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Deterioration of brain capillary
dementia. It remains unclear how loss of
contributes to capillary dysfunction.

ow and architecture is a hallmark of aging and
brain pericytes in these conditions
Here, we conduct cause-and-effect stu-

dies by optically ablating pericyte s in adult and aged mice in vivo. Focal

pericyte loss induces capillary dilation without blood-brain barrier disruption.
These abnormal dilations are exacerbated in the aged brain, and result in

increased ow heterogeneity in capillary networks. A subset of affected

capillaries experience reduced perfusion due to

ow steal. Some capillaries

stall in  ow and regress, leading to loss of capillary connectivity. Remodeling
of neighboring pericytes restores endothelial coverage and vascular tone
within days. Pericyte remodeling is slower in the aged brain, resulting in

regions of persistent capillary dilation. These
disruption of capillary
deling as a therapeutic target to preserve capillary

Alterations in brain capillary architecture commonly occur with aging.
Loss of capillary density, increased tortuosity and twisting of vessels,
formation of non-patent string capillaries, and abnormal lumen dia-
meter are consistent observations across decades of neuropathologi-
cal research on the aged brain *. When these defects accumulate in the
capillary network, they hinder the distribution of oxygen-carrying
blood cells, leading to tissue hypometabolism and heightened sensi-
tivity to disease processes. In Vascular Contributions to Cognitive
Impairment and Dementia (VCID) and Alzheimer s disease (AD), these
capillary defects are seen at higher frequencies and contribute to
neurodegeneration . Despite a wealth of knowledge on their associa-
tion with cognitive decline, the etiology of age-related capillary chan-
ges remains poorly understood, due in part to the cross-sectional

ndings link pericyte loss to
ow and structure. They als o identify pericyte remo-
ow dynamics.

nature of human autopsy studies and limited resolution of in vivo
clinical imaging. Lacking mechanistic insight, therapeutic access
points to mitigate age-related capillary insuf ~ ciency are missing.
Pericytes are mural cells that line the capillary beds of the brain
They serve essential roles in the formation and maturation of blood
vessels’, establishment of blood-brain barrier (BBB) integrity  “°, and
regulation of capillary diameter and blood ow®’. Recent studies
suggest that pericytes are also sensitive to neuronal activity and par-
ticipate in neurovascular coupling ®°. Pericytes form a near-continuous
cellular chain along the entire capillary network in healthy micro-
vasculature, leaving little of the capillary bed uncontacted by their
extensive processes. Each pericyte occupies a distinct territory, which
does not overlap with the territories of its immediate neighbors %%
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Mounting evidence indicates that pericytes are hyper-sensitive to
cerebrovascular pathology, and loss of pericyte number and endo-
thelial coverage occurs in normal aging ** and is accelerated in both
VCID and AD**", Pericyte loss has been predominantly linked to de -
cits in BBB integrity ***"*%. However, it is unclear how this loss is related
to de ciencies in capillary structure and perfusion in the aged and
diseased brain ™.

In prior work, we demonstrated the necessity of pericyte coverage
to maintain capillary tone and  ow resistance in vivo °. Optical ablation
of individual capillary pericytes led to aberrant dilation of uncovered
capillaries and increased blood  ow. This pericyte loss also triggered
the growth of processes from neighboring pericytes to re-establish
endothelial contact and restore vascular tone, revealing an intrinsic
repair mechanism *°. These studies raised several questions. First, the
consequence of focal pericyte loss on broader capillary ow dynamics
remained unknown. Second, it was unclear if structural remodeling
was the primary means of restoring endothelial coverage with greater
degrees of pericyte loss. Third, the capacity for pericyte remodeling
was not examined in the aging brain, the context in which pericyte
remodeling is most important. Here, we address these questions in
brain capillary networks of healthy adult and aged mice using in vivo
two-photon single cell ablation and longitudinal imaging.

Results

No difference in capillary landscape in upper cortex of adult and
aged mice

We compared capillary structure and pericyte abundance at baseline
between adult and aged PDGFR -tdTomato mice using in vivo two-
photon imaging (Fig. 1a,b, Supplementary Fig. 1a,b). Our analyses
focused on capillary networks within the rst 10-100 m from the
cortical pial surface, as subsequent pericyte ablation studies were
limited to these depths. Capillary networks of aged mice
(18-24 months) did not differ in total length, number of junctions, or
abundance of pericyte somata when compared to adult mice
(3—6 months)(Supplementary Fig. 1c, d, e). Further, the limited capil-
lary regions that lacked pericyte coverage did not differ between ages
(Supplementary Fig. 1f). Thus, capillary structure and pericyte cover-
age in upper layers of cortex are comparable at baseline between adult
and aged mice.

Acute consequence of triple pericyte ablation

In vivo optical ablation of capillary pericytes allowed us to observe the
response to focal pericyte loss. We ablated three contiguous pericytes
from capillary regions in upper layers of cortex in adult and aged mice
(Fig. 1c-f). Across both age groups, triple pericyte ablations uncovered
capillary lengths of 643.75£26.43 m (mean+SEM; 475-809 m
range)(Fig. 1d,g), which encompassed ~15 total capillary segments, i.e.,
sections between branch-points (Fig. 1h). The affected individual
capillary segments varied greatly in length (4.79 -236.6 m)(Fig. 1i).
Triple pericyte ablation resulted in loss of pericyte  —pericyte contact at
7-10 process termini from an average of eight neighboring pericytes,
each with potential to grow into the uncovered territory (Fig. 1d,j k).
We detected no difference in these basal vascular or pericyte metrics
between adult and aged mice.
Pericyte remodeling is ef  cient in the adult mouse brain, but
impaired with aging

To measure pericyte remodeling, we re-examined capillary regions
with pericyte loss at 3, 7, 14, and 21 days post-ablation (Fig. 2). In adult
mice, neighboring pericytes remodeled their processes to achieve
contact with nearly the entire uncovered region within 21 days
(Fig. 2a,b). In a representative example, endothelial contact was
regained through simultaneous growth of ten neighboring pericytes,
each extending a single process toward the uncovered region (Fig.  2c).
Remodeling led to eventual contac t with another pericyte process

terminus, i.e., pericyte-pericyte contact, upon which no further growth

was possible (Fig. 2d)*. In the aged group, a similar number of remo-
deling processes contributed to endothelial re-coverage, but a greater
amount of capillary length remained uncovered at 21 days (Fig.  2e-h).

