropic glutamate recep-
tors that conduct a nonselective cationic current of
approximately 40 pS (depending on subunit composi-
tion),4 and have a fractional Ca2þ permeability
�3.6-fold higher than for Naþ.5 Molecularly, NMDA
receptors often display a heterotetrameric conforma-
tion consisting of 2 GluN1 subunits and 2 GluN2 sub-
units (can vary between 2A, 2B, 2C or 2D), although
GluN3 subunits may also occur.6 The GluN1 subunit is
the ‘obligatory’ subunit of the NMDAR, as it contains
the binding site for co-agonists D-serine or glycine. The
GluN2 subunit contains the binding site for glutamate,
and the identity of the GluN2 subunit influences a vari-
ety of biophysical properties of the NMDAR, includ-
ing ion conductance, agonist affinity, resistance to
Mg2þ blockade of the pore, and potential for allosteric
modification.7–9 In the cerebral circulation, NMDAR
activation induces dilation of middle cerebral arteries10

and parenchymal arterioles.3,11 Further, genetic knock-
down of NMDAR specifically in endothelial cells
blunts neurovascular coupling in vivo.12 Impaired neu-
rovascular coupling responses are observed in progres-
sive diseases linked to development of cognitive
decline, such as Alzheimer’s disease and cerebral amy-
loid angiopathy.13

Cerebral amyloid angiopathy is characterized by
accumulation of the peptide amyloid-b(1-40) in the
walls of cerebral blood vessels,14,15 and it is present in
approximately 80% of Alzheimer’s disease cases.16

Perivascular amyloid-b impairs vascular function,17,18

possibly leading to neurovascular impairments known
to precede the onset of dementia in Alzheimer’s disease
patients.19,20 In addition, amyloid-b reduces membrane
expression and activity of NMDAR in hippocampal
neurons in vitro,21 raising the possibility that amy-
loid-b may exert a similar effect on NMDAR in endo-
thelial cells. Therefore, we hypothesized that
amyloid-b(1-40) inhibits NMDAR function in endothe-
lial cells, observed as suppression of NMDAR-elicited
Ca2þ signals and cerebral artery dilation.

Materials and methods

Animals

All animal procedures in this study were approved by
the Institutional Animal Care and Use Committee of

the University of Arizona College of Medicine
(IACUC protocol 18-473), and are in accordance
with the National Institutes of Health’s ‘Guide for
the Care and Use of Laboratory Animals’, 8th edition.
All animal experiments are reported in compliance with
the ARRIVE guidelines.22 Adult (4 to 5months of age)
male and female mice were used in equal numbers.
Mice were initially segregated by sex to assess possible
differences. No sex differences were observed in fre-
quency of Ca2þ events or magnitude of vasodilation
to NMDA; therefore, we combined males and females
for all analyses (Supplemental Figure 6).

cdh5:Gcamp8 transgenic mice were developed by the
CHROMusTM initiative at Cornell University and were
kindly donated by Dr. Michael Kotlikoff. These mice
possess the sequence to produce the high dynamic
range and fast kinetics genetically-encoded Ca2þ indi-
cator GCaMP8 under control of the endothelial cell
specific promoter cdh5.23 cdh5:Gcamp8 transgenic
mice were used for all Ca2þ imaging experiments in
this study.

5x-FAD transgenic mice were originally purchased
from Jackson Laboratories and are currently main-
tained in our breeding colony at the University of
Arizona. They are a transgenic model of early-onset
Alzheimer’s disease. These mice possess a genetic inser-
tion containing 5 different mutations associated with
Familial Alzheimer’s disease. Three of the mutations
are associated with mutant human amyloid precursor
protein: Swedish (K670N, M671L), Florida (I716V),
and London (V717I), coupled with two mutations of
human presenilin, M146L and L286V. Expression of
transgenes is controlled by the neuronal-specific Thy1
promoter.24

All mice are bred on a C57bl6/J background and
non-transgenic wild-type littermates were used as
controls.

En face arterial preparation

Transgenic cdh5:Gcamp8mice were deeply anesthetized
using isoflurane and decapitated. The brain was
removed from the skull and placed into ice-cold
tissue collection physiological saline solution (PSS)
consisting of (in mmol/L): 140 NaCl, 5 KCl, 2
MgCl2, 10 Dextrose, 10 HEPES, pH 7.4. Brains were
then transferred into a water-jacketed dissection dish
connected to a circulating cold-water bath (4 �C) filled
with tissue collection PSS supplemented with 0.5%
bovine serum albumin (BSA, Fisher Scientific,
Waltham, MA). Brains were pinned down to the dis-
section dish using insect pins (Fine Science Tools,
Foster City, CA) with the ventral surface facing up.
The basilar, middle cerebral, posterior cerebral and
superior cerebellar arteries were dissected and cut
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longitudinally with fine spring scissors and mounted
onto a Sylgard block with the endothelium-side
facing up. Vessels were stretched to approximately
1.5x their diameters to introduce physiological levels
of transmural stress, and the edges were pinned down
using insect pins.25,26

Calcium imaging

En face arterial preparations were used for time-lapse
imaging. During experiments, the arterial preparation
was continuously bathed with warm (37 �C) imaging
PSS consisting of (in mmol/L): 2 Ascorbic acid, 2.5
CaCl2, 119 NaCl, 4.7 KCl, 0.5 MgSO4, 1.18 KH2PO4,
10 Dextrose, 21 NaHCO3, 10 HEPES, pH 7.4, using a
perfusion pump. Imaging dishes were placed on a Leica
DM6 microscope with a 63x water immersion objective
(numerical aperture 0.9). Time-lapse images were
acquired using a high sensitivity Evolve Delta
EMCDD camera (Teledyne Photometrics, Tucson,
AZ) controlled by mManager software27 in 512� 512
pixels/fields of view at a pixel resolution of 0.290 nm.
Number of cells per field of view was not significantly
different between treatment groups, except in the
experiments corresponding to Figure 1, where statisti-
cal significance was found between vehicle and
NMDAþDAPV groups (Supplemental Figure 7).

