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Susceptibility to capillary plugging
can predict brain region specific
vessel loss with aging
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Abstract

Vessel loss in the aging brain is commonly reported, yet important questions remain concerning whether there are
regional vulnerabilities and what mechanisms could account for these regional differences, if they exist. Here we imaged
and quantified vessel length, tortuosity and width in 15 brain regions in young adult and aged mice. Our data indicate that
vessel loss was most pronounced in white matter followed by cortical, then subcortical grey matter regions, while some
regions (visual cortex, amygdala, thalamus) showed no decline with aging. Regions supplied by the anterior cerebral
artery were more vulnerable to loss than those supplied by middle or posterior cerebral arteries. Vessel width and
tortuosity generally increased with age but neither reliably predicted regional vessel loss. Since capillaries are naturally
prone to plugging and prolonged obstructions often lead to vessel pruning, we hypothesized that regional susceptibilities
to plugging could help predict vessel loss. By mapping the distribution of microsphere-induced capillary obstructions, we
discovered that regions with a higher density of persistent obstructions were more likely to show vessel loss with aging
and vice versa. These findings indicate that age-related vessel loss is region specific and can be explained, at least partially,

by regional susceptibilities to capillary plugging.
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Introduction

Without substantial local energy stores, the brain
demands a constant supply of oxygen and nutrients.'-?
In order to meet this demand the brain is densely sup-
plied with capillaries which are narrow, low-pressure,
high surface area vessels that comprise the majority of
cerebral vascular length and are always in close prox-
imity (~13-18 pm) to neurons and glia.> ® As such, it is
not surprising that age and disease-related vascular
changes that result in reduced capillary number and
perfusion correlate with and contribute to cognitive
impairment and dementia, including Alzheimer’s
Disease and Vascular Dementia.”'" Indeed, a recent
study revealed a direct link between capillary blood
flow and cognition by showing that unplugging cortical
capillaries could improve blood flow and memory in a
mouse model of Alzheimer’s disease.'?

Although it is well appreciated that capillary net-
works are important for maintaining brain function

with aging, there still exists debate over the extent to
which vascular density changes over the lifetime.
For example, several rodent studies indicate there is pro-
found vessel loss within a few regions over 1-2 years of
age, whereas other studies indicate no change at all.'* ¢
Further, to our knowledge no aging study has system-
atically surveyed vascular changes across a multitude of
brain regions. Given long standing evidence that certain
brain regions are particularly vulnerable to functional
decline with aging, such as white matter tracts, limbic
cortex and hippocampus,'” " comparing vessel loss
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across many different regions within the same animals
could provide valuable comparative data. Revealing
such differences will be useful for future “omic” research
that seeks to understand regional diversity in aging pro-
cesses at a molecular level. 22!

Another unresolved issue in the aging literature con-
cerns the mechanisms that account for age-related vessel
loss. While this is a multifactorial problem involving the
relative balance between vessel rarefaction and perhaps
sprouting, it is likely that the capillary’s inherent suscep-
tibility to clogging, due to adherent white blood cells or
debris circulating in the blood (cholesterol, fibrin), could
be an important factor. Recently our group and others
demonstrated that a small fraction of cortical capillaries
experience short and long-lasting obstructions, even in
healthy animals.”?>>* Of note, about ~30% of these
persistent obstructions led to vessel pruning with little
evidence of compensatory sprouting.** Using this infor-
mation, we were able to approximate vessel loss with
aging that closely matched our experimentally derived
estimate.”* However, one major limitation of our previ-
ous study was that only one brain region was sampled
(primary somatosensory cortex) and therefore it is
unknown if there are brain region specific differences in
the susceptibility for capillaries to become obstructed,
and perhaps experience greater vessel loss with age.

Here, we attempt to reconcile some of these discrep-
ancies in the aging literature by performing a broad
survey of vascular changes in length, tortuosity and
width in 15 different brain regions, including differences
that may arise between different classes of brain matter
(white vs. grey; cortical vs. subcortical) or perfusion ter-
ritory. In order to directly label all patent vessels, we
intravenously injected a fluorescent dye in vivo and
then developed an automated approach for detecting
and analyzing fluorescently labeled vessels in post-
mortem tissue sections. Furthermore, to help explain
regional differences in vessel loss, we induced capillary
obstructions with fluorescent microspheres in adult mice
and surveyed capillary obstruction rates in each brain
region. Our experiments reveal considerable regional
heterogeneity in vessel loss with aging that varies
based on tissue class and perfusion territory. Further,
we find a significant correlation between a specific
brain region’s susceptibility to capillary plugging and
vessel loss with aging. Collectively, these findings suggest
that vascular networks within certain brain regions may
be more vulnerable to the deleterious effects of aging.

