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Abstract

A vascular insult occurring early in disease onset may initiate cognitive decline leading to dementia, while pharmaco-
logical and lifestyle interventions can prevent this progression. Mice with a selective, tamoxifen-inducible deletion of
NF-xB essential modulator (Nemo) in brain endothelial cells were studied as a model of vascular cognitive impairment.
Groups included Nemo" controls and three Nemo®®*® groups: One untreated, and two treated with simvastatin or
exercise. Social preference and nesting were impaired in Nemo®*° mice and were not countered by treatments.
Cerebrovascular function was compromised in Nemo®®*® groups regardless of treatment, with decreased changes in
sensory-evoked cerebral blood flow and total hemoglobin levels, and impaired endothelium-dependent vasodilation.
Nemo®** mice had increased string vessel pathology, blood-brain barrier disruption, neuroinflammation, and reduced
cortical somatostatin-containing interneurons. These alterations were reversed when endothelial function was
recovered. Findings strongly suggest that damage to the cerebral endothelium can trigger pathologies associated with

dementia and its functional integrity should be an effective target in future therapeutic efforts.
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Introduction

Due to overlap in the cerebrovascular pathology
observed in vascular cognitive impairment and demen-
tia (VCID) and Alzheimer’s disease (AD),'* we are
challenged to decipher the precise role of the vascular
contribution to dementia. In post-mortem AD brains,
there is increased vessel fibrosis and tortuosity,
increased endothelial pinocytosis, disturbance of the
blood-brain barrier (BBB), and an increased number
of string vessels or capillary remnants that appear as
thin strands of connective tissue devoid of endothelial
cells.>* Plasma samples from individuals diagnosed
with late onset AD reveal elevated biomarkers of endo-
thelial cell (EC) dysfunction such as adhesion mole-
cules and C-reactive protein.>® Of interest, such
vascular abnormalities are akin to pathology found in
young individuals with incontinentia pigmenti, a genetic

disorder caused by mutations in NF-kB essential mod-
ulator (Nemo) that results in severe neurological symp-
toms.>” Through activation of NF-kB, Nemo protects
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the BBB by stabilizing occludin, and prevents endothe-
lial cell death by reducing oxidative damage.” Thus,
deletion of Nemo causes the BBB to become more per-
meable, and increase levels of oxidative stress, both of
which are important, early events in the onset of
dementia.

Vascular insults occurring early in disease progres-
sion have been proposed to initiate cognitive decline
seen in neurodegenerative disorders,® postulating that
such events could disrupt the BBB, which may be an
important trigger in dementia pathogenesis.”!® This is
the basis of the two-hit vascular hypothesis of AD,
which stipulates that cerebrovascular damage is suffi-
cient to initiate the cascade of events that lead to neuro-
degeneration.""  Correspondingly, a multifactorial,
data-driven analysis from longitudinal brain imaging
studies revealed that cerebrovascular dysregulation
was the first detectable abnormality in the progression
of late onset AD.'? Additionally, a dysfunctional BBB
has been identified as an early biomarker of human
cognitive dysfunction, independent of the amyloid
pathology."?

The cerebral endothelium is a key component of the
cerebrovascular bed. Vessels are lined with a monolay-
er of ECs that produce vasoactive substances and ECs
are in direct contact with cerebral blood flow (CBF),
placing them in a prime position to regulate CBF by
reacting to changes in chemical and hemodynamic
forces.'* Brain ECs fulfill roles beyond regulation of
cerebral perfusion, namely through neurovascular
interactions involving nitric oxide (NO) that are essen-
tial for maintaining cognitive health.'"> When cerebral
ECs are dysfunctional, the BBB is compromised, allow-
ing neurons and glia to be exposed to toxic substan-
ces,'® and the tight bidirectional communication that
exists between neural cells and blood vessels is
disrupted.'”-!8

Pharmacological and lifestyle interventions used to
control cardiovascular disease have shown promise in
preventing or delaying onset of dementia. In a mouse
model of VCID, we found that simvastatin (SV, an
anti-cholesterol drug) and regular, moderate levels of
physical exercise (EX) were effective at preventing cog-
nitive decline.'”?® Both treatments exert beneficial
effects on the brain endothelium: SV by increasing
levels of endothelial NO synthase,?' reducing oxidative
stress,”> and decreasing EC barrier permeability®®; and
while the vascular benefits of EX may extend to the
brain,>* the link is not so well established despite reg-
ular EX during midlife being associated with increased
levels of endothelial progenitor cells,”> and improved
cerebrovascular function.”® Growing evidence points to
brain ECs as a key mediator of the benefits incurred by
EX, including those on cognitive function.?’” However,
EX as well as SV have multiple targets, making it

difficult to pinpoint the mechanism underlying their
protective effects. In the current study we aimed to
determine whether cerebral EC function is necessary
to reap neuroprotective benefits conferred by these
treatments.

Using a tamoxifen-inducible CreER'? recombinase
mouse model that selectively deletes Nemo in brain
ECs under control of mouse Slcolcl regulatory
sequence in mice with a C57BL/6 background,” we
tested the following hypotheses: (i) Nemo®*© (brain
endothelial knock-out) mice would show cerebrovascu-
lar and behavioural deficits, (ii)) SV or EX would be
ineffective at protecting against these deficits due to the
tamoxifen-induced EC dysfunction, and (iii) deficits
would no longer be present after recovery of EC
function.

