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Large vessel disease and carotid stenosis are key mechanisms contributing to vascular
cognitive impairment (VCI) and dementia. Our previous work, and that of others,
using rodent models, demonstrated that bilateral common carotid stenosis (BCAS)
leads to cognitive impairment via gradual deterioration of the neuro-glial-vascular unit
and accumulation of amyloid-β (Aβ) protein. Since brain-wide drainage pathways
(glymphatic) for waste clearance, including Aβ removal, have been implicated in the
pathophysiology of VCI via glial mechanisms, we hypothesized that glymphatic function
would be impaired in a BCAS model and exacerbated in the presence of Aβ. Male
wild-type and Tg-SwDI (model of microvascular amyloid) mice were subjected to BCAS
or sham surgery which led to a reduction in cerebral perfusion and impaired spatial
learning acquisition and cognitive flexibility. After 3 months survival, glymphatic function
was evaluated by cerebrospinal fluid (CSF) fluorescent tracer influx. We demonstrated
that BCAS caused a marked regional reduction of CSF tracer influx in the dorsolateral
cortex and CA1-DG molecular layer. In parallel to these changes increased reactive
astrogliosis was observed post-BCAS. To further investigate the mechanisms that may
lead to these changes, we measured the pulsation of cortical vessels. BCAS impaired
vascular pulsation in pial arteries in WT and Tg-SwDI mice. Our findings show that BCAS
influences VCI and that this is paralleled by impaired glymphatic drainage and reduced
vascular pulsation. We propose that these additional targets need to be considered
when treating VCI.

Keywords: carotid stenosis, vascular pulsation, glymphatic function, vascular cognitive impairment, amyloid-β
(Aβ), cerebral amyloid angiopathy (CAA)
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INTRODUCTION

Cerebral vascular disease (CVD) is a major contributor to
vascular cognitive impairment (VCI) and dementia such as
Alzheimer’s disease (Gorelick et al., 2011; Montine et al.,
2014). Large well-characterized cohort studies have highlighted
the co-existence of vascular disease with Alzheimer’s disease
(De Jong et al., 1997; Hachinski and Munoz, 1997; Snowdon
et al., 1997; Esiri et al., 1999; de la Torre, 2000a,b,c).
Key neuroimaging features (white matter lesions, microbleeds,
lacunes and perivascular spaces) are found in both Alzheimer’s
disease and VCI sharing a number of vascular risk factors,
such as hypertension, diabetes and atherosclerosis (Dichgans
and Leys, 2017). Vascular risk factors in midlife are also
associated with increased burden of Alzheimer-related pathology,
such as amyloid protein, suggesting a direct relationship
(Gottesman et al., 2017).

Chronic cerebral hypoperfusion has been proposed as a
central common mechanism which contributes to cognitive
decline and degenerative processes leading to dementia
(Duncombe et al., 2017a). Global reductions in blood flow are
associated with increased risk of progression from mild cognitive
impairment to dementia suggesting that perfusion plays a key
role in disease progression (Alsop et al., 2010; Chao et al., 2010).
Reduced cerebral perfusion has been linked to white matter
attenuation, a key feature common to both Alzheimer’s disease
and dementia associated with CVD (Schuff et al., 2009; Barker
et al., 2014). Common artery stenosis of varying degrees is
invariably associated with cognitive impairment (Johnston et al.,
2004; Cheng et al., 2012; Alosco et al., 2013; Balestrini et al., 2013)
and carotid stenosis (> 25%) has been linked to a greater burden
of white matter hyperintensities (Romero et al., 2009). Large
and small vessel disease is also linked to Alzheimer’s disease
dementia (Arvanitakis et al., 2016). Reduced cerebral perfusion,
impaired cerebrovascular reactivity and hemodynamic responses
are increasingly recognized in the early stages of Alzheimer’s
disease (de la Torre, 2012b; Hughes et al., 2014). Our work and
others using animal models have shown that chronic cerebral
hypoperfusion as a result of bilateral carotid stenosis leads to
cognitive decline through mechanisms that involve hypoxia-
induced white matter damage and gradual deterioration of the
neuro-glial-vascular unit including endothelial dysfunction,
microvascular inflammation and BBB leakage (Shibata et al.,
2004; Holland et al., 2015; Fowler et al., 2017; Kitamura et al.,
2017; Roberts et al., 2018). There is substantial evidence that
reduced blood flow contributes to vascular disease. However,
a causal relationship remains a matter of controversy largely
due to the cross-sectional nature of clinical studies and, in the
few longitudinal studies conducted, reduced blood flow occurs

Abbreviations: (Aβ), Amyloid-β; ASL, Arterial spin labeling; ACSF, Artificial
cerebrospinal fluid; BCAS, Bilateral common carotid stenosis; CAA, Cerebral
amyloid angiopathy; CBF, Cerebral blood flow; CVD, Cerebral vascular disease;
DG, Dentate gyrus; DL CTX, Dorsolateral cortex; MCA, Middle cerebral artery;
PVS, Perivascular space; PBS, Phosphate-buffered saline; ROI, Region of interest;
SAH, Subarachnoid hemorrhage; Tg-SwDI, Transgenic mouse containing the
Swedish, Dutch and Iowa mutations; VCI, Vascular cognitive impairment; WT,
Wild-type.

subsequent to vascular disease burden (de la Torre, 2012a).
Impaired glymphatic function is emerging as a key player in
vascular disease and dementia. The glymphatic pathway is a
brain wide clearance process that relies on the movement of CSF
along the perivascular network facilitated by aquaporin-4 water
channels on the astroglial endfeet to promote the elimination
of waste out of the brain (Iliff et al., 2012). CSF flow within
the perivascular space (PVS) is regulated by cerebrovascular
pulsatility and constriction, which is now considered to be a key
factor regulating glymphatic function (Iliff et al., 2013b; Mestre
et al., 2018, 2020). Enlarged PVS, identified by neuroimaging,
are a common feature of CVD and dementia linked to vascular
risk factors and inflammation (Doubal et al., 2010; Wardlaw
et al., 2013; Aribisala et al., 2014b; Potter et al., 2015; Shi and
Wardlaw, 2016; Ding et al., 2017). There is also evidence of
impaired glymphatic function in pre-clinical models relevant to
CVD. Notably advanced age, acute ischemic stroke and multi-
infarct stroke, diabetes and subarachnoid hemorrhage (SAH)
have all been shown to have a major impact on glymphatic
drainage (Gaberel et al., 2014; Kress et al., 2014; Wang et al.,
2017). Disturbances of the glymphatic function are also related
to a build-up of Aβ in both human and rodent brain (Xu et al.,
2015; Shokri-Kojori et al., 2018).

Recent studies from our group and others have shown
that carotid stenosis reduces cerebral perfusion and alters the
Aβ peptide pools culminating in cerebral amyloid angiopathy
(CAA) and vascular related lesions (Okamoto et al., 2012;
Salvadores et al., 2017). In light of the evidence that flow-limiting
large-vessel stenosis contributes to vascular and Alzheimer’s
disease pathophysiology (Gupta and Iadecola, 2015), and that
impaired glymphatic function is a key contributor to impaired
Aβ clearance we hypothesized that the complex interaction of
Alzheimer’s disease and carotid stenosis leading to cognitive
impairment occurs via impaired glymphatic function in addition
to perfusion deficits. We interrogated this by examining
glymphatic influx in a well-characterized murine model of VCI
induced by bilateral common carotid stenosis (BCAS) (Shibata
et al., 2004) and then assessed Aβ accumulation in a model
of microvascular amyloid (Tg-SwDI) post-BCAS. We further
assessed astrocytes and cerebral vascular pulsation as potential
mechanisms since they govern CSF-ISF exchange in murine brain
(Iliff et al., 2013b).

MATERIALS AND METHODS

Mice
All experiments were conducted in accordance with the
United Kingdom Home Office Animals (Scientific Procedures)
Act 1986 and additional local ethical and veterinary approval
(Biomedical Research Resources, University of Edinburgh) and
the ARRIVE guidelines. We used male C57Bl/6J (Charles
River Laboratories Inc., United Kingdom) and Tg-SwDI mice
(transgenic mice with Swedish, Dutch and Iowa mutations
in human amyloid precursor protein (APP), with primarily
microvascular amyloidosis) for all experiments. At the outset,
mice from cohort 1 (n = 42) (Tg-SwDI and wild-type littermates
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at 7–9 months old) were randomly assigned to experiments
of MRI and behavioral tests, and tissues were collected for
evaluation of microvascular amyloid level. A second cohort of
mice (cohort 2) (n = 33) (Tg-SwDI at 5–7 months and imported
C57Bl/6J mice at 4–5 months) were used for the investigation of
glymphatic influx and astrogliosis. Mice from cohort 3 were used
for in vivo investigation of vessel pulsation. Investigators were
blinded to surgery and genotype throughout the data collection
and analysis. Final group size for analysis: cohort 1: n = 8 WT
sham, n = 10 WT BCAS, n = 6 Tg-SwDI sham, n = 10 Tg-SwDI
BCAS. Cohort 2, n = 10 WT sham, n = 8 WT BCAS, n = 7 Tg-
SwDI sham, n = 8 Tg-SwDI BCAS. Cohort 3, n = 7 WT sham,
n = 7 WT BCAS, n = 6 Tg-SwDI sham, n = 7 Tg-SwDI BCAS.

Bilateral Common Carotid Stenosis
Surgery
BCAS surgery was performed under isoflurane anesthesia by
applying microcoils (0.18 mm internal diameter, Sawane Spring
Co, Shizuoka, Japan) permanently to both common carotid
arteries. Details of surgical methods have been described in
previous studies (Shibata et al., 2004; Coltman et al., 2011;
Holland et al., 2011; Reimer et al., 2011). A 30-min interval
was given between two microcoils application to minimize the
acute CBF changes caused by the placement of microcoils. Sham-
operated animals underwent the identical procedure except the
application of microcoils to both arteries. In cohort 1, one Tg-
SwDI mouse was culled during surgery due to severe bleeding;
and after 3 days of surgery, two WT and five Tg-SwDI were
culled due to poor recovery as their weight loss exceeded 20%.
Therefore, these mice were excluded from the study.