In the adult brain, 84% of processes had made pericyte-pericyte
contact within the 21-day timeframe (Fig. 3a,b). In the aged brain,
less than 40% of processes had made contact. To assess the
dynamics of pericyte process growth, we measured process length
and growth rate for each interval of imaging, i.e., day 3 to 7
(Fig. 3c,d). “Maximum growth rate " was the time interval with the
fastest growth, whereas “average growth rate ” was the mean rate
across all time intervals before pericyte-pericyte contact was
achieved. We observed a signi cant decrease in both maximum and
average growth rates in aged mice (Fig. 3e,f). After 21 days, however,
the nallength of extension achieved and total process length (from
soma to process terminus) was not statistically different between
age groups (Fig. 3g,h). An age-related effect in these metrics may be
masked by the high variance of remodeling between pericytes, and
because pericytes were studied broadly across the arterio-venous
axis, as will be discussed below.

To better understand the outcome of synergistic remodeling, we
calculated the length of endothelium uncovered over time. In adult
mice, uncovered capillary length declined steeply in the rst 7 days
following ablation, and then slowly approached zero over the next
14 days (Fig. 3i, left). The aged group displayed a slower decline of
uncovered territory, with a portion of the endothelium still left
uncovered after 21 days (Fig. 3i, right). In a subset of experiments in
aged mice, ablation areas were re-visited 49 days post-ablation and
sizeable stretches of capillary remained uncovered (Fig.  3j, Supple-
mentary Fig. 2). Together, these data show that the interconnected
structure of the capillary network facilitates restoration of endothelial
coverage, but the capacity for pericyte remodeling is reduced
with aging.

Since tdTomato expression was driven under constitutive pdgfrb
promotor activity, new pericytes arising from proliferation or migra-
tion would be  uorescently labeled. However, we did not observe the
emergence of new pericyte somata in either age group, suggesting that
remodeling of existing pericytes is the main reparative strategy at this
scale of pericyte loss.

Contributors to the heterogeneity of pericyte process growth

We explored what parameters might contribute to variability in peri-
cyte process growth. Many remodeling processes met one or more
capillary bifurcations as they entered the uncovered territory, when
the processes would split and extend in both directions, unless the
terminus of another pericyte impeded its growth (Supplementary
Fig. 3a). A single process could split up to three times, resulting in four
growing termini. Given this parallel growth, processes that split had
signi cantly greater nal extension lengths than those that did not
(Supplementary Fig. 3b). In adult mice, 49% of processes split, as
opposed to 35% in aged mice, a difference attributed to their slower
growth rather than differences in the number of capillary bifurcations
available (Supplementary Fig. 1d). There was no difference in the
number of bifurcations within uncovered regions between age groups
(7.3+£2.7 and 7.9 + 2.9 bifurcations uncovered in adult and aged mice,
respectively; p = 0.4035, t-test; mean + SEM).

We further examined if the maximum process length achieved
was limited by baseline process length. Baseline lengths did not differ
between age groups, consistent with normal pericyte density at
baseline (Supplementary Fig. 3c). We, therefore, pooled age groups
and plotted baseline process leng th as a function of length extended
post-ablation. This revealed a negative correlation suggesting limited
growth potential in individual processes longer than ~150 m (Sup-
plementary Fig. 3d). It also showed that short basal processes that split
during growth had the greatest  nal added length.
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Fig. 1 | Acute consequence of ablating multiple contiguous pericytes. a In vivo
two-photon imaging through a chronic cranial window in anesthetized PDGFR -
tdTomato mice. b Capillary bed with vessels labeled green with intravenous (i.v.)
dye, FITC-dextran (70 kDa), and pericytes genetically labeled in red. The inset
shows the structure of capillary pericytes. Representative of 12 PDGFR  -tdTomato
mice in this study. c A capillary pericyte targeted for two-photon ablation encircled

in yellow. Ablative line-scanning is restricted to the pericyte soma. Post-ablation
image shows loss of uorescence from targeted pericyte, including its processes,
within minutes post-ablation. Neighboring pericytes are unaffected. Representative

of >42 pericyte ablations. d Schematic showing metrics collected following ablation

of three contiguous pericytes. Left, targeted pericytes are marked with asterisks.
Right, metrics include total capillary length uncovered, number of remodeling
pericytes, and number of remodeling pericyte processes.  e,f Before and 5 min after
triple pericyte ablation in adult and aged animal. Arrowheads indicate targeted
pericyte somata, and dotted magenta line outlines approximate regions of

uncovered endothelium. Inset shows a magni  ed region with pericyte ablation
and uncovered territory 5 min afterwards. Each example is representative of 7
experiments per age group. Comparison of vascular metrics between adult and
aged mice after triple pericyte ablation. g Total capillary length uncovered;
t(12) = 1.790,p = 0.0988. h Number of fully and partially uncovered capillary
segments; t(12) =0.1936, p =0.8497. i Range of capillary segment lengths;
t(195) = 0.2325, p = 0.8164. All are unpaired t tests (two-sided), for n =7 triple
pericyte ablations (6 adult mice), 7 triple pericyte ablations (6 aged mice) for

g and h and n = 99 capillary segments over 6 adult mice, n =98 capillary seg-
ments over 6 aged mice for i. Data are shown as mean + SD. Ns = non-signi cant.
Comparison of pericyte metrics between adult and aged mice after triple peri-
cyte ablation. j Number of remodeling pericytes; t(12) =0.6030, p=0.5577.

k Number of remodeling pericyte processes; t(12)=0.7206, p =0.4850.
Unpaired t tests for n =7 triple pericyte ablations (6 adult mice), 7 triple pericyte
ablations (6 aged mice). Data are shown as mean + SD.
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Fig. 2 | Pericyte remodeling ensures capillary coverage following pericyte loss.

a Representative example of pericyte remodeling from an adult mouse (4 months
old at pre-ablation), showing the area before triple pericyte ablation, and at select
time-points after ablation. Arrowheads indicate pericytes targeted for ablation. The
lower panels show mural cells only. Insets show magni  ed view of region with
pericyte ablation followed with remodeling of neighboring pericyte processes.
Each example is selected from 7 experiments in adult mice. l.v. dye = intravenous
dye. b Schematic of capillary coverage by pericytes on each imaging day.
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over 21 days. Each color represents an individual pericyte process, with location of
original terminus of the process as a dashed line. d Plot of added pericyte process
length over time from Day 0. Each color corresponds to an individual pericyte
process from c. Closed circles mark the day of pericyte-pericyte contact, after
which growth stops (dashed lines). PC-PC contact = pericyte —pericyte contact.
e—h Representative example from an aged mouse (21 months old at pre-ablation),
with same layout as for adult mouse. Each example is selected from 7 experiments
in aged mice.