Materials and methods

Animals

In order to optimize sampling from our animal colony
for the assessment of vascular density with aging, we

used young adult (3—5.5 months old, mean = 3.5, male:
n =20, female: n=15) and aged (16.5-22 months old,
mean = 19.3, male: n=40) mice. Since we had very
few aged female mice in our colony, we could not
make meaningful sex-based comparisons in our study.
The mice were derived from three different strains: (a)
C57BL/6J (young adult: n=36, aged: n=9), (b) Tek-
GFP (young adult: n=4, aged: n=4) (The Jackson
Laboratory, 003658), and (c) Tek-CreER™ X Kdr*/®
(aged: n=12) [Tek-CreER™ line®> (EMMA 00715)
bred with Kdr™ line?®] strains. Statistical comparisons
revealed no difference in capillary density between aged
C57BL/6J mice and Tek-CreER™ X Kdr™™ mice
(Unpaired with Welch’s correction for unequal varian-
ces to.781y=0.8246, p=0.4293), therefore data from
these two strains were pooled. The Tek-GFP aged ani-
mals were strain-matched with an equal number of
young and aged 7ek-GFP mice. Since an age-by-
strain two-way ANOVA revealed no significant age—
strain interaction (two-way ANOVA interaction
F(1,65=0.1673, p=0.6838), Tek-GFP mice were also
pooled with the rest of the mice in both young and
aged groups. All mice were housed under a 12-hour
light/dark cycle with ad libitum access to water and
standard laboratory diet. All experiments were con-
ducted according to the guidelines set by the
Canadian Council of Animal Care and approved by
the University of Victoria Animal Care Committee
(protocol 2016-016). Reporting of this work complies
with ARRIVE guidelines.

Tissue preparation, imaging and vessel analysis

For vessel density quantification, lysine fixable
FITC dextran (100pL; 2% w/v in 0.9% saline;
ThermoFisher, molecular weight 40 kDa, D1845) was
intravenously injected and left to circulate for 8 min
prior to decapitation. The brain was extracted, bisected
along the midline and fixed in 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffered saline (PBS) over-
night at 4°C before being transferred to 0.1 M PBS.
Brains were sectioned in the coronal plane at 50 um
thick using a Leica vibratome (T1000). Every sixth sec-
tion was mounted on a gelatin-coated slide, and cover-
slipped with Fluoromount G (ThermoFisher, 00-4958-
02). FITC-labeled vessels in the brain were imaged
using a 488 nm laser on an Olympus confocal micro-
scope with a 10x objective (NA 0.40). Since aging
brains can exhibit autofluorescence in extra-vascular
spaces which needs to be accounted for, we excited
samples with a 561 nm laser and collected light using
a Texas Red emitter filter (575-675 nm). Confocal
image stacks were collected in 4 um z-steps at a pixel
resolution of 1.242 um/pixel. Two to three image stacks
for each of the 15 brain regions sampled were captured
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in each animal within the colored boundaries outlined
in Supplementary Figure 1. Care was taken to ensure
sampling at rostral-caudal levels was comparable
between groups.

Images were analyzed using a custom-built macro
for FIJI-ImageJ (version 1.52e). First, the macro
worked by creating a maximal intensity image projec-
tion of eight images from each stack in both green
(FITC-vessel signal) and red channels (autofluorescent
background signal). Autofluorescent signal was cor-
rected for by subtracting images in the red channel
from the green channel (Figure 1(a)). In order to opti-
mize the automated detection of vessel segments in the
image, we used a WEKA Trainable Segmentation
machine learning plugin from ImageJ and trained our
macro using 20 separate images with user defined vessel
segments.”” Once the WEKA Trainable Segmentation
plugin successfully differentiated fluorescent signal in
vessels from background (see yellow and pink outline
in Figure 1(a)), images were segmented and then skel-
etonized. In order to correct for small gaps in con-
nected capillaries (caused by dips in fluorescent
plasma signal within the vessel), capillary end segments
were connected if they were within 12 pm of each other
and within a linear slope of 60° on either side of the
fitted straight-line segment. A slope of 60° was deter-
mined empirically as it did not result in false positive
connections given that connected capillaries do not
often change direction by >60 degrees in a 12 um seg-
ment of vessel. Dependent variables that were mea-
sured included total vascular length, mean vessel
diameter (total area of dye/vascular length), and
mean tortuosity (arc-chord ratio for all segments).
Since signal segmentation tends to overestimate vessel
area which was used to generate width measurements,
we needed to calculate a transforming factor. This was
done by measuring the full width at half maximum
(FWHM) diameter of randomly selected vessels (9—11
vessels in five animals) in both the raw maximum pro-
jection and the segmented image. Segmented image-
derived diameters were calibrated by dividing by the
transforming factor of 2.056 (i.e. the average ratio
between diameters in each image). To validate our
automated analysis, estimates of vessel density and tor-
tuosity generated from our custom macro were com-
pared to ground truth, user defined estimates generated
by an independent and blinded observer. User-
measured vessel length was plotted against macro-
generated length and linear regression was performed
(Figure 1(b)). The equation of the regression line was
used to transform the vascular length measurements
generated by the macro (Figure 1(b) and (c)).
Similarly, tortuosity (measured as Arc-chord ratio,
Figure 1(d)) from user-drawn images was plotted
against macro-generated tortuosity (Figure 1(e) and

(f)). To ensure that changes in tortuosity could not
arise from changes in diameter, the difference between
the hand-drawn and macro-generated tortuosity was
plotted against the mean capillary diameter in each
image and regression was performed (Figure 1(g)).

