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Background-—Arterial stiffness is associated with cognitive decline and dementia; however, the precise mechanisms by which it
affects the brain remain unclear.

Methods and Results-—Using a mouse model based on carotid calcification this study characterized mechanisms that could
contribute to brain degeneration due to arterial stiffness. At 2 weeks postcalcification, carotid stiffness attenuated resting cerebral
blood flow in several brain regions including the perirhinal/entorhinal cortex, hippocampus, and thalamus, determined by
autoradiography (P<0.05). Carotid calcification impaired cerebral autoregulation and diminished cerebral blood flow responses to
neuronal activity and to acetylcholine, examined by laser Doppler flowmetry (P<0.05, P<0.01). Carotid stiffness significantly affected
spatialmemory at 3 weeks (P<0.05), but not at 2 weeks, suggesting that cerebrovascular impairments precede cognitive dysfunction.
In line with the endothelial deficits, carotid stiffness led to increased blood-brain barrier permeability in the hippocampus (P<0.01).
This region also exhibited reductions in vessel number containing collagen IV (P<0.01), as did the somatosensory cortex (P<0.05). No
evidence of cerebral microhemorrhages was present. Carotid stiffness did not affect the production of mouse amyloid-b (Ab) or tau
phosphorylation, although it led to a modest increase in the Ab40/Ab42 ratio in frontal cortex (P<0.01).

Conclusions-—These findings suggest that carotid stiffness alters brain microcirculation and increases blood-brain barrier
permeability associated with cognitive impairments. Therefore, arterial stiffness should be considered a relevant target to protect
the brain and prevent cognitive dysfunctions. ( J Am Heart Assoc. 2019;8:e011630. DOI: 10.1161/JAHA.118.011630.)
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E pidemiologic studies have associated large-artery stiff-
ness to cognitive decline and dementia, such as

Alzheimer disease.1–5 Stiffness in large elastic arteries refers
to the reduced capability of these vessels to buffer the
pulsatile blood flow that arises with each heart contraction
(also known as Windkessel effect) and comprises several
mechanisms affecting arterial flexibility, such as calcification,
endothelial dysfunction, fibrosis, atherosclerosis, and vascular
remodeling.

Despite the evidence associating arterial stiffness with
cognitive decline, the precise mechanisms of brain dysfunction

induced by arterial stiffness remain largely unknown. This is
partly because, in humans, arterial stiffness is accompanied by
other conditions that can affect the brain and that also arise
during aging (eg, hypertension, diabetes mellitus), making it
difficult to dissect the contribution of each individual
parameter.

To examine this, we previously developed a new murine
model of arterial stiffness based on carotid calcification.6 The
advantage of this model over previous ones is that it is the
only model in which the elements making the arteries stiffer
do not affect the brain in parallel. Specifically, the animals do
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not develop increases in systolic blood pressure or narrowing
of the carotid radius, which can themselves result in brain
damage independently of stiffness. Mice with carotid calcifi-
cation develop typical features of arterial stiffness such as
decreased arterial compliance and distensibility, increased
intima-media thickness, and elastin fragmentation,6 with a
beta index comparable to that of a 75 years-old human.7

Besides developing increased carotid stiffness, mice with
carotid calcification exhibit increased blood flow pulsatility in
large and medium-sized cerebral vessels,6 which could
potentially compromise the cerebral microcirculation and
impact cognition. Whether arterial stiffness independently of
other factors is sufficient to affect higher brain functions, such
as learning and memory, is unclear. Likewise, whether
disruption of cerebral blood flow (CBF) regulation precedes
the negative effects of arterial stiffness on brain function has
not been examined.

This is important considering that the vertebrate brain is
highly vascularized, and continued perfusion is central to
meeting its high metabolic demand. Thus, the brain relies on 3
major regulatory mechanisms: (1) autoregulation, (2) neu-
rovascular coupling, and (3) endothelial regulation.8 Cere-
brovascular autoregulation is the process by which CBF
remains constant within a certain range of arterial pressures
(60–120 mmHg).9 This is an important regulatory control
given that blood pressure exhibits circadian variations (eg,
during sleep) and may also vary during daily activities (eg,
exercise), which could potentially impact on cerebral perfu-
sion. Neurovascular coupling is the dynamic link that combi-
nes the increase in neural activity to a vasodilatory
response.10 Impairments in neurovascular coupling affect
the delivery of nutrients (oxygen, glucose) to active brain cells
and slow the clearance of brain metabolites, including
potentially toxic ones, which could lead to brain dysfunction.
Finally, cerebral endothelial cells are vital for the regulation of
vascular tone11 and for the integrity of the blood-brain barrier,

whose function is key to the maintenance of brain home-
ostasis.12 Neurovascular alterations, at the level of the blood-
brain barrier or attributable to reduced cerebral perfusion,
have been identified as key mechanisms for the reduced
clearance, and hence buildup, of brain amyloid-b (Ab)
peptides in Alzheimer disease.13,14

To provide a deeper understanding of the mechanisms by
which arterial stiffness affects the brain, we performed an
in vivo study in mice to examine whether carotid stiffness is
sufficient to impair cognition, resting CBF, and regulated
cerebrovascular responses. We further characterized potential
mechanisms that could contribute to brain degeneration
caused by carotid stiffness, by examining the integrity of the
blood-brain barrier, cerebral microhemorrhages, and cere-
brovascular density as well as Ab and tau pathologies, the 2
main hallmarks of Alzheimer disease. A better understanding
of the temporal development of these alterations is crucial for
the identification of relevant targets to protect the brain in
vulnerable populations with high arterial stiffness, such as the
elderly and hypertensive individuals.

Methods
This article adheres to the Transparency and Openness
Promotion guidelines. All data, methods, and materials used
to conduct the research are available from the corresponding
author upon reasonable request.

Animals
All procedures were approved beforehand by the Animal Care
Committee of Universit�e de Montr�eal and were performed in
accordance with the guidelines of the Canadian Council on
Animal Care and the Animal Research Reporting of In Vivo
Experiments guidelines. Ten- to 12-week-old C57BL/6 male
mice (Charles River Laboratories, Saint-Constant, Canada) were
housed individually in a temperature-controlled room and
maintained on a 12-hour light/12-hour dark cycle with ad libitum
access towater and a standard rodent diet (Envigo#2018 Teklad
global 18% protein rodent diet). Examinations of sex differences
on the effects of carotid stiffness on brain function are part of a
separate study. Following acclimation, mice were randomly
assigned to 2 groups receiving either a periarterial application of
NaCl (control group) or CaCl2 (carotid stiffness group). Based on
previous experiments on analysis of CBF and cognition, it was
determined that a minimum of n=6 mice per group would be
required. For all other exploratory analyses, a minimum of n=4
mice per group were used. For each experiment, the number of
animals is specified in the text and figure legends. Exclusion
criteria are detailed in the corresponding experimental sections.
Experimental analyses were done on the right side of the brain

Clinical Perspective

What Is New?

• This study is the first demonstration of a direct cause-effect
relationship between arterial stiffness and cerebrovascular
alterations.