Although pericytes were exclusively ablated in the capillary zone, they
were often adjacent to arteriole —capillary transition and venular zones,
allowing us to assess remodeling of mural cells from these regions into
the capillary zone (Fig. 4a).

Mural cells from all zones were able to extend processes into the
uncovered capillary territory. Interestingly, regardless of the

morphological characteristics of their existing processes, mural cells
extended into the capillary zone with a  “thin-strand ” morphology
typical of capillary pericytes (Fig. 4b—d, Supplementary Fig. 5a—d).
Striking examples are ensheathing pericytes and venular smooth
muscle cells (venule SMCs), whose pre-existing processes were more
complex (Fig. 4b,d) This suggests that pericyte process morphology

Nature Communications | (2022) 13:5912



Article

https://doi.org/10.1038/s41467-022-33464-w

a Time post-ablation b Day of pericyte-pericyte
contact
3 days 7 days 14 days 21 days 100 S No contact
& 2 60- 1 day 21
k5 3
o 5 404 == day 14
) =
2 0\2 204 = day 7
= 0. | == day3
- - Adult Aged
Pericyte-pericyte contact
. . Extension of non-contacted
C Pericyte process extension d
processes
Adult Aged
220
. 2 = Adult
s 1% = 250 = Aged - s
c 3 3 —_—
o= 140 =~ 200
= C; 120 % _kk
o 8 100 3 150 .
© e 80 o 1004 -
[&] [}
8o 60 7] 3 +
x40 g 50 = ¥ F
20 e - E-3
0 @ Of-o-Tho-dEesellioonitl
T T T T T T I T T T I I I I
03 7 14 21 0 3 7 14 21 3 7 14 21
Days post-ablation Days post-ablation
e Maximum rate f Average rate g Extension achieved h Process length
of growth of growth by Day 21 at Day 21
35— *% 30 + ﬂ 250— ns 250_ ns
301 251 » 2001 © 200
> 257 > 20- o o
3 204 3 2 150 2 150+
E 154 £ 197 S S
= 3 0 S 100 S 100+
10 = =
5. iL 5 j—_L 50 50 1
Adult Aged Adult Aged Adult Aged Adult Aged
| Uncovered vessel length remaining j Uncovered vessel length remaining
Adult Aged
900 1000 4 g = Adult
€ 800 a = =1 Aged
= 700 3 800 - _*
S 600 S ¥ Kk
& 500 2 600 1% -
2 5 i Kk
< 400 S 400 4 %
3 300 g E3 I -
3 200 @ 4 I
200
~ 100 s i i i
01T T T T T T T 0 T T T ———
03 7 14 21 03 7 14 21 0 3 7 14 21 49

Days post-ablation

is dictated by the endothelial zone it contacts. In further support of
this concept, we also ablated ensheathing pericytes and found that
remodeling neighbors retained their circumferentially-oriented
processes when extending within the arteriole-capillary transition
zone (Supplementary Fig. 5e,f).

We found no difference in rate of process growth across micro-
vascular zones in adult mice (Fig. 4e). The aged group exhibited

Days post-ablation

selective impairment in remodeling of ensheathing and capillary
pericytes (mesh and thin-strand morphology) of the arteriole-capillary
transition and capillary zones, respectively. In contrast, venule SMCs
on ascending venules maintained their remodeling capacity (Fig.  4e,
Supplementary Fig. 5c,d). Comparing maximal process extension
between adult and aged mice for each vascular zone yielded a similar
outcome (Fig. 4f). This points to venule SMCs as a retained source of
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Fig. 3| Inef cient pericyte remodeling in the aged brain fails to regain com-

plete capillary coverage. a  In vivo two-photon images of a pericyte process
growing over time (white arrow), until it is inhibited by pericyte —pericyte contact.
This is a representative example of pericyte-pericyte contact from 21 pericyte
ablations. I.v. dye = intravenous dye. b Percent of total pericyte processes making
pericyte-pericyte contact on each imaging day across age groups.  n =60 processes
from 6 adult mice, n =57 processes from 6 aged mice. c Pericyte process extension
over time in each age group, including all processes examined. n =60 processes
from 6 adult mice, n =57 processes from 6 aged mice. d Plot showing the extension
of pericyte processes, excluding those that have made pericyte-pericyte contact, at
each post-ablation imaging day. Mixed-effects analysis with Sidak ’s multiple com-
parisons (two-sided), F1,115)=9.979; overall effect **p =0.002, Day 3, *p =0.0187;
Day 7, *p = 0.0056; Day 14, **p = 0.0087; Day 21, p =0.6574. N = 60 processes from
6 adult mice, and n =58 processes from 6 aged mice. Data are shown as mean +
SEM.e, f Maximum and average rate of pericyte process growth in aged compared

to adult mice. e Unpaired t tests (two-sided) with Welch ’s correction for unequal
variances: t(109.1) = 3.313; *p = 0.0013; f £(90.50) =4.977; ****p <0.0001. N=60

processes from 6 adult mice, n =57 processes from 6 aged mice. Data are shown as
mean = SD.g Maximum process extension achieved in 21 days. Unpaired t test (two-
sided), t(115) =0.9370; p = 0.3507. n = 60 processes from 6 adult mice, 57 processes
from 6 aged mice. Data are shown as mean + SD. h Total process length at day 21.
t(112) = 1.066;p = 0.2889. Data in e—h shown as mean * SD. Statistics performed
with unpaired t tests (two-sided) for  n =60 processes from 6 adult mice, n=57
processes from 6 aged mice. Data shown as mean + SD. i Uncovered vessel length
remaining over time. Each line represents one triple pericyte ablation region. Adult,

n =7 triple pericyte ablations; 6 mice; Aged n =7 triple pericyte ablations from 6
mice. ] Comparison of average vessel length remaining on each imaging day across
age groups. Two-way ANOVA with Sidak 's multiple comparisons test, H1,

12) = 16.72; overall effect **p = 0.0015, Day 0, p =0.4196. Day 3, *p =0.0118. Day 7,
*n =0.0098. Day 14, **p =0.0052. Day 21, *p =0.0490. Adult, n =7 regions from 6
mice; aged, n =7 regions from 6 mice. Day 49 is from a subset of triple pericyte
ablation experiments in aged animals only (5 regions from 4 mice), not included in
statistical analyses. Data are shown as mean + SEM.

repair capacity within the aged brain and suggests that arteriole-
capillary transition and capillary zones may be more susceptible to
prolonged loss of pericyte coverage.

