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Capillary networks are essential for distribution of blood flow
through the brain, and numerous other homeostatic functions,
including neurovascular signal conduction and blood-brain barrier
integrity. Accordingly, the impairment of capillary architecture and
function lies at the root of many brain diseases. Visualizing how
brain capillary networks develop in vivo can reveal innate programs
for cerebrovascular growth and repair. Here, we use longitudinal
two-photon imaging through noninvasive thinned skull windows to
study a burst of angiogenic activity during cerebrovascular develop-
ment in mouse neonates. We find that angiogenesis leading to the
formation of capillary networks originated exclusively from cortical
ascending venules. Two angiogenic sprouting activities were ob-
served: 1) early, long-range sprouts that directly connected venules
to upstream arteriolar input, establishing the backbone of the capil-
lary bed, and 2) short-range sprouts that contributed to expansion
of anastomotic connectivity within the capillary bed. All nascent
sprouts were prefabricated with an intact endothelial lumen and
pericyte coverage, ensuring their immediate perfusion and stability
upon connection to their target vessels. The bulk of this capillary
expansion spanned only 2 to 3 d and contributed to an increase of
blood flow during a critical period in cortical development.
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he brain is the most energy-demanding organ in the body.

The human brain relies on dense capillary networks for the
continuous distribution of blood to some 80 billion neurons.
Decades of work have contributed to a rich understanding of
molecular and cellular mechanisms underlying capillary angio-
genesis (1). However, there remains sparse knowledge on how
capillary networks are constructed in vivo, particularly in the
mammalian brain where their role is so vital for uninterrupted
nutritional supply. Capillary beds not only are a vast distribution
chain for blood but also serve other important homeostatic
functions. For instance, capillaries contribute greatly to cerebral
blood flow resistance (2) particularly in the upper cortical layers
(3), and parameters such as lumen diameter are carefully tuned
to ensure proper blood flow rate (4) and extraction of blood
oxygen (5). Capillaries are also the primary locus of the blood—
brain barrier (BBB), a highly selective border that regulates
passage of molecules into the brain (6). Recent studies have also
cast exciting new roles for brain capillaries, including their ability
to serve as a sensory web to conduct neural signals upstream to
arterioles during neurovascular coupling (7), and as a source of
neurotrophic signals to maintain neuronal health throughout
adulthood (8). Thus, the proper construction of brain capillary
networks during development is essential to brain health and
homeostasis in adulthood.

The primary vascular networks of arterioles and venules in the
brain are largely set during embryonic stages by vasculogenesis
and angiogenesis (9, 10), and refined during very early postnatal
stages (11). However, most of the subsurface capillary beds that
bridge these networks are established in a second phase of an-
giogenesis during postnatal development (12), shaped both by
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blood flow and the concurrent maturation of neuronal circuitry
(13). Lessons from studying development of mouse heart and
retina, zebrafish fin, brain and spinal cord, and skin wound re-
pair, have shown that veins are a source of angiogenic sprouts
(14-17). In this process, venous endothelial cells dedifferentiate
and are then reprogrammed to take on phenotypes of capillaries,
precapillary arterioles, and arterioles as they grow and connect
to the existing vascular bed. This mechanism is logical, as veins
experience lower flow rates and intravascular pressure, allowing
fragile sprouts to grow in a stable environment prior to their
connection to high-pressure arterioles (18). However, it remains
unknown whether cerebral veins contribute to the creation of
tortuous and highly interconnected brain capillary networks
during development.

To address this open issue, we used a longitudinal in vivo two-
photon imaging approach to directly visualize the expansion of
capillary networks in cerebral cortex of neonate mouse pups. This
approach preserves the intracranial environment and physiology
(blood flow/pressure) that is crucial to normal development of
vascular networks. The overarching aim of the study was to un-
derstand the principles of capillary network construction and the
establishment of capillary perfusion during postnatal develop-
ment. First, we asked whether venules of the cerebral cortex are a
source of angiogenic sprouts, as would be expected with conserved
mechanisms across organs and organisms. Second, we aimed to
understand how blood supply can remain uninterrupted during the
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massive growth and remodeling necessary to expand existing,
perfused vascular systems. Finally, we asked how BBB integrity is
maintained when immature angiogenic sprouts coexist with ma-
ture, stabilized blood vessels. Improper development of capillaries
can lead to conditions of abnormal cerebral perfusion and BBB
function. Understanding the principles of how brain capillary
networks are constructed will lead to more effective detection of
abnormal vascular development in disease, and foundational knowl-
edge to improve repair or engineering of brain vascular networks.