Methods and materials

Animals and treatments

Cohort 1. Four randomly assigned groups of equally
distributed male and female mice (3—4 months) were
injected with tamoxifen (hereby referred to as cohort
1): 1 group of Nemo"' mice that do not express the
Slcolcl-CreER™ regulatory sequence (n=31), and
3 groups of Nemo”™®© mice: one control group
(n=33), and 2 groups treated with either SV
(~40 mg/kg/day, drinking water, n=32) or EX (3h
free access to a spinning wheel between 7-10 PM,
n=130), beginning one month prior to tamoxifen injec-
tions, and continued until endpoint (see Supplementary
Figure 1). Treatment was interrupted only during
tamoxifen administration (Smg/mL, S0uL/20g i.p.,
twice daily) for 5days during which we experienced a
10% mortality rate. For EX, each wheel (17.5 cm diam-
eter, Living world, cat #61706) was equipped with a
magnetic counter. Based on previously documented
appearance and recovery of motor deficits, used as a
proxy of endothelial cell function,” mice were split into
subgroups detailed in Supplementary Figure 1. Six
days following the last tamoxifen injection, mice
(n=11-15/group) began behavioural testing. Fifteen
days after the last injection, mice (n=4-8/group)
were used for optical imaging of intrinsic signals.
Seventeen days after the last injection vascular reactiv-
ity experiments were performed (n=4-5/group).
Twenty days after the last injection, BBB integrity
was assessed using retroorbital injections of horserad-
ish peroxidase (n = 5/group), while other mice were pre-
pared for magnetic resonance imaging (n=9-11/
group) or immunohistology (n=4-5/group). Cohort 2
(hereby referred to as the recovery cohort) included
two groups (Nemo'' mice, n=17, and Nemo®*©
mice, n=16), and was used to investigate whether
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allowing EC function to recover was sufficient to
regain cognitive function and reverse the observed
pathologies. The timing of experiments was as above
for cohort 1, with measures repeated after a 3-month
recovery period from the initial tamoxifen injection.
Cohort 3 contained two groups (Nemo'' and
Nemo®™X9), and was used to investigate olfactory
behaviour, grip strength, and electrophysiology
(n=13/group). Mice were housed in a 12-hour light-
dark cycle with food and water ad libitum. Experiments
were approved by the Animal Ethics Committee of the
Montreal Neurological Institute and complied with the
Canadian Council on Animal Care, and ARRIVE 2.0
guidelines®® complied with as closely as possible.

Behavioural tests

Morris water maze (MWM). Spatial cognitive function
was evaluated in the Morris water maze,”” as previous-
ly described.*® A pool (1.4m diameter) was filled with
water (18 £ 1°C), made opaque with inert white paint.
Three visible platform training days were performed:
On each day, the mice were given three trials of 60s
separated by approximately 45 min to find the platform
(15cm diameter). Before the 5-day learning phase of
the task, visual cues and location of the platform
were changed. Mice were given three trials of 90s to
find the hidden platform (submerged 1cm below
water). On the final day, a probe trial was conducted
to assess spatial memory. The platform was removed,
and mice were given 60s of free swimming. The dura-
tion and total distance in the quadrant that contained
the platform was recorded, as well as the number of
times the mice would have landed on the platform if
present. Data were recorded using the 2020 Plus track-
ing system and Water 2020 software (Ganz FC62D
video camera; HVS Image, Buckingham, UK).

3-Chamber sociability test. An early symptom of dementia
includes social withdrawal, which was tested using a
sociability test whereby mice were habituated to a plex-
iglass testing arena split into 3 chambers for 10 min
before undergoing 20min of testing the following
day. In the first 10min, the mouse was given the
option to interact with either an empty plexiglass cyl-
inder in one chamber, or with a cylinder containing a
stranger mouse in another chamber. Being social ani-
mals, mice tend to explore the chamber containing the
stranger mouse. After 10 min, the mouse was removed
from the testing arena while a second stranger mouse
was placed in the previously empty cylinder. The mouse
was then placed back into the testing area for another
10 min to assess social preference, where the expecta-
tion is that healthy control mice will spend more time
interacting with the new stranger mouse.

Nesting behaviour. Just before their dark cycle, mice were
placed into individual cages with 3.0 g of packed nest-
ing material (no hut or additional enrichment). The
following morning mice were carefully removed and
placed in their original cages to assess the quality of
the nest on a qualitative scale from 1 to 5 based on
criteria provided by Deacon,®' with a score of 1 indi-
cating >90% of nesting material was untouched, and a
score of 5 being the most complex nest.

Cerebrovascular reactivity

Endothelial function of isolated middle or posterior
cerebral arteries (n=4-5/group) was measured with
online video microscopy (Living Systems
Instrumental, Burlington, VT), as before.>® Vessel seg-
ments were gradually pressurized over 10 min to reach
60mmHg and allowed to develop resting tone.
Responses to endothelium-dependent dilators acetyl-
choline (ACh, 107'°-107* M; Sigma Aldrich,
Oakville, ON) and TRPV4 channel opener
GSK1016790A (GSK, 107'°-107° M; Sigma Aldrich,
Oakville, ON), and smooth muscle relaxant NO donor
sodium nitroprusside (SNP, 107'°-107> M; Sigma
Aldrich, Oakville, ON) were tested on pre-constricted
vessels (phenylephrine 2 x 1077 M; Sigma Aldrich,
Oakville, ON). Responses were expressed as percentage
change in diameter from pre-constricted vessels and
plotted as a function of vasodilator concentration.
Concentration-dependent and maximal (EA,.x)
responses were used to compare vasodilator efficacy.