Overt BBB leakage is very rare following focal pericyte ablation
Pericytes are well-established as custodians of BBB integrity °. In recent
studies, BBB permeability occurring from adult-induced pericyte loss
could be detected by extravasation of a 70 kDa dextran dye  ?*and even
larger IgG proteins %. In both adult and aged mice, we detected no
extravasation of 70 kDa dye after focal loss of pericyte coverage loss
(Supplementary Fig. 6a,b). However, in a rare occurrence in an aged
mouse (1 out of 7 triple ablation experiments; 1 of 98 uncovered
capillary segments inspected) leakage was observed on days 3 and 7
post-ablation (Supplementary Fig. 6¢). We also assessed a low mole-
cular weight dextran dye in aged mice (10 kDa FITC-dextran), which
stays within the blood plasma for several minutes following a single i.v.
bolus. No increase in dye extravasation was seen after pericyte loss
(3 days post-ablation), compared to regions receiving off-target sham
irradiations where the ablative laser path was placed away from a
pericyte soma, but of similar distance to the vessel wall (Fig.  5a—d).

We considered the possibility that BBB leakage was too slow or
subtle to be detected by imaging of dye extravasation. Since microglia
are highly sensitive to vascular pathology 2, cluster around leaky
vessels®, and react to BBB leakage in models with more extensive
pericyte loss **, we reasoned that they would be sensitive indicators of
any BBB leakage. In adult and aged double transgenic mice with co-
labeled mural cells and microglia, microglia reacted within minutes to
engulf the soma of the ablated pericyte (Fig. 5e,g,i). Critically, this
reaction was wholly focused on the soma of the dying pericyte, and not
the broader capillary regions previously contacted by their processes.
Following off-target sham irradiations, microglial processes occa-
sionally extended to investigate the area in the 30 min following laser
exposure, but this reaction was comparatively mild (Fig.  5f,h,j). Three
days post-ablation or off-target irradiation, we observed no aggrega-
tion of microglia or their processes along peri-vascular regions sug-
gesting no delayed BBB leakage.

We further examined endothelial cell junctions after focal peri-
cyte ablation. Using Claudin5-eGFP fusion protein mice, prior studies
showed the development of protrusions and small gaps within tight
junction strands during stroke-induced BBB leakage, indicative of
endothelial remodeling and BBB damage, respectively *". After pericyte
ablation in adult mice with co-labeled pericytes and tight junctions, we
observed a transient but non-signi  cant increase in small protrusions,
and no increase in tight junction gaps (Supplementary Fig. 7). We also
used adeno-associated virus to label astrocytes in aged mice. No overt
changes in astrocyte endfoot apposition to the capillary wall following
focal pericyte ablation were seen (Supplementary Fig. 8). Thus, the

degree of pericyte loss in our paradigm does not reach the threshold
needed to cause overt BBB disruption, except with one rare observa-
tion in an aged mouse.

Aberrant capillary dilation with loss of pericyte coverage is
exacerbated with aging
In prior studies, we reported that loss of pericyte coverage led to
abnormal capillary dilation in adult mice, indicating a role in regulation
of basal capillary tone °*°. We compared this effect between adult and
aged mice with triple pericyte ablations. At baseline, we detected no
difference in the diameter of capillaries across age groups (Fig.  6a). For
each ablation experiment, we measured the diameters of 4 -5 capil-
laries at the following time-points: i) Pre-ablation, when the capillary
was covered, ii) 3 days post-ablation, when the endothelium was
uncovered, and iii) 14 —21 days post-ablation, when the endothelium
was re-covered by process growth from neighboring pericytes
(Fig. 6b). In adult mice, we observed average dilations of 0.6 m (21%
increase from baseline) when the capillary was uncovered (Fig. 6c,d,g).
Dilation occurred exclusively where pericyte contact was lacking
(Supplementary Fig. 9). With coverage regained by pericyte remodel-
ing, capillary diameters returned to levels no different from base-
line (Fig. 6h).
In aged mice, uncovered capillary segments dilated to a sig-

ni cantly greater extent than in adult mice, i.e., an average of 1.1 m
(36% increase from baseline), with some individual capillaries dilating
as much as ~1.6 m (Fig. 6e—g). Further, slight dilations persisted even
after pericyte coverage had returned (Fig.  6h), suggesting inef cient
re-establishment of vascular tone. Capillaries that continued to lack
coverage beyond 21 days post-ablation maintained their dilated states
(Fig. 6i). We con rmed that the dilations were not due to the laser
damage alone, as off-target sham irradiations led to no change in
capillary diameter (Supplementary Fig. 10). Further, these results were
not an effect ofiso  urane anesthesia, as dilations persisted when mice
were imaged in the awake state (Supplementary Fig. 11). Altogether,
this indicates that pericyte contact is key to maintaining basal capillary
tone in vivo, and dilation with pericyte loss is exacerbated in the
aged brain.
Local dilations alter  ow distribution and increase ow hetero-
geneity in capillary networks
The ow and oxygenation of red blood cells (RBCs) in brain capil-
laries is heterogeneous at rest °*. Homogenization of blood  ow
among capillaries is necessary to ef ciently extract and distribute
oxygen (O5) to the tissue . Therefore, increased ow hetero-
geneity is a barrier to achieving ux homogenization and O ,
extraction. To examine whether focal capillary dilations increased

ow heterogeneity, we performed triple pericyte ablations (Fig. 7a)