Cerebral Blood Flow Measure by Arterial
Spin Labeling
A 7.0T (Agilent Technologies, Yarnton, United Kingdom)
preclinical MRI system was used to collect T1-weighted
and arterial spin labeling (ASL) data as we previously
described (Duncombe et al., 2017b). Experimental animals
were anesthetized under 5% isoflurane in oxygen for induction
then placed in an MRI compatible holder (Rapid Biomedical,
Wurzburg, Germany). Isoflurane was maintained at 1.5% in
oxygen during scanning. Rectal temperature was monitored
and regulated at around 37◦C by an airflow heating system.
Respiratory rate was regulated at 70–100 breaths per minute.
The T1-weighted images were acquired at 1.7 mm posterior
to Bregma in stereotactic coordinates of Mouse Brain Atlas
(Paxinos and Franklin, 2001). ASL was performed using a Look-
Locker FAIR single gradient echo (LLFAIRGE) sequence (Kober
et al., 2008) covering a 1.5 mm thick brain slice centered –
1.7 mm posterior from Bregma. Forty gradient echoes spaced
200 ms apart were acquired after a slice-selective or global
adiabatic inversion pulse for each phase encoding, resulting
in a total observation time of approximately 16 min for a
64 × 64 imaging matrix. The flip angle was 20◦. The first
20◦ pulse occurred 3 ms after the inversion pulse. The echo
time was 1.42 ms. Maps of cerebral blood flow (CBF) were
constructed from ASL data in MATLAB using in-house scripts.

CBF maps were analyzed in ImageJ (v1.46, NIH, Bethesda, MD,
United States) using unbiased and uniform regions of interest
from T1-weighted images acquired with the ASL sequence. The
CBF values in each region of interest were reported as % change
compared to baseline.

Assessment of Cognitive Function Using
Barnes Maze
A Barnes maze was used to assess the differences in spatial
learning and memory at 3 months after BCAS or sham surgery
(Barnes maze schedule shown in Figure 1A). The maze consists
of one white circular platform and 20 circular holes around
the outside edge of the platform, with 91.5 cm diameter and
115 cm height (San Diego Instruments). The maze was brightly lit
with lamps and overhead room lights (450 lux), and an aversive
white noise stimulus is played at 85 dB. There is one dark
escape chamber attached to one of the holes allocated to each
experimental animal. Visual cues were placed on the curtains
and walls around the maze. There was one white cylinder with
10.5 cm diameter for retaining animals at the beginning of each
trial. All the tests were recorded by a video-based automatic
tracking system ANY-maze v 4.99. All the tests were performed
in the behavior testing room where the room temperature can be
controlled at constant 20◦C.

Acclimation and Habituation
Animals were brought into the behavioral testing room and
placed in the holding cylinder to acclimate to the testing
environment for 10 s for 2 days before habituation. One week
prior to the training session, animals were habituated to the
maze and escape chamber. Each mouse was placed in the holding
cylinder for 10 s then allowed 3 min free exploration under low
stress conditions after removal of the cylinder, without aversive
white noise stimulation. Then mice were guided to the escape
chamber and allowed inside for 2 min. All the animals were
allocated one fixed number for the chamber during the behavior
test. The maze and the escape chamber were cleaned with ethanol
to avoid any olfactory cues between each trial.

Visuo-Spatial Learning and Working Memory Test
(Acquisition Training)
During the training session, mice were trained to find the escape
chamber over 6 days with 2 trials per day (60-min inter-trial
interval). The platform consists of 20 escape holes and the
location of escape chamber remained constant to each mouse
but was shifted clockwise 90 degree between mice to avoid any
olfactory cues. The mouse was placed in the holding cylinder
for 10 s. The aversive white noise (85 dB) was given once
the test started and switched off once the mouse entered the
escape chamber. If the mouse failed to enter the target hole,
the experimenter guided the mouse to the escape chamber.
The aversive stimulus was stopped as soon as the mouse
entered the chamber.

72 h Probe
A probe trial was performed 72 h after the final acquisition
training and each mouse was allowed 90 s to explore the maze
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FIGURE 1 | BCAS causes a decline in spatial learning acquisition and cognitive flexibility. Spatial learning and memory and cognitive flexibility were assessed using a
Barnes maze at 3 months post-BCAS in WT and Tg-SwDI mice. (A) In the acquisition phase one hole (indicated by green) was designated as the target hole with an
escape box. A probe test was performed 72 h after the last acquisition training session, in which the escape box was removed. In the reversal phase, the target hole
was moved 180 degrees to the original target hole. 1 day after the probe test. A reversal probe test was performed 72 h after the last training session. (B) Motor
ability assessment in acquisition training. The speed or velocity was measured at the outset to assess whether motor function was affected by the genotype or
surgery across different groups. There was a significant effect of genotype between WT and Tg-SwDI mice. Post hoc tests showed significant difference between
WT BCAS and Tg-SwDI BCAS mice at day 1 (∗∗p < 0.01), 3, 4 and 5 (∗p < 0.05), respectively. (C) Spatial learning was assessed by comparing escape latency over
6 days with 2 sessions per day. There was a significant effect of BCAS surgery but not genotype across groups. Post hoc tests showed significant effect of BCAS in
WT at day 5, 6 (∗p < 0.05) and in Tg-SwDI at day 2 (#p < 0.05) compared to their sham counterparts. (D) Pathlength measure was also used to evaluate spatial
learning function. There was a significant effect of BCAS surgery but not genotype across groups. Post hoc tests showed significant effect of BCAS in WT mice
when compared to their sham counterparts at day 1, 2, 5 (∗p < 0.05) and 6 (∗∗p < 0.01). (E) In the acquisition 72 h probe test all mice performed above chance
except WT BCAS mice (one sample t-test). No significant effect of BCAS and genotype were detected (Two-way ANOVA). To enhance the detection of spatial
learning ability, reversal trials were taken to evaluate the ability of mice to learn a new location using Barnes maze (F–H). In the reversal tests, spatial learning was
assessed by comparing escape latency and pathlength over 3 days with 2 sessions per day training across all groups. (F) There was a significant effect of BCAS
surgery but not genotype by comparing escape latency. Post hoc tests showed significant effect of BCAS in WT mice when compared to their sham counterparts at
day 2 (∗p < 0.05). (G) By comparing the pathlength in the test, there was a significant effect of BCAS surgery but not genotype. Post hoc tests showed significant
effect of BCAS in WT mice when compared to their sham counterparts at day 2 (p < 0.05). (H) In the reversal probe test only WT sham mice performed above
chance (one sample t-test). There was no significant effect of either genotype or surgery on the percentage time spent in the correct quadrant (Two-way ANOVA).
Data are mean ± SEM, n = 6–10 per group.
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with the escape chamber removed and the rest of elements
remained same. The 72 h probe trials aimed to test the long-
term memory of the mice after a period of training to locate
the escape chamber.

Reversal Training
During the reversal training session, mice were trained to find
the escape chamber following same procedure as the acquisition
training phase, but with the allocated escape chamber shifted 180
degree to the opposite side of the stage. The mice were trained
over 3 days with 2 trials per day (60-min inter-trial interval)
in reversal training to evaluate the spatial learning ability in
increased difficulty of task.

Reversal Probe
The reversal probe trial was performed 72 h after the final reversal
training. Animals were given 90 s to explore the maze with the
escape chamber removed. All the elements in reversal probe
remained same as reversal training test.

Measurements
Trials were recorded by a camera above the maze and measured
using tracking software Any-maze version 4.99. Spatial learning
was assessed by the total time to enter the escape chamber
(escape latency) and the total distance traveled (pathlength)
during this period.

Assessment of Glymphatic Function by
Intracisternal Injection of Fluorescent
Tracers
Mice were initially anesthetized with isoflurane (5% in oxygen),
then positioned on a stereotaxic frame and anesthetic maintained
at approximately 1.5% (in oxygen). The respiration was regulated
using a ventilator. The posterior atlanto-occipital membrane
was surgically exposed and a 32GA needle attached to a
Hamilton syringe was inserted into cisterna magna. Dextran,
fluorescein and biotin labeled 3 kDa soluble lysine fixable (D7156,
Invitrogen) and ovalbumin Alexa Fluor R© 594 conjugate 45 kDa
(O34783, Invitrogen) tracers were mixed at 1:1 ratio and infused
at a concentration of 5 µg/µl, at a rate of 0.5 µl/min over
20 min (10 µl total volume) through a syringe pump (Harvard
Apparatus). The needle was held in place for 10 min and then
removed, and atlanto-occipital membrane was sealed to avoid
any reflux of CSF.

Tissue Processing
At the end of the experiments, mice from cohort 1 and 2 were
transcardially perfused with 30 ml heparinized saline then whole
brains were fixed in 4% paraformaldehyde in PBS for 24 h.
For cohort 1, brain tissues were further transferred into 30%
sucrose solution in PBS for 72 h. Brains were placed in pre-
cool isopentane –42◦C for 5 min then stored in –80◦C freezer
and coronal sections (12 µm) were cut using a cryostat. For
cohort 2, the brains were sectioned into coronal planes (100 µm)
on a vibratome then stored in cryoprotective medium in
a –20◦C freezer.

Imaging of Fluorescent Tracer Movement
Tracer movement from the subarachnoid space of the cisterna
magna into the brain was imaged using a slide scanner (ZEISS
Axio Scan.Z1). Multi-channel whole-slice images of each animal
at hippocampal level (–1.82 mm to bregma, Mouse Brain Atlas)
was generated at 20 × magnification. This included separate
DAPI, Alexa Fluor 488 and Alexa Fluor 594 channels. All images
were scanned using constant exposure time for each individual
channel by the slide scanner. For the quantification of tracer
movement into the brain, scanned images were analyzed in
ImageJ software (v1.46, NIH, Bethesda, MD, United States) as
described previously (Iliff et al., 2012). Region of interest (ROI)
was defined using DAPI channel to identify anatomical regions.
Auto-thresholding (triangle method) was used to measure the %
area of positive signal that is the glymphatic CSF influx.