Some confocal image stacks could not be properly
analyzed by our automated program due to uneven
signal across the specimen (e.g. caused by poor section-
ing). Therefore, out of 3022 image stacks collected, 39
were identified as an outlier (1.29% of total) by the
Repeated Grubbs Test and excluded from the analysis.

Analysis of specific brain regions was restricted
based on a user-defined region of interest (ROI) that
excluded vessels >20 pum diameter. We should note that
larger vessels (8-20 um diameter) were included in the
analysis; however, a random sample of images showed
that vessels >8 um diameter accounted for approxi-
mately just 4+ 1.5% (mean+SD) of the total vascular
length (n=35). Given this information, age-related
changes in vascular structure are overwhelmingly rep-
resented (~96%) by changes at the capillary level.

Pockets of vessel sparse sub-regions were quantified
using a custom-built macro for FIJI that subdivided
image skeletons into 211 x 211 pm squares (44,550 pm?)
and reported local vascular density (m/mm?*). The frac-
tion of subsections with less than 50% of the mean
vascular density for that specific brain region (for
young adult mice) were reported.

Capillary obstruction model and microsphere
density analysis

To assess region specific differences in susceptibility to
capillary obstructions, we used male young adult
C57BL/6J mice (3-4 months old, mean = 3.4, 30 min:
n=16, 3day: n=15). Mice were briefly (<15min)
anesthetized with 1.5% isoflurane gas mixed in medical
grade air with body temperature maintained at 37°C.
As previously described,”* we intravenously injected
100 L of 4pum diameter fluorescent microspheres
(2% solids; Life Technologies FluoSpheres sulfate) to
induce capillary obstructions. Red or green fluorescent
microspheres (ThermoFisher catalog# F8858 and
F8859) were injected 3days or 30min, respectively
prior to euthanasia to estimate transient and long-
lived capillary obstructions. Mice recovered under a
heat lamp immediately after injection before being
returned to their home cage. Mice were killed from
an overdose of sodium pentobarbital, the brain was
immediately extracted, then bisected and each hemi-
sphere immersed in 4% PFA overnight before being
transferred to 0.1 M PBS. We sectioned brains on a
Leica vibratome (T1000) to make 100 or 50 um-thick
coronal sections. Every third section was mounted onto
a gelatin-coated slide, and cover-slipped with
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Figure |. Validation of automated approach for analyzing vessels. (a) Confocal image stacks from channel | (FITC-labeled vessels)
and 2 (tissue autofluorescence) were first maximally projected with autofluorescent signal subtracted from the original image. Using a
supervised learning plugin to segment fluorescent signal from background (signal outlines in yellow with background in pink), the image
was skeletonized. Gaps in vessel signal (red arrows) were corrected if capillary segments were within 12 um of each other and within a
linear slope of 60° on either side of the fitted straight line segment (see inset). Scale bar =50 um. (b) Vessel lengths for each image
were estimated from the automated macro and then plotted relative to lengths generated from a blind observer. Note the extremely
tight relationship (r*=0.964) between automated and observer defined estimates. (c) Difference in lengths estimated by the two
approaches after translation of macro-generated values (mean £ S.D.). (d) Image illustrating arc-chord ratio, a measurement of
tortuosity. (e) Tortuosity measurements for each image (n = 17) were estimated from the automated macro and then plotted relative
to those generated from a blind observer. (f) Difference in tortuosity estimated by the two approaches (mean 4 S.D.). (g) Regression
analysis of mean vessel diameter generated for the |17 images plotted against the difference in tortuosity generated by the two
approaches. This analysis shows that vessel diameter does not influence the macro-generated estimate of tortuosity.

Fluoromount G. Ultra-bright fluorescent microspheres
were imaged on an upright wide-field Olympus BX51
microscope with a 2x Olympus Plan objective
(NA =0.05, 228 pixels/mm) using GFP and Cy3 exci-
tation/emission filter sets on an Olympus DP73 digital
CCD camera using CellSens software. Images were

taken from every third section from approximately
+2.7mm to —3.5mm from bregma.”® Using a
custom-built macro for FIJI, ROIs were manually
drawn on each image over every present brain region,
as shown in Supplementary Figure 1 and guided by the
Franklin and Paxinos Mouse Brain Atlas.”®
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Microspheres were automatically counted in each ROI
using a threshold of 2/3 maximum pixel intensity. The
density of obstructions within each brain region was
expressed as # obstructions per meter length of
capillary.

To test the hypothesis that regional microvascular
obstruction rates would correlate with the magnitude
of region-specific vessel loss with aging, a linear regres-
sion was calculated, plotting mean vascular length loss
against microsphere density. Density values for each
region were normalized within each animal and
expressed as % difference relative to the mean micro-
sphere density across all brain regions. The obstruction
clearance rate was based on the difference between 30
min and 3-day obstruction densities in each region.

Cortical and callosal thickness analysis

Cortical thickness was measured in FIJI by drawing
straight lines perpendicular from the cortical surface
to the white matter in six places: retrosplenial, visual,
peri-rhinal, insular, motor and forelimb somatosensory
cortex. The thickness of corpus callosum was measured
by plotting straight dorsal-ventral (y-axis) lines for
each pixel in the x-axis (white matter runs parallel to
x-axis). Every third section within a region was sam-
pled to estimate thickness.