Nature Communications | (2022) 13:5912



Article

https://doi.org/10.1038/s41467-022-33464-w

QO
O

Post-ablation

" Pre-ablation 5 min 3 days 14 days
D -
%) o .
= . ‘_E Penetr_atlng
o Ascending 5 arteriole
[ venule =
=}
= g
©
2 >
3 o
= Penetrating "
arteriole @ Ensheathing
— pericyte v
<
5 v v
=
K%)
©
o
[
=]
= heath
. <«— Ensheathing
Ensheathing morphology
pericyte
C Post-ablation e
Pre-ablation 5 min 3 days 14 days Average rate of process growth
0
o) Arteriole-capillary i
‘_:5 transition Capillary
S *kkk
= 20 — **
()
>
©
= 15 *
>
3
i) = 104
s : 11
° = +
- TF T
= =+
=
0 T T
Adult Aged
d Post-ablation
Pre-ablation 5 min 3 days 14 days f Extension achieved
2 by Day 21
Q
(8]
© 250 *%
> *%*
s _Fk
® 200
= Ascending
= venule g 150
3
100 H {_
[%2]
D +F
° 50 =+
< +
>
= 0

and used line scans to measure blood cell  ux (cells/s) and ow
directionality in capillaries both within and immediately surround-

ing the uncovered region (Fig. 7b,c). Flux was measured in the same
capillaries before and 3 days post-ablation, when pericyte remo-
deling had not yet restored coverage and tone.

In an aged mouse, the already high variance of basal ux among
capillaries, 18 to 231 cells/s, further broadened to 37 to 453 cells/s
post-ablation (Fig. 7d). The increased ux was predominantly
observed in dilated capillary segments lacking pericyte coverage
(Fig. 7b,e,f). However, a fraction of sampled capillaries surrounding
these segments decreased in ux (Fig. 7b,e,g). When pericyte

contact was lost in only one

T T
Adult Aged

of the daughter branches of a divergent

bifurcation, blood cells owed preferentially through the dilated
branch. This left the alternate branch under-perfused relative to

baseline, even when overall

ow entering the bifurcation was higher

post-ablation (Fig. 7h-j). This non-uniform partitioning of blood cell

ow at capillary bifurcations re

where increased ow rate in a dilated capillary pulls a larger fraction

of RBCs into the dilated d

changes can have propagating effects within the capillary network

aughter branch. These local upstream
34

as we also observed decreased ow at downstream, convergent

bifurcations (Fig. 7k—m).

ects the Zweifach-Fung effect *,

1
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Fig. 4 | Mural cell remodeling capacity varies with age across microvascular

zones. a In vivo two-photon image of a microvascular network from penetrating
arteriole to ascending venule, with branch orders in white. Bottom image highlights
mural cell subtypes within zones. This is a representative view from 14 separate
ablation experiments in regions containing different microvascular zones. I.v. dye

= intravenous dye. Venule SMC = venular smooth muscle cell. b Example of an
ensheathing pericyte from an adult mouse remodeling into the capillary zone.
Arrow indicates position of leading process terminus over time. Bottom row shows
high-resolution image of the cell at 21 days post-ablation. This is a representative
example from 13 processes observed in arteriole-capillary transition zone.

¢ Example of a mesh and thin-strand pericyte from an adult mouse growing within
the capillary bed. Arrows show growing terminal ends of processes. This is a
representative example from 35 processes observed in capillary zone.  d Example of
a venule SMC process from an adult mouse growing into the capillary bed, as
indicated by arrows. This is a representative example from 7 processes observed in
venular zone. e Average process growth by mural cells in different microvascular
zones. Two-way ANOVA with Tukey 's multiple comparisons test (two-sided), For
age comparison, F1,102) = 21.45; overall effect, ****p = 0.0001; Arteriole-capillary
transition (adult vs. aged) *** p <0.0001; capillary (adult vs. aged) ** p =0.0016;

Venule (adult vs. aged) p >0.9999. For vessel type comparison, F2,102)=0.1838;
overall effect, p=0.8324, For interaction between age and vessel type, F2,102) =
6.029, overall effect, ** p =0.0033. Arteriole-capillary transition vs. capillary (adult),

p =0.58383; arteriole-capillary transition vs. venule (adult), p=0.4125; capillary vs.
venule (adult), p=0.9533. Arteriole-capillary transition vs. capillary (aged),

p =0.4855; arteriole-capillary transition vs. venule (aged), * p <0.0398; capillary vs.
venule (aged), p =0.4516. Adult: n = 13 arteriole-capillary transition, n =35 capillary,
n =7 venule from 6 mice; aged: n =12 arteriole-capillary transition, n =30 capillary,
n =10 venule from 6 mice. Data are shown as mean + SEM. f Maximum process
extension by mural cells in different microvascular zones. Two-way ANOVA. For age
comparison, F(1,97)=0.1455; overall effect, p =0.7037. For vessel type comparison,
H2,97) = 2.613; overall effect, p=0.0784. For interaction between age and vessel
type, H2,97) =5.532; *p = 0.0053. Arteriole-capillary transition vs. capillary (adult),

p >0.9999; arteriole-capillary transition vs. venule (adult),  p <0.9897; capillary vs.
venule (adult), p=0.3511. Arteriole-capillary transition vs. capillary (aged),

p =0.8750; arteriole-capillary transition vs. venule (aged), ** p <0.0014; capillary vs.
venule (aged), **p =0.0044. Adult: n =13 arteriole-capillary transition, n =35 capil-
lary, n=7 venule from 6 mice; aged: n =12 arteriole-capillary transition, n =30
capillary, n=10 venule from 6 mice. Data are shown as mean + SEM.

Focal capillary dilation increases ow heterogeneity in silico

To understand capillary  ow changes on a broader network level, we
performed blood  ow simulations in realistic microvascular networks
derived from mouse parietal cortex (Fig. ~ 8a)*. Four cases were studied
in two microvascular networks, each involving dilation of 13  —14 con-
tiguous capillary segments with similar characteristics to those tar-
geted during triple pericyte ablations in vivo (Fig.  8b)(Supplementary
Table 1). The capillaries were each dilated by 0.6 m or 1.1 m from
their baseline diameters to mimic average dilations measured in the
adult and aging brain, respectively (Fig. 6g). An additional group with
1.6 mdilation was included to examine the effect of the most extreme
dilations observed in aged mice. Consistent with observations in vivo,
focal dilations produced both increases and decreases in capillary ow
(de ned as >10% change from baseline)(Fig. 8c). Flow perturbations
were detected in hundreds of capillaries surrounding the dilated
region. The number of affected capillaries increased commensurately
with the extent of dilation, with ~1/3 of the affected capillaries
decreasingin ow irrespective of the extent of dilation. Capillaries with
increased ow localized generally to the epicenter of dilation, while
those with decreased ow resided in surrounding areas (Fig. 8d).