What Are the Clinical Implications?

• The knowledge that peripheral arterial stiffness alters
cerebral blood flow regulation and the integrity of the
cerebral vasculature suggests that targeting arterial stiff-
ness could protect the brain of the elderly and hypertensive
patients.
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(corresponding to the side of the calcified carotid) and compared
with a noncalcified control group rather than to the left side in
calcified mice, given that we have previously observed increases
in blood flow pulsatility in this hemisphere, although to a smaller
extent than that of the right side.6

Carotid Calcification
Animals were handled during the 2 days preceding the
surgery. Mice were anesthetized with a mixture of ketamine/
xylazine (90 mg/kg; 6 mg/kg; CDMV, Saint-Hyacinthe,
Canada) and the right common carotid artery was carefully
isolated and a small piece of sterile parafilm was slid
underneath. A sterile gauze (595 mm) soaked in 0.3 mol/L
CaCl2 (Sigma-Aldrich, Oakville, Canada) was applied on the
carotid artery for 20 minutes. The gauze and parafilm were
then removed and the incision sutured. Control animals
received a sterile compress soaked in 0.9% NaCl in identical
conditions. Carprofen (Rimadyl, 5 mg/kg; CDMV, Saint-
Hyacinthe, Canada) was injected subcutaneously as the
primary anti-inflammatory analgesic after the surgery and
was administered every 24 hours during 2 consecutive days.
The day of the surgery, mice also received bupivacaine
hydrochloride (Marcaine, 4 mg/kg subcutaneous injection;
CDMV, Saint-Hyacinthe, Canada) at the site of the incision, and
trimethoprim sulfadiazine (Tribrissen, 30 mg/kg subcutaneous
injection; CDMV, Saint-Hyacinthe, Canada) every 24 hours for
3 days to prevent infections. The weight of the animals was
monitored weekly after the surgery to verify good recovery.
There were no significant mortality (4%) events resulting from
the surgery in any of the groups. Upon euthanasia, carotids
were dissected and calcification was confirmed with the Von
Kossa stain in 4 lM paraffinized tissue sections (performed at
the Institute for Research in Immunology and Cancer, Univer-
sit�e de Montr�eal), to visualize calcium deposits.15 Images were
acquired with a Leitz Diaplan microscope equipped with an
Olympus DP21 camera (Wild Leitz GmbH, Germany).

Blood Pressure
Systolic blood pressure was monitored by noninvasive tail-cuff
plethysmography (Kent Scientific Corp, Torrington, CT) 2 days
before the periarterial application of CaCl2 or NaCl (day 0) and
weekly for 3 weeks, as detailed in Data S1.

Morris Water Maze
Spatial learning and memory was assessed at 2 and 3 weeks
following the periarterial application of NaCl or CaCl2. The
testing arena consisted of a circular pool (160 cm in
diameter) filled with water made opaque with skim milk
powder. The temperature of the water was kept at 18 to 19°C.

The pool was divided into 4 virtual quadrants referred to as
north, south, east, and west. A clear plexiglass escape
platform (10 cm diameter) was placed 1.5 cm beneath the
surface in the southwest quadrant. To examine spatial
learning, escape latencies were measured during a period of
5 training days (D1–D5), during which mice were allowed
three 60 seconds trials per day to find the escape platform.
Each trial was 20 minutes apart. Mice were released from a
different quadrant each time. An average of the time spent to
locate the platform (latency) during the 3 trials was calculated
per day per mouse. Latencies to locate the platform were
plotted for each training day. The average latency across the
entire training and the area under the learning curve were also
calculated to compare learning performance.

A probe test (to assess the memory recall) and a cue test
(to assess the visual accuracy) were performed on day 6. For
the probe test, the platform was removed, and two 30-second
trials, 1 hour apart, were conducted to assess time spent in
the target quadrant (the place where the platform was
originally located), the number of target crossings, and the
latency to reach the target quadrant. Swimming speed was
determined as a measure of locomotor activity and to ensure
that latencies were not confounded by physical impairments.
During the cue test, some water was removed so that the
escape platform could be visible. Animals with visual impair-
ments were excluded from the analysis. Data were acquired
with the Smart Video Tracking Software (Smart version
3.0.01, Panlab Havard apparatus, USA), connected to an
overhead camera. The experimenter was blinded to the
treatment assignment (NaCl or CaCl2).

Autoradiography
Resting CBF was measured 2 weeks after the periarterial
application of NaCl or CaCl2 in awake mice by quantitative
autoradiography, using [14C]IAP (Iodoantipirine 4-N-Methyl-14C;
Perkin Elmer, Woodbridge, Canada) as a diffusible tracer. The
protocol was adapted from Joutel and colleagues16 and is
detailed in Data S1. Brain sections containing the dorsal
hippocampus (from Bregma �1.82 to �2.18 mm) were used
for analysis in the following regions: visual and somatosensory
cortices (VSCx), perirhinal and entorhinal cortices (PECx), cornu
ammonis area1 (CA1), cornu ammonis area 2-3 (CA2-3), dentate
gyrus (DG), thalamic nuclei (THA), and corpus callosum (CC).
Four brain sections per animal were examined, and data from the
right hemisphere (corresponding to the side of the calcified
carotid) were used for analysis.

In Vivo Laser Doppler Flowmetry
Cerebrovascular autoregulation as well as CBF responses to
whisker stimulation as well as to endothelium-dependent and
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-independent vasodilators were examined on the right
somatosensory cortex, 2 weeks after the periarterial applica-
tion of NaCl or CaCl2. Details on the surgical procedures are
available in Data S1.

Autoregulation was investigated based on the protocol of
Niwa and colleagues.17 Hypotension was induced by con-
trolled exsanguination to reduce blood pressure every
10 mmHg. In a separate group of mice, mean arterial blood
pressure was elevated every 10 mmHg up to 160 mmHg by
infusion of 20 to 30 lg/mL phenylephrine (Sigma-Aldrich,
Oakville, Canada) via the femoral artery. Given that mice with
carotid calcification, but not controls, exhibited breathing
distress episodes at the highest pressures (140–160 mmHg),
results are presented up to 130 mmHg only. Blood pressure
was allowed to stabilize for 5 minutes following each
manipulation, after which CBF perfusion units were deter-
mined. Results are expressed as percent change with respect
to CBF values prior to the change in blood pressure.
Neurovascular coupling was examined with 3 whisker
stimulations (1 minute duration, spaced every 3 minutes)
on the contralateral side from the probe location. Endothe-
lium-dependent responses were measured during the super-
fusion of acetylcholine 10 lmol/L (Sigma-Aldrich, Oakville,
Canada) for 5 minutes followed by a 15 minutes artificial
cerebrospinal fluid superfusion to restore CBF responses to
basal levels. Endothelium-independent responses were exam-
ined with the superfusion of sodium nitroprussiate (SNP)
50 lmol/L (Sigma-Aldrich, Oakville, Canada), a nitric oxide
donor. Relative changes in CBF (percent increase in CBF
after stimulation compared with baseline) were analyzed with
LabChart6 Pro software (version 6.1.3, AD Instruments,
USA). Experimental analyses were compared with a noncal-
cified control group rather than to the contralateral side in
calcified mice, given that we have previously observed small
significant increases in blood flow pulsatility in this hemi-
sphere.6