Imaging of optical intrinsic signals (OIS)

Two weeks prior to being injected with tamoxifen, mice
were implanted with cranial windows (4mm glass)
glued on a thinned bone preparation over the left
barrel cortex. Two weeks after the first tamoxifen injec-
tion, mice were anesthetized (ketamine 85 mg/kg/xyla-
zine 3mg/kg, i.m.) and fixed through ear bars on a
physiological platform (Harvard Apparatus #75-1500,
Saint-Laurent, Canada) with online recording of tem-
perature, heart and respiratory rates. The platform
was moved to the imaging system (OIS200 from
LabeoTech, Montréal, Canada); and the cranial
window was placed parallel to the camera (Figure 2
(e)). Whisker-evoked changes in total, oxy- and deox-
yhemoglobin (HbT, HbO and HbR, respectively) were
measured with light-emitting diodes (LEDs, 525m
590 and 625nm). Whisker-evoked changes in CBF
were measured with laser speckle contrast imaging
using a 780 nm laser diode. Images were acquired at a
frame rate of 30 Hz in total (7.5Hz for each wave-
length), with a 14ms exposure time. Each recording
consisted of 7 blocks of right whisker stimulation
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(8 Hz, 20's followed by 40s of rest using a piezo actu-
ator, Q220-A4-303YB, MA, USA). A 3s jitter was
included to avoid habituation of stimulation timing.
Data were filtered at 0.3 Hz to suppress high frequency
noise and analyzed using MATLAB to obtain changes
in cerebral blood volume and CBF from baseline, as
described in Dubeau et al. 2011.%* Reflectance signals
were converted to changes in absorption AA=log(R/
Ry), and a pseudo-inverse and the modified Beer—
Lambert law were used to extract relative changes in
HbR and HbO. CBF was computed by quantifying the
spatial contrast during laser illumination, defined as
the ratio of the standard deviation to the mean inten-
sity in a given spatial area. For each animal, a region of
interest around the maximum response was manually
delineated and contributions from medium and large
arteries and veins were removed. The signal was aver-
aged over all pixels in the region of interest to recover
an impulse response function for each component:
HbO, HbR and CBF. These experiments were repeated
3 months later, after the recovery period in cohort 2.

Electrophysiology recording (ECog)

In cohort 3, fifteen days after the last tamoxifen injec-
tion, mice were anesthetized with Ketamine/Xylazine
(85mg/kg, i.m.), and placed on a physiological plat-
form as above. Barrel cortex was exposed by drilling
the overlaying cranial bone. A 32-channel micro-ECoG
(Electrocorticogram) electrode array (Neuronexus,
E32-600-10-100-H32, MI, USA) was placed on the
dura, then covered with warm agarose gel (1%) and
glass coverslip. A screw on the cerebellum was used
as a reference. Whiskers were attached to a piezo actu-
ator and stimulated at 1, 2 and 4 Hz for 5sec and 8 Hz
for 20sec. Data were acquired at a 30kHz sampling
rate by an OpenEphys system (open-ephys.org) and
analyzed using a custom-made MATLAB script.
P1-N1 amplitude of the evoked responses was comput-
ed as the maximum and the minimum values over the
initial 62.5ms of each trigger. First P1-N1 amplitude
was based on the first peak of each stimulation train,
while the mean PI-N1 was the average over all the
pulses of each stimulation train. Signal was decom-
posed in frequency band powers (Theta: 4-8 Hz,
Alpha: 8-12Hz, Beta: 15-30Hz, Gamma: 40-55Hz
and High gamma: 80-150Hz), and evoked changes in
power were normalized from baseline epoch.

Magnetic resonance imaging (MRI)

A multi-channel 7.0 Tesla MRI scanner (Varian Inc.,
Palo Alto, CA) was used to image brains (n=28-10/
group) within their skulls following perfusion with
30mL of 1M phosphate buffered saline (PBS)

containing 30 pL heparin and 2mM gadolinium fol-
lowed by 30 mL of 4% paraformaldehyde (PFA) con-
taining 2mM gadolinium (rate of 1 mL/min). Brains
were stored (4°C) in 1 M PBS containing 2mM gado-
linium and 0.02% sodium azide for 3 months. Sixteen
custom-built solenoid coils were used to image the
brains in parallel.>*

Anatomical scan. To detect volumetric changes, we
used the following parameters for the MRI scan:
T2-weighted, 3-D fast spin-echo sequence, with a cylin-
drical acquisition of k-space, a TR of 350 ms, and TEs
of 12ms per echo for 6 echoes, field-of-view (FOV) of
20 x 20 x 25mm® and matrix size of 504 x 504 x 630.
Parameters produced images with 0.040 mm isotropic
voxels. The total imaging time was 14 hours.

Diffusion tensor imaging. Diffusion Tensor Imaging
(DTI) was performed using a 3D diffusion weighted
fast spin-echo sequence (FSE), with an echo train
length of 6. Parameters for the DTI sequence were:
TR =270ms, first TE=32ms, and a TE of 10ms for
the remaining S5 echoes, 1 average. FOV of
14 x 14 x 25mm?® and a matrix size of 180 x 180 x 324
yielded images with 78 um isotropic voxels. Five
b=0s/mm? images were acquired and 30 high
b-value (b=2147s/mm?) in 30 different directions
were acquired, using the Jones30 scheme.® Total imag-
ing time was ~12 hours. After acquisition, images were
analyzed using the FSL software package (FMRIB,
Oxford UK), which was used to create fractional
anisotropy (FA), mean diffusivity (MD), and axial dif-
fusivity (AD) maps for each brain.

MRI registration and andalysis. To visualize and compare
changes in the mouse brains, images (b=0s/mm?
images for DTI) were linearly (6-followed by
12-parameter) and non-linearly registered together.
Registration and analysis workflow has been previous-
ly described.*® Registrations were performed with a
combination of mni_autoreg®’ and advanced normali-
zation tools.*® All scans were then resampled with the
appropriate transform and averaged to create a popu-
lation atlas representing the average anatomy of the
study sample.

Prior to statistical analysis, logarithms of the
Jacobian determinants were taken to eliminate skew-
ness. For diffusion measurements, the registration
allowed for analysis of the intensity differences of all
measures (FA, MD, and AD) between genotypes.
Significant volume changes and intensity differences
could then be calculated by warping a pre-existing clas-
sified MRI atlas onto the population atlas, allowing for
the volume or mean diffusion measure of different seg-
mented structures.’*" To assess significance, linear
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models were fitted to the mean diffusion measures for
each structure, with group as the independent variable.
The False Discovery Rate was used to control for mul-
tiple comparisons across structures.*’ One-way
ANOVAs were conducted for structures of interest
and results are shown using these statistics, which
revealed the same results as the linear model with
false discovery rate, with the exception of the right
olfactory tubercle.