To understand how capillary architecture related to blood ow
change, we categorized capillaries into three groups: Dilated, Genl-
Neighbors (1 branch from dilated), and Gen2-Neighbors (2 branches
from a dilated segment). Consistent with in vivo observations, dilated
capillaries generally increased in  ow, while Genl and Gen2 neighbors
showed both increases and decreases from baseline (Fig. 8e). Further,
capillary steal was observed at divergent capillary bifurcations, where
one daughter branch was selectively dilated and the undilated branch
experienced decreased ow (Fig. 8f). As predicted by the Zweifach-
Fung effect *, the steal effect is even more pronounced with RBC ux
(Supplementary Fig. 12a). Consistent with in vivo data, the variance in
absolute capillary ow increased substantially with focal capillary
dilation (Supplementary Fig. 12b). To assess whether capillary  ow
heterogeneity deviated from a normal range, we de  ned the expected
baseline ow heterogeneity among a multitude of undilated capillaries
within the two microvascular networks (Fig.  8g). This revealed that
capillary dilation in the adult brain led to abnormally elevated regional

ow heterogeneity, and that heterogeneity further increases with
magnitudes of dilation seen in the aged brain (Fig.  8h).

Local dilations produce blood
sion in vivo

In surveying volumetric data collected across all in vivo triple ablation
experiments, we found a higher frequency of blood ow stalls in
experiments involving pericyte ablation, compared to off-target irra-
diations (Fig. 9a-d, Supplementary Fig. 13). These stalls appeared as

ow stalls and capillary regres-

vessels with no moving blood cell shadows within the dye-labeled
plasma, and could be detected in images without line-scanning . Stalls
occurred with greatest likelihood one branch-point away from an
uncovered capillary segment (Fig. 9e), suggesting blood steal by an
adjacent dilated capillary. Many of the stalls occurred at divergent
bifurcations, which occur closer to the arteriole-capillary transition
zone (Supplementary Fig. 13b).

Most capillary stalls were transient, and presumably resolved by
restoration of capillary tone in dilated neighbors. Transient stalls were
de ned as capillary segments with no blood  ow on one day of ima-
ging, but with  ow observed in a subsequent imaging session. We
could not determine the precise duration over which ow was stalled,
due to limited sampling frequency. However, we suspect that some
capillaries experienced prolonged loss of  ow, as a subset of stalling
events were later associated with regression of the non-  owing capil-
lary segment (13% of total stalls). Regressions left behind a pericyte
bridge without an endothelial lumen, reminiscent of a string capillary
(Fig. 9b,d,f, Supplementary Fig. 13c). These outcomes were based on
pooling data across adult and aged mice, as their frequency in focal
ablation experiments was insuf cient for age comparison. Addition-
ally, we did not detect increases in stalled or low-  ow capillaries in the
in silico data (Supplementary Fig. 12c,d). This is not surprising since
biological processes such as blood cell adhesion to the endothelium
and potential vasoconstrictive events were not captured in our mod-
eling. Collectively, these data reveal how altered capillary ow dis-
tribution due to pericyte loss can lead to cessation of blood ow in
capillary segments, and lead to enduring loss of capillary structure.

Discussion

We have ablated pericytes focally in capillary networks of the adult and
aged mouse brain to understand how pericyte loss affects capillary
function in vivo, and to study pericyte remodeling in the context of
brain aging. Our experiments show that restoration of endothelial
coverage following pericyte loss is a synergistic effort from multiple
neighboring pericytes, leveraging highly interconnected capillary
networks to create access points for remodeling pericytes. This sug-
gests that pericyte remodeling would be less ef  cient in aging or dis-
ease, particularly in sparser capillary networks of white matter and
hippocampus *=*°. Resilience would be further diminished in the
arteriole-capillary transition and capillary zones of the aged brain due
to impaired pericyte growth.

Abnormal capillary dilations caused by pericyte loss lead to
marked increases in local blood ow°. However, uneven dilation
among capillaries results in steal of  ow from capillary segments due
to abnormal partitioning of blood cell ux at bifurcations. This  nding
is supported by concordant data from in silico and in vivo experiments
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irradiation after 30 min and 3 days. ROlIs are drawn in the region directly exposed to
laser ablation or irradiation (focal point), or the capillary segments covered by
pericyte processes (territory). This is a representative example from 3 ablation
experiments in adult mice. GFP intensity in focal point ( g) and territory ( h) after
pericyte ablation and sham in adult mice, shown in arbitrary units (a.u.). Two-way
repeated measures ANOVA with Sidak 's multiple comparisons (two-sided). Focal
point: F1.45, 7.252) =24.41, overall effect ***p = 0.0009. Pericyte ablation vs. sham
irradiation * p=0.0216 at 30 min; p =0.5504 at 3 days. Territory: F1.149,

5.744) =3.170,p =0.1263. GFP intensity in focal point ( i) and territory ( j) in aged
mice. Two-way repeated measures ANOVA. Focal point: F1.03, 7.183) = 3.214,
overall effect p=0.1146. Territory: F1.761, 12.33)=0.2922p =0.7248. For g and
h, n = 3 pericyte ablations, 4 sham irradiations from 5 mice between 3 and 6 months
of age. For i and j, n =5 pericyte ablations, 4 sham irradiations from 3 mice between
18 and 24 months of age. Data presented as mean + SEM.

showing reduction of  ow in ~1/3 of affected capillaries, and increased

ow heterogeneity. The brain 's ability to homogenize  ux among
capillaries is critical for proper allocation of O , to brain tissue
Broadening of capillary  ux heterogeneity by pericyte loss creates a
larger barrier for  ux homogenization, limiting tissue oxygenation at
rest and during functional hyperemia. Indeed, greater capillary ow
heterogeneity has been associated with age-related cerebrovascular
diseases underlying stroke and dementia “°**. In future studies, it will be
important to examine the consequence of these capillary abnormal-
ities on tissue O , content *°.