Immunohistochemistry
Immunostaining was carried out according to standard
protocols. Frozen sections were removed from the freezer and
allowed to air dry for 30 min. Slides were washed in phosphate-
buffered saline (PBS) followed by a series of ethanol (70, 90, and
100%) for dehydration then placed in xylene for 10 min. Sections
were rehydrated through serial ethanol (100, 90, and 70%) then
rinsed in water. Antigen retrieval was performed using 10 mM
citric buffer (PH 6.0) at 100◦C under pressure for 10 min then
covered with proteinase K working solution for 10 min at room
temperature. Sections were rinsed in PBS and incubated in
blocking buffer (10% normal serum, 0.5% BSA) for 1 h at room
temperature. Subsequently, sections were incubated in primary
antibody solution (amyloid 6E10, 1:1,000, Covance, SIG-39320,
mouse monoclonal antibody; COL4, 1:400, Fitzgerald, 70R-
CR013X, rabbit polyclonal antibody) overnight at 4◦C. Sections
were then rinsed in PBS and incubated in secondary antibody
(anti-rabbit Alexa Fluor 546, 1:500, Invitrogen A-11010; anti-
mouse Alexa Fluor 488 1:500, Invitrogen A-11001) for 1 h at
room temperature.

Vibratome sections were rinsed in PBS and mounted on to
superfrost plus slides (VWR international) followed by serial
ethanol (70, 90, and 100%) and then placed in xylene for
10 min. Sections were rehydrated through serial ethanol (100,
90, and 70%) then rinsed in running water. Antigen retrieval
was performed using 10 mM citric buffer (PH 6.0) at 100◦C
under pressure for 10 min. Then sections were incubated in
primary antibody solution (GFAP, 1:1,000, Life technologies, 13-
0300, Rat monoclonal antibody) overnight at 4◦C. Sections were
rinsed in PBS and incubated in non-fluorescent biotinylated
secondary antibody (anti-rat, 1:100, Vector Laboratories, YO809)
for 1 h at room temperature followed by 1 h incubation
with Vector ABC Elite kit (Vector Laboratories). Finally,
sections were visualized with DAB peroxidase substrate kit
(Vector Laboratories).

Analysis of Immunohistochemistry
Immunostained 12 µm frozen sections were analyzed using a
laser scanning confocal microscope (ZEISS LSM 710, Germany).
Cortical amyloid load and blood vessel density were determined
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by measuring the percentage of areas occupied by 6E10 and COL4
staining, respectively. Vascular amyloid load was determined
by colocalization analysis for blood vessels and amyloid by
calculating the Mander’s coefficient and data shown as %
vascular amyloid. Images from the cortex in Tg-SwDI mice were
selected, amyloid, blood vessels (COL4) and vascular amyloid
images were quantified at the brain regions from the pial
surface to approximate the depth of 250 µm. Immunostained
100 µm thick vibratome sections were analyzed using a
slide scanner (ZEISS Axio Scan.Z1). Astrogliosis were assessed
by measuring the percentage of stained area occupied by
GFAP staining, using auto thresholding (triangle method). All
measurements were carried out using ImageJ (v1.46, NIH,
Bethesda, MD, United States).

Cranial Window Implantation
Animals were initially anesthetized using 4–5% isoflurane,
delivered through a face mask via a ventilator and kept on 1.5–
2% through the surgery. Subcutaneous injection of Caprofen
(5 mg/kg) was administered at the start of the surgery. Body
temperature was monitored through the surgery. Skin was
removed to expose the skull, dried, and secured using VetBond
(3M, #1649). Using a high-speed micro drill, an area of 6 × 3 mm
was drilled over until a thin layer of bone was left. A drop
of artificial cerebrospinal fluid (ACSF) (ACSF; 125 mM NaCl,
10 mM glucose, 10 mM HEPES, 3.1 mM CaCl2, 1.3 mM
MgCl2, pH 7.4), was applied to the skull and left for 10 min.
Using angled forceps, the skull was lifted without disrupting
the dura. Hemocollagene soaked in ACSF was applied on
the exposed brain for 5 min. A sterile coverslip was placed
on top of the exposed brain, and secured by a mixture of
liquid glue and dental cement. Immediately afterward, a custom
made head plate (Protolabs) was applied to the cranial window
prep and secured by additional glue/cement mixture. The
cranial window was left to dry for 5 min and the animal
was placed for recovery. Animals were rested for 4 weeks
prior to imaging.

In vivo Vascular Pulsation Assessment
In separate cohorts of 7–8 month old WT and Tg-SwDI mice
(cohort 3) cerebral vascular pulsatility was evaluated in WT
and Tg-SwDI mice 1 month after sham and BCAS surgery.
Cerebral vascular pulsation was assessed through the cortical
vascular network with the use of multiphoton microscopy
(LaVision Biotech TriMScope with Nikon CFI-Apo 25 × NA1.1
lens and Leica SP8 DIVE with IRAPO L 25 × NA1.0 lens)
using a method based on those described previously within
the literature (Iliff et al., 2013b; Kress et al., 2014). Mice
were anesthetized in 5% isoflurane and maintained at 1.5–2%
through imaging. Cortical vascular network was visualized via
multiphoton microscopy through the injection of fluorescently
conjugated dextran into the blood stream (Rhodamine B,
20 mg/ml, Sigma R9379). The pulsatility of individual vessels was
determined by positioning linescans orthogonal to the vessel’s
axis. Linescans were performed in a repeated loop scans at a
frequency of 1086.96 Hz (LaVision Biotech TriMScope) and
8,000 Hz (Leica SP8 DIVE) to equal duration of 3,600 ms. To

calculate dynamic vessel width changes over time, the kymograph
resulting from line scans was smoothed in FIJI (Smooth 3D) and
thresholded (default automatic threshold). Using ROI placement
over the whole graph, the distribution of pixel density for each
line was calculated using a multi-plot. After conversion of pixels
to µms and ms, the vessel width (µm) within each region was
plotted against time (ms). Vessel wall pulsatility (µm∗ms) was
calculated from the resulting graphs as the absolute value of area
under the diameter-time plot, integrated to the running average
calculated across the entire 3,600 ms sampling time (GraphPad
Prism, AUC analysis).

Statistical Analysis
Data were analyzed using a two-way ANOVA with surgery
and genotype as two between-subject factors followed by
Bonferroni’s multiple comparison test to compare CBF levels,
CSF glymphatic drainage and astrogliosis. Statistical comparison
of spatial learning was carried out by repeated measures ANOVA
with surgery and genotype as between subject factors followed
by Bonferroni’s multiple comparison test, the probe trials were
carried out by using two-way ANOVA for comparison between
groups. One sample t-test was used to compare the performance
of each group with the chance. Mann Whitney U-test was
used to compare the amyloid burden, blood vessel density
and pulsation. Statistical analysis was performed using IBM
SPSS Statistics 22.

RESULTS

Regional Cerebral Perfusion Is Reduced
Post- Bilateral Common Carotid
Stenosis in Wild-Type and Tg-SwDI Mice
At the outset of the studies, we determined whether carotid
stenosis affected cerebral blood flow (CBF) in Tg-SwDI compared
to WT mice using arterial spin labeling (ASL). We used a
similar method to that reported previously (Kober et al., 2008;
Duncombe et al., 2017b) which overestimates perfusion values
and thus determined the % changes in CBF in BCAS compared
to baseline (Figure 2) (note: absolute values are shown in
Supplementary Figure 1). The % reductions in regional CBF
in the dorsolateral cortex and hippocampal CA1-DG region in
BCAS compared to sham mice are shown (Figure 2A). In the
dorsolateral cortex (DL CTX), there was a significant main effect
of surgery [F(1, 26) = 14.816, p < 0.001] but no effect in Tg-
SwDI mice (p > 0.05) on resting CBF (Figure 2B). Post hoc
analysis indicated that CBF was significantly reduced in BCAS
mice in both wild-type (p = 0.013) and Tg-SwDI (p = 0.010)
groups. Furthermore, in the hippocampal CA1-DG region, there
was a main effect of surgery [F(1, 26) = 17.963, p < 0.001]
but not genotype (p > 0.05) (Figure 2C). Post hoc analysis
showed significantly reduced CBF in both wild-type (p = 0.022)
and Tg-SwDI (p = 0.002) BCAS groups. Although there was
a sustained and prominent reduction in CBF, there were no
genotype differences indicating that perfusion was reduced to a
similar extent in WT and Tg-SwDI mice.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 January 2022 | Volume 13 | Article 788519

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-788519 January 11, 2022 Time: 14:30 # 7

Li et al. Glymphatic Function in VCI

FIGURE 2 | Decreased resting CBF following BCAS. MRI arterial spin labeling (ASL) was used to measure regional alterations in CBF. (A) Representative images of
arterial spin labeling (ASL) from sham and BCAS WT and Tg-SwDI mice at 3 months following surgery. (B,C) A significant reduction of CBF in the brain cortex and
hippocampus was determined post-BCAS but there was no genotype effect. ∗ and ∗∗ indicate p < 0.05 and 0.01, respectively. Data are presented as individual data
points, mean ± SEM, n = 6–10 per group.

Bilateral Common Carotid Stenosis
Causes a Decline in Spatial Learning
Acquisition and Cognitive Flexibility in
Wild-Type and Tg-SwDI Mice
We and others have previously reported that BCAS caused
short-term spatial working memory impairments and spatial
learning and memory deficits in WT mice (Shibata et al., 2007;
Coltman et al., 2011; Holland et al., 2015; Matin et al., 2016;
Kitamura et al., 2017; Patel et al., 2017). In this study spatial
learning and memory abilities were assessed in BCAS wild-
type mice but additionally it was determined whether BCAS
would cause an exacerbated impairment in Tg-SwDI mice. The
experimental paradigm is outlined in Figure 1A. The speed or
velocity was measured at the outset to assess whether motor
function was affected by the genotype or surgery across different
groups. There was a significant effect of genotype between WT
and Tg-SwDI mice [F(1, 30) = 8.239, p < 0.01] (Figure 1B).
Post hoc tests showed significant difference between WT BCAS

and Tg-SwDI BCAS mice at day 1 (p < 0.01), 3, 4, and 5
(p < 0.05), respectively. The Barnes maze paradigm was used
to evaluate visuo-spatial learning whereby mice were trained
to locate an escape hole using spatial cues over 6 days with 2
sessions per day and the escape latency measured. There was
a significant effect of BCAS [F(1, 30) = 9.60, p < 0.01] but
not genotype (p > 0.05) on escape latency (Figure 1C). Post
hoc tests showed a significant effect of BCAS in both WT and
Tg-SwDI mice when compared to their sham counterparts at
day 5, 6 (p < 0.05) and day 2 (p < 0.05), respectively. We
next analyzed the distance traveled in the tests (pathlength) as
an additional measure to evaluate spatial learning. There was a
significant effect of BCAS [F(1, 30) = 5.826, p = 0.022] but no
effect of genotype (p > 0.05) on the pathlength across groups
(Figure 1D). Post hoc tests showed a significant effect of BCAS
in WT mice when compared to their sham counterparts at
day 1, 2, 5 (p < 0.05) and 6 (p < 0.01). To investigate the
effect of BCAS on long-term memory, a probe test was taken
after 72 h of the final acquisition training to examine whether
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experimental animals remember the previous target location
after removing the escape chamber. Data was quantified as the
percentage of time each mouse spent in the target quadrant
where the allocated chamber was previously located. WT sham
(p = 0.004), Tg-SwDI sham (p = 0.021) and Tg-SwDI BCAS
(p = 0.025) all spent a significantly higher percentage of time
than chance (25%) in the target quadrant but wild-type BCAS
mice, did not perform above chance level (p = 0.84) (Figure 1E).
There was no significant effect of BCAS or genotype on the

percentage of time spent in the correct quadrant across groups
(p > 0.05, respectively). To enhance the detection of spatial
learning ability, reversal training and probe trials were then
undertaken to evaluate the ability of experimental animals to
learn a new location and to test cognitive flexibility. The escape
hole location was switched 180◦ to the opposite side of maze.
In the reversal tests, spatial learning was assessed by comparing
escape latency and pathlength over 3 days with 2 sessions per
day training across all groups. There was a significant effect of