Immunohistochemistry

The remaining mice from each group (n=4-5/group,
2-3 sections/mouse) were anesthetized (65mg/kg of
sodium pentobarbital, i.p.) and perfused using 4%
PFA in phosphate buffer (PB; 0.1 M, pH 7.4). Brains
were post-fixed in 4% PFA-PB overnight, cryopro-
tected (30% sucrose, 48 h), frozen in isopentane and
stored at —80°C. Coronal sections (25 um) were immu-
nostained (overnight) as floating sections. Antibody
sources and concentrations are listed in supplementary
table 1. We stained for reactive astrocytes (anti-
GFAP), reactive microglia (anti-Iba-1), microglia
responding to injury (anti-galectin-3), resident micro-
glial cells (anti-TMEM-119) and infiltrating peripheral
immune cells (anti-CD45), neuronal markers included
choline acetyltransferase (anti-ChAT), somatostatin
(anti-SOM), parvalbumin (anti-PV), and pro-
cholecystokinin (anti-pro-CCK)** and vessel basement
membrane using anti-collagen IV following heat-
mediated antigen retrieval. After rinsing, sections
were incubated (30min) with species-specific Cy2-
tagged secondary antibodies for immunofluorescence
detection (cy2 1:400). For ChAT immunolabeling, bio-
tinylated anti-goat (1:200, Vector Laboratories) was
used as a secondary antibody followed by incubation
in the avidin-biotin complex (75min, Vector
Laboratories), and immunodetection with 3’3-diamino-
benzidine (DAB) staining kit (Vector Laboratories).
Sections were then mounted on gelatin-coated slides,
coverslipped with mowiol (fluorescence) or dehydrated
and coverslipped with Permount (DAB). Anatomical
markers were quantified in the cerebral cortex and
the corpus callosum, an easily identifiable WM tract
that myelinates early during development, making it
less vulnerable to damage than late-myelinating struc-
tures.*® The percentage area occupied by an antibody
(GFAP, Iba-1, Galectin-3, pro-CCK) and cell counts
(SOM, PV, ChAT) were measured using Imagel soft-
ware. The number of string vessels were counted direct-
ly under the microscope.

Hemosiderin staining. Coronal sections (25um) were
acquired from brains used for MRI imaging. The
iron staining solution was prepared with equal volumes

of potassium ferrocyanide and hydrochloric acid solu-
tions (ab150674 kit, Abcam) and slides immersed for a
3 min incubation, rinsed in distilled water, then stained
in the nuclear fast red solution (5min), rinsed (4x) in
distilled water, dehydrated in alcohol, and cover-
slipped using Permount.

Horseradish peroxidase injections and staining. Mice were
anesthetized with isoflurane to inject horseradish per-
oxidase (HRP) type II (Millipore Sigma, catalog
#P8250; 0.5mg/g) dissolved in 0.4mL of 0.1 M PBS,
and injected retro-orbitally (0.2 mL/sinus). HRP circu-
lated for 30 min before the mouse was then euthanized.
The brain was dissected and placed in 4% PFA/0.1M
PB at 4°C overnight. The following day, brains were
placed in PBS prior to vibratome sectioning (Harvard
Apparatus, Vibratome 1000 Classic, Saint-Laurent,
QC, Canada). Sections (50um) were incubated in
DAB (35min), mounted on gelatin-coated slides, dehy-
drated and cover-slipped with Permount.

Statistical analysis

All in vivo experiments were performed blind. One-way
ANOVAs followed by a Newman-Keuls post-hoc mul-
tiple comparison test and independent samples z-tests
were conducted using GraphPad Prism 7. Due to swim-
ming speed being a confounding variable for the
MWM analysis, ANCOVAs were performed using
swimming speed as the covariate. A p value <0.05
was considered statistically significant.

Results

Data and MATLAB scripts are available from the cor-
responding authors upon reasonable request.

Cerebral EC dysfunction induces motor and cognitive
deficits that are not overcome by SV and only mildly
protected by EX

Nesting is a natural, highly motivated behaviour in
both male and female mice, and thus changes in nest-
ing indicate a change in the animal’s overall welfare,**
similar to an assessment of quality of life in human
patients. Nemo"*®© mice made less complex nests fol-
lowing tamoxifen (F(3, 50)=28.01, p <0.001), and nei-
ther SV or EX (p <0.01) preserved nesting behaviour
seen in Nemo'' mice (Figure 1(a)). When Nemo®**©
mice were given 3 months to recover from the effects
of tamoxifen, the quality of nests was indistinguish-
able from that of Nemo®" mice (1(20)=0.23, p > 0.05,
Figure 1(c)). Nemo®X© mice were impaired when
assessed for social preference (Figure 1(b), #(26)=
0.27, p>0.05), indicating either social impairment
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groups had significantly lower nesting scores (a) and impaired social preference assessed by the 3-chamber
mice injected with tamoxifen in the recovery cohort; however, after

s well as control Nemo™ mice (c and d). Cognitive deficits observed

on days 6 and 7 of the spatial learning phase of the Morris water maze (e) were attributed to decreased swimming speed that was
recorded on each testing day for all groups. No deficits were detected during the spatial memory probe (f-i), trend in reduced

platform crossings for Nemo®*® groups regardless of treatment

being attributable to impaired motor function evidenced by slower

swimming speeds (f). Paired sample t-tests were performed for each group to compare time spent with individual mice for the

sociability test. N= 12—15 mice/group, one-way ANOVA with po
for nesting behaviour and ANCOVA for Morris water maze perfo
*p < 0.01, **p < 0.001.