Tissue Preparation for Histology and
Immunostaining
At 3 weeks after surgery, mice were anesthetized with
sodium pentobarbital (100 mg/kg body weight; CDMV,
Saint-Hyacinthe, Canada) and perfused with 40 mL of
phosphate-buffered saline (PBS), pH 7.4. The brains were
removed and immersed in cold 4% paraformaldehyde
(Bioshop, Burlington, Canada) for 24 hours and then
transferred to 30% sucrose for 24 hours. Brains were
stored at �20°C in cryoprotectant solution (37.5% v/v
ethylene glycol, 37.5% w/w sucrose, in PBS pH 7.4) until
sectioning. The right side of the brain was identified, and
40 lM coronal sections were cut with a vibratome (Leica
VT 1000S, Leica Biosystems, Germany).

Collagen IV Immunostaining
Collagen IV immunostaining was done adapting the protocol
from Franciosi and colleagues18 and examined at 3 weeks after
surgery. Briefly, brain sections were washed 4 times in PBS at
room temperature followed by 1 wash with ddH2O preheated at
37°C. Antigen retrieval was done with pepsin (1 mg/mL)
dissolved in 0.2 N HCl for 10 minutes at 37°C followed by 1
wash with warm PBS (at 27°C) and 3 PBS washes at room
temperature. Normal goat serum (5%, dissolved in PBS-Triton
0.1%) was used for blocking for 90 minutes at room temper-
ature. The primary antibody (rabbit anticollagen IV, Millipore,
Oakville, Canada #AB756P) was incubated at 1:500 in blocking
solution overnight at room temperature. The following day,
brain sections were washed once with PBS for 5 minutes and
later for 1 hour. Incubation with the secondary antibody (goat
antirabbit Alexa Fluor 488 at 1:800, Invitrogen-Thermo Fisher
Scientific, Burlington, Canada) was done for 2 hours under
agitation at room temperature, in PBS-T (Triton 0.1%) with
normal goat serum (5%). Following washes in PBS, sections
were mounted, allowed to dry, and then coverslipped.

Z-stacked (1.0 lm) confocal images were acquired with an
Olympus laser-scanning microscope (model FV1000MPE). At
least 3 brain sections per mouse were imaged from the right
primary somatosensory cortex as well as from the hippocampal
regions CA1), and DG (from Bregma �1.46 to �1.94 mm).

The percentage of collagen IV-positive area per micrograph
was calculated with the ImageJ software (National Institutes
of Health, Bethesda, MD), as per published protocols for
microvascular density analysis.19 For vascular area, the
background was first subtracted with the despeckle and
median filter (1.0 pixel) functions, and after threshold
adjustment and skeletonization, the area covered by the
skeleton of cerebral vessels was calculated. Because
the resorption of collagen IV occurs after endothelial loss,
the quantification of collagen IV skeleton is a very good
marker of complete capillary loss.20 To minimize variability
due to different batches, results were expressed as fold
change with respect to the control group.

Microhemorrhages
Microhemorrages were examined with the Prussian blue
staining at 3 weeks after surgery, as detailed in Data S1. The
following regions were analyzed: frontal cortex, somatosen-
sory cortex, and the hippocampal regions CA1 and DG.

Sodium Fluorescein Extravasation Assay
Blood-brain barrier permeability was examined by the extent
of sodium fluorescein (NaF) extravasation to the brain at
3 weeks after surgery. A solution of 10% NaF (Sigma-Aldrich,
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Oakville, Canada) was injected intraperitoneally (100 lL) and
allowed to circulate for 30 minutes. Mice were then anes-
thetized with sodium pentobarbital (100 mg/kg body weight;
CDMV, Saint-Hyacinthe, Canada) and perfused with 40 mL of
cold PBS, pH 7.4. The right frontal cortex, hippocampus, and
rest of the cortex were dissected. All tissues were frozen at
�80°C until analysis. Brain tissues were weighted and
homogenized in 10X cold PBS, pH 7.4, and centrifuged
15 minutes at 14 000g at 4°C. The supernatant was recov-
ered, mixed with an equal amount of 15% trichloroacetic acid
(Sigma-Aldrich, Oakville, Canada) and centrifuged 15 minutes
at 15 000g at 4°C. The resulting supernatant was neutralized
with 5 mol/L NaOH (diluted 1:5) and mixed. For all samples
(standards and unknowns) 100 lL were used for analysis (in
duplicate). Relative fluorescence units (excitation 480 nm,
emission 525 nm) were read with a fluorometer (SpectraMax
M2, Molecular Devices, Sunnyvale, USA) and data were
extracted with the SoftMax Pro software (v5.2, Molecular
Devices, Sunnyvale, CA). The amount of NaF in brain was
calculated from a standard curve (0–5 lmol/L NaF) and
normalized per gram of tissue. Results were expressed as fold
change with respect to the control group.

Ab40 and Ab42 ELISA
Endogenous mouse Ab40 and Ab42 were measured by ELISA
(KMB3481 and KMB3441, Life Technologies, Invitrogen-
Thermo Fisher Scientific, Burlington, Canada) 3 weeks after
surgery, as detailed in Data S1.

Tau Western Blot
Examination of phospho-tau levels was done 3 weeks after
surgery, following our published protocol21 and as detailed in
Data S1.

Statistical Analysis
Data are displayed in box-and-whisker plots, where the
median is represented by the horizontal line, and the 10th and
90th percentiles extend from the extremes of the box. Empty
circles represent points below and above the whiskers. Data
are displayed as mean�SD. Data analysis was performed with
GraphPad Prism software (version 7.05a, La Jolla, USA).
ANOVA for factorial design with repeated measures followed
by a Fisher’s least significant difference posttest for multiple
group comparisons was used for analysis of the behavioral
data. In the learning curve analysis, the repeated factor is the
measure of latency through different time points (D1–D5) and
the treatment as a between-group factor. The area under the
learning curve was calculated with the area under the learning
curve function. In the cerebral autoregulation analysis, a linear

regression has been made in order to compare the slopes of
treatment and control before and after the diverging point set
at 70 mmHg, 100% change in CBF.

For autoradiography, significance of comparisons was
tested with a 2-tailed unpaired Student t-test per independent
brain region; however, results are presented in a single
graph. A 2-tailed unpaired Student t-test was used for all
other 2-group comparisons. Significance was set at P<0.05.
Sample size per group is presented with the text and figures.

Results
Arterial stiffness was induced by the application of CaCl2 to
the right carotid artery. Carotid calcification was confirmed
with the Von Kossa stain, revealing the formation of calcium
deposits on the carotid of mice treated with CaCl2 examined 2
and 3 weeks after surgery (Figure S1A, right panels). Calcium
deposits were absent in mice exposed to NaCl (Figure S1A,
left panels). Carotid calcification did not result in an increase
in systolic blood pressure, even at 3 weeks after calcification
(Figure S1B).