FIGURE 3 | CSF tracer influx in the perivascular space. (A) Evans blue dye was injected into cisterna magna of a normal mouse. At the surface of the brain, dyes
were found distributed along blood vessels, the middle cerebral artery (MCA) and its branches, along the superior sagittal sinus, inferior cerebral vein, and transverse
sinus. (B) (Arteriole, in cortical area) and (D) Co-labeling of sections with the vascular basement membrane marker COL4 revealed the localization of CSF
fluorescent tracer to the adjacent space. (C) (Capillary, in subcortical area) and (E) Tracer colocalized with the basement membrane. Representative images
showing spatial location of tracer soluble lysine fixable dextran 3 kDa (D-3) (green). Scale bar: top (space) = 10 µm, bottom (lumen) = 5 µm.
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BCAS surgery [F(1, 30) = 4.70, p = 0.038] but not genotype
by comparing escape latency (p > 0.05) (Figure 1F). Post hoc
tests showed a significant effect of BCAS in WT mice when
compared to their sham counterparts at day 2 (p < 0.05). By
comparing the pathlength in the test, there was a significant effect
of BCAS surgery [F(1, 30) = 5.84, p = 0.022] but not genotype
(p > 0.05) (Figure 1G). Post hoc tests showed a significant effect
of BCAS in WT mice when compared to their sham counterparts
at day 2 (p < 0.05). The reversal probe was performed following
72 h after the final reversal training trial. Only WT sham mice
(p < 0.05) spent a significantly higher percentage of time than
chance in the target quadrant whereas all other groups did
not perform above chance (WT BCAS, Tg-SwDI sham, Tg-
SwDI BCAS p > 0.05, respectively) (Figure 1H). There was no
significant effect of surgery (p > 0.05) or genotype (p > 0.05)
on percentage time spent in the correct quadrant. Collectively
the data demonstrate that BCAS impairs learning acquisition and
cognitive flexibility.

Cerebrospinal Fluid Glymphatic Influx in
the Brain Cortex
We next determined whether glymphatic function would be
impaired post-stenosis at a time when both cerebral perfusion
and cognitive abilities are impaired. To address this, we first
examined the distribution of Evans blue following cisterna
magna injection as a method to visualize glymphatic entry/influx
and found that the dye distributed along the surface brain
vessels (e.g., middle cerebral artery), along the superior sagittal
sinus, inferior cerebral vein, and transverse sinus (Figure 3A).
Following this CSF influx was then investigated by injection
of fluorescently labeled CSF tracer (Dextran 3 kDa, D-3) into
the cisterna magna and tracer distribution evaluated by imaging
ex vivo fixed brain slices labeled with a marker of the basement
membrane (COL4). CSF tracer influx was observed colocalized
with the basement membrane and in the adjacent space
(Figure 3B), colocalized with basement membrane (Figure 3C).
Intensity profile graphs show strong colocalization between

FIGURE 4 | Regional CSF tracer influx is altered in BCAS and Tg-SwDI mice. Representative images of fluorescent tracer influx (D-3) (green) in the (A) DL CTX and
(B) hippocampus (CA1-DG molecular layer) of WT and Tg-SwDI mice sham and post-BCAS. (C,D) Quantification of D-3 tracer distribution in the DL CTX and
CA1-DG molecular layer. ∗ and ∗∗ indicate p < 0.05 and 0.01, respectively. Data are shown as individual data points, mean ± SEM, n = 6–10 per group. Scale
bar = 500 µm.
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CSF tracer (D-3) and vascular basement membrane (COL4)
(Figures 3D,E) with partial tracer occupancy in the perivascular
compartment (Figure 3D).

Regional Cerebrospinal Fluid Tracer
Influx Is Altered Post-bilateral Common
Carotid Stenosis in Wild-Type and
Tg-SwDI Mice
The distribution of CSF tracer influx was then measured post-
BCAS in both wild-type and Tg-SwDI mice. It was noted that
the tracer distribution was quite heterogeneous between the
different cohorts particularly in different brain regions, notably
the dorsolateral cortex (DL CTX) and hippocampus (CA1-DG

molecular layer). CSF tracer influx in the region of dorsolateral
cortex was distributed along the middle cerebral artery (MCA)
and its branches (Figure 3A) but this was less prominent post-
BCAS compared to sham (Figure 4A). Quantification of tracer
indicated a significant reduction in the dorsolateral cortex post-
BCAS [F(1, 27) = 4.81, p = 0.037] and a trend toward an
effect of genotype albeit this did not reach statistical significance
(p = 0.064). Post hoc analysis showed a significant reduction in
WT BCAS compared to sham animals (p < 0.05) (Figure 4C). It
was also noted that CSF tracer was prominently distributed along
the vascular network within the hippocampus but was markedly
restricted post-BCAS in the hippocampal subregion: CA1-DG
molecular layer (Figure 4B). It was determined that there was
a reduction in tracer post-BCAS with a significant main effect

FIGURE 5 | BCAS exacerbates amyloid deposition in Tg-SwDI mice. (A) Representative images of amyloid (green) and COL4 as a marker of vascular basement
membranes (red) in the superficial brain cortex in Tg-SwDI sham and BCAS mice. (B) Total amyloid and (C) vascular amyloid were increased post-BCAS. (D) No
significant changes of basement membrane were found. ∗ indicates p < 0.05. Data are shown as individual data points, mean ± SEM, n = 6–9 per group. Scale
bar = 50 µm.
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of surgery [F(1, 28) = 7.5, p = 0.011], but no effect of genotype
(p > 0.05). Post hoc tests showed a significant reduction between
WT sham and BCAS mice (p = 0.005) (Figure 4D). Collectively,
the results demonstrate that carotid stenosis has a major impact
on cortical and hippocampal glymphatic function.

Bilateral Common Carotid Stenosis
Exacerbates Vascular Amyloid
Accumulation
The vascular basement membranes have been proposed as
pathways for the movement of fluid in the brain and involved
in the build-up of amyloid causing CAA (Morris et al., 2016).
To investigate the potential changes of amyloid burden post-
BCAS, we evaluated Aβ (6E10) load in the cortex and co-labeled
with COL4 (a marker of basement membrane of blood vessels)
to enable the assessment of microvascular amyloid in our Tg-
SwDI mouse model with vascular amyloidosis (Figure 5A).
A significant increase in the total amount of amyloid (p < 0.05)
and vascular amyloid was determined post-stenosis (p < 0.05)
in the cortex (∼250 µm from the pial surface) (Figures 5B,C,

respectively). Since basement membranes have been shown
as pathways for the clearance of Aβ we further determined
COL4 levels but did not find significant changes post-BCAS
(p > 0.05) (Figure 5D).

Increased Astrogliosis Following
Bilateral Common Carotid Stenosis in
Cortex
To discern the mechanisms by which BCAS may impact on
glymphatic function we next studied the extent of astrogliosis.
Astrocytes and their end-feet have been shown to alter
glymphatic function (Iliff et al., 2012). GFAP immunostaining
was undertaken to investigate the extent of reactive gliosis post-
BCAS and in Tg-SwDI mice. BCAS surgery had a significant
effect [F(1, 27) = 0.309, p = 0.01] but there was no effect
of genotype (p > 0.05) on the extent of astrogliosis in the
dorsolateral cortex. Post hoc tests showed a significant increase
of astrogliosis between WT sham and BCAS mice (p = 0.021)
(Figures 6A,C). We further analyzed the hippocampal CA1-DG
molecular layer. There was a significant effect of genotype [F(1,

FIGURE 6 | Increased astrogliosis post-BCAS in cortex. Representative images of GFAP immunostaining to assess the degree of astrogliosis in the superficial brain
cortex of WT and Tg-SwDI, sham and BCAS mice. (A,C) In the superficial cortex, BCAS caused increased astrogliosis but was unaffected in Tg-SwDI mice. (B,D) In
the hippocampus, there was increased astrogliosis in Tg-SwDI mice but not post-BCAS. ∗ and ∗∗ indicate p < 0.05 and 0.01, respectively. Data are shown as
individual data points, mean ± SEM, n = 6–10 per group. Scale bar = 100 µm.
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28) = 0.457, p = 0.002] but no effect of BCAS (p > 0.05)
on astrogliosis. Post hoc tests showed a significant increase of
astrogliosis in Tg-SwDI BCAS mice compared to WT BCAS
group (p = 0.009) and a trend of increased astrogliosis between
the WT sham and Tg-SwDI mice (p = 0.061) (Figures 6B,D).
Thus, alterations in astrogliosis did not always parallel the
impairment in glymphatic function observed post-BCAS.