NMDA (10 mmol/L), dissolved in imaging PSS
(vehicle), was added to the superfusate and circulated.
Imaging began as soon as the NMDA solution reached
the imaging dish. Preparations were then washed with
imaging PSS and incubated with the NMDAR inhib-
itors D-APV (10mmol/L, Tocris Biosciences,
Minneapolis, MN) or MK-801 (10mmol/L, Tocris)
for 10 minutes prior to new exposure to NMDA. For
experiments using amyloid-b(1-40), preparations were
incubated for 30 minutes at room temperature
with amyloid-b(1-40) (5 mmol/L,28 Abcam, catalog#
ab120957) in imaging PSS, then washed with fresh
imaging solution at 37 �C for �10 minutes before
recording.

For experiments recording Ca2þ influx events
through NMDAR, or NMDAR sparklets, preparations
were first pre-incubated for 15 minutes with EGTA-
AM (10mmol/L, Thermo Fisher Scientific, catalog#
E1219) in tissue collection PSS, then treated with
cyclopiazonic acid (CPA, 30 mmol/L, Tocris
Bioscience, Minneapolis, MN). These treatments pre-
vent Ca2þ release from intracellular stores, thus facili-
tating visualization of lower amplitude Ca2þ entry
events.25,26

Time-lapse images (1000 images) from each field of
view were imaged for a total duration of �46 seconds
to visualize changes in intracellular Ca2þ concentra-
tions in endothelial cells. Frame rate was consistent

at 22–24 frames per second. Arteries were imaged no

more than 2–3 times in each field of view to minimize

photobleaching/light toxicity.

Analysis of Ca2þ signals

Time-lapse Ca2þ imaging files were analyzed using a

custom-made software kindly provided by Dr. Mark
Nelson and Dr. Adrian Bonev from the University of

Vermont (SparkAn version 5.5.6.0).29 SparkAn aver-

ages the first 10 images to define background fluores-

cence (F0). F0 is pseudocolored as blue, while localized

increases in fluorescence (DF) appear on a range of

warmer colors, from green to red. Individual NMDA

sparklets and intracellular Ca2þ transients were ana-

lyzed to quantify event frequency (events per second,

Hz), spatial spread (mm2), and peak amplitude (DF/F0).

Attack time (1/2 time from F0 to peak amplitude),

decay time (1/2 time from peak amplitude back to

F0) and duration (2 � (attack timeþ decay time))
were assessed manually by replaying the pseudocolored

images frame-by-frame and annotating start, peak, and

end of individual events. Fields of view containing no

events were excluded from statistical analysis because

viability of cells could not be verified.

Pressure myography

5x-FAD and wild-type littermates were used for pres-

sure myography experiments. Posterior communicating

arteries (PComA) or parenchymal arterioles were care-

fully isolated in tissue collection PSS. Isolation of
parenchymal arterioles followed a previously published

protocol.30,31 After isolation, PComA or parenchymal

arterioles were transferred to a custom-made pressure

myograph chamber32 filled with tissue collection PSS.

One end of the vessel was cannulated onto a glass can-

nula (�30–50 mm diameter at the tip); the other end was

tied to the cannula in a blind-sac. The cannula was

filled with vessel PSS consisting of (in mmol/L): 124

NaCl, 3 KCl, 2 MgCl2, 1.085 NaH2PO4 2H20, 26

NaHCO3, 1.8 CaCl2, 4 Dextrose. PSS was constantly

oxygenated with 21% O2/5% CO2/74% N2 to maintain

pH 7.4. For endothelium-denudation experiments, one

end of the artery was cannulated and an air bubble was
slowly passed through the intraluminal side to damage

the endothelial cell layer,25,33 then the cannulas and

vessels were filled with PSS and the other end was

tied. The pressure myography chamber was transferred

to a microscope and connected to a pressure-servo

pump to control intraluminal pressure (Living

Systems Instrumentation, Burlington, VT). The prepa-

ration was superfused with warm (37 �C), oxygenated
vessel PSS exchanged at a rate of 3–5mL per minute

for 15 minutes at a pressure of 15mmHg to equilibrate.
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Intraluminal pressure was then increased to 50mmHg
(PComA) or 40mmHg (parenchymal arterioles) until
generation of spontaneous myogenic tone. Outer and
lumen diameters were recorded in real-time at 15Hz
using the IonWizard v7.3 software (IonOptix,
Westwood, MA). Spontaneous myogenic tone was cal-
culated as: Myogenic tone (%)¼ [1�LDT/LDP)]*100,

34

where LDT is the lumen diameter at spontaneous myo-
genic tone and LDP is the passive lumen diameter.

Following generation of spontaneous myogenic
tone, preparations were exposed to NMDA (10 mmol/
L) in the superfusing bath, which was then washed out.
Preparations were then incubated with D-APV
(10 mmol/L, Tocris Bioscience) for 10 minutes, followed
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Figure 1. Unitary Ca2þ entry through endothelial NMDAR in pial arteries. (a) Representative maximum intensity projection of greyscale
time-lapses from a field of view of endothelial cells in an en face pial artery isolated from cdh5:Gcamp8 mouse and exposed to vehicle
(imaging PSS, left), NMDA (10mmol/L, middle) and NMDAþD-APV (10mmol/L, right). The arrows indicate sites of NMDAR sparklets.
Bar¼ 20mm. (b) Pseudocolored DF/F0 rendering of the images in (A) showing the sites of NMDAR sparklets (green) in the different
recordings. Bar¼ 20mm. (c) Representative line traces of fluorescence intensity (DF/F0) over time in individual NMDAR sites at the
different treatments showing multiple openings with vehicle (left) and NMDA (middle) and the reduced NMDAR sparklets site
frequency after treatment with D-APVþNMDA (right). (d-f) Summary bar graphs of whole field of view NMDAR sparklets frequency
(d), sites per cell (e) and site frequency (f). All preparations in this panel were pre-treated with EGTA-AM (10mmol/L) and CPA
(30mmol/L) to isolate Ca2þ entry events. Data are means� SD, n¼ 31-35-32 fields of view from 4 different preparations isolated from
4 different mice, 2 male and 2 female. *p< 0.05, Brown-Forsythe test with a Dunnett’s T3 correction for multiple comparisons.
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by addition of NMDA. To elucidate the intracellular
pathways involved in NMDAR-induced dilation, a
subset of PComA were exposed to NMDA (10 mmol/
L), which was then washed, and incubated with either
Nx-Nitro-L-arginine (L-NNA, 100 mmol/L)þ indo-
methacin (30 mmol/L, Tocris) to inhibit nitric oxide
synthase and cyclooxygenases, or apamin (300 nM,
Tocris)þTRAM-34 (1 mmol/L, Tocris,) to inhibit
small- and intermediate-conductance Ca2þ-activated
Kþ channels (KCa2.3 and KCa3.1, respectively), fol-
lowed by another exposure to NMDA. Lastly, another
subset of PComA was incubated with intraluminal
amyloid-b(1-40) (5mmol/L) for 30 minutes, then exposed
to abluminal NMDA (10 mmol/L) for 10 minutes, fol-
lowed by PSS wash and incubation with the KCa2.3/
KCa3.1 activator NS-309 (10 mmol/L). After experimen-
tal treatment, preparations were bathed in calcium-free
PSS to acquire passive diameter. Dilation data are
shown as Vasodilation (%), calculated: ((LDD –
LDB)/LDP)� 100, where LDD is the lumen diameter
at peak dilation; LDB is lumen diameter at baseline;
LDP is the passive lumen diameter.