Carotid Stiffness Impairs Learning and Memory
The mice’s cognitive abilities were tested with the Morris
water maze. At 2 weeks after surgery, mice subjected to the
periarterial application of CaCl2 exhibited a progressive
decrease in escape latencies during the training phase, as
did control animals (Figure 1A; main effect of time: F[4, 60]
=23.07; P<0.0001; n=8–9). Latencies between the 2 groups
did not differ at any day during training; neither did the area
under the learning curve (137.2�33.8 NaCl versus
134.1�17.7 CaCl2, data not shown) or the average latency
across the 5 days (Figure 1B), indicating absence of learning
impairments at this time point.

In contrast, at 3 weeks after surgery, mice with carotid
stiffness exhibited initially greater mean escape latencies at
day 2 (41.7�14.4 versus 28.3�11.9 seconds, simple main
effect P<0.05; n=9–13), although with continued training they
exhibited escape latencies comparable to control mice during
the remaining days (Figure 1C; F[4, 80]=16.02; P<0.0001;
n=9–13). There were no significant differences in the area
under the learning curve (108.0�30.8 NaCl versus
125.1�41.1 CaCl2, data not shown) or in the overall average
latencies through the entire training (Figure 1D); however, the
median overall latency for mice with carotid stiffness was
33.8 seconds, while the median latency for controls was
24.1 seconds.

Following the learning period, memory recall was mea-
sured with a probe test 24 hours later. Mice subjected to
carotid calcification for 2 weeks did not manifest differences
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in the time spent in the target quadrant (Figure 1E), in the
target crossings (Figure 1F), or in the latency to reach the
target quadrant (Figure 1G), indicating absence of memory
impairments at this time point. Instead, at 3 weeks after
surgery, mice with carotid calcification spent significantly less
time in the target quadrant compared with controls (Fig-
ure 1H; P<0.05; n=9–13). In line with these results, mice with
carotid stiffness also performed significantly fewer target
crossings (Figure 1I; P<0.05, n=9–13) and showed increased

time to reach the target zone (Figure 1J; P<0.05; n=9–13).
Swimming speed was comparable between the 2 groups at
both time points (Figure S2).

Carotid Stiffness Leads to Diminished Resting
CBF
At 2 weeks after calcification, when cognitive deficits were
not yet present, resting CBF was assessed by quantitative

Figure 2. Effect of carotid calcification on resting cerebral blood flow (CBF). Resting CBF was measured
by autoradiography using [14C]iodoantipyrine as a diffusible tracer in awake mice, 2 weeks after application
of CaCl2 or NaCl. CBF was quantified in the following regions from the right hemisphere: visual and
somatosensory cortices (VSCx), perirhinal and entorhinal cortices (PECx), cornu ammonis area 1 (CA1),
cornu ammonis area 2-3 (CA2-3), dentate gyrus (DG), thalamus (THA), and corpus callosum (CC). Data are
displayed in box-and-whisker plots, where the median is represented by the horizontal line and the 10th and
90th percentiles extend from the extremes of the box. *P<0.05; unpaired Student t-test per independent
brain region (results presented in a single graph); n=5 to 7 mice/group. CBF is expressed as mL/100 g/
min. Representative blood flow autoradiograms for control (upper panel) and CaCl2 mice (lower panel) are
shown with a color scale.

Figure 1. Effect of carotid calcification on spatial learning and memory. Cognitive abilities were examined
with the Morris Water Maze test (2 and 3 weeks after application of CaCl2 or NaCl) (A and C). The test
consisted of 5 training days (D1–D5) during which mice were allowed three 60 seconds trials per day to find
the escape platform. Each trial was 20 minutes apart. The area under the learning curve (AUC) and the
average latency across the training (B and D) were calculated to compare learning performance. Graphs
represent mean�SD. Data are displayed in box-and-whisker plots, where the median is represented by the
horizontal line, and the 10th and 90th percentiles extend from the extremes of the box. For the probe test
(day 6), the platform was removed and animals were given two 30 seconds trials separated 1 hour apart, to
assess (E and H) time spent in the target quadrant (the place where the platform was originally located), (F
and I) number of target crossings and (G and J) latency to reach the target zone. Data were analyzed with
ANOVA for factorial design with repeated measures followed by a Fisher’s LSD posttest for multiple group
comparisons for the learning curves; unpaired Student t-test was used for all other 2-group comparisons;
n=8 to 9 mice/group (2 weeks) and n=9 to 13 mice/group (3 weeks). *P<0.05; TQ indicates target
quadrant.
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Figure 3. Effect of carotid calcification on number of cerebral vessel containing collagen type IV. Semiquantitative analysis
of microvessel number per field by examination of (A) collagen IV–positive area percentage and (B) vascular skeleton area in
the somatosensory cortex and hippocampus (cornu ammonis area 1 [CA1] and dentate gyrus [DG]) from the right
hemisphere. Data are displayed in box-and-whisker plots, where the median is represented by the horizontal line, and the
10th and 90th percentiles extend from the extremes of the box. *P<0.05, **P<0.01, ***P<0.0001; unpaired Student t-test,
n=5 to 6 mice/group. C, Representative micrographs of collagen IV immunostaining, binary transformation, and
skeletonization for CA1 are shown. Scale bar=50 lm. Analysis was done 3 weeks after surgery.
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autoradiography. Mice with carotid calcification exhibited
decreases in resting CBF in several brain regions, including
gray and white matter (Figure 2; n=5–7 mice/group). Specif-
ically, carotid calcification led to significant reductions in
resting CBF (mean range, 28%–30% decrease) in the perirhi-
nal/entorhinal region (P<0.05), in CA1 (P<0.05), DG (P<0.05),
and thalamus (P<0.05), with a trend in CA2-3 (P=0.0768) and
in the VSCx region (P=0.0896). Likewise, there was a trend for
a decrease in resting CBF in the white matter, measured in
the corpus callosum (mean 26% decrease; P=0.0895).

Carotid Stiffness Leads to a Diminished Number
of Cerebral Vessels Containing Collagen IV

To evaluate whether the decrease in resting CBF was caused
by a diminished microvascular density, we assessed whether
carotid stiffness would be sufficient to affect the cerebral
microvasculature. Analysis of collagen IV immunostaining
(Figure 3A) revealed a small but significant reduction in
cerebral vessels in the somatosensory cortex of mice
subjected to carotid calcification (�10% decrease; P<0.05;

Figure 4. Effect of carotid calcification on cerebrovascular responses. A, Analysis of cerebral
autoregulation depicting relationship between mean arterial pressure and cerebral blood flow (CBF). Graph
represents mean�SD. Data are displayed in box-and-whisker plots, where the median is represented by the
horizontal line, and the 10th and 90th percentiles extend from the extremes of the box. ***P<0.001, linear
regression of slopes between 70 and 130 mmHg was used; n=5 to 9 mice/group. CBF responses to
whisker stimulation (B), to the endothelium-dependent vasodilator, acetylcholine (C), and to the
endothelium-independent vasodilator, sodium nitroprussiate (SNP; D) were evaluated. Graphs depict the
percentage increase in CBF following the stimulation with respect to its initial value. *P<0.05; **P<0.01;
unpaired Student t-test; n=4 to 6 mice/group. CBF was measured on the right somatosensory cortex by
laser Doppler flowmetry 2 weeks after application of CaCl2 or NaCl.
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n=6/group) and a more prominent reduction in the CA1
region of the hippocampus (�19% decrease; P<0.05; n=5–6/
group). No differences were detected in the DG.