Results

Imaging the Development of Cortical Capillary Networks. To image
the developing cerebral cortex in vivo, we refined existing cranial
window protocols for two-photon imaging of postnatal mouse
pups (SI Appendix, Fig. S1) (12, 19). This procedure involved
delicately shaving the skull with surgical blades until it was only
~15 pm thick, allowing optical access without disrupting the in-
tracranial milieu. The window was then overlaid with cyanoac-
rylate glue and a glass coverslip for added stability and improved
light penetration (Fig. 14 and SI Appendix, Fig. S1). With these
modifications, we were able to image the cortex over many
postnatal days without disruption to the developmental process or
the need for repeated surgeries (Fig. 1B). Pups receiving surgery
and repeated imaging had identical weight gain compared to lit-
termates receiving no surgery, anesthesia, or imaging (SI Appendix,
Fig. S24). The thinned-skull window also did not produce neuro-
inflammation in the underlying cortex, as we detected no differ-
ence in microglial density between cortical hemispheres and in
comparison to nonsurgery littermates (SI Appendix, Fig. S2 B-E).
Furthermore, no difference in microvascular length was detected
compared to nonsurgery littermates at postnatal day 12 (P12) or at
the weaning age of P21 (SI Appendix, Fig. S2 F and G).

Prior studies identified a phase of marked brain capillary bed
expansion in the neonatal period (12), which we captured in
more detail with a daily imaging schedule from P8 to P12 (Fig.
1B). This time frame roughly corresponds to 36-40 wk of ges-
tation in humans, based on common developmental benchmarks
(20). To visualize the cortical microvasculature with two-photon
microscopy, dextran-conjugated fluorescent dyes were injected
intravenously. Since there may be continued refinement of BBB
integrity during early postnatal stages, we evaluated vascular re-
tention of intravenous dyes (iv. dyes) of differing molecular
weight. At P4, we found that the brain vasculature was still quite
permeant to 10- or 70-kDa i.v. dyes (SI Appendix, Fig. S3). How-
ever, by P8 extravasation of these dyes significantly reduced, and
leakage was eventually undetectable by P12. This indicates that
BBB integrity increases over our imaging schedule to study capil-
lary expansion. To ensure high contrast for imaging of vascular
structure, we used 2-MDa FITC-dextran for the remainder of the
studies since it did not extravasate at any postnatal time point
examined. In addition, we also alternated iv. dye colors of 2-MDa
dye between imaging days, to reduce ectopic dye uptake by mast
cells in the pia, which would otherwise obscure imaging of pial
vasculature and increase noise when imaging at depth (SI Appen-
dix, Fig. S4).

Consistent with capillary expansion, the density of vessels in
the capillary network increased substantially between P8 to P12
(Fig. 1C and Movies S1 and S2). To better understand the tem-
poral sequence of this growth, we quantified the density of capillary
junctions, a measure of network connectivity, for each day of im-
aging. We noted that some capillary junctions had branches that
were unconnected and nonflowing, consistent with nascent angio-
genic sprouts. To emphasize the occurrence of these events, we
categorized the data into two groups: 1) junctions with all capil-
laries fully connected and flowing, or 2) total junctions regardless of
whether capillaries were fully connected or not (Fig. 1D). Plotting
these two groups together as a function of postnatal day revealed a
significant difference between the curves at P9, suggesting a brief
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and potent period of capillary network remodeling within the 5-d
period examined (Fig. 1E and SI Appendix, Fig. S5 A and B).

Visualizing the Temporal Dynamics of Sprouting Angiogenesis. An-
giogenesis involves several synchronized signaling pathways. One
key pathway involves angiopoietin-1 signaling through the Tie2
receptor, an endothelium-specific receptor tyrosine kinase that
promotes both formation and stabilization of capillaries (21). We
imaged Tie2-GFP mice where endothelial-specific GFP expres-
sion level is linked to Tie2 promoter activity (Fig. 2 A-C) (22).
Tie2 levels have been shown to elevate during brain angiogenesis
(23, 24) providing an in vivo reporter for heightened signaling
during vascular remodeling. Consistent with increased vascular
remodeling, GFP expression was highest at P9 and gradually
diminished until P12 (Fig. 2C and SI Appendix, Fig. S6).