Immunohistochemistry

5x-FAD and wild-type mice were euthanized using
pentobarbital (80mg/kg, intraperitoneal, Vortech
Pharmaceuticals, Dearborn, MI). Mice were transcar-
dially perfused with a solution of cis-diltiazem
(10 mmol/L) and 1 unit/mL heparin diluted in PBS,
followed by 4% paraformaldehyde. Brains were
removed and post-fixed in 4% paraformaldehyde over-
night at room temperature, then washed with PBS.
Brains were sectioned using a Leica VT1000P vibra-
tome (Leica Biosystems Nussloch GmbH, Nußloch,
Germany) to obtain 50 mm thick coronal slices. Brain
slices were permeabilized in 0.1% Triton X-100 in PBS
for 2 hours, then treated with 15% formic acid in PBS
for 15 minutes to enhance amyloid-b staining and sub-
sequently washed with PBS. Slices were treated with
0.5% sodium borohydride for 15 minutes to quench
autofluorescence and washed with PBS. Following
washes, slices were incubated in 5% horse serum,
0.1% Triton X-100 in PBS for 1 hour, then incubated
overnight with a goat polyclonal antibody against
smooth muscle actin (1:500, Thermo Fisher Scientific,
Waltham, MA, catalog# PA5-18292) and a rabbit
monoclonal antibody against amyloid-b (1:2000,
Abcam, Cambridge, MA, catalog# ab201060) diluted
in 5% horse serum, 0.1% Triton X-100 in PBS.
Sections were then washed with PBS prior to incuba-
tion with secondary antibody for 2 hours: donkey
anti-goat AlexaFluor 594 (1:500, Jackson
ImmunoResearch, West Grove, PA) and donkey
anti-rabbit AlexaFluor 488 (1:500, Jackson

ImmunoResearch) diluted in 2% horse serum, 0.1%

Triton X-100 in PBS. Brain sections were washed

with PBS and mounted on glass slides using

Fluoroshield mounting media. Resulting immunola-

beled slices were imaged using a Zeiss LSM880 laser

scanning confocal microscope (Carl Zeiss Jena GmBH,

Jena, Germany), using a 40x oil immersion objective

(numerical aperture 1.3) to acquire Z-stacks of pial

vessels positively labeled for smooth muscle actin.

Images were processed using ImageJ to generate max-

imum intensity projections. No post-acquisition proc-

essing was performed in the images, and settings for

laser power, PMT gain and offset were adjusted

in one slice from a 5x-FAD mouse and kept constant

to image the remaining 5x-FAD, wild-type and

no-primary controls.

Real-time quantitative polymerase chain

reaction (qPCR)

Pial arteries (basilar, cerebellar, posterior, middle and

anterior cerebral arteries) mRNA was collected from

wild-type and 5x-FAD mice using RNeasy Plus Micro

Kit (QIAGEN, catalog# 74034) after being stored in

RNA Later (QIAGEN, Redwood City, CA, catalog#

76104) following manufacturer’s instructions. mRNA

was converted to cDNA using iScriptTM Select cDNA

Synthesis Kit (Bio-Rad, Hercules, CA, catalog# 170-

8897), and 20 ng of cDNA were loaded into separate

wells for qPCR amplification using Advanced

Universal SYBR Green Supermix (Bio-Rad, catalog#

1725271) in an Applied Biosystems 7300 Real Time

PCR System (Applied Biosystems, Foster City, CA).

Samples were run in quintuplets, and glyceraldehyde

3-phosphate dehydrogenase (Gapdh) was used as

endogenous control. Negative controls (no cDNA

sample) were included in all experiments. Primer

sequences were: Grin1 forward 50-CCA GAT GTC

CAC CAG ACT AAA G-30, Grin1 reverse 50-CCA
TTG ACT GTG AAC TCC TCT T-30; Gapdh forward

50-GGA AGC CCA TCA CCA TCT T-30, Gapdh

reverse 50-ACC AGT AGA CTC CAC GAC ATA-30.
Cycling conditions consisted of an initial step of 95 �C
for 5 minutes followed by 45 cycles of 95 �C for

15 seconds, 55 �C for 30 seconds and 72 �C for

15 seconds. Amplification products were analyzed by

gel electrophoresis using a 2% agarose gel stained

with ethidium bromide to ensure only 1 amplicon

band was present in each sample. Specificity of Grin1

primers was validated by Sanger sequencing of ampli-

fied products.
Cycle thresholds (Ct) values obtained from quintu-

ples were averaged. Relative gene expression levels was

determined by 2^DDCt calculations using the difference
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of the averaged Ct values of the target gene and house-
keeping gene (DCt¼Ct(Gapdh) – Ct(Grin1)).

Chemicals

Unless otherwise stated all chemicals were purchased
from Sigma-Aldrich, St. Louis, MO.