or inability to distinguish between the mice, as previ-
ously reported.” This impairment was also observed
in mice treated with SV (#(20)=0.05, p >0.05), but
not in the EX group (#(24) =2.46, p <0.05), indicat-
ing a mild protective effect of EX. In the recovery
cohort, the impairment observed in Nemo®*° mice
(Figure 1(d), #(24)=0.82, p>0.05), was no longer
present when taken off tamoxifen (#(24)=4.81,
2 <0.001). Nemo®¥®° mice had poorer habituation
and dishabituation scores (Supplementary Figure 2
(a) and (b), respectively) in the olfactory discrimina-
tion test. This indicated olfactory alterations or poor
olfactory memory, as the Nemo“®° mice needed
more time to recognize the same odour and had
more difficulty distinguishing between odours,

st-hoc Newman-Keuls multiple comparison tests were performed
rmance controlling for swimming speed as the covariate. *p < 0.05,

significantly so between the two social odours (¢
(21)=3.04, p<0.01). Regardless of treatment,
Nemo"®° mice showed no deficits in spatial learning
or memory in the Morris water maze compared to
Nemo®" mice (Figure 1(e) to (i)). Differences in the
latency to reach the hidden platform (Figure 1(e))
were likely due to slower swimming speeds noted
during the spatial learning phase (data not shown),
and no significant differences in spatial memory were
observed on a probe trial (Figure 1(g) to (i)). Motor
deficits were confirmed in the wire hang test
(Supplementary Figure 2(c)), whereby Nemo®¥©
mice had poorer grip strength typified by shorter
latency to fall from a wire cage compared to
Nemo'" mice.



80 Journal of Cerebral Blood Flow & Metabolism 42(1)

Cerebral EC dysfunction results in functional and
anatomical cerebrovascular alterations that are not
overcome by EX or SV

opener GSK1016790A dilations being reversed to con-
strictions (Figure 2(a) and (b)), while dilation to
smooth-muscle relaxant NO donor SNP was unaltered
(Figure 2(c)). More interesting is the lack of effect SV
or EX had on vasodilatory function, whereby vessels
treated with SV responded identically to those of
untreated Nemo® © mice. Nemo®X © mice treated

Disrupting Nemo in brain ECs had deleterious effects
on endothelium-dependent dilation in isolated cerebral
arteries, shown here by ACh and TRPV4 channel
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Figure 2. Cerebrovascular reactivity tested in isolated cerebral arteries showed that Nemo®*® mice had impaired responses to

endothelium-dependent dilators acetylcholine (ACh) and TRPV4 channel opener (GSK1016790A), now being reversed to constric-
tions (a and b). In contrast, the dilatory responses to the smooth muscle relaxant NO donor sodium nitroprusside (SNP) were
unaltered (c). Similar findings were seen in mice treated with simvastatin (SV) that significantly differed from both Nemo"' and
Nemo®*© mice that exercised (EX) at several concentrations of ACh and GSK1016790A. Nemo®® EX mice showed significantly
improved responses but these still remained different from controls (A and B). In the recovery cohort, cerebral vessels dilated well
and only differed from control Nemo™ mice at the highest ACh concentration (d). N = 4-5 mice/group. One-way ANOVA with post-
hoc Newman-Keuls multiple comparison tests were performed *1p < 0.05, ¥3+p < 0.01, ¥, +4+p < 0.001 compared Nemo"'
control mice or to other Nemo®®? groups. Schematic representation of the setup used in mice with cranial window over the barrel
cortex to measure hemodynamic responses to whisker stimulation using laser speckle contrast imaging (LSCI) and optical imaging of
intrinsic signals (OIS) (e, left). Representative time course of changes in cerebral blood flow (CBF) and total hemoglobin (HbT) levels
evoked by 20's whisker stimulation (indicated by red bar) (E, right). Regardless of treatments, Nemo®*"° mice had significantly lower
CBF (f) and HbT (g) whisker-evoked responses. In the recovery cohort, no differences between groups were observed in CBF (h) and

HbT (I). N =4-8 mice/group. One-way ANOVA with post-hoc Newman-Keuls multiple comparison tests were performed **p < 0.01,
sfofok
p < 0.001.
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with EX continued to have contractile or impaired dil-
atory responses significantly different from Nemo®'
control mice whose vessels dilated. However, the per-
sisting impairments in the EX group were significantly
reduced compared to both SV and untreated
Nemo™®© mice at higher ACh and GSK1016790A
concentrations (p <0.05 to 0.001), pointing to some
benefits of EX. In the recovery cohort, Nemo®*©

sels dilated in response to ACh and GSK1016790A to
the same extent as vessels from control Nemo®' mice
except at the highest ACh concentration (p<0.01)
(Figure 2(d)). In response to whisker stimulation,
regardless of treatment, Nemo®*® mice had lower
CBF peak values (p<0.001, Figure 2(f)) and lower
total hemoglobin (HbT) levels (p<0.01 or 0.001,
Figure 2(g)) compared to Nemo'' mice; the latter

driven by changes in oxygenated hemoglobin levels
rather than deoxygenated hemoglobin (data not
shown). Whisker-evoked CBF and HbT responses
were both indistinguishable from Nemo' mice in the
recovery cohort (Figure 2(h) and (1)).

Additional evidence of cerebrovascular pathology in
Nemo®* © mice included enhanced (p<0.001) string
vessel pathology in the cortex and corpus callosum
(Figure 3(a)); SV (p<0.01) and EX (p <0.05) slightly
improved this pathology only in WM. In the recovery
cohort, string vessels remained significantly more
numerous than in Nemo'' mice (p<0.001 in the
cortex, p<0.05 in the corpus callosum), but they
were 2 to 3-fold fewer than in Nemo®*° mice on
tamoxifen. In order to assess disruption of the BBB,
a 44kDa protein (HRP) was injected retro-orbitally
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Figure 3. Staining with collagen IV revealed increased number of string vessels in the cerebral cortex and corpus callosum of