Code accessibility

Custom FIJI macros can be freely accessed on GitHub
at  https://github.com/bschager/Microvessel-Density-
Analysis.”’ Image classifier files are available from the
authors on demand.

Statistics

All statistical analyses were performed using GraphPad
Prism 8 using an alpha value of 0.05. A multivariate
mixed analysis was used where appropriate. Two-way
mixed ANOVA was used when there were no missing
values, while a mixed model was fitted to the data
(using Restricted Maximum Likelihood) when there
were missing values in the dataset. Where the assump-
tion of sphericity was not met, the Geisser-Greenhouse
correction was used. Post-hoc comparisons were per-
formed using Sidak’s multiple comparisons test for
multi-variate mixed-model analyses and paired t-tests
for univariate mixed-model analyses. Repeated meas-
ures ANOVA was used to test for region-related differ-
ences in microsphere clearance rates. Data are
presented as mean+95% confidence interval (CI),
unless otherwise stated. Supplementary Table 1 pro-
vides detailed results of the post-hoc tests comparing
young adult and aged animals.

Outliers were detected using Grubbs test, with an
alpha value of 0.05. For example, 4/1298, 2/431, and
2/848 data points were identified as outliers for vessel
density, cortical thickness, and tortuosity, respectively.
When analyzing the relationship between vessel loss
and obstruction rate, retrosplenial cortex was identified
as an outlier at both 30 min and 3-day time points and
excluded from the linear regression analysis.

Results

Vessel loss with aging occurs in a region-specific
manner

In order to determine the magnitude of vessel loss with
aging and whether certain brain regions were more vul-
nerable than others, we intravenously injected young
adult and aged mice (n=40 and 25, respectively) with
fixation-compatible FITC dextran and then generated
over 3000 confocal image stacks of fluorescently
labeled blood vessels in 15 different brain regions
(Figure 2). To analyze this large data set, we generated
an automated macro for estimating vessel length that
very closely matched estimates produced by a blinded
observer (Figure 1(b) and (c), r°=0.964; mean differ-
ence of 0.08 +3.74%).

A mixed model two-way ANOVA revealed a signif-
icant main effect of age (F( 63= 27.08, p<0.0001),
brain region (F(14.821y= 664.8, p <0.0001), and a signif-
icant age by region interaction (F(4g81= 3.870,
p<0.0001). As shown in Figure 3(a) and (b) and
Supplementary Table 1, vessel loss (displayed as m/
mm® and % vessel loss) with aging was not uniform
across brain regions. Post-hoc analysis revealed signif-
icant loss of vessel length in 7 out of the 15 regions
sampled. The area with the greatest magnitude of
vessel loss was the corpus callosum, exhibiting a
~26% reduction in vascular density with age
(Figure 3(a) and (b)). In the cortex, the motor, peri-
rhinal/ecto-rhinal, forelimb somatosensory and retro-
splenial areas exhibited significant loss of vessel
length (mean= 10.29%), while frontal cortex trended
towards loss (t(ss.s2= 2.907, p=0.0759). By contrast,
the insular (ts340= 1.470, p=0.9087) and visual
cortex (t(se.s5= 1.001, p=0.9970) did not show any
loss (Figure 3(a) and (b)). Subcortically, significant
loss of vessel length was also observed in the hippo-
campus and hypothalamus (Figure 3(a) and (b);
mean= 10.47%) with a trend in the striatum (tss.s6)=
3.002, p=0.0582) and substantia nigra (t(se 7= 2.880,
p=0.0810). However, there were no changes in thala-
mus (fsg22= 2.342, p=0.2904) or lateral amygdala
(t(41_76)= 0.201, p >09999)