Data and statistical analyses

Data are expressed as means� SD. All data analyses
were performed using GraphPad Prism 9. Difference
between means of 2 experimental groups were analyzed
using two-tailed Student’s t-tests or Mann-Whitney test
if the data did not follow a normal distribution. When
3 groups were compared, data were analyzed using
one-way ANOVA or Brown-Forsythe test as a non-
parametric alternative followed by Bonferroni or
Dunnett’s T3 multiple comparisons tests. Amplitude
(DF/F0) and spatial spread (mm2) of Ca2þ transients
elicited by NMDAR were analyzed by constructing fre-
quency distribution plots to identify the mode and
Gaussian distribution of the events. Sample sizes were
estimated based on power analyses for a sigma value of
0.05 and a desired power of 0.80.

Results

NMDAR sparklets in cerebral artery endothelial cells
of cdh5:Gcamp8 mice

Unitary Ca2þ entry through single or clusters of
NMDAR in endothelial cells, named NMDAR spark-
lets, was assessed in en face preparations of cerebral
arteries incubated with EGTA-AM (10 mmol/L) and
CPA (30 mmol/L) to prevent Ca2þ release from intra-
cellular stores. Under baseline conditions (vehicle), uni-
tary Ca2þ events were relatively rare (Figure 1,
Supplemental Figure 1 and Supplemental Movie 1),
as reported previously for other cationic channels.25,26

Application of the NMDAR agonist NMDA
(10 mmol/L) to preparations induced an approximately
4-fold increase in unitary Ca2þ events (Figure 1,
Supplemental Figure 1 and Supplemental Movie 2).
The elicited events resulted from NMDAR activation,
as pre-incubation with the NMDAR antagonist to the
glutamate binding site, D-APV (10mmol/L), signifi-
cantly prevented induction of NMDAR sparklets
(Figure 1(b) to (f), Supplemental Movie 3). Similarly,
NMDAR sparklets were inhibited by the pore-blocking
antagonist MK-801 (10 mmol/L, Supplemental Figure
1). The increase in frequency of NMDAR sparklets
was the result of recruitment of previously silent
NMDAR sparklets sites (Figure 1(a), (b) and (e)).
Exposure of preparations to the NMDAR antagonists

D-APV (Figure 1(d) to (f)) or MK-801 (Supplemental
Figure 1) caused a reduction in both the number of
active sites and site frequency. Lastly, we confirmed
that the events elicited by NMDA were indeed a con-
sequence of Ca2þ entry into the cell, as removal of
extracellular Ca2þ nearly abolished NMDAR sparklets
(Supplemental Figure 2).

In order to describe the biophysical properties of
optically recorded NMDAR sparklets we performed
frequency distribution analyses of the individual
values for amplitude, attack time, decay time, total
duration and spatial spread of NMDA-elicited events.
A time-lapse of a typical NMDAR sparklet is shown in
Supplemental Figure 3(A). Amplitudes showed a single
Gaussian distribution with a peak at 1.08 DF/F0

(Supplemental Figure 3(B)). Attack and decay times
both showed a mode of 75ms (Supplemental Table 1),
whereas total duration showed a bi-modal distribution:
a mode at 300ms and another at 500ms (Supplemental
Table 1). NMDAR sparklets were spatially restricted
events, with a mode spatial spread of 8 mm2

(Supplemental Figure 3(C), Supplemental Table 1).
The mode and mean values for amplitude, attack
time, decay time, total duration and spatial spread
are summarized on Supplemental Table 1.

NMDAR activation increases frequency of
intracellular Ca2þ transients in endothelial cells.

We performed Ca2þ imaging of en face cerebral arterial
preparations to test the hypothesis that NMDAR acti-
vation induces an increase in intracellular Ca2þ transi-
ents in endothelial cells of cdh5:Gcamp8 mice.
Intracellular Ca2þ transients were defined as any
increase in intracellular [Ca2þ] without EGTA-AM or
CPA to maintain intracellular Ca2þ stores. Under these
conditions, intracellular Ca2þ transients consisted of: 1)
low amplitude, spatially-restricted (<20 mm2) events,
consistent with Ca2þ influx events; 2) subcellular
higher amplitude signals with a larger spatial spread
(between 20 and 100 mm2); 3) propagating Ca2þ wave-
lets (spreading to approximately 50% of the cytoplasm)
and whole cell waves, at times spreading to neighboring
cells (Supplemental Figure 4(A) and (B) and
Supplemental Movie 4).

Spontaneous intracellular Ca2þ transients in endo-
thelial cells were observed at baseline (vehicle) condi-
tions, albeit at a low frequency (Figure 2(a), (b) and
(d), Supplemental Movie 4). Incubation of prepara-
tions with NMDA (10 mmol/L) caused a significant
increase in the frequency of intracellular Ca2þ transi-
ents compared to baseline (Figure 2(a), (b) and (d),
Supplemental Movie 5). This increase in frequency of
intracellular Ca2þ transients was a consequence of an
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increase in the number of active sites (Figure 2(a), (b)
and (e)), as well as frequency of each individual site

(Figure 2(c) and (f)). Incubation of preparations with
D-APV (10 mmol/L, Figure 2) or MK-801 (10 mmol/L,
Supplemental Figure 5) prevented NMDA-induced

increases in intracellular Ca2þ transients
frequency and recruitment of active sites. Site frequen-

cy, however, was reduced by D-APV (Figure 2
and Supplemental Movie 6) but not MK801
(Supplemental Figure 5).

Vehicle NMDA (10 μmol/L)
NMDA (10 μmol/L) +
D-APV (10 μmol/L)

(a)

(c)

(b)

(d) (e) (f)

ΔF/F0

5 s

0.
1 

Δ
F/

F 0

5 s

0.
1 

Δ
F/

F 0

5 s

0.
1 

Δ
F/

F 0

4179

2412

644

Fluorescence
intensity (A.U.)