Analysis of the vascular skeleton area followed a similar
pattern in mice with carotid stiffness (Figure 3B), with small
but significant reductions in skeleton area in the somatosen-
sory cortex (�11% decrease; P=0.0001; n=6/group) and
greater reductions in CA1 (�15% decrease; P<0.01; n=5–6/
group). No differences were detected in the DG. The
measures of skeleton area and collagen IV density correlated.
Spearman analysis revealed positive associations both in the
somatosensory cortex (r=0.5654; P=0.0582) and in CA1
(r=0.6989; P<0.05).

Carotid Stiffness Impairs Cerebral
Autoregulation, Neurovascular Coupling, and CBF
Responses to Endothelial Stimulation
To further investigate the mechanisms of CBF damage due to
arterial stiffness, we examined whether carotid calcification
affected regulated cerebrovascular responses at the same
time point when resting CBF was found impaired (2 weeks
after calcification).

While control animals exhibited small variations in CBF
within a certain range of arterial pressures (60–120 mmHg),
suggesting that autoregulation was operating, these fluctua-
tions were increased in mice with carotid calcification at the
highest pressures, significantly differing from control mice
(Figure 4A; F[1, 54]=26.39; P<0.001; n=5–9). The lower limit
of autoregulation was not disrupted in mice with carotid
stiffness.

Mice subjected to the periarterial application of CaCl2
further exhibited attenuated CBF responses produced by

neuronal activity (whisker stimulation) compared with control
mice (Figure 4B; NaCl mean 23.5% versus CaCl2 11.8%;
P<0.01; n=4–6 mice/group). The loss of autoregulation and
impairments in neurovascular coupling in mice with carotid
stiffness were also accompanied by attenuated increases in
CBF produced by the application of the endothelium-
dependent vasodilator, acetylcholine (Figure 4C; NaCl mean
27.2% versus CaCl2 12.9%; P<0.05; n=4 mice/group). In
contrast, there were no differences in CBF responses to the
nitric oxide donor, sodium nitroprussiate (Figure 4D; n=4
mice/group). Physiological parameters comprising blood pH,
pO2, pCO2, mean arterial pressure, and CBF at baseline
(before the stimulation) were comparable between control
and mice with carotid stiffness (Table S1).

Effect of Carotid Stiffness on Cerebral
Microhemorrhages
Considering the previously reported increases in the pulsatil-
ity of cerebral vessels in this model6 and impaired autoreg-
ulation, cerebral microhemorrhages were examined 3 weeks
after calcification, when cognitive deficits were present.
Histochemical analysis with the Prussian blue reaction did
not reveal the presence of iron deposits, neither in the frontal
or somatosensory cortex nor in the hippocampus of mice
subjected to arterial stiffness (Figure S3).

Carotid Stiffness Increases Blood-Brain Barrier
Permeability in the Hippocampus
Given the deficits in cerebral endothelial responses, we next
tested the hypothesis that the permeability of the blood-brain
barrier would be affected as a consequence of carotid

Figure 5. Effect of carotid calcification on blood-brain barrier permeability. Permeability of the blood-brain barrier was examined by sodium
fluorescein (NaF) extravasation in specific brain regions cortex (A), frontal cortex (B) and hippocampus (C) from the right hemisphere 3 weeks
after application of CaCl2 or NaCl. The amount of NaF in each region was calculated from a standard curve (0–5 lmol/L NaF) and normalized
per gram of tissue. Results are expressed as fold change by normalizing values to the average of the control group. Data are displayed in box-
and-whisker plots, where the median is represented by the horizontal line, and the 10th and 90th percentiles extend from the extremes of the
box. **P<0.01; unpaired Student t-test, n=7 mice/group.
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Figure 6. Effect of carotid calcification on amyloid-b (Ab) and tau hyperphosphorylation. A, The Ab40/Ab42 ratio was calculated from
Ab concentrations determined by ELISA in the frontal cortex and hippocampal tissue as well as in plasma. Expression of phosphorylated
tau (AT8, CP13 and PHF1) and dephosphorylated tau (Tau1) in frontal cortex (B) and hippocampus (C) examined by western blotting.
Representative immunoblots are shown. Data are displayed in box-and-whisker plots, where the median is represented by the horizontal
line and th,e 10th and 90th percentiles extend from the extremes of the box. **P<0.01; unpaired Student t-test, n=6 to 7 mice/group in
frontal cortex and hippocampus, n=10 to 15 mice/group in plasma. Analysis was done 3 weeks after surgery on frozen tissue from the
right hemisphere.
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stiffness. The increase in sodium fluorescein brain uptake in
mice subjected to carotid calcification was region specific
(Figure 5). While there were no differences in sodium
fluorescein uptake in the brain cortex (Figure 5A; n=7/group),
a trend suggesting incipient increase in blood-brain barrier
permeability was observed in the frontal cortex (Figure 5B;
mean 1.3 fold change; P=0.1013; n=7/group). Notably, the
hippocampus exhibited the most significant differences in
sodium fluorescein uptake (Figure 5C; mean 1.7-fold; P<0.01;
n=7/group), suggesting that this region was highly vulnerable
to blood-brain barrier damage.

Effect of Carotid Stiffness on Amyloid and Tau
Pathology
Given the epidemiologic associations between arterial stiff-
ness and dementia, and the brain vascular damage reported in
this study, we questioned whether such changes could have
an impact on Ab buildup and tau hyperphosphorylation, the 2
main pathological hallmarks of Alzheimer disease.

Although the absolute concentrations of brain Ab peptides
did not differ between groups (Table S2), quantitative analysis
revealed a modest but significant increase in the ratio Ab40/
42 in the frontal cortex of mice with carotid stiffness
(Figure 6A; P<0.01; n=6–7), with a similar trend in the
hippocampus, although not significant (Figure 6A; n=6–7).
There were also no significant differences in the ratio of
circulating Ab peptides measured in plasma between mice with
carotid stiffness and controls (Figure 6A; P=0.1369; n=10–15).

In line with the modest changes in Ab, there were no
significant differences in the expression of phosphorylated
tau, examined by the assessment of several phospho tau
epitopes in the same brain regions where Ab was measured
(Figure 6B and 6C; n=6/group). There were also no differ-
ences in the expression of dephosphorylated tau (Tau1) or
total tau levels (TauC), the latter being used for normalization
of phospho tau signals.