Cerebral Arterial Pulsation Is Impaired in
Tg-SwDI and Post-bilateral Common
Carotid Stenosis in Subset of Vessels
Cerebral arterial pulsation is thought to drive the glymphatic
influx into and through the brain and is essential for the
clearance of Aβ (Iliff et al., 2013b; Kress et al., 2014). Most
recent evidence using two-photon imaging has supported the
role of arterial pulsations in CSF movement in the perivascular
spaces and basement membranes (Mestre et al., 2018). To
investigate whether vascular pulsation is affected in Tg-SwDI
animals and post-BCAS, we used in vivo two-photon microscopy
which provides high temporal resolution of individual blood
vessels. We measured multiple levels of the cerebral vascular
network including pial veins and arteries, penetrating arteries
and ascending veins (Figure 7A). There was a significant effect
of genotype on vascular pulsatility of vessel diameter in all types
of vessels measured (Figure 7B): pial veins [F(1, 22) = 53.841,
p = 0.000], pial arteries [F(1, 23) = 4.744, p = 0.04], penetrating
arteries [F(1, 22) = 46.398, p = 0.000] and ascending veins [F(1,
22) = 40.658, p = 0.000]. Post hoc tests revealed a significant
decrease in vascular pulsation between wild type and Tg-SwDI
sham animals in pial veins (p = 0.000), pial arteries (p = 0.041),
penetrating arteries (p = 0.001) as well as ascending veins
(p = 0.002). Vascular pulsation was also reduced in Tg-SwDI
when compared to wild type BCAS mice in pial veins (p = 0.000),
penetrating arteries (p = 0.000), ascending veins (p = 0.000),
but not in pial arteries (p > 0.05). Interestingly, we found a
significant effect of surgery in pial arteries only [F(1, 23) = 9.536,
p = 0.005], but not in any other type of vessel. Post hoc analysis
showed a significant decrease in vascular pulsation in wild type
BCAS animals when compared to shams (p = 0.008), but no
effect in Tg-SwDI animals (Figure 7B). In addition, heart rate
was measured during imaging in all animals and was found to
be similar across all groups (Supplementary Figure 2). Thus the
decreased pulsatility is likely not driven by changes in frequency
but rather by decreases in amplitude.

DISCUSSION

Our findings provide experimental evidence that long-term
BCAS, whilst reducing cerebral perfusion, may also affect
glymphatic function (summarized in Figure 8). This new data
adds credence to a growing body of human studies that have
challenged the view that reduced blood flow post-stenosis is
the major contributor to VCI. Instead, alternative or additional
mechanisms should be considered (Aribisala et al., 2014a;
Wardlaw et al., 2017; Alhusaini et al., 2018; Shi et al., 2018a).

FIGURE 7 | Vascular pulsatility is reduced in Tg-SwDI animals (A) Two-photon
microscopy was used to assess vessel pulsation in sham and post-BCAS WT
and Tg-SwDI mice. Four categories of blood vessels were investigated: 1. Pial
arteries; 2. Penetrating arteries; 3. Ascending veins; 4. Pial veins. (B) There
was a significant effect of genotype on vascular pulsatility in all types of
vessels measured, and significant effect of surgery on pial arteries. Post hoc
test revealed a significant decrease in vascular pulsation between wild type
and Tg-SwDI sham animals in pial veins (p = 0.000), pial arteries (p = 0.041),
penetrating arteries (p = 0.001) as well as ascending veins (p = 0.002)
Vascular pulsation was also reduced in Tg-SwDI when compared to wild type
BCAS mice in pial veins (p = 0.000), penetrating arteries (p = 0.000),
ascending veins (p = 0.000) but not in pial arteries (p > 0.05). Finally, vascular
pulsation was decreased in wild type BCAS animals when compared to
shams (p = 0.008). Data are presented as mean ± SEM, n = 6–7 per group.
# indicates significant difference between sham and BCAS; * indicates
significant difference between WT and Tg-SwDI. *p < 0.05, **, ##p < 0.01;
***p < 0.001.

A substantial number of studies have shown that BCAS,
using microcoils applied to both common carotid arteries in
mice, leads to cognitive impairment (Shibata et al., 2007; Matin
et al., 2016; Patel et al., 2017). Consistent with these studies, we
show that at 3 months after BCAS, impaired spatial learning
acquisition and cognitive flexibility are evident. The mechanistic
link between BCAS and VCI has largely been attributed to the
post-BCAS cerebral perfusion deficits initiating hypoxia–induced
white matter pathology and degenerative changes to the glial-
vascular unit (Holland et al., 2015).
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FIGURE 8 | Proposed model by which BCAS and amyloid may impact on glymphatic function and predispose to VCI. In the long-term response to BCAS, reduced
arterial pulsatility may impede CSF influx along the periarterial space and contribute in part to amyloid accumulation within the parenchyma and vasculature.
Independently amyloid (Aβ40) has a profound impact on arterial pulsatility and impedes CSF influx. Downstream these events may influence glial cell responses
including reactive astrogliosis and inflammation that can contribute to VCI.

Our novel data suggest that BCAS can also lead to impaired
CSF influx along the glymphatic pathway. In the first instance, we
injected fluorescent tracer into the cisterna magna and were able
to observe the tracers surrounding cerebral arteries e.g., middle
cerebral artery (MCA) within the perivascular compartment
(Figure 3) consistent with previous observations showing that
CSF influx moves along the periarterial components into deeper
brain regions (Iliff et al., 2012). It has been shown by in vivo
two-photon imaging that intracisternal CSF tracer travels along
the perivascular component surrounding pial surface (Iliff et al.,
2012; Xie et al., 2013). Using confocal microscopy, we were able to
measure the regional distribution of tracer post-BCAS. Following
3 months of carotid stenosis impaired glymphatic function was
determined in cortical and deep hippocampal regions suggesting
that prolonged disruption to the vascular system may lead to
enduring suppression of CSF influx to the brain.

CSF influx along the glymphatic drainage pathway has also
shown to be impaired in other models relevant to cerebral
vascular disease. In a rodent model of multiple infarcts,
caused by intra-arterial injection of cholesterol crystals via the
internal carotid artery, a transient suppression of CSF influx
was determined (Wang et al., 2017). However, in this study
glymphatic function was restored within 2 weeks. In other models
a sustained or progressive impairment of glymphatic function has
been shown such as with aging (Wang et al., 2017), hypertension
(Mestre et al., 2018) and in models relevant to AD (Peng et al.,
2016). Interestingly, in another study of APP/PS1 mice, a model
relevant to AD, glymphatic function is severely compromised
before amyloid accumulation (Peng et al., 2016) and it is likely
that there are different pathophysiological mechanisms that can
contribute to VCI.

To examine potential mechanisms underlying the impaired
CSF influx, we assessed the extent of astrogliosis as astrocytes
have an important function in CSF influx and clearance (Iliff
et al., 2012), and deletion of the astrocytic end feet reduces
the CSF influx into the parenchyma following ischemia (Mestre
et al., 2020). In this study there was a tendency for astrogliosis
post-BCAS. In the cortex there was pronounced astrogliosis
most notable in WT mice post-BCAS and in the hippocampus
astrogliosis was increased in Tg-SwDI post-BCAS mice. We
further explored additional mechanisms that may account for
the impaired CSF influx post-BCAS. Cerebrovascular pulsatility
is a key driving force facilitating CSF flow into and through
brain parenchyma (Iliff et al., 2013b; Mestre et al., 2018) and
vasoconstriction was shown previously to play an important
role in CSF flow following ischemia (Mestre et al., 2020). Using
intravital imaging we found that arterial pulsation in pial vessels
was affected in transgenic animals and was further exacerbated
by BCAS surgery. Our results are in accordance with previous
data showing that 30 min of unilateral ligation of internal
carotid artery leads to significantly reduced pulsatility in the
penetrating arteries with impaired glymphatic influx (Iliff et al.,
2013b). Our data shows that venous pulsation, on the other
hand, as well as pulsation of penetrating and ascending vessels
was impaired in transgenic animals, but not affected by BCAS
surgery. Together, these data suggest that BCAS has a differential
effect on vascular pulsation within the vascular bed with arterial
pulsation predominantly exacerbated by BCAS. Since cerebral
pulsation may govern CSF-ISF exchange in murine brain leading
to accumulation of solutes/proteins in the brain, this impairment
may partly explain the accumulation of Aβ that we determined
in Tg-SwDI animals post-BCAS. Altered carotid function has
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been associated with impaired cognitive function, greater Aβ

deposition and several features of vascular disease in both human
and animal studies (Huang et al., 2012; Poels et al., 2012; Ding
et al., 2015; Holland et al., 2015; Hughes et al., 2018). It has been
also shown that the impaired glymphatic function can result in
increased Aβ burden in the brain (Kress et al., 2014; Peng et al.,
2016; Shokri-Kojori et al., 2018). In the current study arterial
pulsation was impaired by BCAS and independently by Aβ in Tg-
SwDI in the absence of BCAS. It has been suggested that arterial
vessel stiffening and reduced pulsatility may cause decreased
CSF fluid influx (Benveniste and Nedergaard, 2021) and thus
BCAS/Aβ accumulation may impact on vascular hemodynamics
resulting in altered glymphatic function. In keeping with this,
in studies of human SVD, pulsatility index as a measure of
vascular stiffness is increased (Shi et al., 2018b). However of note
in this study is, that although BCAS led to an increase in Aβ

accumulation, this was not associated with a more prominent
impairment in glymphatic function. One explanation may be
that glymphatic function is already markedly reduced in Tg-
SwDI mice. Alternatively there may be other mechanisms that
contribute to amyloid accumulation post-BCAS (e.g., oxidative
stress), which we have previously shown (Salvadores et al.,
2017). A prospective population-based study has also shown
alterations of pulsation in the carotid artery may contribute
to the pathophysiology of cerebral microbleeds in deep brain
region secondary to hypertension (Ding et al., 2015). Interestingly
we have also shown that sustained carotid stenosis leads to
the development of vascular lesions (both microbleeds and
microinfarcts) in deep subcortical structures several months post-
stenosis (Holland et al., 2015).

The present study was restricted to evaluation of CSF influx
at 3 months post-BCAS and future longitudinal approaches to
evaluate potential progression of changes could be interrogated
using contrast-enhanced MRI (Iliff et al., 2013a). One of the
limitations of the present study was the inability to intervene and
modify glymphatic function. Thus in future it will be important to
discern whether glymphatic failure can be reversed and whether
this may impact on the onset and progression of VCI.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author:
(Karen.Horsburgh@ed.ac.uk).

ETHICS STATEMENT

The animal study was reviewed and approved by the UK Home
Office Animals (Scientific Procedures) Act 1986 and additional

local ethical and veterinary approval (Biomedical Research
Resources, University of Edinburgh).