We directly examined the spatiotemporal organization of an-
giogenic sprouts in Tie2-GFP mice. Endothelial GFP fluorescence
aided this process because unconnected sprouts were occasionally
unfilled by the iv. dye due to lack of patency and therefore in-
visible to imaging by this method. As such, merging GFP and i.v.
dye fluorescent signals into a single image enhanced identification
of angiogenic sprouts (Fig. 2 D and E). Given the longitudinal
design of the study, we could track each sprout and determine
when it had formed a connection with another region of the
vascular network and become patent to iv. dye. We quantified
these characteristics and plotted them as a function of time. This
revealed that sprout density peaked at P9 and gradually dimin-
ished until P12, at which time very few unconnected sprouts were
detected (Fig. 2F, green; SI Appendix, Fig. S5C). As expected, this
wave of angiogenic sprouting was followed closely by a second
wave of new capillary connections as these sprouts made contact
with other vessels in the existing capillary network (Fig. 2F, or-
ange; SI Appendix, Fig. S5D). New connections peaked at P10,
suggesting that the entire process from sprout formation to con-
nection could take as little as 24 h. When considering the total
number of new connections made, we observed that P9 to P10
were the major timepoints for establishing connectivity, and that
this phase had begun to plateau by P12 (Fig. 2G and SI Appendix,
Fig. SSE). Furthermore, the density of sprouts within a field of
view correlated with Tie2 promoter activity closely (assayed by
GFP fluorescence in the same field of view), further reinforcing
Tie2 activity as an essential signal in sprout formation (Fig. 2H).
Together, these data reveal ~P9-P10 as a critical window in
capillary bed construction and highlight the remarkable speed at
which decisions for capillary connectivity are made.

Cortical Ascending Venules Are the Source of Angiogenic Sprouts. We
next asked whether venules were a source of angiogenic activity
in the brain. In order to identify and distinguish arteries from
veins, we relied on both vessel anatomy at the pia and the direc-
tion of blood flow, as assessed by line-scans, i.e., arteriole blood
flows into cortex, while venules flow outward (Fig. 3 A and B).
These physiological characteristics have been used to unequivo-
cally distinguish arterioles from venules in prior in vivo imaging
studies (25, 26). Having established vessel type at the pial surface,
the vertically oriented penetrating arterioles and ascending ve-
nules connected to these pial networks could be examined in re-
lation to the capillary network below the brain surface (Fig. 3C).
We quantified the number of angiogenic sprouts originating from
either penetrating arterioles or ascending venules over time (Fig.
3 D and E). This revealed that ascending venules were the ex-
clusive source of angiogenic sprouts during capillary bed forma-
tion (Fig. 3 D and E). At P9-P10, when angiogenesis was most
active, these sprouts were seen to emerge directly from the as-
cending venule itself or its initial branching offshoots.

To further confirm the identity of penetrating arterioles and
ascending venules, we imaged PDGFRp-tdTomato; Tie2-GFP
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In vivo imaging of postnatal vascular development in cerebral cortex. (A) Schematic of head-fixation apparatus used for two-photon imaging of

mouse neonates, with depiction of components for chronic thinned skull window. (B) Timeline of cerebrovascular development. Imaging was performed
during a phase of postnatal capillary expansion. Cranial windows were implanted at P7, and in vivo imaging was performed daily from P8 to P12. (C) Three-
dimensional reconstructions of cortical microvasculature at P8 and P12. Two-dimensional images are maximal projections from the side of the image volume
(x-z) and from the top of the volume (x-y). (D) Schematic and representative in vivo images depicting two approaches to quantify capillary branch density at
each postnatal day examined: (Top) counting of capillary junctions including only those with all branches connected and perfused, and (Bottom) counting of
capillary junctions irrespective of whether all capillaries were connected and perfused. (E) Number of capillary junctions based on two measurement ap-
proaches above plotted over time. For connected only: *P = 0.0328 (P8 vs. P10), **P = 0.0073 (P8 vs. P11), **P = 0.005 (P8 vs. P12); for connected plus
nonconnected: **P =0.0031 (P8 vs. P9), *P = 0.0176 (P8 vs. P10), *P =0.0169 (P8 vs. P11), *P=0.0110 (P8 vs. P12); indicating significant difference from P8 with
each measurement approach (two-way ANOVA; Dunnett’s post hoc test; postnatal days: F(1.447, 17.37) = 28,30, ***P < 0.0001 overall). #p — 0.0092, indicating
significant difference between measurement approaches at P9 (two-way ANOVA; Sidak’s post hoc test; postnatal days vs. capillary junction type: F, 45y =