Discussion
Arterial stiffness, a common condition that arises with
aging, is emerging as a strong and independent risk factor
for early cognitive impairment and dementia,22,23 as
recently reviewed.24 Arterial stiffness may contribute to
cerebral dysfunction via numerous effects, which until now
have been difficult to dissect in human studies attributable
to multiple factors that may affect the brain being present
in parallel.

In this study, we address this issue by characterizing the
impact of carotid stiffness on brain function with a unique
murine model based on carotid calcification,6 specific for this
vascular parameter. Our findings indicate that carotid

stiffness, independently of aging or increased blood pressure,
alters the regulation of CBF and the integrity of the cerebral
vasculature, increasing the blood-brain barrier permeability
and leading to cognitive deficits.

Mice with carotid calcification exhibited significant impair-
ments in resting CBF and in the mechanisms that regulate
cerebrovascular responses, including cerebral autoregulation,
neurovascular coupling, and endothelial dilatation. These
deficits preceded the manifestation of spatial memory
impairments. Resting CBF was found diminished in critical
brain regions including the hippocampus and entorhinal
cortex, which are highly vulnerable areas important for
memory and one of the earliest affected in patients with
Alzheimer disease,25 the most common form of dementia in
elderly subjects. The decrease in resting CBF, measured by
autoradiography, could be explained at least partly by a
decrease in vascular density as determined by analyzing the
collagen IV skeleton area. Although autoradiography is an
invasive technique, it provides a better resolution than other
noninvasive techniques such as magnetic resonance imaging
for small brain vessel studies in mice. A decrease in CBF and
vascular density may lead to hypoxia-induced neurodegener-
ation. Interestingly, we previously demonstrated the presence
of degenerative neurons as determined by the Fluorojade B
method in the subarea of the CA1 region called lacunosum
moleculare.6 In agreement with our study, a disconnect
between neuronal function and blood supply, as well as
reduced resting CBF, has been reported in Alzheimer patients
at early disease stages and associated with cognitive
deterioration.26

Alterations in cerebral autoregulation have been linked to
hypertension, diabetes mellitus, ischemic stroke, and Alzhei-
mer disease.27–30 To maintain a constant cerebral perfusion,
the brain relies on the capacity of cerebral arteries to
constrict upon increases in systemic pressure and to dilate
when arterial pressure lowers. Our results showing compro-
mised autoregulation in the upper range of arterial pressures
would indicate a failure in vasoconstriction of cerebral
vessels, which would lead to hyperperfusion and disruption
of the blood-brain barrier.31 Interestingly, in a murine model of
atherosclerosis, which exhibits certain similarities to ours in
terms of increased carotid stiffness, increased pulsatility in
cerebral vessels, and cognitive decline, it was shown that
cerebral arteries displayed increases in vascular compli-
ance,32,33 which would be consistent with a failure in
vasoconstriction and disruption of the upper limit of autoreg-
ulation. Although we have not directly measured the compli-
ance of cerebral arteries in our model, the disruption of
endothelial dilatation seen in our mice with carotid calcifica-
tion would indicate that this is a likely possibility, considering
that cerebral endothelial function may modulate cerebrovas-
cular wall biomechanics.34
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While other mechanisms may also contribute to impairing
cognition, the physiological repercussions of a dysfunctional
regulation of CBF are significant considering the brain’s high
metabolic needs and the fact that even small blood flow
reductions can lead to the inhibition of protein synthesis and
to neuronal dysfunction.35 In addition, normal CBF is neces-
sary for the removal of metabolic by-products. Thus, the initial
appearance of CBF deficits followed by diminished memory
recall in our model would suggest that disruption of CBF
regulation is a mechanistic link between arterial stiffness and
its effects on cognition. In support, a recent clinical study
showed that in the Age, Gene/Environment Susceptibility-
Reykjavik cohort, the association between high artery
stiffness and low memory function included cerebrovascular
factors such as increased cerebrovascular resistance and
damage to the white matter.36

It is important to note that we have controlled for potential
perturbations of physiological parameters that could affect
CBF (eg, blood gases, arterial pressure) and that these were
found to be comparable between controls and mice with
carotid calcification. Further evidence that the CBF deficits
detected were not spurious results attributable to nonspecific
dysfunction caused during the surgeries is the fact that not all
cerebrovascular responses were impaired in our model, as
seen by the intact CBF responses to sodium nitroprussiate,
which is an endothelium-independent vasodilator.

The absence of detectable microhemorrhages in this model
at the young age examined (13–15 weeks) further strength-
ens the finding that the manifestation of memory deficits is
likely related to the dysregulation of CBF and decreased
cerebrovascular density. We do not discard the possibility that
arterial stiffness could promote the formation of microhem-
orrhages in humans, as these lesions can be common in older
adults (≥60 years)37 and in very elderly individuals
(90+ years).38 Indeed, microhemorrhages have been associ-
ated with increased risk of stroke,39 disruption of white
matter structure,40 lower cognitive function,41 and even
dementia.38 Given our finding that mice with carotid calcifi-
cation tended to exhibit impaired CBF in the corpus callosum,
the richest region of white matter fibers within the brain, it
would be interesting to examine whether arterial stiffness is
sufficient to induce microhemorrhages and white matter
dysfunction in older animals. We have not considered this
possibility in this study to avoid the added confounder of
aging and thus to be able to examine the independent effects
of carotid stiffening without additional parameters. Besides
the issue of aging, our autoregulation results suggest that
arterial stiffness accompanied by hypertension may also lead
to microhemorrhages. Because we have not seen increases in
blood pressure in mice with carotid calcification even beyond
3 weeks after surgery, this could also in part explain the
absence of detectable microhemorrhages at this time point in

this model. Thus, to better predict the impact of arterial
stiffness on the brain, future studies will have to be conducted
in old mice with or without hypertension.

In considering other mechanisms that might damage the
brain as a result of arterial stiffness, and in view of the cerebral
endothelial dysfunction detected, we examined the blood-
brain barrier permeability, which is severely damaged in
patients with Alzheimer disease and in elderly individuals,
particularly in the hippocampus.42,43 Indeed, in addition to the
negative consequences of a reduced CBF, the passage of
cytotoxic molecules through a leaky blood-brain barrier may
further affect neuronal integrity. Our results showed a region-
specific increase in blood-brain barrier permeability attribu-
table to carotid stiffness, with significant permeability in the
hippocampus and a similar trend in the frontal cortex, a region
affected in patients with vascular disorders.44,45 The vulner-
ability of the hippocampus in this carotid stiffness model can
be explained by the previously reported increases in vascular
superoxide production and microglia activation in this
region,46 which could damage the cerebral endothelium, the
site of the blood-brain barrier. It is also consistent with the
observation of impaired spatial memory and the significant
reductions in number of cerebral vessels containing collagen
type IV also seen in this region.