Given our broad sampling of brain regions, we next
attempted to determine if there were supra-regional
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Figure 2. Representative images of the vasculature across different brain regions in young adult and aged mice. The location of each
brain region analyzed is illustrated by the stereotaxic atlas image shown in the left pane. On the right are confocal image projections
showing FITC-labeled vessels in young adult (3—5.5 months old) and aged mice (16.5-22 months old). Image contrast was adjusted for
the sake of clarity. Scale bar =200 pum. FrA: frontal association cortex; GI/DI: granular/dysgranular insular cortex; PRh/Ect: peri-rhinal
cortex/Ecto-rhinal; M1/M2: primary/secondary motor cortex; SIFL: primary forelimb somatosensory cortex; RS: retrosplenial cortex;
VI: primary visual cortex; HPC: hippocampus; STR: striatum; LA: lateral amygdaloid nucleus; SNR: substantia nigra reticulate.
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Figure 3. Loss of vessel length with aging is brain region specific. (a) Quantification of vessel length per cubic volume of tissue in each
region in young adult (black dots; n =40 mice) and aged mice (red dots; n =25 mice). (b) Relative magnitude of age-related vessel loss
in each brain region. (c) Graphs show vessel length changes in young adult and aged mice as a function of tissue class or arterial supply.
(d) Age-related vessel loss binned according to tissue class or arterial supply. (€) Graph showing differences in average cortical
thickness with aging (top panel) and linear regression analysis (bottom panel). Note no systematic relationship between cortical
thickness and vessel length density measurements in young adult or aged mice. (f) Graph showing age related changes in cortical, but
not callosal thickness. Data in (a), (c) and (f) were analyzed by fitting a mixed model to approximate two-way mixed ANOVA followed
by Sidak’s multiple comparisons test. Data in (d) were analyzed by fitting a mixed model to approximate repeated measures ANOVA
followed by post-hoc paired t-tests. Data in (e) were analyzed with an unpaired t-test. Error bars: mean 4 95% CI. ***p < 0.0001,
#¥p < 0.001, *p < 0.01, *p < 0.05. WM: white matter; CGM: cortical grey matter; SGM: subcortical grey matter.
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patterns of age-related vessel loss. For example, white
matter is known to be susceptible to degeneration with
aging and is thought to be an important factor in cog-
nitive decline.**** Additionally, it is conceivable that
vessel loss may vary as a function of vascular perfusion
territory given inherent territorial differences in the
incidence of stroke or collateral circulation.***
Therefore, we assigned each brain region area a classi-
fication based on tissue type (white matter vs. cortical
grey vs. subcortical grey matter) or major supplying
cerebral artery and assessed vascular loss.
Classifications and references for assigning brain
regions to a specific perfusion territory are detailed in
Supplementary Table 1. As shown in Figure 3(c), vessel
length was significantly lower in aged mice in all tissue
classes (Main effect of Age for Tissue Class: F(; ¢3=
30.63, p<0.0001) and arterial supply zones (F(j 3=
24.63, p<0.0001), reflective of the general trend for
vessel density to decrease with age. However, compar-
ing the percent vessel loss within these categories
revealed differences. For tissue class (Figure 3(d)),
paired t-test revealed that vessel loss was significantly
greater in white matter (WM) compared to cortical
gray matter (CGM) (t4y= 11.64, p < 0.0001) and sub-
cortical gray matter (SGM) (t3= 12.65, p <0.0001),
while cortical gray matter vessel loss was greater than
subcortical gray matter (tz3= 3.738, p=0.0011). For
arterial supply (Figure 3(d)), loss of vessel length was
significantly greater for anterior cerebral artery (ACA)
fed territories than for middle (MCA; tn3= 4.324,
p=0.0003) or posterior-fed cerebral arteries (PCA;
toay= 6.744, p <0.0001). Lastly, we assessed cortical
thickness in select regions (n=6 regions) and found
that cortical thickness was significantly reduced in
aged mice (Figure 3(e), top panel; tep= 3.562,
p=0.0007). However, cortical thickness had no rela-
tionship with vessel length measurements (Figure 3(e),
bottom panel), implying that slight shrinkage of the
brain with age did not systematically influence our
length measurements. Breaking thickness measure-
ments down by region revealed a uniform reduction
across cortical areas, but not in the corpus callosum
(Figure 3(f)). Linear regression did not reveal any rela-
tionship between vessel loss and changes in thickness
(r’=0.08797), further showing that possible volume
reductions did not systematically influence length
measurements. Collectively these results show that the
loss of vessel length with aging is a heterogeneous phe-
nomenon with certain brain regions showing greater
vulnerability than others.

Age-related changes in vessel tortuosity and diameter

Next, we wanted to determine if the loss of vessel
length with aging could be explained or compensated

for by changes in vessel structure such as tortuosity or
width. We estimated mean vessel tortuosity, measured
as the arc-chord ratio (Figure 1(d), increasing values
indicate greater tortuosity) from two to three images
in each region per animal. Tortuosity measurements
generated from our custom macro were Cross-
referenced and validated using measurements generated
by a blinded observer (Figure 1(e) and (f)). Further, to
ensure that our tortuosity measurements were not arti-
ficially influenced by vessel diameter, we performed a
linear regression analysis and found no relationship
between these variables (Figure 1(g)). Our analysis of
tortuosity revealed a significant main effect of age
(F(1,59): 1519, p:OOOO3), brain region (F(6.542~353.7):
16.87, p<0.0001), and age by region interaction
(Faa7sm= 4383, p<0.0001). Specifically, tortuosity
increased with age in frontal cortex, visual cortex, hip-
pocampus, and amygdala (Figure 4(a)). Next, we used a
linear regression analysis to determine whether vessels in
brain regions that were more prone to loss with aging
were: (a) more tortuous in young adult mice or (b)
more likely to show a change in tortuosity with age.
Our analysis revealed no significant systematic relation-
ship between vessel loss and young adult tortuosity
(Figure 4(b)). However, we found a moderate relation-
ship between vessel loss and areas that show a change in
tortuosity with age (Figure 4(c)), though this relation-
ship was skewed by the corpus callosum (relationship
with  callosum: 1r’=0.4659, without callosum:
’=0.1195). Vessel diameter also showed age and
region specific changes (main effect of age: F(j s9=
28.72, p<0.0001; brain region: Fgs31655= 22.97,
p<0.0001; age by region interaction: F(j4759)= 6.133,
p <0.0001), with the general trend for vessel diameter
to increase with age (Figure 4(d)). We found a very weak
relationship between vessel loss and vessel diameter in
young animals (Figure 4(e)), and no systematic relation-
ship between regional vessel loss and changes in vessel
diameter with aging (Figure 4(f)). These findings reveal
that vessel tortuosity and width change in a region-
specific manner with aging, but possess little predictive
value for the magnitude of vessel loss.