AUTHOR CONTRIBUTIONS

ML carried out, designed, analyzed most of the experiments, and
wrote the manuscript. AK carried out and designed the CSF
tracer experiment. JB carried out multiphoton experiments, data
analysis, and some behavioral work. JK carried out multiphoton
experiment and CSF tracer experiment analysis. JD carried
out MR imaging and behavioral and IHC experiment. RL,
MJ, and IM overseen the MR/ASL imaging and analysis. BP
assisted with the behavioral study design. UW assisted with
the multiphoton work. RC assisted the CSF tracer experiment
design, data interpretation, and editing manuscript. RK assisted
the data interpretation, and editing manuscript. JI assisted the
study design, data interpretation, and editing manuscript. KH
conducted the surgeries, supervised the project and assisted in
study design, data interpretation, and writing of the manuscript.
All authors assisted with editing of the manuscript.

FUNDING

We gratefully acknowledge the grant support from the
Alzheimer’s Society (152 (PG-157); 290 (AS-PG-15b-018); 228
(AS-DTC-2014-017), 314 (AS –PhD-16-006), and Alzheimer’s
Research United Kingdom (ART-PG2010-3; ARUK-PG2013-
22; ARUK-PG2016B-6), and The University of Edinburgh
Centre for Cognitive Ageing and Cognitive Epidemiology,
part of the cross council Lifelong Health and Wellbeing
Initiative (G0700704/84698). ML and JB are funded by an
Alzheimer’s Society Scotland Doctoral Training Programme and
RS Macdonald Trust. ML was also funded by a China Scholarship
Council (CSC)/University of Edinburgh scholarship.

ACKNOWLEDGMENTS

Schematic diagrams in Figures 2, 8 are created
with Biorender.com.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2021.788519/full#supplementary-material

REFERENCES
Alhusaini, S., Karama, S., Nguyen, T. V., Thiel, A., Bernhardt, B. C., Cox, S. R., et al.

(2018). Association between carotid atheroma and cerebral cortex structure at
age 73 years. Ann. Neurol. 84, 576–587. doi: 10.1002/ana.25324

Alosco, M. L., Brickman, A. M., Spitznagel, M. B., Garcia, S. L.,
Narkhede, A., Griffith, E. Y., et al. (2013). Cerebral perfusion is
associated with white matter hyperintensities in older adults with
heart failure. Congest. Heart Fail 19, E29–E34. doi: 10.1111/chf.
12025

Frontiers in Aging Neuroscience | www.frontiersin.org 14 January 2022 | Volume 13 | Article 788519

mailto:Karen.Horsburgh@ed.ac.uk
http://Biorender.com
https://www.frontiersin.org/articles/10.3389/fnagi.2021.788519/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.788519/full#supplementary-material
https://doi.org/10.1002/ana.25324
https://doi.org/10.1111/chf.12025
https://doi.org/10.1111/chf.12025
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-788519 January 11, 2022 Time: 14:30 # 15

Li et al. Glymphatic Function in VCI

Alsop, D. C., Dai, W., Grossman, M., and Detre, J. A. (2010). Arterial spin labeling
blood flow MRI: its role in the early characterization of Alzheimer’s disease.
J. Alzheimers Dis. 20, 871–880. doi: 10.3233/JAD-2010-091699

Aribisala, B. S., Wiseman, S., Morris, Z., Valdes-Hernandez, M. C., Royle,
N. A., Maniega, S. M., et al. (2014b). Circulating inflammatory markers are
associated with magnetic resonance imaging-visible perivascular spaces but not
directly with white matter hyperintensities. Stroke 45, 605–607. doi: 10.1161/
STROKEAHA.113.004059

Aribisala, B. S., Morris, Z., Eadie, E., Thomas, A., Gow, A., Valdes Hernandez,
M. C., et al. (2014a). Blood pressure, internal carotid artery flow parameters,
and age-related white matter hyperintensities. Hypertension 63, 1011–1018.
doi: 10.1161/HYPERTENSIONAHA.113.02735

Arvanitakis, Z., Capuano, A. W., Leurgans, S. E., Bennett, D. A., and Schneider,
J. A. (2016). Relation of cerebral vessel disease to Alzheimer’s disease dementia
and cognitive function in elderly people: a cross-sectional study. Lancet Neurol.
15, 934–943. doi: 10.1016/S1474-4422(16)30029-1

Balestrini, S., Perozzi, C., Altamura, C., Vernieri, F., Luzzi, S., Bartolini, M.,
et al. (2013). Severe carotid stenosis and impaired cerebral hemodynamics can
influence cognitive deterioration. Neurology 80, 2145–2150. doi: 10.1212/WNL.
0b013e318295d71a

Barker, R., Ashby, E. L., Wellington, D., Barrow, V. M., Palmer, J. C., Kehoe,
P. G., et al. (2014). Pathophysiology of white matter perfusion in Alzheimer’s
disease and vascular dementia. Brain 137, 1524–1532. doi: 10.1093/brain/
awu040

Benveniste, H., and Nedergaard, M. (2021). Cerebral small vessel disease: a
glymphopathy? Curr. Opin. Neurobiol. 72, 15–21. doi: 10.1016/j.conb.2021.07.
006

Chao, L. L., Buckley, S. T., Kornak, J., Schuff, N., Madison, C., Yaffe, K., et al.
(2010). ASL perfusion MRI predicts cognitive decline and conversion from
MCI to dementia. Alzheimer Dis. Assoc. Disord. 24, 19–27. doi: 10.1097/WAD.
0b013e3181b4f736

Cheng, H. L., Lin, C. J., Soong, B. W., Wang, P. N., Chang, F. C., Wu, Y. T.,
et al. (2012). Impairments in cognitive function and brain connectivity in
severe asymptomatic carotid stenosis. Stroke 43, 2567–2573. doi: 10.1161/
STROKEAHA.111.645614

Coltman, R., Spain, A., Tsenkina, Y., Fowler, J. H., Smith, J., Scullion, G., et al.
(2011). Selective white matter pathology induces a specific impairment in
spatial working memory. Neurobiol. Aging 32, 2323.e7–e12. doi: 10.1016/j.
neurobiolaging.2010.09.005

De Jong, G. I., De Vos, R. A., Steur, E. N., and Luiten, P. G. (1997). Cerebrovascular
hypoperfusion: a risk factor for Alzheimer’s disease? Animal model and
postmortem human studies. Ann. N. Y. Acad. Sci. 826, 56–74. doi: 10.1111/j.
1749-6632.1997.tb48461.x

de la Torre, J. C. (2000a). Cerebral hypoperfusion, capillary degeneration, and
development of Alzheimer disease. Alzheimer Dis. Assoc. Disord. 14(Suppl. 1),
S72–S81. doi: 10.1097/00002093-200000001-00012

de la Torre, J. C. (2000b). Critically attained threshold of cerebral hypoperfusion:
can it cause Alzheimer’s disease? Ann. N. Y Acad. Sci. 903, 424–436. doi: 10.
1111/j.1749-6632.2000.tb06394.x

de la Torre, J. C. (2000c). Impaired cerebromicrovascular perfusion. Summary of
evidence in support of its causality in Alzheimer’s disease. Ann. N. Y. Acad. Sci.
924, 136–152. doi: 10.1111/j.1749-6632.2000.tb05572.x

de la Torre, J. C. (2012b). Cerebral Hemodynamics and Vascular Risk Factors:
setting the stage for Alzheimer’s disease. J. Alzheimers Dis. 32, 553–567. doi:
10.3233/JAD-2012-120793

de la Torre, J. C. (2012a). Cardiovascular risk factors promote brain hypoperfusion
leading to cognitive decline and dementia. Cardiovasc. Psychiatry Neurol.
2012:367516. doi: 10.1155/2012/367516

Dichgans, M., and Leys, D. (2017). Vascular cognitive impairment. Circ. Res. 120,
573–591.

Ding, J., Mitchell, G. F., Bots, M. L., Sigurdsson, S., Harris, T. B., Garcia, M.,
et al. (2015). Carotid arterial stiffness and risk of incident cerebral microbleeds
in older people: the Age, Gene/Environment Susceptibility (AGES)-Reykjavik
study. Arterioscler. Thromb. Vasc. Biol. 35, 1889–1895. doi: 10.1161/ATVBAHA.
115.305451

Ding, J., Sigurethsson, S., Jonsson, P. V., Eiriksdottir, G., Charidimou, A., Lopez,
O. L., et al. (2017). Large perivascular spaces visible on magnetic resonance
imaging, cerebral small vessel disease progression, and risk of dementia: the age,
gene/environment susceptibility-reykjavik study. JAMA Neurol. 74, 1105–1112.
doi: 10.1001/jamaneurol.2017.1397

Doubal, F. N., Maclullich, A. M., Ferguson, K. J., Dennis, M. S., and Wardlaw,
J. M. (2010). Enlarged perivascular spaces on MRI are a feature of cerebral
small vessel disease. Stroke 41, 450–454. doi: 10.1161/STROKEAHA.109.56
4914

Duncombe, J., Kitamura, A., Hase, Y., Ihara, M., Kalaria, R. N., and Horsburgh, K.
(2017a). Chronic cerebral hypoperfusion: a key mechanism leading to vascular
cognitive impairment and dementia. Closing the translational gap between
rodent models and human vascular cognitive impairment and dementia. Clin.
Sci. (Lond.) 131, 2451–2468. doi: 10.1042/CS20160727

Duncombe, J., Lennen, R. J., Jansen, M. A., Marshall, I., Wardlaw, J. M., and
Horsburgh, K. (2017b). Ageing causes prominent neurovascular dysfunction
associated with loss of astrocytic contacts and gliosis. Neuropathol. Appl.
Neurobiol. 43, 477–491. doi: 10.1111/nan.12375

Esiri, M. M., Nagy, Z., Smith, M. Z., Barnetson, L., and Smith, A. D. (1999).
Cerebrovascular disease and threshold for dementia in the early stages of
Alzheimer’s disease. Lancet 354, 919–920. doi: 10.1016/S0140-6736(99)02355-7

Fowler, J. H., Mcqueen, J., Holland, P. R., Manso, Y., Marangoni, M.,
Scott, F., et al. (2017). Dimethyl fumarate improves white matter function
following severe hypoperfusion: involvement of microglia/macrophages and
inflammatory mediators. J. Cereb. Blood Flow Metab. 38, 1354–1370. doi: 10.
1177/0271678X17713105