We expected that the altered cerebrovascular regulation,
reduced microvessel density, and the blood-brain barrier
compromise would have an impact on Ab clearance and thus
lead to Ab buildup in the brain. Our results showed a modest
increase in the ratio Ab40/Ab42 in the frontal cortex, while
no significant changes were seen in the hippocampus and
plasma. This should not rule out that arterial stiffness could
have an impact on Ab accumulation in humans. First,
endogenous murine amyloid peptides lack the aggregation-
prone amino acids that are present in human Ab, and their
expression is lower compared with humans.47,48 One way to
reexamine the proposed hypothesis would be to evaluate
whether arterial stiffness is capable of exacerbating Ab
pathology in transgenic murine models of human amyloid
overproduction. Indeed, studies in humans have reported
associations between pulse wave velocity (a clinical mea-
surement of arterial stiffness) and brain Ab burden in
nondemented adults,49,50 warranting future investigations to
better understand this association.

Taken together, our findings suggest that carotid stiffness is
sufficient to independently induce deficits in the brain micro-
circulation and to increase the blood-brain barrier permeability.
With a compromise in CBF, the proper delivery of oxygen and
nutrients to support neuronal function is disrupted, leading to
hippocampal neurodegeneration and cognitive impairments. It
should be noted that while these changes seem to appear
“early” in this model (2–3 weeks after calcification), it is at this
time point that mice with carotid calcification exhibit an
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increased beta index comparable to that of a 75 years-old
human.6 At the same time, the rapid cognitive decline in mice
may be explained by the lack of brain and cognitive reserve in
rodents. In humans, brain and cognitive reserve provides
neuroprotection and compensation in Alzheimer disease and
dementia, but also in other brain disorders,51 and can reduce
the effect of Alzheimer pathology on cognition.52 Also, the
distance between carotid and cerebral arteries is much shorter
in mice than in humans, which reduces the dampening capacity
of the murine vasculature and makes their brain more
vulnerable. Upon technical development of blood pulsatility
measures in human cerebral blood vessels, it will be possible to
adjust our model and better understand the threshold of
stiffness and blood pulsatility that could impact the brain.

Although our study provides new insights on the mecha-
nisms by which arterial function affects the brain, several
questions remain unanswered. For example, if the CBF
dysregulation were amenable to therapeutic correction, would
this prevent or delay the appearance of memory deficits in a
context of cerebral inflammation and damaged blood-brain
barrier? When should individuals with arterial stiffness qualify
for treatments? Which are the best drugs or targets? Answers
to these questions will significantly advance our understand-
ing of the impact of arterial stiffness on brain function and
help in the development of new strategies to protect the heart
and the brain in aging and hypertension.
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SUPPLEMENTAL MATERIAL



Supplemental Material 

 Blood pressure 

Animals were acclimated to the testing apparatus during three days prior to blood pressure 

assessment. Systolic blood pressure was monitored by non-invasive tail-cuff plethysmography 

(Kent Scientific Corp, USA) two days before the periarterial application of CaCl2 or NaCl (day 0) 

and weekly for 3 weeks. Following a period of 10 minutes of acclimation, a minimum of 5 

measurements were taken until blood pressure stabilized. Following stabilization, 10 

measurements were taken per mouse and averaged for analysis. Measurements were taken at the 

same time of the day by the same experimenter. 

Autoradiography 

Resting cerebral blood flow (CBF) was measured 2 weeks after the periarterial application of NaCl 

or CaCl2 in awake mice by quantitative autoradiography, using [14C]IAP (Iodoantipirine 4-N-

Methyl-14C, Perkin Elmer, Canada) as a diffusible tracer. Under isoflurane anaesthesia (induction: 

5%, maintenance: 2%), the femoral vein was catheterized for tracer infusion. The femoral artery 

was catheterized for mean arterial pressure monitoring and blood collection. The discomfort 

caused by the surgery was treated locally with bupivacaine (Marcaine, CDMV, Canada, 4 mg/kg 

s.c.). Mice were placed in prone position with their head covered and held under minimal restraint.

Body temperature was maintained at 37 ºC. 

Tracer infusion (1 µCi / 10 g body weight, 8 ml/hour) began two hours after isoflurane anaesthesia 

was stopped. Arterial blood was collected every 5 seconds during a period of 45 seconds, with the 

first collection done before tracer infusion. At the end of the 45-second period, mice were 

decapitated, the brain was quickly removed and frozen in cold isopentane (-30 ºC) for 5-10 seconds 

Data S1.



and then stored at -80 ºC until tissue sectioning. Coronal brain sections were cut on a cryostat at 

20-µm thickness and mounted on glass slides.

Brain sections and 14C standards (American Radiolabeled Chemicals Inc., USA) were exposed to 

autoradiography films (Kodak BioMax MR Film, USA) during 10 days for densitometry analysis 

with the MCID™ Densitometry System software (MCID 7.0, Imaging Research Inc, ON, Canada). 

Plasma was obtained by centrifugation of peripheral blood at 2000 g for 20 minutes, 4°C. Plasma 

samples were placed in vials in the presence of scintillating liquid (Ultima Gold, PerkinElmer Inc., 

USA) and radioactivity was counted using a liquid scintillation counter (1219 RachBeta, LKB 

Wallac, USA). Radioactivity counts obtained were entered into the MCID™ Densitometry System 

software according to the sampling time (every 5 seconds). The software calculates CBF as a 

function of the plasma contamination curve (radioactivity counts in plasma as a function of time) 

and of the intensity of the 14C standards.  Brain sections containing the dorsal hippocampus (from 

Bregma -1.82 to -2.18 mm) were used for analysis in the following regions: visual and 

somatosensory cortex (VSCx), perirhinal and entorhinal cortex (PECx), CA1 (cornu ammonis area 

1), CA2-3 (cornu ammonis area 2-3), DG (dentate gyrus), thalamic nuclei (THA) and corpus 

callosum (CC). Four brain sections per animal were examined and data from the right hemisphere 

(corresponding to the side of the calcified carotid) was used for analysis.  

In vivo laser Doppler flowmetry 

Cerebrovascular autoregulation and CBF responses to whisker stimulation and to endothelium-

dependent and independent vasodilators were examined 2 weeks after the periarterial application 

of NaCl or CaCl2. Anaesthesia was initiated with isoflurane (induction: 5%, maintenance: 2%) and 

maintained with alpha-chloralose (50 mg/kg, i.p.) and urethane (750 mg/kg, i.p.). The femoral 



artery was cannulated with a heparinized catheter for the monitoring of mean arterial pressure and 

arterial blood gases. Animals were placed in a stereotax and artificially ventilated through the 

trachea with a nitrogen/oxygen mixture (Harvard Apparatus, Inspira Advanced Safety Ventilator). 

Body temperature was maintained at 37 ºC with a thermostatically controlled rectal probe.  

For analysis of neurovascular coupling and endothelial CBF regulation, a 2x2 mm cranial window 

was drilled above the right somatosensory cortex. The pia mater was removed and the exposed 

area was superfused with artificial cerebrospinal fluid (aCSF) (0.5 mL/min, 35ºC; composition: 

NaCl 125 mM, KCl 3 mM, NaHCO3 26 mM, NaH2PO4·H2O 1.25 mM, CaCl2·2H20 2 mM, 

MgCl2·6H2O 1mM, glucose 4 mM, ascorbic acid 0.4 mM) in the presence or absence of drugs. A 

laser Doppler probe (AD Instruments, USA) was placed above the whisker barrel area with the aid 

of a micromanipulator. Analysis of CBF began 30 minutes after the end of the cranial window 

procedure and subsequent interruption of isoflurane to allow blood gases to stabilise. Blood gases, 

pH, mean arterial pressure and CBF at baseline before the stimulations were measured to ensure 

that physiological parameters were comparable between groups (Supplemental Table 1).  