3.395, *P < 0.0159 overall). Data are presented as mean + SEM (n = 7 mice; one region imaged per mouse).

mice, which have labeled mural cells (red) and endothelial cells
(green). Smooth muscle cells are very brightly labeled and densely
packed on penetrating arterioles, making it straightforward to
distinguish between arterioles and venules (SI Appendix, Fig. S7A4).
Consistent with data from Tie2-GFP mice (Fig. 3 A-E), we
observed angiogenic sprouts arising exclusively from ascending
venules but not penetrating arterioles in PDGFRp-tdTomato;
Tie2-GFP mice (SI Appendix, Fig. STB). In stark contrast to the
sprouting activity of parenchymal venules, pial venules at the
cortical surface that collected blood from the ascending venules,
underwent regression and refinement before and during the phase
of capillary angiogenesis (SI Appendix, Fig. S8).

To further explore whether the observed venous-derived sprouts
involved endothelial programs for angiogenesis, we also imaged
epidermal growth factor-like protein 7 (EGFL7) reporter mice
(Fig. 3F). EGFLY7 is involved in vascular patterning during an-
giogenesis, and its expression is associated with the angiogenic
front (27). Studies of retinal vascular development have shown
greater venous expression of EGFL7 and no colocalization with
a-smooth muscle actin-positive arteries and arterioles (28). Again
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consistent with ascending venules being a source of angiogenesis
in cerebral cortex, we observed that many emerging sprouts at the
venules were Egfl7-eGFP positive (Fig. 3G). We noted some
Egfl7-eGFP expression around penetrating arterioles, although it
was not associated with angiogenic sprouts (Fig. 3F). Collectively,
these data provide evidence that the brain capillary bed is con-
structed through angiogenic activity originating from ascending
venules in the cerebral cortex.

Hierarchical Organization of Venous Capillary Sprouting. To better
understand the spatiotemporal sequence of angiogenic sprouting
from venules, we characterized their occurrence based on vas-
cular branch order. We denoted the main trunk of ascending
venules as Oth order, and the first segment of any offshoots to be
first order (SI Appendix, Fig. S9A4). With continued ramification,
each successive branchpoint from the ascending venule increased
branch order by 1. We then grouped sprouts based on the branch
order from which they emerged. Results showed that earlier
emerging sprouts, primarily at P9, originated at the Oth-order
venule or first-order branches (SI Appendix, Fig. S9 B and C).
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Tracings of vasculature shown in D to highlight location of unconnected angiogenic sprouts (green) that are seen to connect with other regions of the capillary bed
(orange) over the imaging timeline. (F) Number of total sprouts (green) and new connections (orange) plotted as a function of postnatal day. For total sprouts: **P <
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imaged per mouse). (G) Cumulative capillary connections over time. ***P < 0.001, compared to P8 [one-way ANOVA; Dunnett’s post hoc test; F>.174, 1848 = 66.15,
***%P < 0,0001]. Data are presented as mean + SEM (n = 10 mice; one region imaged per mouse). (H) Tie2-GFP intensity plotted as a function of the sprout density within
the same field of view. Pearson’s correlation: R> = 0.5371, P < 0.0001; n = 30 fields over six mice (one region imaged five separate times per mouse).

40f 12 | PNAS Coelho-Santos et al.
https://doi.org/10.1073/pnas.2100866118 Imaging the construction of capillary networks in the neonatal mouse brain