NMDA
D-APV

NMDA
D-APV

-
-

+
-

+
+

-
-

+
-

+
+

NMDA
D-APV

-
-

+
-

+
+

Figure 2. NMDA increases frequency of intracellular Ca2þ transients in cerebral artery endothelial cells. (a) Representative maximum
intensity projection of greyscale time-lapses from a field of view of endothelial cells in an en face pial artery isolated from cdh5:Gcamp8
mouse and exposed to vehicle (imaging PSS, left), NMDA (10 mmol/L, middle) and NMDAþD-APV (10mmol/L, right). Bar¼ 20 mm.
(b) Pseudocolored DF/F0 rendering of the images in (A) showing the sites of intracellular Ca2þ transients (warmer colors) in the
different recordings. Bar¼ 20mm. (c) Representative line traces of fluorescence intensity (DF/F0) over time in individual sites at the
different treatments showing multiple openings with NMDA (middle) and lower site frequency with vehicle (left) or after treatment
with D-APVþNMDA (right). (d–f) Summary bar graphs of whole field of view frequency of intracellular Ca2þ transients (d), sites per
cell (e) and site frequency (f). Data are means� SD, n¼ 32-27-32 fields of view from 6 different preparations isolated from 5 mice
(3 male and 2 female). *p< 0.05, Brown-Forsythe test with a Dunnett’s T3 correction for multiple comparisons.
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NMDA induced PComA and parenchymal arteriole

dilation via NMDAR

We then assessed whether the increase in endothelial

Ca2þ signaling induced by NMDA is linked to vasodi-

lation. We observed that exposing PComA isolated

from C57bl6/J mice to NMDA (10mmol/L) induced a

transient dilation that was significantly blunted by

D-APV (10mmol/L), as well as by removal of the endo-

thelium (Figure 3(a) and (b)). These data suggest that

NMDA induces PComA dilation via activation of

NMDAR in the endothelial cells. NMDAR-

dependent dilation was also observed in parenchymal

arterioles isolated from C57bl6/J mice (Figure 3(e)). No
significant changes to myogenic tone occurred between
treatment groups (Supplemental Figure 8(A) and (D)).

Next, we investigated the Ca2þ-dependent intracel-
lular pathways involved in endothelial cell NMDAR-
induced dilation in PComA. We first inhibited nitric
oxide synthase and cyclooxygenases with L-NNA
(100 mmol/L) and indomethacin (30mmol/L), respec-
tively, and observed that dilation to NMDA was main-
tained (Figure 3(c)). We then inhibited KCa2.3/KCa3.1
with apamin (300 nM) and TRAM-34 (1 mmol/L),
respectively, and observed that NMDA-induced
dilation was significantly reduced (Figure 3(d)).
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Figure 3. NMDA induces dilation of pial arteries from C57bl6/J mice via endothelium-dependent hyperpolarization. (a) Representative traces
of the lumen diameter of an ex vivo pressurized PComA exposed to NMDA (10mmol/L) in the absence (top) and presence (middle) of
the NMDAR inhibitor D-APV (10mmol/L). The lower trace shows absence of NMDA-induced dilation after endothelium damage
caused by an air bolus. (b) Summary bar graphs showing that NMDA dilation was blunted by D-APV and by removal of the
endothelium. *p< 0.05, One-way ANOVA. N¼ 11 arteries from 5 males and 2 females. (c) Inhibition of nitric oxide production with
L-NG-nitroarginine (L-NNA, 100mmol/L) and cyclooxygenases with indomethacin (30mmol/L) did not affect NMDA-induced dilation
of mouse cerebral PComA. N¼ 6 arteries from 3 mice, 2 males and 1 female. (D) KCa2.3 and KCa3.1 inhibition with apamin
(300 nmol/L) and TRAM-34 (1 mmol/L), respectively, significantly blunted PComA dilation after exposure to NMDA. *p< 0.05,
two-tailed Student’s t-test, N¼ 6 arteries from 3 mice, 1 male and 2 females. (e) Dilation of parenchymal arterioles to NMDA was
significantly reduced by D-APV. *p< 0.05, two-tailed Student’s t-test, N¼ 6 arteries from 3 mice, 2 males and 1 female.
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No significant changes to myogenic tone occurred

between treatment groups (Supplemental Figure 8(B)

and (C)). Together, these data suggest that, in mouse

PComA, NMDAR-induced dilation requires endothe-

lial cell hyperpolarization downstream from KCa2.3/

KCa3.1 activation (Supplemental Figure 9(A)).

Acute exposure to amyloid-b(1-40) decreases
frequency of NMDA sparklets and NMDA-elicited

intracellular Ca2þ transients

We next tested the hypothesis that amyloid-b(1-40)
inhibits NMDAR activity. Cerebral arteries isolated

from cdh5:Gcamp8 mice were prepared en face and

incubated with a pathological concentration of amy-

loid-b(1-40) peptide (5 mmol/L)28,35 for 30 minutes

prior to exposure to NMDA. Amyloid-b(1-40) signifi-
cantly inhibited NMDAR sparklets in endothelial

cells, observed as a reduction in frequency (Figure 4

(b), Supplemental Movies 7 and 8), as well as the

number of active sites per cell (Figure 4(a) and (c)).

Site frequency at individual NMDAR sparklets sites

was unchanged by amyloid-b(1-40) (Figure 4(d)).
Similarly, NMDA-induced intracellular Ca2þ tran-

sients were significantly inhibited by amyloid-b(1-40).
We observed that incubation of en face cerebral arteries

with amyloid-b(1-40) prevented NMDA from increasing

frequency of intracellular Ca2þ transients (Figure 5(b)

and Supplemental Movies 9 and 10), as well as the

number of active sites (Figure 5(a) and (c)), without

affecting site frequency (Figure 5(d)).

Acute intraluminal incubation with amyloid-b(1-40)
impairs NMDAR-dependent dilation

To evaluate the acute effects of amyloid-b on NMDA-

induced dilation of pial arteries, we isolated PComA

from wild-type C57bl6 mice and incubated with intra-

luminal amyloid-b(1-40) (5 mmol/L) for 30 minutes. We

observed that dilation to NMDA was blunted in

PComA incubated with amyloid-b(1-40) (Figure 6),

whereas dilation to the KCa2.3/KCa3.1 activator

NS-309 (10 mmol/L, Tocris), the downstream mediators
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Figure 4. Amyloid-b(1-40) inhibits NMDAR sparklets in cerebral artery endothelial cells. (a) Representative pseudocolored images of fields
of view showing sites of NMDAR sparklets (green) before (left) and after (right) incubation with amyloid-b(1-40) (Ab(1-40), 5mmol/L).
Bar¼ 20mM. (b-d) Summary bar graphs showing that amyloid-b(1-40) significantly reduces the whole field of view NMDAR sparklets
frequency (b) and number of sites per cell (c), albeit it does not affect frequency of NMDAR sparklets at individual sites (d). Data are
means� SD. *p< 0.05, Mann-Whitney test, n¼ 21–27 fields of view from 3 different preparations isolated from 3 mice (2 male and
1 female).
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of NMDAR-induced dilation in our studies, was main-

tained (Figure 6). No significant changes to myogenic

tone occurred between treatment groups (Supplemental

Figure 8(A)). Together, these data reinforce our find-

ings that acute exposure to amyloid-b(1-40) impairs

endothelial cell NMDAR, thus blunting dilation to

agonists of this cationic channel.