Zones of vessel sparse regions increase with age

A recent oxygen imaging study found micro-pockets of
hypoxic brain tissue (up to 200um in size) in
~24 month-old mice.*® One possible explanation for
this local hypoxia is that aging may increase the likeli-
hood of vessel sparse micro-zones, especially if vessel
loss exhibits some degree of clustering. To test this, we
subdivided vascular skeletons into 211 x 211 pm grids
and quantified the number of pockets that had less
than 50% of the mean vascular density for the brain
region examined (Figure 5(a)). Our analysis revealed a
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Figure 4. Age-related changes in vessel tortuosity and diameter. (a) Quantitative differences in tortuosity across different brain
regions in young adult and aged mice. Regression analysis did not reveal any relationship between age-related vessel loss and the
extent of tortuosity in specific brain regions of young adult mice, (b) but a moderate relationship was found in the % change with aging
(c). (d) Graphs show age-related changes in vessel width in each brain region. There was a very weak relationship between regional
vessel loss and diameter in young mice (e), and no relationship between regional vessel loss and changes in vessel width with aging (f).
Data in (a) and (d) were analyzed by fitting a mixed model to approximate two-way mixed ANOVA followed by Sidak’s multiple
comparisons test. Error bars: mean +95% CI. **¥p < 0.0001, ***p < 0.001, *p < 0.01, *p < 0.05.

effect of age
region

(Fa 59=
(Fu.003217.00=

main
brain

significant
p=0.0012),

11.58,
59.69,
p<0.0001) and age by region interaction (F(4750)=
8.508, p<0.0001). As shown in Figure 5(b), two

areas in particular exhibited a significant increase in
the frequency of vessel sparse zones: the corpus callo-
sum (t(ss4q= 4.844, p=0.0002) and the substantia
nigra (tz442= 4.535, p=0.0010). When grouped by
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tissue class or arterial territory (Figure 5(c)), white
matter, subcortical gray matter, and ACA-supplied tis-
sues showed a statistically significant age-related
increase in the prevalence of vessel sparse pockets
(WM t(51A86): 3962, p:00007, SGM: t(50.02):
2560, p:00401, ACA: t(54'90): 2769, p:00228)

Vulnerability to long lasting capillary obstructions is
predictive of vessel loss with aging

Previous work from our lab has shown that long-
lasting naturally occurring or microsphere-induced
capillary obstructions result in vessel pruning in
~30% of cases.”® To help explain why some brain
regions might show greater vessel loss with aging
than others, we hypothesized that these vulnerable
regions would be more susceptible to capillary obstruc-
tions. Therefore, we intravenously injected 4 um diam-
eter red or green microspheres into young adult
mice 30min and 3 days before extracting the brain
(Figure 6(a)). We reasoned that the 30 min time point
would provide an estimate of short-lived (likely tran-
sient) obstructions whereas the 3-day time point would
reflect persistent, long lasting obstructions. Figure 6(b)
demonstrates the presence of microspheres within cere-
bral vessels, obstructing the lumen of capillaries.
We should note that microspheres did not lead to rup-
tured vessels as they were not found in extravascular
spaces (Figure 6(b)), nor were microglia aggregated
around them (Figure 6(c)).>* Quantification of micro-
sphere density in different brain regions from 30 min
and 3-day time points revealed a heterogenous distri-
bution (Figure 6(d); Repeated measures ANOVA
of brain region at 30min with RS: F43560.52)=
19.54, p <0.0001 and 3days: F(4A235,59429): 7.890,
p <0.0001). This distribution remained regionally het-
erogeneous even after excluding retrosplenial cortex
from the analysis (Repeated measures ANOVA of
brain region at 30min without RS: F(5325297)=
1043, p<00001 and 3days: F(3.826,53.56): 3239,
p=0.0202). As indicated in Figure 6(e), the over-
whelming majority of microspheres were cleared from
the brain at both 30 min and 3-day time points (~95%
on average across all regions). By calculating the %
clearance rate (1-3 day density/30 min density), one
can note significant region-specific variability in clear-
ance rates (Figure 6(e); Repeated measures ANOVA
F(4.265,59.71y= 3.840, p=0.0066). To determine whether
obstruction density at 30 min or 3 days was predictive
of region-specific vessel loss with aging, we performed
linear regression analyses between the mean magnitude
of vessel loss for each area and normalized obstruction
rates in young adult animals (Figure 6(f)). In addition,
we performed a regression analysis for vessel loss and
each region’s clearance rate (Figure 6(g)). Our analysis

revealed a significant positive relationship between long
lasting obstructions found in each region at 3 days (but
not 30 min) and the degree of microvascular loss with
aging (Figure 6(f), left panel). Similarly, brain regions
that were better at clearing obstructions (indicated by
higher clearance rate in Figure 6(g), left panel) were less
susceptible to age-related vessel loss. Parsing out these
relationships according to tissue class, we found stronger
correlations for vessel loss in cortical gray and white
matter regions (Figure 6(f) and (g), middle panel),
than subcortical gray matter (Figure 6(f) and (g), right
panel). These results indicate that brain regions with an
increased susceptibility to long-lasting capillary obstruc-
tions (and those less able to clear them) are more likely
to experience greater vessel loss with aging.