NemobeKO

horseradish peroxidase and resultant visualization with DAB staining showed evidence of BBB leakage in Nemo

mice that remained elevated although to a much lesser extent in the recovery cohort (a). Retro-orbital injections of

beKO mice that was no

longer present after 3 months off tamoxifen (b). Inflltratlon of circulating leukocytes (CDA45, red), not colocalized with microglial

marker TMEMI |9 (green), was increased in all Nemo®®

groups particularly in the cortex of Nemo

beKO simvastatin (SV) group; this

infiltration was decreased in the recovery cohort (c). Microbleeds were identified by magnetic resonance imaging as small black dots

(white arrows) in Nemo®®<°

mice regardless of treatment, while none were visualized in Nemo" mice, as confirmed ex vivo using an

iron stain (d). N=4-5 mice/group. One-way ANOVA with post-hoc Newman-Keuls multiple comparison tests were performed

#p < 0.01, ¥*p <.001.
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and visualized with DAB (Figure 3(b)). HRP was con-
tained within the blood vessels of all groups, however,
Nemo* © mice also displayed strong HRP staining in
brain parenchyma regardless of SV or EX treatment.
This parenchymal labeling was not observed in the
recovery cohort after 3 months without tamoxifen
(Figure 3(d)). As further indication of a leaky BBB,
double-labeled TMEM119 and CD45 immune cells
were quantified. The number of CD45-positive cells
but TMEMI119-negative, considered as peripheral
immune cells entering the brain, was significantly
increased in the cortex (p <0.05) and corpus callosum
(p <0.01) of Nemo®*®© mice compared to Nemo"", and
particularly so in the cortex of Nemo®*© mice treated
with SV (p<0.001) (Figure 3(c)). This increase in
CD45 infiltrating cells was no longer significant
in the cortex of the recovery cohort, but it persisted
in the corpus callosum (p < 0.01).

Cerebral EC dysfunction results in microbleeds and
poorer WM integrity that are exacerbated by SV and
not overcome by EX

In anatomical brain images obtained by MRI, evidence
of microbleeds appeared as small black dots that were

confirmed with hemosiderin stain for iron deposits in
tissue sections (Figure 3(d)). These dots were not

observed in Nemo'' mice but were present in 9/11
Nemo®X°  mice, 8/9 Nemo®™ ©® EX mice, and
10/10 Nemo"™ © SV mice. We also noted that all
Nemo®¥© groups had larger brain volumes (data not
shown) compared to Nemo'' brains, likely due to
edema. The DTI analysis revealed that Nemo®®©
mice tended to have higher axial diffusivity in motor-
related areas (pyramidal tracts and inferior olivary
complex). Whereas EX mice were indiscernible from
Nemo®' mice, mice treated with SV fared worse
(p <0.01 for axial diffusivity), likely due to the lower-
ing of endogenous cholesterol synthesis in the brain
(Figure 4(b), (d), and (e)). A higher axial diffusivity
was observed in the olfactory tubercle of Nemo®*©
SV mice, providing some insight into the poorer per-
formance of Nemo®*®° mice on the olfactory discrim-
ination test.

EX and SV did not recover neuroinflammation
induced by cerebral EC dysfunction

When quantifying the level of reactive astrocytes in the
cortex, we found that Nemo®®© mice, regardless of
treatment, showed significantly more GFAP labeling
(p < 0.001) compared to Nemo'" mice, which was indis-
tinguishable from controls in the recovery cohort
(Figure 5(a) and (b)). Nemo”*© mice with and without
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Figure 4. Diffusion tensor imaging analysis from magnetic resonance imagining images including fractional anisotropy (A), axial

diffusivity (B), and mean diffusivity (C) with statistical threshold shown whereby Nemo®®®

mice treated with simvastatin (SV) are

significantly different in both left (D) and right hemisphere (E) structures including the pyramidal tract, olfactory tubercle, and inferior
olivary complex. One-way ANOVA with post-hoc Newman-Keuls multiple comparison tests were performed for each structure of
interest for axial diffusivity. N =8-10 mice/group, *p < 0.05 and **» < 0.01.
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regardless of treatment but returned to normal in the recovery cohort (A and B). Microglial activation in the cortex was also

significantly raised in the Nemo®®*® groups as quantified by Iba-| positive area, with the exception of mice that exercised (EX) and

returned to normal in the recovery cohort (C and D). Inflammation in the internal capsule (IC) was increased in all Nemo®*© groups

identified by galectin-3-positive microglial cells, a response completely normalized in the recovery cohort (E and F). N=4-5 mice/
group. One-way ANOVA with post-hoc Newman-Keuls multiple comparison tests were performed *p < 0.01, **p <.001.

SV treatment also had more extensive Iba-1 labeling in  Cerebral EC dysfunction alters neuronal activity and

cortical microglia (p < 0.01); however, Nemo®**© mice populations: effects of SV and EX
treated with EX were not significantly different from ) o )
control Nemo'' mice, as was also the case in the Astrocytic activation and BBB dysfunction have been

recovery cohort (Figure 5(c) and (d)). Microglia posited to be tglicfau.se ?f epileptic seizure activity
in WM tracts (shown here in the internal capsule) found in Nemo™™" mice.” Here, we further explored

labeled with galectin-3 were also strikingly increased this cortical hyperexcitability as a result of endothelial
(p<0.01) in Nemo®®° mice, a response not dysfunction due to recent evidence showing the ability

affected by SV or EX and fully normalized in the of the vasculature to communicate with neurons and
recovery cohort with restored EC function (Figure 5 affect their firing.'” Changes in cortical neuronal activ-
(e) and (f)). ity in response to whisker stimulation were examined in
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Nemo!" and Nemo®¥® mice. Differences were found

when using the same stimulation parameters as those
used in OIS experiments. Overall, Nemo®X® mice
showed more widespread neuronal activity in the