Gaberel, T., Gakuba, C., Goulay, R., Martinez De Lizarrondo, S., Hanouz, J. L.,
Emery, E., et al. (2014). Impaired glymphatic perfusion after strokes revealed
by contrast-enhanced MRI: a new target for fibrinolysis? Stroke 45, 3092–3096.
doi: 10.1161/STROKEAHA.114.006617

Gorelick, P. B., Scuteri, A., Black, S. E., Decarli, C., Greenberg, S. M.,
Iadecola, C., et al. (2011). Vascular contributions to cognitive impairment and
dementia: a statement for healthcare professionals from the american heart
association/american stroke association. Stroke 42, 2672–2713. doi: 10.1161/str.
0b013e3182299496

Gottesman, R. F., Schneider, A. L., Zhou, Y., Coresh, J., Green, E., Gupta, N., et al.
(2017). Association between midlife vascular risk factors and estimated brain
amyloid deposition. JAMA 317, 1443–1450. doi: 10.1001/jama.2017.3090

Gupta, A., and Iadecola, C. (2015). Impaired Abeta clearance: a potential link
between atherosclerosis and Alzheimer’s disease. Front. Aging Neurosci. 7:115.
doi: 10.3389/fnagi.2015.00115

Hachinski, V., and Munoz, D. G. (1997). Cerebrovascular pathology in Alzheimer’s
disease: cause, effect or epiphenomenon? Ann. N. Y. Acad. Sci. 826, 1–6. doi:
10.1111/j.1749-6632.1997.tb48456.x

Holland, P. R., Bastin, M. E., Jansen, M. A., Merrifield, G. D., Coltman, R. B.,
Scott, F., et al. (2011). MRI is a sensitive marker of subtle white matter
pathology in hypoperfused mice. Neurobiol. Aging 32:2325.e1–6. doi: 10.1016/j.
neurobiolaging.2010.11.009

Holland, P. R., Searcy, J. L., Salvadores, N., Scullion, G., Chen, G., Lawson, G.,
et al. (2015). Gliovascular disruption and cognitive deficits in a mouse model
with features of small vessel disease. J. Cereb. Blood Flow Metab. 35, 1005–1014.
doi: 10.1038/jcbfm.2015.12

Huang, K. L., Lin, K. J., Ho, M. Y., Chang, Y. J., Chang, C. H., Wey, S. P.,
et al. (2012). Amyloid deposition after cerebral hypoperfusion: evidenced on
[F-18]AV-45 positron emission tomography. J. Neurol. Sci. 319, 124–129. doi:
10.1016/j.jns.2012.04.014

Hughes, T. M., Kuller, L. H., Barinas-Mitchell, E. J., Mcdade, E. M., Klunk, W. E.,
Cohen, A. D., et al. (2014). Arterial stiffness and beta-amyloid progression
in nondemented elderly adults. JAMA Neurol. 71, 562–568. doi: 10.1001/
jamaneurol.2014.186

Hughes, T. M., Wagenknecht, L. E., Craft, S., Mintz, A., Heiss, G., Palta, P.,
et al. (2018). Arterial stiffness and dementia pathology: atherosclerosis risk
in communities (ARIC)-PET study. Neurology 90, e1248–e1256. doi: 10.1212/
WNL.0000000000005259

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y.,
et al. (2013b). Cerebral arterial pulsation drives paravascular CSF-interstitial
fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/
JNEUROSCI.1592-13.2013

Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., et al. (2013a). Brain-
wide pathway for waste clearance captured by contrast-enhanced MRI. J. Clin.
Invest. 123, 1299–1309. doi: 10.1172/JCI67677

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012).
A paravascular pathway facilitates CSF flow through the brain parenchyma and
the clearance of interstitial solutes, including amyloid beta. Sci. Transl. Med.
4:147ra111. doi: 10.1126/scitranslmed.3003748

Frontiers in Aging Neuroscience | www.frontiersin.org 15 January 2022 | Volume 13 | Article 788519

https://doi.org/10.3233/JAD-2010-091699
https://doi.org/10.1161/STROKEAHA.113.004059
https://doi.org/10.1161/STROKEAHA.113.004059
https://doi.org/10.1161/HYPERTENSIONAHA.113.02735
https://doi.org/10.1016/S1474-4422(16)30029-1
https://doi.org/10.1212/WNL.0b013e318295d71a
https://doi.org/10.1212/WNL.0b013e318295d71a
https://doi.org/10.1093/brain/awu040
https://doi.org/10.1093/brain/awu040
https://doi.org/10.1016/j.conb.2021.07.006
https://doi.org/10.1016/j.conb.2021.07.006
https://doi.org/10.1097/WAD.0b013e3181b4f736
https://doi.org/10.1097/WAD.0b013e3181b4f736
https://doi.org/10.1161/STROKEAHA.111.645614
https://doi.org/10.1161/STROKEAHA.111.645614
https://doi.org/10.1016/j.neurobiolaging.2010.09.005
https://doi.org/10.1016/j.neurobiolaging.2010.09.005
https://doi.org/10.1111/j.1749-6632.1997.tb48461.x
https://doi.org/10.1111/j.1749-6632.1997.tb48461.x
https://doi.org/10.1097/00002093-200000001-00012
https://doi.org/10.1111/j.1749-6632.2000.tb06394.x
https://doi.org/10.1111/j.1749-6632.2000.tb06394.x
https://doi.org/10.1111/j.1749-6632.2000.tb05572.x
https://doi.org/10.3233/JAD-2012-120793
https://doi.org/10.3233/JAD-2012-120793
https://doi.org/10.1155/2012/367516
https://doi.org/10.1161/ATVBAHA.115.305451
https://doi.org/10.1161/ATVBAHA.115.305451
https://doi.org/10.1001/jamaneurol.2017.1397
https://doi.org/10.1161/STROKEAHA.109.564914
https://doi.org/10.1161/STROKEAHA.109.564914
https://doi.org/10.1042/CS20160727
https://doi.org/10.1111/nan.12375
https://doi.org/10.1016/S0140-6736(99)02355-7
https://doi.org/10.1177/0271678X17713105
https://doi.org/10.1177/0271678X17713105
https://doi.org/10.1161/STROKEAHA.114.006617
https://doi.org/10.1161/str.0b013e3182299496
https://doi.org/10.1161/str.0b013e3182299496
https://doi.org/10.1001/jama.2017.3090
https://doi.org/10.3389/fnagi.2015.00115
https://doi.org/10.1111/j.1749-6632.1997.tb48456.x
https://doi.org/10.1111/j.1749-6632.1997.tb48456.x
https://doi.org/10.1016/j.neurobiolaging.2010.11.009
https://doi.org/10.1016/j.neurobiolaging.2010.11.009
https://doi.org/10.1038/jcbfm.2015.12
https://doi.org/10.1016/j.jns.2012.04.014
https://doi.org/10.1016/j.jns.2012.04.014
https://doi.org/10.1001/jamaneurol.2014.186
https://doi.org/10.1001/jamaneurol.2014.186
https://doi.org/10.1212/WNL.0000000000005259
https://doi.org/10.1212/WNL.0000000000005259
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1172/JCI67677
https://doi.org/10.1126/scitranslmed.3003748
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-788519 January 11, 2022 Time: 14:30 # 16

Li et al. Glymphatic Function in VCI

Johnston, S. C., O’meara, E. S., Manolio, T. A., Lefkowitz, D., O’leary, D. H.,
Goldstein, S., et al. (2004). Cognitive impairment and decline are associated
with carotid artery disease in patients without clinically evident cerebrovascular
disease. Ann. Intern. Med. 140, 237–247. doi: 10.7326/0003-4819-140-4-
200402170-00005

Kitamura, A., Manso, Y., Duncombe, J., Searcy, J., Koudelka, J., Binnie, M.,
et al. (2017). Long-term cilostazol treatment reduces gliovascular damage and
memory impairment in a mouse model of chronic cerebral hypoperfusion. Sci.
Rep. 7:4299. doi: 10.1038/s41598-017-04082-0

Kober, F., Duhamel, G., and Cozzone, P. J. (2008). Experimental comparison of
four FAIR arterial spin labeling techniques for quantification of mouse cerebral
blood flow at 4.7 T. NMR Biomed. 21, 781–792. doi: 10.1002/nbm.1253

Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014).
Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol.
76, 845–861. doi: 10.1002/ana.24271

Matin, N., Fisher, C., Jackson, W. F., and Dorrance, A. M. (2016). Bilateral common
carotid artery stenosis in normotensive rats impairs endothelium-dependent
dilation of parenchymal arterioles. Am. J. Physiol. Heart Circ. Physiol. 310,
H1321–H1329. doi: 10.1152/ajpheart.00890.2015

Mestre, H., Du, T., Sweeney, A. M., Liu, G., Samson, A. J., Peng, W., et al.
(2020). Cerebrospinal fluid influx drives acute ischemic tissue swelling. Science
367:eaax7171. doi: 10.1126/science.aax7171

Mestre, H., Tithof, J., Du, T., Song, W., Peng, W. G., Sweeney, A. M., et al. (2018).
Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in
hypertension. Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3

Montine, T. J., Koroshetz, W. J., Babcock, D., Dickson, D. W., Galpern, W. R.,
Glymour, M. M., et al. (2014). Recommendations of the Alzheimer’s disease-
related dementias conference. Neurology 83, 851–860. doi: 10.1212/WNL.
0000000000000733

Morris, A. W., Sharp, M. M., Albargothy, N. J., Fernandes, R., Hawkes, C. A.,
Verma, A., et al. (2016). Vascular basement membranes as pathways for the
passage of fluid into and out of the brain. Acta Neuropathol. 131, 725–736.
doi: 10.1007/s00401-016-1555-z

Okamoto, Y., Yamamoto, T., Kalaria, R. N., Senzaki, H., Maki, T., Hase, Y., et al.
(2012). Cerebral hypoperfusion accelerates cerebral amyloid angiopathy and
promotes cortical microinfarcts. Acta Neuropathol. 123, 381–394. doi: 10.1007/
s00401-011-0925-9

Patel, A., Moalem, A., Cheng, H., Babadjouni, R. M., Patel, K., Hodis, D. M.,
et al. (2017). Chronic cerebral hypoperfusion induced by bilateral carotid artery
stenosis causes selective recognition impairment in adult mice. Neurol. Res. 39,
910–917. doi: 10.1080/01616412.2017.1355423

Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic
Coordinates, 2nd Edn. San Diego: Academic Press.