Pericyte loss also led to increased blood  ow stalling. Stalls were

observed in more than half of our experiments, and we estimate that an

average of 3%, and maximum of 9%, of capillaries in the region
(including dilated vessels, Genl and Gen2 neighbors) experienced a stall
in ow. Flow stalls are typically seen in only 0.4% of brain capillaries of
healthy adult mice, and an increase to 1.8% in a mouse model of AD was
associated with worsened cognitive performance . In agreement with
this idea, a recent study using an adult-induced genetic pericyte
depletion model also observed increased capillary stalling ~ **. This effect
was attributed to enhanced leukocyte —endothelial interaction, but may
also involve ow steal in capillary networks.

Capillary networks of adult mouse cortex are also remarkably
stable in structure ““. Our observation of capillary regression with
ablations, but not shams, suggests that ow disruptions due to
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pericyte loss can promote enduring reductions in capillary con-
nectivity. Collectively, these data establish a link between pericyte loss
ow de ciency, wherein aberrant network
dynamics are a key facet of the impairment. The effects we report here
are based on a restricted scale of pericyte loss, and we expect capillary Our
defects to compound with the severity of pericyte loss reported in AD
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ow abnormalities

ndings help to explain previously observed changes in
capillary structure and function with brain aging. While we did not

Nature Communications

(2022) 13:5912

10



Article

https://doi.org/10.1038/s41467-022-33464-w

Fig. 6 | Pericyte coverage loss leads to augmented capillary dilations in

the aged brain.a Comparison of baseline capillary diameters across age. Unpaired

t test (two-sided), t(60)=0.7245; p =0.4716. N =30 capillaries from 6 adult mice,

n =32 capillaries from 6 aged mice. Data shown as mean + SD. Ns = non-signi  cant.
b Capillary dilation occurs in region with loss of pericyte coverage, but not in
adjacent capillaries that maintain pericyte coverage. Arrowhead points to pericyte
targeted for ablation. I.v. dye = intravenous dye. c Example capillary region from
adult mouse following triple pericyte ablation. Arrowheads show two targeted cells.
Bottom row shows i.v. dye alone, with capillary segments measured over time

identi ed by blue lines. d Plot of capillary diameters over time from adult mice.
Repeated measures one-way ANOVA with Tukey 's multiple comparisons test (two-
sided), F(1.824, 45.60) = 35.95, ** <0.0001. Baseline vs uncovered,

*+iin < 0.0001; baseline vs. re-covered, p =0.7393; uncovered vs. re-covered,

*+in <0.0001. N = 26 capillaries from 6 mice. Data are shown as mean + SD.

e Example capillary region from aged mouse following triple pericyte ablation.
Arrowheads point to targeted pericytes. Bottom row shows i.v. dye alone, with
capillary segments measured over time identi  ed by purple lines. f Plot of capillary
diameters over time from aged mice. Repeated measures one-way ANOVA with

Tukey’s multiple comparisons test (two-sided), F1.914,53.59) = 111.3, *y*< 0.000.
Baseline vs uncovered, ****p < 0.0001; baseline vs. re-covered, ** p = 0.0018;
uncovered vs. re-covered, **** p <0.0001. N =29 capillaries from 6 mice. Data shown
as mean = SD.g Change in diameter from baseline at 3 days post ablation, when
capillaries lack pericyte coverage. Unpaired t test (two-sided), t(54)=3.501,

**p =0.0009. N=26 capillaries in 6 adult mice, n =30 capillaries in 6 aged mice.
Data are shown as mean + SD. h Difference between baseline and re-covered
capillary diameter detected in adult and aged groups. Adult: One sample  t test (two-
sided), t(25)=0.7451; p = 0.4631, for n =26 from 6 mice. Aged: One sample t test
(two-sided), t(33)=4.172; **p =0.0002, for n =234 capillaries from 6 mice. Differ-
ence in re-covered diameter between adult and aged mice. Unpaired  t test with
Welch’s correction (two-sided), t(41.40) =2.751; *p =0.0088. Data shown as

mean + SD.i Dilations persist for capillaries that do no regain pericyte coverage at
21 days in aged mice. Repeated measures one-way ANOVA with Tukey 's multiple
comparisons test (two-sided), F1.967, 19.67) = 31.35; overall effect ***p <0.0001.
Pre-ablation vs 3 days, ****p < 0.0001; pre-ablation vs 21 days, *** p =0.0002; 3 days
vs 21 days,p =0.5976. N =11 capillaries from 6 mice. Data are shown as mean + SD.

detect basal differences in capillary density or pericyte abundance in
super cial somatosensory cortex, broader examinations by other
groups have reported lower capillary density in cortical gray and white
matter ***¢ and reduction in both pericyte number and coverage in
the aged rodent brain. Two-photon imaging studies in aged rats ~ “" and
mice*® have revealed average increases in capillary diameter and RBC
velocity, which in combination with reduced capillary density and
hematocrit, become associated with microscopic pockets of under-
perfused tissues “°. Recent microvascular angiography studies in the
aged mouse brain have also revealed greater heterogeneity in ow
velocity across cortical capillaries under basal conditions ~ “°. It will be
important to establish how spontaneous, age-related pericyte loss
affects capillary perfusion and structure, particularly in the white
matter where capillary rarefaction in aging is widely observed.

Studies using global pericyte depletion have shown marked
decreases in neurovascular coupling responses *°**, BBB disruption and
circulatory failure due to vasogenic edema 2. Our studies provide a
clearer view on how pericyte loss affects capillary ow, since the focal
ablation approach affects blood  ow without disrupting the BBB or
inducing overt vascular pathology. However, the lack of BBB leakage in
our model does not contradict pri  or work showing BBB leakage with
more extensive pericyte loss #%. It is likely that pericytes use paracrine
signaling pathways to ensure overall endothelial health, and ablation of
a few isolated pericytes does not comp romise overall barrier function.

PDGF-B/PDGFR signaling is involved in pericyte coverage during
adulthood since genetic ablation of endothelial PDGF-BB in adult mice
leads to age-dependent pericyte loss and BBB defects #. Augmenting
PDGF-B/PDGFR activity in adulthood may therefore be a strategy to
increase pericyte coverage and improve capillary homeostasis. In vitro,
administration of PDGF-BB leads to proliferation of human brain peri-
cytes and protection from apoptosis °°. Intravenous treatment with
PDGF-BB peptide was suf cient to promote pericyte coverage and
restore capillary tone and  ow rate in a model of epilepsy involving
mural cell loss *. Interestingly, the immunomodulatory drug, thalido-
mide, can increase expression of PDGF-BB from endothelial cells, pro-
moting pericyte coverage and reducing bleeding in models exhibiting
vascular pathology in the CNS ** and peripheral tissues ***°. While deeper
mechanistic studies are needed, thes e studies form the logic to develop
therapeutics that can promote peri  cyte coverage and preserve normal
capillary ow dynamics in age-related cerebrovascular diseases.