Discussion

The loss of brain microvessels with aging has been
reported in several species including humans (see
Supplementary Table 2). However to our knowledge,
no previous study had examined this phenomenon in
more than a couple brain regions (see Supplementary
Table 2),>” % therefore a systematic assessment of
brain region-specific vulnerability to vessel loss with
aging was lacking. We believe this was an important
question to address because if there are strong brain
region specific patterns in vessel loss, it may help
explain why certain cognitive and sensory-motor func-
tions are more susceptible to aging than others. Here
we assessed 15 different regions in the mouse brain and
show that age-related microvascular loss occurs in a
heterogeneous manner. Our data show that motor
and somatosensory cortex, but not visual cortex,
undergo significant vessel loss with aging, which
agrees with previous studies in both mouse** and
rat.’”*® In accordance with previous reports,>”* the
hippocampus and white matter tracts of the corpus
callosum show pronounced age-related vessel loss.
By including largely unexplored limbic cortical or
sub-cortical regions in our study like the retrosplenial,
insular, peri-rhinal cortex, amygdala, thalamus and
substantia nigra, our data reveal that limbic cortical
areas (retrosplenial and peri-rhinal cortex) exhibit sig-
nificant vessel loss, whereas subcortical regions such
the thalamus, striatum and amygdala were more resil-
ient. Despite the scant literature in sub-telencephalic
regions, a post-mortem study examining the lateral
geniculate nucleus of the thalamus also found very
little change in vessel length or number with aging.*
Collectively, these findings strongly support the idea
that rarefaction of microvascular networks are differ-
entially affected by aging.

Our findings also suggest regional differences in vas-
cular loss based on tissue class and perfusion supply.
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Figure 6. Regional vulnerability to capillary obstructions is predictive of vessel loss with aging. (a) Widefield images of coronal
brain sections showing transient (blue colored microspheres) and long-lasting capillary obstructions (red colored microspheres)
injected 30 min or 3 days, respectively, prior to brain extraction. Scale bar = | mm. (b) Images show red microspheres reside within
FITC-labeled capillaries in the forelimb somatosensory cortex. Scale bar =200 pm (top row), 20 pum (bottom row). (c) Confocal
images show no preferential aggregation of GFP-labeled microglia around microspheres, suggesting that microspheres do not cause
(continued)
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Indeed, when vessel loss was grouped according to
tissue class (white matter vs. cortical vs. subcortical
grey matter), white matter was most vulnerable while
subcortical grey matter was the least affected.
Furthermore, white matter was one of the only regions
studied to show pockets of vessel sparse zones.
The finding that white matter is susceptible to vessel
loss is perhaps not surprising since white matter
atrophy is associated with aging, especially when com-
pounded with dementia or vascular risk factors such as
diabetes, hypertension and hypercholesterolemia.®3!#!
The directionality of this relationship is not fully
understood as white matter degeneration could lead
to capillary rarefaction or the loss of capillaries could
exacerbate white matter degeneration by reducing per-
fusion and increasing the risk of infarction, as capillary
dysfunction is known to do.” As noted by Brown and
Thore,'® the blood supply for anterior white matter
tracts (similar to the location of corpus callosum ana-
lyzed in the present study) is perilous as it arises from
the distal ends of the anterior cerebral artery. A possi-
ble consequence is that capillary blood flow would be
more susceptible to global perfusion changes*’ that
could increase the risk of capillary stalls/obstructions
(caused by blood cells, fibrin, cholesterol). In fact, the
relative distance of each brain region to the proximal
branches of a cerebral artery may partially explain why
more distal perfusion regions like the somatosensory,
motor and retrosplenial cortices exhibited vessel loss
with aging whereas more proximal subcortical regions
such as the striatum and thalamus, did not.

Another related factor influencing vessel loss
appears to be which cerebral artery supplies blood
flow. When regions were grouped according to cerebral
artery supply, we noted higher microvascular loss in
regions supplied by the ACA than the MCA or PCA.
It is possible that the ACA may have less redundancy
or collateral flow than branches of the MCA and PCA.
Indeed, a study using time resolved computed tomog-
raphy angiography revealed weaker collateral connec-
tions between the MCA and ACA, and stronger ones
connecting MCA with PCA.* With reduced collateral

circulation, regions supplied by the ACA may have less
resilience to interruptions or changes in blood flow that
can occur throughout life.** Alternatively, the PCA
does not appear to experience as large of an age-
related drop in blood flow rates as the ACA or
MCA,* which could conceivably change capillary
plugging or recanalization rates in a region-dependent
manner. While speculative, an ACA-specific suscepti-
bility to microvascular loss also would fit with the fron-
tal lobe theory of aging,*>*” where reduced nutrient
delivery due to low microvascular density could
contribute to frontal dysfunction.