Peng, W., Achariyar, T. M., Li, B., Liao, Y., Mestre, H., Hitomi, E., et al. (2016).
Suppression of glymphatic fluid transport in a mouse model of Alzheimer’s
disease. Neurobiol. Dis. 93, 215–225. doi: 10.1016/j.nbd.2016.05.015

Poels, M. M., Zaccai, K., Verwoert, G. C., Vernooij, M. W., Hofman, A., Van
Der Lugt, A., et al. (2012). Arterial stiffness and cerebral small vessel disease:
the Rotterdam Scan Study. Stroke 43, 2637–2642. doi: 10.1161/strokeaha.111.
642264

Potter, G. M., Chappell, F. M., Morris, Z., and Wardlaw, J. M. (2015). Cerebral
perivascular spaces visible on magnetic resonance imaging: development of a
qualitative rating scale and its observer reliability. Cerebrovasc. Dis. 39, 224–231.
doi: 10.1159/000375153

Reimer, M. M., Mcqueen, J., Searcy, L., Scullion, G., Zonta, B., Desmazieres,
A., et al. (2011). Rapid disruption of axon-glial integrity in response to
mild cerebral hypoperfusion. J. Neurosci. 31, 18185–18194. doi: 10.1523/
JNEUROSCI.4936-11.2011

Roberts, J. M., Maniskas, M. E., and Bix, G. J. (2018). Bilateral carotid artery
stenosis causes unexpected early changes in brain extracellular matrix and
blood-brain barrier integrity in mice. PLoS One 13:e0195765. doi: 10.1371/
journal.pone.0195765

Romero, J. R., Beiser, A., Seshadri, S., Benjamin, E. J., Polak, J. F., Vasan, R. S.,
et al. (2009). Carotid artery atherosclerosis, MRI indices of brain ischemia,
aging, and cognitive impairment: the Framingham study. Stroke 40, 1590–1596.
doi: 10.1161/STROKEAHA.108.535245

Salvadores, N., Searcy, J. L., Holland, P. R., and Horsburgh, K. (2017). Chronic
cerebral hypoperfusion alters amyloid-beta peptide pools leading to cerebral
amyloid angiopathy, microinfarcts and haemorrhages in Tg-SwDI mice. Clin.
Sci. (Lond.) 131, 2109–2123. doi: 10.1042/CS20170962

Schuff, N., Matsumoto, S., Kmiecik, J., Studholme, C., Du, A., Ezekiel,
F., et al. (2009). Cerebral blood flow in ischemic vascular dementia
and Alzheimer’s disease, measured by arterial spin-labeling magnetic
resonance imaging. Alzheimers Dement. 5, 454–462. doi: 10.1016/j.jalz.2009.04.
1233

Shi, Y., and Wardlaw, J. M. (2016). Update on cerebral small vessel disease: a
dynamic whole-brain disease. Stroke Vasc. Neurol. 1, 83–92. doi: 10.1136/svn-
2016-000035

Shi, Y., Thrippleton, M. J., Blair, G. W., Dickie, D. A., Marshall, I., Hamilton, I.,
et al. (2018a). Small vessel disease is associated with altered cerebrovascular
pulsatility but not resting cerebral blood flow. J. Cereb. Blood Flow Metab. 40,
85–99. doi: 10.1177/0271678X18803956

Shi, Y., Thrippleton, M. J., Marshall, I., and Wardlaw, J. M. (2018b).
Intracranial pulsatility in patients with cerebral small vessel disease: a
systematic review. Clin. Sci. (Lond.) 132, 157–171. doi: 10.1042/CS2017
1280

Shibata, M., Ohtani, R., Ihara, M., and Tomimoto, H. (2004). White matter
lesions and glial activation in a novel mouse model of chronic cerebral
hypoperfusion. Stroke 35, 2598–2603. doi: 10.1161/01.STR.0000143725.
19053.60

Shibata, M., Yamasaki, N., Miyakawa, T., Kalaria, R. N., Fujita, Y., Ohtani, R., et al.
(2007). Selective impairment of working memory in a mouse model of chronic
cerebral hypoperfusion. Stroke 38, 2826–2832. doi: 10.1161/STROKEAHA.107.
490151

Shokri-Kojori, E., Wang, G. J., Wiers, C. E., Demiral, S. B., Guo, M., Kim, S. W.,
et al. (2018). beta-Amyloid accumulation in the human brain after one night
of sleep deprivation. Proc. Natl. Acad. Sci. U.S.A. 115, 4483–4488. doi: 10.1073/
pnas.1721694115

Snowdon, D. A., Greiner, L. H., Mortimer, J. A., Riley, K. P., Greiner, P. A.,
and Markesbery, W. R. (1997). Brain infarction and the clinical expression of
Alzheimer disease. The Nun Study. JAMA 277, 813–817. doi: 10.1001/jama.
1997.03540340047031

Wang, M., Ding, F., Deng, S., Guo, X., Wang, W., Iliff, J. J., et al. (2017). Focal solute
trapping and global glymphatic pathway impairment in a murine model of
multiple microinfarcts. J. Neurosci. 37, 2870–2877. doi: 10.1523/JNEUROSCI.
2112-16.2017

Wardlaw, J. M., Allerhand, M., Eadie, E., Thomas, A., Corley, J., Pattie, A., et al.
(2017). Carotid disease at age 73 and cognitive change from age 70 to 76
years: a longitudinal cohort study. J. Cereb. Blood Flow Metab. 37, 3042–3052.
doi: 10.1177/0271678X16683693

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R.,
et al. (2013). Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822–838.
doi: 10.1016/S1474-4422(13)70124-8

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013).
Sleep drives metabolite clearance from the adult brain. Science 342, 373–377.
doi: 10.1126/science.1241224

Xu, Z., Xiao, N., Chen, Y., Huang, H., Marshall, C., Gao, J., et al. (2015). Deletion
of aquaporin-4 in APP/PS1 mice exacerbates brain Abeta accumulation
and memory deficits. Mol. Neurodegener. 10:58. doi: 10.1186/s13024-015-
0056-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Kitamura, Beverley, Koudelka, Duncombe, Lennen, Jansen,
Marshall, Platt, Wiegand, Carare, Kalaria, Iliff and Horsburgh. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 January 2022 | Volume 13 | Article 788519

https://doi.org/10.7326/0003-4819-140-4-200402170-00005
https://doi.org/10.7326/0003-4819-140-4-200402170-00005
https://doi.org/10.1038/s41598-017-04082-0
https://doi.org/10.1002/nbm.1253
https://doi.org/10.1002/ana.24271
https://doi.org/10.1152/ajpheart.00890.2015
https://doi.org/10.1126/science.aax7171
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1212/WNL.0000000000000733
https://doi.org/10.1212/WNL.0000000000000733
https://doi.org/10.1007/s00401-016-1555-z
https://doi.org/10.1007/s00401-011-0925-9
https://doi.org/10.1007/s00401-011-0925-9
https://doi.org/10.1080/01616412.2017.1355423
https://doi.org/10.1016/j.nbd.2016.05.015
https://doi.org/10.1161/strokeaha.111.642264
https://doi.org/10.1161/strokeaha.111.642264
https://doi.org/10.1159/000375153
https://doi.org/10.1523/JNEUROSCI.4936-11.2011
https://doi.org/10.1523/JNEUROSCI.4936-11.2011
https://doi.org/10.1371/journal.pone.0195765
https://doi.org/10.1371/journal.pone.0195765
https://doi.org/10.1161/STROKEAHA.108.535245
https://doi.org/10.1042/CS20170962
https://doi.org/10.1016/j.jalz.2009.04.1233
https://doi.org/10.1016/j.jalz.2009.04.1233
https://doi.org/10.1136/svn-2016-000035
https://doi.org/10.1136/svn-2016-000035
https://doi.org/10.1177/0271678X18803956
https://doi.org/10.1042/CS20171280
https://doi.org/10.1042/CS20171280
https://doi.org/10.1161/01.STR.0000143725.19053.60
https://doi.org/10.1161/01.STR.0000143725.19053.60
https://doi.org/10.1161/STROKEAHA.107.490151
https://doi.org/10.1161/STROKEAHA.107.490151
https://doi.org/10.1073/pnas.1721694115
https://doi.org/10.1073/pnas.1721694115
https://doi.org/10.1001/jama.1997.03540340047031
https://doi.org/10.1001/jama.1997.03540340047031
https://doi.org/10.1523/JNEUROSCI.2112-16.2017
https://doi.org/10.1523/JNEUROSCI.2112-16.2017
https://doi.org/10.1177/0271678X16683693
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1126/science.1241224
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.1186/s13024-015-0056-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Impaired Glymphatic Function and Pulsation Alterations in a Mouse Model of Vascular Cognitive Impairment
	Introduction
	Materials and Methods
	Mice
	Bilateral Common Carotid Stenosis Surgery
	Cerebral Blood Flow Measure by Arterial Spin Labeling
	Assessment of Cognitive Function Using Barnes Maze
	Acclimation and Habituation
	Visuo-Spatial Learning and Working Memory Test (Acquisition Training)
	72 h Probe
	Reversal Training
	Reversal Probe
	Measurements

	Assessment of Glymphatic Function by Intracisternal Injection of Fluorescent Tracers
	Tissue Processing
	Imaging of Fluorescent Tracer Movement
	Immunohistochemistry
	Analysis of Immunohistochemistry
	Cranial Window Implantation
	In vivo Vascular Pulsation Assessment
	Statistical Analysis

	Results
	Regional Cerebral Perfusion Is Reduced Post- Bilateral Common Carotid Stenosis in Wild-Type and Tg-SwDI Mice
	Bilateral Common Carotid Stenosis Causes a Decline in Spatial Learning Acquisition and Cognitive Flexibility in Wild-Type and Tg-SwDI Mice
	Cerebrospinal Fluid Glymphatic Influx in the Brain Cortex
	Regional Cerebrospinal Fluid Tracer Influx Is Altered Post-bilateral Common Carotid Stenosis in Wild-Type and Tg-SwDI Mice
	Bilateral Common Carotid Stenosis Exacerbates Vascular Amyloid Accumulation
	Increased Astrogliosis Following Bilateral Common Carotid Stenosis in Cortex
	Cerebral Arterial Pulsation Is Impaired in Tg-SwDI and Post-bilateral Common Carotid Stenosis in Subset of Vessels

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