Reduced NMDAR expression in pial arteries of

5x-FAD mice

Next, we tested the hypothesis that vascular NMDAR

function is impaired in a murine model of Alzheimer’s

disease, the 5x-FAD. We confirmed the presence of

amyloid-b plaques around pial arteries/arterioles by

immunofluorescence (Figure 7(a)), and observed that

�45% of pial arteries from 5x-FAD showed perivascu-

lar amyloid-b accumulation (Figure 7(a) and (b)). As

expected, no amyloid-b accumulated in the perivascu-

lar region of pial arteries in wild-type littermates

(Figure 7(a) and (b)).

We also performed quantitative real-time PCR anal-
ysis of Grin1 mRNA, which codes for the NMDAR
obligatory subunit GluN1. We observed an approxi-
mately 70% reduction in Grin1 mRNA levels in pial
arteries of 5x-FAD compared to wild-type littermates
(Figure 7(c)).

Impaired vasodilation to NMDA in pial arteries from
5x-FAD mice

We then expanded our experiments to study NMDA-
dependent dilation in PComA isolated from 5x-FAD
and wild-type littermates. Exposure of wild-type
PComA to NMDA (10 mmol/L) induced dilation, as
observed in our previous experiments in Figure 3.
However, PComA from 5x-FAD mice showed a
blunted vasodilatory response upon exposure to
NMDA (Figure 7(d) and (e)). No significant changes
to myogenic tone occurred between treatment groups
(Supplemental Figure 8(E)). To ensure that the reduced
dilation to NMDA observed in 5x-FAD was not due to
impairment in downstream effectors of endothelial cell
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Figure 5. NMDAR-induced intracellular Ca2þ transients are inhibited by amyloid-b(1-40). (a) Representative DF/F0 pseudocolored images of
fields of view showing sites of intracellular Ca2þ transients induced by NMDA before (left) and after (right) incubation with amyloid-
b(1-40) (Ab(1-40), 5 mmol/L). Bar¼ 20 mM. (b-d) Summary bar graphs showing that amyloid-b(1-40) significantly reduces the whole field of
view frequency of intracellular Ca2þ transients induced by NMDA (B), as well as number of sites per cell (c). No differences were
observed in site frequency (d). Data are means� SD. *p< 0.05, Mann-Whitney test (n¼ 34-31 fields of view from 4 different
preparations isolated from 4 mice (2 male and 2 female).
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hyperpolarization, we exposed PComA from 5x-FAD

mice to NS-309, and observed a similar vasodilatory

response as PComA isolated from wild-type littermates

(Figure 7(f) and (g)). Together, our data suggests that

amyloid-b impairs endothelial cell NMDAR function,

leading to improper Ca2þ handling in cerebral artery

endothelial cells, consequently impairing vasodilation.

Discussion

The present study shows that activation of cerebral

artery endothelial NMDAR induces transient increases

in intracellular [Ca2þ], observed as NMDAR sparklets

and intracellular Ca2þ signals of different modalities.

These NMDAR-dependent Ca2þ signals in endothelial

cells are impaired by amyloid-b(1-40), the main form of

amyloid-b found in perivascular plaques and cerebral

amyloid angiopathy. Consequently, we report that

amyloid-b(1-40) acutely disrupts NMDA-induced dila-

tion in cerebral PComA (Supplemental Figure 9(B)).

Lastly, we observed that NMDA-induced dilation of

PComA is blunted in 5x-FAD mice, a transgenic

mouse model of early-onset familial Alzheimer’s dis-

ease with perivascular amyloid-b accumulation.

Impaired dilation to NMDA was also associated with

downregulation of the mRNA coding for the obligato-

ry GluN1 NMDAR subunit. Together, these data sug-

gest that acute and chronic impairments in endothelial

cell NMDAR function may underlie, at least in part,

the cerebral microvascular dysfunction observed in

cerebral amyloid angiopathy and Alzheimer’s disease.36

Spatial and temporal matching of cerebral perfusion

as a function of neuronal metabolism is necessary to

maintain optimal nutrient delivery and to prevent

cognitive decline. Cerebrovascular dilation involves

the coordination of signals originating from different

cells within the neurovascular unit,1 with endothelial

cells playing a central role.37 Endothelial cells generate

distinct molecular signals to induce vasodilation,

including nitric oxide,38 prostacyclins,39 epoxyeicosa-

trienoic acids40 and electrotonic hyperpolarization.41

Nearly all endothelium-dependent vasodilatory path-

ways occur downstream from increases in intracellular

[Ca2þ].42 As such, Ca2þ-permeable ion channels in the

plasma membrane play a prominent role in mediating

endothelium-dependent dilation, either by providing

the signal necessary to activate nearby proteins and

enzymes located within signaling microdomains,26,43

or by providing the initial signal to induce a more

robust Ca2þ release from intracellular stores.25,44 It is

in this paradigm that endothelial cell NMDAR may

play an important role, as they allow Ca2þ influx

upon opening and induce cerebral artery dilation.
The presence of NMDAR in the cerebral circulation