Even though our data agree with past studies exam-
ining vessel loss in cortex and hippocampus, the mag-
nitude of loss tended to be lower in our study
(Supplementary Table 2). The reason for this difference
could be methodological in nature. The majority
of previous studies used enzyme or immuno-
histochemical approaches to label the vasculature.
It is possible that the expression of these vascular pro-
teins could be affected by age and thus influence meas-
urements. We opted to avoid this potential issue by
injecting a fluorescent dye in vivo to label all perfused
vessels and then collected the brain without intracardial
perfusion. This approach was also compatible with our
experiment assessing the regional distribution of fluo-
rescent microspheres, which would have been disrupted
if we employed a standard transcardial perfusion
approach for immunohistochemistry. It is important
to note that our method for labeling and quantifying
vascular length yielded results (typically ~ 1 m/mm? for
sensory cortical areas) that closely match more recent
estimates, *3%48:49

Based on our previous work in the somatosensory
cortex, we know that capillaries with long-lasting
obstructions are pruned in ~30% of cases.** In order
to better understand why certain brain regions were
more vulnerable to vessel loss with aging than others,
we hypothesized that those regions prone to long-
lasting obstructions, ones evident 3 days after induc-
tion, would show greater vessel loss. Indeed, our data
support this idea given that brain regions with higher

Figure 6. Continued.

local rupture of the blood brain barrier. As a positive control (right), we show microglia aggregation around a cortical capillary
ruptured in vivo. Scale bar =20 um. (d) Graphs show the density of short (30 min) or long-lived (3 days) microsphere obstructions
across each brain region in young adult and aged mice (30 min: F(4035¢052= 19.54, p <0.0001 and 3 days: F(42355929= 3.7.890,

p <0.0001). (e) Graphs plot the % clearance of obstructions (-3 day/30 min density) to illustrate significant variability across brain
regions (F.265,59.71y= 3.840, p =0.0066). (f) Regression analysis of short or long-lived obstruction density (30 min vs. 3 days) for each
brain region plotted as a function of vessel loss with aging. With the exception of the retrosplenial (RS) cortex, which was a clear
outlier at both time points (identified by Grubbs test), the density of long-lived obstructions (3 days) in each brain region was
significantly related to the extent of vessel loss with aging. (g) Similarly, regression analysis indicated that those brain regions more
adept at clearing obstructions (higher % clearance rate values), were less likely to show age-related vessel loss. Note that these
relationships were stronger for white and cortical grey matter (middle panel in (f) and (g)) than for subcortical grey matter (right panel
in (f) and (g)). Data presented in (d) and (e) were analyzed using one-way repeated measures ANOVA.
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rates of microsphere induced obstructions (and lower
microsphere clearance rates) were also more likely to
show greater vessel loss. However, this is an admittedly
simplistic explanation of vessel loss since it is possible
that vessel loss may be compensated for by angiogen-
esis."* While previous time lapse imaging experiments
in somatosensory cortex, both from our lab and from
others, report little and sometimes no compensatory
vessel sprouting in healthy adult animals,?**** other
regions, particularly subcortical regions that did not
show significant vessel loss, may balance capillary rar-
efaction with angiogenesis. Our study is also limited by
the fact that we did not test regional differences in sus-
ceptibility to naturally occurring obstructions such as
blood cells or lipids. However, given how infrequent
these naturally occurring events are (more persistent
natural obstructions affect <1% of all capillaries), as
well the impossibility of estimating the duration of
capillary obstruction without time lapse in vivo imaging
in all 15 regions, we opted to study capillary plugging
rates with microspheres. We should note that capillary
pruning rates for long-lasting microsphere induced
obstructions are nearly identical to those that occur
naturally.®® Our study also did not examine regional
differences in how capillaries clear obstructions. For
example, engulfing and removing obstructions through
the vessel wall (angiophagy) is a process that requires
several days as opposed to embolus washout.”> >’ Tt is
conceivable that angiophagy may show regional differ-
ences which could explain why retrosplenial cortex
exhibited unusually high obstruction rates at 30 min
and 3 days yet showed relatively normal vessel loss
with aging. Future studies employing time lapse imag-
ing in multiple regions, especially in deep tissues, would
be helpful in resolving these issues.

The functional significance of age and brain region-
specific vessel loss remains an important question.
Cognitive testing in humans and experimental animals
has revealed that some functions, such as working
memory, attention, speed of information processing
and sensory-motor function are particularly vulnerable
to aging.”® Given the central role of the limbic cortex,
hippocampus, corpus callosum and somatosensory-
motor cortex in these functions, it is conceivable that
progressive loss of microvascular structure in these
regions may underlie some of these changes. Indeed,
several studies show that microvascular pathology pre-
cedes or at least accompanies cognitive impairments
that occur with aging or neurodegenerative dis-
ease.®>? %2 While the reasons for region specific vulner-
abilities to vessel loss remain speculative, our findings
suggest that susceptibility to capillary obstructions
and/or inability to clear these obstructions represents
at least one plausible factor. We anticipate our study
will provide key normative data for future studies,

especially in brain regions not well characterized (e.g.
retrosplenial, peri-rhinal cortex, substantia nigra), to
interpret vessel loss in premature aging or neuropath-
ological conditions.
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