Microhemorrages 

Microhemorrages were examined with the Prussian blue staining at 3 weeks post-surgery. Brain 

sections were mounted on microscope slides (Superfrost Plus, Fisher Scientific, USA) and allowed 

to dry overnight. The next day, they were immersed in a solution of 1% potassium ferrocyanide 

(Bioshop, Canada) and 1% HCl for 30 minutes. Following this, three washes (5 minutes each) 

were carried out; two with distilled water and one with tap water followed by immersion in a 

solution of 1% Neutral Red-1% glacial acetic acid for 2 minutes. Three one-minute washes with 

tap water were done and the slides were then soaked once in 95% ethanol, once in 100% ethanol 



and twice in xylene (5 minutes each) before coverslipping (D.P.X.; Sigma-Aldrich, ON, Canada). 

Brain sections from a mouse model of hyperhomocysteinemia 1 kindly provided by Dr. Donna 

Wilcock (University of Kentucky, USA) were used as a positive control of the Prussian blue 

protocol. Micrographs were acquired with a Leitz Diaplan microscope equipped with an Olympus 

DP21 camera (Wild Leitz GmbH, Germany).  

Aβ40 and Aβ42 ELISA 

Endogenous mouse Aβ40 and Aβ42 were measured by ELISA (KMB3481 and KMB3441, Life 

Technologies, Invitrogen, USA) at 3 weeks post-surgery. Following decapitation, frontal cortex 

and hippocampus were dissected from the right hemisphere and frozen at -80 ºC until further 

analysis. Brain tissues were weighed, homogenized in 8X volumes of a guanidine solution (5M 

guanidine-HCl in 50 mM Tris-HCl, pH 8.0) and incubated 3 hours at room temperature under 

agitation. Following centrifugation (16,000 g, 20 minutes) the supernatants were recovered and 

used for analysis (in duplicate). A separate group of mice was used for plasma Aβ quantification. 

Blood was collected from the cava vein and plasma was obtained by centrifugation in heparinized 

tubes (2000 g, 20 minutes). Plasma was diluted in half and processed according to the instructions 

of the manufacturer. Aβ levels in brains were expressed as pmol/g of brain tissue and the ratio 

Aβ40/42 was calculated. 

Tau Western blot 

Body temperature was monitored at sacrifice since hypothermia is known to induce tau 

hyperphosphorylation 2, 3. Mice were killed by decapitation without anaesthesia, as anaesthesia can 

increase hypothermia-induced tau phosphorylation 4. Hippocampal and frontal cortex tissue (right 

side) were dissected and frozen on dry ice and kept at -80˚C until they were homogenized, without 



thawing, in RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 150 mM NaCl, 0.25% Na-

deoxycholate, 1 mM EDTA, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, 10 µl/ml) supplemented 

with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). Western blots were done 

according to our published protocol 5. The following primary antibodies were used: AT8 (epitopes 

pSer202/Thr205, Thermo Fisher Scientific, MN1020), CP13 (epitope pSer202, provided by Dr. 

Peter Davies), PHF-1 (epitopes pSer396, pSer404, provided by Dr. Peter Davies), Tau1 

(dephosphorylated epitopes at Ser195, Ser198, Ser199 and Ser202, clone PC1C6, Millipore, 

MAB34200) and TauC (A0024, Dako Cytomation for total tau). Phospho-tau densitometry signals 

were normalized to total tau. Densitometry values were obtained with the Image Gauge software 

(Fujifilm, USA). 



Table S1. Analysis of blood gases, mean arterial pressure and basal CBF in laser 

Doppler flowmetry studies 

NaCl CaCl2 p value 

pH 7.36 ± 0.09 7.30 ± 0.03 0.123 

pO2 126.1 ± 7.9 124.7 ± 9.1 0.792 

pCO2 39.8 ± 3.4 42.4  ± 2.3 0.190 

Mean arterial pressure 84.0 ± 15.7 69.2 ± 15.6 0.240 

CBF at baseline 183.7 ± 44.5 186.0 ± 80.0 0.965 

CBF = cerebral blood flow. Data is expressed as mean ± SD and analyzed with a two-tailed 

Student’s t test 



Table S2. Quantitative analysis of amyloid-β peptides in brain and plasma 

NaCl CaCl2 p value 

Hippocampus 
Aβ40 174.5 ± 42.2 175.1 ± 31.4 0.9770 

Aβ42 18.9 ± 4.3 17.4 ± 3.3 0.7587 

Frontal cortex 
Aβ40 260.7 ± 51.6 229.4 ± 67.8 0.2949 

Aβ42 26.0 ± 5.0 21.1 ± 6.2 0.1807 

Plasma 
Aβ40 225.7 ± 20.1 236.0 ± 17.8 0.1768 

Aβ42 24.5 ± 1.6 24.9 ± 1.6 0.8147 

Concentration is expressed in pg/ml/g tissue and data depicted as mean ± SD. Analysis was done 

with a two-tailed Student’s t test. 



Figure S1. Assessment of calcium deposition and blood pressure. (A) Examination of calcium 

deposits with the Von Kossa stain at two and three weeks post-calcification in carotid sections 

from the right hemispheres, in controls (NaCl) and in mice with carotid  stiffness (CaCl2). Scale 

bar = 50 μm. (B) Systolic blood pressure (mmHg) was measured with the tail-cuff method. 

Graph represents mean ± SD. Data was analyzed with Two Way ANOVA and the Bonferroni 

correction; n=5-8 mice/group. 



Figure S2. Assessment of locomotor activity. Locomotor activity was evaluated at two (A) and 

three (B) weeks post-calcification in controls (NaCl) and in mice with carotid  stiffness (CaCl2) by 

comparing the swimming speed (cm/sec) of mice trained in the Morris Water Maze. Data is 

displayed in box and whiskers plots, where the median is represented by the horizontal line and 

the 10th and 90th percentiles extend from the extremes of the box. No significant differences, 

unpaired Student’s t-test; 2 weeks (n=8-9); 3 weeks (n=9-13). 



Figure S3. Effect of carotid calcification on cerebral microhemorrages. Microhemorrages 

were examined with the Prussian blue reaction at 3 weeks post-surgery in brain sections from the 

right hemispheres, in controls (NaCl) and in mice with carotid  stiffness (CaCl2). Tissue was 

counterstained with 1% Neutral red-1% glacial acetic acid. Fr ctx: frontal cortex; Somatosens 

ctx: somatosensory cortex; CA1: cornu ammonis 1; DG: dentate gyrus. Scale bar = 50 μm, 

magnification = 10X, n=6/group. 
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