remains a topic of debate. Early studies using ovine

brain microcirculatory cells, most likely from capillar-

ies, did not detect the presence of NMDAR after

exposing tissue to radioactive D-APV.45 In addition,

subsequent studies suggested that NMDA, when

applied through a cranial window in rabbits, does not

alter the diameter of pial arterioles or isolated middle

cerebral arteries.46 Other studies showed that gluta-

mate alone failed to dilate parenchymal arterioles

from rats,47 although it is unlikely that NMDAR

would have been activated in the absence of a

co-activator. Further, studies also suggest that

NMDA-induced dilation requires neuronal activation

in rabbits46 and rats.48 However, recent studies show
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Figure 6. Acute exposure to amyloid-b(1-40) blunts NMDAR-induced PComA dilation. (a) Representative traces of the lumen diameter of an
ex vivo pressurized PComA incubated intraluminally with amyloid-b(1-40) (5 mmol/L) and exposed to NMDA (10 mmol/L, upper trace)
followed by NS-309 (10mmol/L, lower trace). (b) Summary bar graph showing that NMDA dilation was blunted by intraluminal
incubation with amyloid-b(1-40). Dilation resulting from pharmacological activation of KCa2.3/KCa3.1 with NS-309 was unaffected by
amyloid-b(1-40). *p< 0.05, two-tailed Student’s t-test, N¼ 5 arteries from 3 mice, 2 males and 1 female.
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that NMDAR is present in cerebral endothelial cells

from rats and mice. In particular, Lu et al. showed

that NMDAR is present in the membrane of mouse

endothelial cells using transmission electron microsco-

py after immunogold labeling.3 Other studies show that

NMDAR activation with endogenous agonists causes

dilation of isolated rat pial arteries10 and mouse

parenchymal arterioles in brain slices.11 Endothelial

cell-specific ablation of NMDAR impairs neurovascu-

lar coupling,12 thus providing in vivo functional evi-

dence for the role of NMDAR in dynamic blood

flow regulation in the brain. Our experiments provide

further confirmation of NMDAR activity in cerebral

artery endothelial cells, as we show a significant

(d) (e)

(f) (g)

40 μm

55 μm

NMDA (10 μmol/L)

NMDA
5 

μm

1 min

5 
μm

1 min

49 μm

47 μm

NS-309 (10 μmol/L)

NS-309

5 
μm

1 min

5 
μm

1 min

NMDA + +

NS-309 + +

(a) (b) (c)

W
ild
-ty
pe

5x
-F
A
D

α-SMA
Amyloid-β

Figure 7. Impaired NMDA-induced dilation of pial arteries from 5x-FAD mice. (a) Representative immunofluorescence labeling of brain
slices from wild-type (top) and 5x-FAD mice (bottom) showing accumulation of amyloid-b plaques (green) around pial blood vessels,
identified by an a-smooth muscle actin antibody (a-SMA, red). Note the absence of amyloid-b immunoreactivity in vessels from wild-
type mice. Bar¼ 40mm. (b) Summary graph showing the quantification of pial blood vessels double-positive for a-SMA and amyloid-b.
*p< 0.05, two-tailed Student’s t-test. N¼ 6 slices from 6 wild-type (3 males and 3 females) and 9 (5 males and 4 females) 5x-FAD mice.
(c) qPCR data showing that Grin1 mRNA expression is significantly reduced in pial arteries of 5x-FAD mice. *p< 0.05, two-tailed
Student’s t-test. A total of 15 wild-type (7 males and 8 females) and 15 5x-FAD (8 males and 7 females) were pooled into 3 distinct
qPCR experiments. (d) Representative traces of the lumen diameter of pressurized PComA isolated from 5x-FAD (blue, lower) or
wild-type littermates (black, upper) exposed to NMDA (10mmol/L). (e) Summary bar graphs showing that NMDA dilation was
significantly reduced in 5x-FAD. *p< 0.05, two-tailed Student’s t-test. N¼ 6 arteries from 6 wild-type (4 males and 2 females) and 6
arteries from 5 5x-FAD mice (3 males and 2 females). (f) Representative traces of the lumen diameter of PComA isolated from wild-
type (upper trace, black) and 5x-FAD mice (lower trace, blue) showing dilation to the KCa2.3/KCa3.1 activator NS-309 (10 mmol/L). (g)
Summary data showing that dilation to NS-309 was not different between 5x-FAD and wild-type littermates. N¼ 8 preparations from
wild-type (4 males and 3 females) and 6 preparations from 5x-FAD (3 males and 2 females).
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increase in unitary Ca2þ influx events after exposure to
NMDA, as well as dilation of PComA and parenchy-
mal arterioles. Further, we show that these effects are
receptor mediated, as blockade of NMDAR with both
D-APV and MK-801 significantly inhibited NMDAR
sparklets and cerebral vascular dilation.

The intracellular mechanisms underlying NMDAR-
induced dilation likely involve increases in cytoplasmic
[Ca2þ] that activate Ca2þ-dependent vasodilatory path-
ways. Here we show that activation of NMDAR in
endothelial cells leads to an increase in optically
recorded Ca2þ influx events, hereon called NMDAR
sparklets. We observed that these events have low
amplitude (1.08 DF/F0) and restricted spatial spread
(8 mm2), typical of “Ca2þ sparklets”. NMDAR sparklets
have a lower amplitude than influx events recorded for
transient receptor potential vanilloid 3 (TRPV3 spark-
lets, 1.20 DF/F0)

49 and TRP ankyrin 1 (TRPA1 spark-
lets, 1.10–1.13 DF/F0).

25,43 This is consistent with the
lower single-channel conductance of NMDAR at phys-
iological conditions (�40 pS),4 compared to TRPV3
(�150–200 pS)50 and TRPA1 (�100 pS),51 which
results in lower fractional Ca2þ entry. The events
recorded in this study are indeed a result of Ca2þ

influx through NMDAR, as they were virtually
absent after removal of extracellular Ca2þ and were
significantly reduced by D-APV and MK-801.

Due to their lower amplitude and restricted spatial
spread, it is unlikely that NMDAR sparklets alone acti-
vate intracellular pathways linked to vasodilation, thus
an amplification of the signal is warranted. Such is
achieved by Ca2þ-induced Ca2þ-release events from
the endoplasmic reticulum, which are higher in ampli-
tude and have larger spatial spread. They are a conse-
quence of opening of inositol 1,4,5-triphosphate (IP3)
receptors,52 which depends on Ca2þ and is modulated
by IP3.