12

Methods

Animals

PDGFR -tdTomato mice *° were bred from Pdgfrb-Cre (FVB/NJ
background) *® and Ail4 (C57BL/6 background) ** mice and aged in-
house for the study. The adult mouse group ( n =6; 3 female) included

animals between 3 to 6 months of age. The aged mouse group( n=6; 3
female) included animals between 18 and 24 months of age. Age group
brackets were determined by the Jax “Life Span as a Biomarker” criteria,
which de nes 3-6 months as “mature adult ” stage, and 18-24 months as
“old” stage in mice. Aged mice were visually checked for general health
and any overt signs of illness such as tumors or weight loss resulted in
exclusion from the study. For a subset of experiments, we crossed
PDGFR -tdTomato mice with CX3CR1-GFP (C57BL/6 background) ®°**or
Claudin-eGFP fusion prot ein (C57BL/6 background) ?’ mice to simulta-
neously label mural cells alongside microglia or endothelial tight junc-
tions, respectively. PDGFR -tdTomato;CX3CR1 mice were used at
3-6 months of age (adult; n=5; 2 female) and 18-24 months of age
(aged; n=5; 1 female) before the start of experiments. PDGFR -tdTo-
mato;Claudin-eGFP mice (n=3; 1 female) were aged to 7—12 months.
The blood cell ux example (Fig. 7) is from a 19-month-old male
PDGFR -tdTomato mouse. Mice were maintained on a 12-h light cycle
(7:00am on, 7:00 pm off). Room temperature and humidity were
maintained within 68 —79 °F (setpoint 73 °F) and 30 —70% (setpoint 50%),
respectively. Mouse chow (LabDiet PicoLab 5053 irradiated diet for
standard mice, and LabDiet PicoLab 5058 irradiated diet for breeders)
was provided ad libitum. The Institutional Animal Care and Use Com-
mittee at the Seattle Children 's Research Institute approved all proce-
dures used in this study (protocol IACUC00419).

Surgery

Chronic cranial windows (skull removed, dura intact) were implanted
in the skulls of all mice for triple pericyte ablation experiments. Brie Y,
surgical plane anesthesia was induced with a cocktail consisting of
fentanyl citrate (0.05 mg/kg), midazolam (5 mg/kg) and dexmedeto-
midine hydrochloride (0.5 mg/kg)(all from Patterson Veterinary).
Dexamethasone (40 pL; Patterson Veterinary) was given 4 —6 h prior to
surgery to reduce brain swelling during the craniotomy. Circular cra-
niotomies ~3 mm in diameter were generated under sterile conditions,
and sealed with a glass coverslip consisting of a round 3 mm glass
coverslip (Warner Instruments; 64-0720 (CS-3R)) glued to a round
4 mm coverslip (Warner Instruments; 64-0724 (CS-4R)) with UV-cured
optical glue (Norland Products; 7110). The coverslip was positioned
with the 3mm side placed directly over the craniotomy, while the
4 mm coverslip laid on the skull surface at the edges of the craniotomy.
An instant adhesive (Loctite Instant Adhesive 495) was carefully dis-
pensed along the edge of the 4 mm coverslip to secure it to the skull.
Lastly, the area around the cranial window was sealed with dental
cement. This two-coverslip “plug” ts precisely into the craniotomy
and helps to inhibit skull regrowth, thereby preserving the optical
clarity of the window over months. Mice recovered for a minimum of

3 weeks following surgery.
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Fig. 7| Blood ow changes in regions of pericyte ablation and surrounding
capillaries. a Image showing capillaries uncovered by a triple ablation (purple).
These data are from a single triple pericyte ablation experiment, performed in an
aged mouse. |.v. dye =intravenous dye. b Three days post-ablation, changes in red
blood cell (RBC) ux from baseline are color-coded in a subset of vessels. ¢ Overlay
of blood ow direction on vascular image. Ascending venules are marked in blue,
and penetrating arterioles inred. d Blood cell ux before and 3 days post ablation
for segments in and immediately around the ablation area. Paired  t test, t(24)
=3.880; ***p = 0.0007 for n =25 capillaries from an aged mouse. Signi  cantly higher
variance was detected at 3 days compared to baseline, F test to compare variances
(two-sided), F24, 24) = 3.545; ***p = 0.0029. Data shown as mean + SD. e Proportion
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of vessels in the area that experienced an increase vs. decrease in  ux on Day 3.
f Blood cell ux in capillaries that increased in  ux from baseline to 3 days post-
ablation. Paired t test (two-sided), t(17)=6.273; **p <0.0001, for n =18 capillaries
from an aged mouse. g A subset of capillaries decreased in  ux following pericyte
ablation. Paired t test (two-sided), t(6)=3.229;*p =0.0179, n =6 capillaries from an
aged mouse. Data in d, f, g are shown as mean + SD.h—j A divergent bifurcation that
loses pericyte coverage in one downstream branch, while the alternate route
remains covered. RBCs passing through i.v. dye captured by line scans are shown
for each vessel (i, i, iii) over time.  k—m A convergent bifurcation that loses pericyte
coverage to one upstream vessel. RBCs passing through i.v. dye captured by line
scans are shown for each vessel (i, i, i) over time.

In a subset of experiments investigating the response of microglia
to the pericyte ablation, thinned-skull windows (PoRTs window tech-
nigue) were used to minimize disruption of the brain and best preserve
resting state microglia °2. This window involved using a dental drill to
thin the skull for optical penetrance, but without breaching the cal-
varia. These windows were imaged one day following surgery for a
maximum of three days.

Two-photon imaging

In vivo two-photon imaging system was performed with a Bruker

Investigator (run by Prairie View 5.5 software) coupled to a Spectra-

Physics Insight X3. Green, red and farred  uorescence emission was

collected through 515/30 nm, 615/60 nm, 700/75nm bandpass
Iters, respectively, and detected by gallium arsenide phosphide

photomultiplier tubes. Low-resolution maps of the cranial window
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	Pericyte remodeling is deficient in the aged brain and contributes to impaired capillary flow and structure