barrel cortex (Figure 6(a) and (c)), which was quanti-
fied as the peak amplitude of the first peak (Figure 6
(b)), or the average peak amplitude over the entire 20s
stimulation period (Figure 6(c) and (d), left panel). The
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Figure 6. Nemo mice show signs of reduced sensory adaption accompanied by a decreased number of somatostatin (SOM)
positive neurons. (A) Representative whisker-evoked neuronal responses (first peaks average, 8 Hz, 20 s stimulation) over the barrel
cortex. (B) PI-NI amplitude example traces and quantifications of first peak showed a trend for Nemo®*° mice to have higher
amplitude as compared to Nemo™ controls with an 8 Hz whisker stimulation frequency. (C) Representative stimulation trains of an
8 Hz stimulation for 20s. (D) Quantification of peak amplitude average over 20's stimulation train showed larger responses in
Nemo®° mice (p < 0.05), with similar trends at each 5s segment over the entire stimulation period. (E) When electrophysiological
responses were separated into different frequency bands no group differences were observed. N = 8/group. Unpaired samples t-tests
were used to compare Nemo®*“® and Nemo™ groups for electrophysiology experiments. There was a loss of SOM positive neurons
in the barrel cortex of Nemo®*® mice that was not observed in the Nemo®®*° mice that exercised (EX) or were treated with
simvastatin (SV), and this loss was not seen in the recovery cohort following 3 months off tamoxifen (F). In contrast, no differences in
parvalbumin- (PV, G) or cholecystokinin- (CCK, H) containing cortical interneurons in the barrel cortex were observed. There was a
significant decrease in the number of choline acetyltransferase (ChAT) positive neurons in the basal forebrain of Nemo®*° mice that
was slightly improved by SV and fully protected by EX, and which returned to Nemo"" levels in the recovery cohort (I). N = 4-5 mice/
group and one-way ANOVA with post-hoc Newman-Keuls multiple comparison tests were performed for immunohistochemistry
analysis *p < 0.05, *p < 0.01, **p <.001.
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latter reflected changes occurring throughout the stim-
ulation period (Figure 6(d), right panel). When the
average peak amplitude was calculated over the entire
20's period, Nemo®*© mice had a higher peak ampli-
tude (p < 0.05, Figure 6(d)) of 271 uV £ 28 compared to
Nemo™™" mice (188 1V +19). This difference did not
appear to be driven by any particular frequency band
(Figure 6(¢)).

Amongst other roles, cortical inhibitory neurons
have been linked to cognition, which prompted further
investigation of the observed altered neuronal activity.
Some evidence implicates the loss of interneurons, par-
ticularly SOM-expressing interneurons in both
VCID** and AD,*” as well as loss of PV interneurons
in social memory** and memory consolidation.*” When
staining for subsets of inhibitory interneurons we
found a significant decrease in SOM positive cells in
the barrel cortex of Nemo®®© mice (» <0.001) that
was protected against by both SV and EX treatments
(»<0.05) and returned to normal in the recovery
cohort (Figure 6(f)). In contrast, there was no differ-
ence in the number of PV and CCK interneurons
among all groups (Figure 6(g) and (h)). As SOM inter-
neurons are a major target of cholinergic basalocortical
afferents,”® basal forebrain ChAT positive neurons
were quantified and found to be reduced in
Nemo®*© mice compared to Nemo'™ mice (p <0.01).
This deficit was partially, albeit not significantly recov-
ered by SV, fully normalized by EX, and not detected
in the recovery cohort (Figure 6(1)).

Discussion

The main finding from this study is that a healthy
endothelium is central to preserving cognitive health
as it was not possible for SV, and increasingly difficult
for EX to exert their usual beneficial effects on cogni-
tion'>?* in Nemo®¥© mice with transient dysfunction
of brain ECs. This conclusion is further supported by
the recovery cohort, in which mice given 3 months to
restore EC function displayed reduced pathology and
normalized behaviour. Our findings strengthen the
hypothesis that damage to the cerebral endothelium is
key to initiating pathogenic events that ultimately may
lead to dementia.

Links between cerebral ECs and behavioural function

EC disruption has often been associated with cognitive
decline,®'*3">% but not extensively studied as a causal
factor of brain dysfunction. Here, we show that selec-
tive deletion of Nemo in brain ECs was sufficient to
cause alterations in cognitive function that are in line
with early cognitive symptoms in human patients
including olfactory deficits>> and impaired social

interactions.>® Such changes in Nemo®*®*© mice includ-

ed impaired olfactory memory, poorer social function,
and impoverished nesting behaviour, along with motor
deficits. Furthermore, we showed that recovery of EC
function fully restored social and nesting behaviours,
whereas SV treatment failed to protect against the
observed deficits, pointing to ECs as an important
target for SV to confer its benefits. EX exerted partial
benefits on social behaviour in Nemo®**© mice, despite
being under the influence of tamoxifen. This may be
due to the limited protective effect of EX on
endothelium-dependent function depicted here with
ACh and the TRPV4 channel opener, hence leading
to improved neurovascular interactions essential for
cognitive health, as recently shown for cognitive
impairments related to high dietary salt."

Consequences of BBB disruptions

When disrupting normal brain EC function of Nemo,
we observed BBB leakage featured by increased diffu-
sion of horseradish peroxidase into the parenchyma.
This BBB alteration was accompanied by microbleeds,
and increased string vessel pathology. Further evidence
of a disrupted BBB was the presence of peripheral leu-
kocytes in Nemo®*© mice parenchyma. None of these
BBB alterations were protected against or reversed by
SV or EX despite their known benefits on disrupted EC
function,”*"%® and ability to tighten the BBB,*
respectively. Such BBB disruptions likely allowed for
a marked increase in neuroinflammation in Nemo®*®©
mice, evidenced by reactive astrocytes, increased micro-
gliosis, and appearance of galectin-3 labeled microglia
selectively in WM tracts. Despite EX’s often reported
potent anti-inflammatory effects,'®%%¢! it failed to
quell  these neuroinflammatory  responses in
Nemo”®° mice, with the exception of microglial acti-
vation. Of interest, BBB breakdown in the hippocam-
pus has been identified as an early biomarker of
cognitive dysfunction, and it developed together with
brain capillary damage.'> Furthermore, MRI studies
report that patients with preclinical AD have more
microbleeds and iron accumulation in their brains com-
pared to healthy elderly controls.®* Our findings sup-
port that subtle disruption in EC function can lead to
the extravasation of neurotoxic molecules from the
blood, such as thrombin and fibrinogen, causing the
brain’s glial cells to be in a state of chronic activation,
which could lead to neuronal injury.>* It is also possi-
ble that the structural damage incurred on the cerebral
endothelium triggered a disruption in cerebrovascular
reactivity that resulted in a state of hypoperfusion,
which was irreversible by SV or EX.
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The role of the endothelium in cerebrovascular and
neuronal function