53 We observed that NMDA significantly
increased Ca2þ-induced Ca2þ-release events in cerebral
artery preparations, suggesting that such pathway
exists in endothelial cells. Similar findings were previ-
ously reported for TRPV4 in astrocytes54 and TRPA1
in endothelial cells.25,44 These larger intracellular Ca2þ

transients are linked to vasodilation by inducing endo-
thelial nitric oxide production and opening of KCa2.3
and KCa3.1 channels. Although previous studies high-
light a role for nitric oxide in dilation induced by
NMDAR,10,55 we observed that in mouse PComA,
inhibition of nitric oxide and prostacyclin production
did not significantly affect NMDA-induced dilation.
However, we observed that inhibition of KCa2.3 and
KCa3.1 channels significantly blunted NMDAR-
dependent dilation. The reason underlying these differ-
ences remain unclear, although it is possible that nitric
oxide generation is not as prominent for PComA dila-
tion as endothelium-dependent hyperpolarization

pathways, which are normally more prominent in the
cerebral microcirculation.56,57

We also observed that pre-incubation of en face
cerebral arteries with amyloid-b(1-40) reduces NMDAR
sparklets, NMDA-elicited Ca2þ transients, and vasodi-
lation. Amyloid-b(1-40) causes impairment in endotheli-
al function, although knowledge of specific
mechanisms and molecular targets remains incomplete.
Initial studies showed that incubation of aortic rings
with amyloid-b acutely disrupts dilation to acetylcho-
line via a mechanism that may involve oxidative
stress.17 Another study showed that amyloid-b(1-40),
but not amyloid-b(1-42), is responsible for impaired
endothelial function, observed as reduced dilation to
acetylcholine,28 a pathway linked to increases in intra-
cellular Ca2þ transients in endothelial cells.58 Recent
studies have focused on the effects of cerebral vascular
amyloidosis on ion channel function. Zhang et al.
showed impaired TRPV4-dependent vasodilatory
responses in cerebral arteries of a mouse model of
Alzheimer’s disease,59 without changes in KCa2.3 and
KCa3.1 activity. These data suggest a possible reduction
in TRPV4 sparklets or TRPV4-initiated Ca2þ-induced
Ca2þ-release, rather than a direct effect on endothelial
Kþ channels. This possibility is in agreement with our
findings, as we show that NMDAR sparklets, NMDA-
induced intracellular Ca2þ transients and PComA dila-
tion are reduced after incubation with amyloid-b(1-40)
without direct effects on KCa2.3 and KCa3.1 activity. In
addition to acute effects on NMDAR function, we
observed a downregulation in Grin1 mRNA in
5x-FAD pial arteries, linked to reduced vasodilation
after exposure to NMDA, without affecting dilation
via KCa2.3 and KCa3.1 activity. Together, these data
support deleterious effects of amyloid-b on NMDAR
itself, rather than impairments in downstream vasodi-
latory mechanisms. Acute dysfunction and long-term
downregulation of NMDAR may underlie, at least in
part, the neurovascular dysfunction observed in
Alzheimer’s disease models.

Limitations of the study

The limitations of our current study should be men-
tioned. Firstly, we were not able to directly assess if
NMDAR sparklets lead to KCa2.3/KCa3.1 activation,
as our indirect measurements suggest. Future studies
will assess if NMDAR forms signaling complexes
with KCa2.3/KCa3.1, similarly to TRPA1.60 A second
limitation is that our Grin1 mRNA expression data
were collected from whole arteries homogenates, and
not from an enriched endothelial cells fraction, there-
fore other cell types may account for the reduction in
Grin1 mRNA. However, our experiments with
endothelium-denuded PComA suggest that endothelial
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cells NMDAR are the main contributors to vasodila-
tory signals, thus we are confident in our interpreta-
tion. In addition, we did not elucidate the biochemical
and/or molecular mechanisms of how amyloid-b(1-40)
acutely impairs NMDAR in cerebral artery endothelial
cells. However, a previous study showed that amyloid-
b induces excessive internalization of NMDAR in cul-
tured hippocampal neurons;21 therefore, a similar effect
could occur in endothelial cells. In addition, amyloid-b
is known to induce oxidative stress in endothelial
cells,61 and oxidation of cysteine residues within the
NMDAR inhibits its opening.62 It is also possible
that the reduction in intracellular Ca2þ transients is
caused by alterations in intracellular Ca2þ homeostasis.
IP3 receptors and the sarcoplasmic/endoplasmic retic-
ulum ATPase, a transporter involved in maintenance of
intracellular Ca2þ stores, are known to be impaired by
oxidative stress.63,64 Our data suggests that amyloid-
b(1-40) does impair the NMDAR, although if this loss
of function is a consequence of internalization or post-
translational modifications induced by oxidation
remains unknown.

A final limitation is that the isolated vascular prep-
arations used in our study may not fully recapitulate
the in vivo condition. In the brain, cerebral arterioles
and endothelial cells are in the center of a multicellular
environment that includes astrocytes, microglia, and
pericytes (the neurovascular unit), which also forms
the blood-brain-barrier. Blood-brain-barrier dysfunc-
tion is a well-known feature of neurovascular disorders
and seems to occur early in Alzheimer’s disease. This
contributes to neurodegeneration (for reviews, see65,66)
via a mechanism possibly dependent on amyloid-
b-induced loss of astrocytes67 or pericytes68,69

and microglia-dependent neuroinflammation.70

Perivascular amyloid-b is associated with a reduction
in GFAP-positive astrocytic end-feet,71 potentially
reducing sites of neurovascular coupling and impairing
functional hyperemia. Additionally, pericytes are
highly susceptible to amyloid-b toxicity, and loss of
pericyte coverage is observed in Alzheimer’s disease
patients,72 likely increasing blood-brain-barrier perme-
ability. Lastly, microglia exposed to amyloid-b shift to
a pro-inflammatory phenotype, which can accelerate
neuronal damage and progression of dementia.73

Although our study focused on the effects of amy-
loid-b on the function of cerebral artery endothelial
NMDAR, it is likely that, in vivo, all of these additional
mechanisms are occurring simultaneously.

In summary, our data provide a new link for amy-
loid-b(1-40)-induced endothelial dysfunction in the cere-
bral circulation. As NMDAR plays a role in
neurovascular coupling, its impairment may contribute
to the neurovascular dysfunction observed in cerebral
amyloid angiopathy and Alzheimer’s disease.
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