Being more than a structural component of the neuro-
vascular unit, the endothelium maintains and regulates
the environment to ensure normal neuronal activity, as
recently shown in mice fed a high salt diet'’ as blood
vessels are responsible for the delivery of essential
nutrients and oxygen and the removal of metabolic
waste in the brain, compromising EC function can
have severe consequences on the brain’s homeostasis
and impair blood flow dynamics. When we measured
artery reactivity, we found that the archetypal
endothelial-dependent dilations to ACh and a TRPV4
channel opener were reversed to vasoconstrictions in
Nemo®¥© mice. Such aberrant responses were signifi-
cantly reduced in mice that exercised compared to
untreated mice or mice treated with SV, pointing to
healthier ECs following EX.!'%?7:63

The enhanced astrocyte activation in Nemo
mice could underlie the impaired neurovascular cou-
pling responses to whisker stimulation, possibly by a
loss of astrocytic contact along vessel walls®* or failure
to release glial-derived vasoactive ~mediators.®®
Alternatively, it could point to the important role of
ECs in neurovascular co\upling in rapidly propagating
stimulus-evoked parenchymal hyperemia to distant pial
arteries, as demonstrated using a local, focused or wide
light-dye disruption of EC signaling.®® Our findings in
Nemo®®© mice expand on this key role for ECs and
further show that hemodynamic responses can be fully
normalized when EC function is restored. Reduced
CBF lowers the rate of nutrient and oxygen delivery,
leading to diminished synthesis of ATP required to
maintain the sodium-potassium pump involved in
action potential firing.®” Chronic cerebral hypoperfu-
sion may thus lead to an energy deficit severe enough to
compromise neurons. This is compatible with the find-
ing that shows altered microvascular tone affects neu-
ronal firing.!” Although the hypoperfusion experienced
by the Nemo®®° mice was not chronic, it may have
been severe enough to disturb more susceptible neuro-
nal populations and their firing.

In this respect, when investigating cortical inhibitory
interneuron populations in Nemo®*®° mice, we found
a selective decrease in SOM-containing interneurons
that was not seen in mice treated with SV or EX.
Interestingly, decreased SOM levels in specific cortical
areas have been found in subjects with demen-
tia,*>40-6869 and a similar decrease in SOM neurons
was found in the hippocampus in the APP/PS1 model
of AD.*” This decrease in the SOM population also ties
in to our electrophysiology findings of increased peak
amplitudes during sensory stimulation at 8 Hz, wherein
Nemo™ ©°  mice displayed impaired sensory

beKO

adaptation, defined as a reduction in response ampli-
tude to higher sensory stimulus frequencies, and SOM
interneurons have been implicated in this phenomenon
that limits the processing of extraneous stimuli.’®”!
Furthermore, SOM interneurons are the main target
of basalocortical cholinergic afferents,” for which orig-
inating neurons in the basal forebrain were decreased
in Nemo®X© mice (Figure 6(i)), possibly affecting their
capacity to modulate processing of sensory-evoked cor-
tical activity and hemodynamic responses.”> SOM and
ChAT populations were indistinguishable in the recov-
ery cohort, and the benefits of SV and EX on these
neurons did not suffice to reinstate behavior.

Conclusions

In this study, we provide a direct link between a dis-
turbed brain endothelium and late-life dementia by
showing that it is possible to induce pathologies
observed in VCID and AD by eliciting cerebral EC
dysfunction, which was sufficient to trigger mild cog-
nitive deficits. Selective EC deletion of Nemo resulted
in BBB disruption, CBF dysregulation, neuroinflam-
mation, together with mild neuronal dysfunction and
early trends of disorganized WM tracts, all of which
have been implicated in the development and progres-
sion of dementia.*'® Although the pathological
sequence of events following the initial deletion of
Nemo in the brain’s endothelium is not known, it is
likely that the pathologies more closely linked to the
endothelium such as BBB breakdown and CBF deficits
occur first, which would be proceeded by strong neuro-
inflammatory responses. Then, due to WM’s higher
susceptibility than gray matter to reductions in CBF,
altered axonal communication may appear next and
lead to disruptions in neuronal networks. Of impor-
tance, we showed that neither SV nor EX could over-
come these pathologies in Nemo®*° mice under
tamoxifen influence, but that such pathologies were
readily normalized when EC function was allowed to
recover. This allows us to conclude that SV and EX
require a healthy cerebral endothelium to mediate their
beneficial effects. Finally, we conclude that a dysfunc-
tional endothelium can be a key initial insult in the
development of VCID and maintaining the cerebral
endothelium’s functional integrity is an important ther-
apeutic strategy to protect against dementia.

Significance statement

We show causative evidence that the transient dysfunc-
tion of the cerebral endothelium is an important initial
event that leads to early cognitive decline and that sub-
sequent recovery is sufficient to recover cognitive func-
tion. We found that neither simvastatin nor exercise
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were able to exert their typical neuroprotective benefits
when the cerebral endothelium was rendered dysfunc-
tional. Our findings indicate that brain endothelial cells
could be a novel and necessary target for effective ther-
apeutic interventions in the prevention of vascular cog-
nitive impairment and dementia.
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