https://doi.org/10.1073/pnas.2100866118

A

Tie2-GFP i.v. dye Arterioles

pia

C Tie2 GFP  iv. dye

90 - 198 uM

100 - 254 pM

D Arteriole-associated

/

E Number of sprouts per F
vascular zone

Egfl7-eGFP i.v. dye

o
S

Fkkk

o
S

Total # of sprouts
from P8 to P12 per 0.1 mm 3
[4:]
o

60 - 160 uM

=

Arteriole

Direction of line-scans
—_— —>

Direction of blood flow

W

§

s
<

Arteriole

130 - 337 pM 150 - 366 pM

New connection

(

Sprout

N
g
N

/

G Number of eGFP+ sprouts
per vascular zone
*k

" 1

# of eGFP+ sprouts
at P9 per 0.1 mm3

70-170 uM
Arteriole

Fig. 3. Cortical ascending venules are the origin of angiogenic sprouts. (A) Example of pial vasculature as visualized in a Tie2-GFP mouse at P8 (Left). The pial
arteriole network (red) and venous network (blue) are pseudocolored to aid identification. (Scale bar: 50 pm.) (B, Left) Inset from A. Line-scans were used to
determine direction of blood flow to confirm arteriole or venule identity. The white arrow indicates the direction of the line-scan, and the colored arrow
indicates direction of the flow. The colored circles mark the location where ascending venules emerge from or penetrating arterioles descend into the
underlying cortex. (Right) The resulting line-scan image collected from the depicted arteriole and venule, along with direction of line-scan and direction of
flow. (C) Maximally projected images collected below the cortical surface in a Tie2-GFP mouse with labeled endothelial cells (green) and i.v. dye (red, Alexa
680-dextran; 2 MDa). This image contains three ascending venules (V) and one penetrating arteriole (A). (Scale bar: 50 pm.) (D) Tracings of vasculature shown
in C to highlight location of venule-associated (blue) and arteriole-associated (red) vessels, along with angiogenic sprouts (green) and newly made capillary
connections (black). The locations where capillaries connect are not shown if their depth was out of range of the maximally projected image. (E) Quanti-
fication of the number of total sprouts originating from arterioles vs. venules. ***P < 0.0001 [paired t test; t(;1) = 10.02]. Data are presented as mean + SEM
(n = 12 mice; one region imaged per mouse). (F) Images of cortex from Egfl7-eGFP mice at P8 and P9. eGFP is expressed in the tip and stalk of angiogenic
sprouts emerging from the ascending venules. (Scale bar: 50 pm.) (G) Number of eGFP-positive sprouts observed in arteriole-associated vs. venule-associated

zones. **P = 0.0011 [paired t test; t4) = 8.095]. Data are presented as mean + SEM (n = 5 mice; one region imaged per mouse).

As time progressed, sprouts emerged from higher-order branches,
indicating that sprouting was occurring deeper within the capillary
network (SI Appendix, Fig. S9 D-F). A plot of peak day of sprouting
at each branch order clearly illustrates this graded process (SI Ap-
pendix, Fig. S9G). Thus, there is an organized and sequential pat-
tern of sprouting with early sprouts emerging closer to the venule
and later sprouts emerging deeper in the capillary network.

Characterization of Sprout Dynamics and Targeting during Angiogenesis.
We next examined the characteristics of early and late-stage sprouts
derived from venules and the vessels with which they connected to
receive blood flow input. We found that earlier sprouts were des-
tined to connect with penetrating arterioles or their immediate
offshoots, forming direct but tortuously shaped conduits between
arteriolar input and venous output (Fig. 44 and SI Appendix, Fig.
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S10 A and B). To achieve this task, long-range sprouts grew faster
and covered larger distances to make arteriole contact (as much as
400 pm) (Fig. 4 C and D). Long-range sprouts initiated from the
Oth-order ascending venule or their immediate branches between
P8 and P10 (Fig. 4 E and F). In contrast, sprouts that emerged later
were short-range and destined to connect with other nearby capil-
laries (Fig. 4B and SI Appendix, Fig. S10 C and D). Short-range,
capillary-targeting sprouts grew about one third the distance of
long-range sprouts (Fig. 4 C and D), and emerged primarily be-
tween P10 and P11 from higher-order branches of the ascending
venule. With differences in their length, long-range sprouts required
about twice the time to become patent and flowing with blood cells,
compared to short-range sprouts (Fig. 4G). Altogether, these data
show that long-range arteriole-to-venous arcs are first created to form
the backbone of the capillary network, and then short-range sprouts
establish greater anastomotic connectivity within the capillary bed.
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Fig. 4. Distinct spatiotemporal dynamics of venule-derived sprouts that target arterioles vs. capillaries. (A and B) Representative images of long-range
arteriole-targeting sprouts (A) and short-range capillary-targeting sprouts (B). Arrowheads correspond to two examples (white or yellow) for each sprout
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Data are presented as mean + SEM (n = 51 sprouts from four mice).

Pericytes and Endothelial Cell Dynamics Are Synchronized during
Brain Angiogenesis. During development of new vessels, endo-
thelial tubes are formed first and then secondarily covered by
migrating pericytes, which promotes vascular stability and BBB
maturation (29-31). This implies a window of endothelial im-
maturity prior to pericyte coverage (32), and raises questions of
how BBB integrity continues to be refined (SI Appendix, Fig. S3),
despite a significant burst of vascular remodeling. To examine
this further, we studied pericyte—endothelial interplay in Tie2-
GFP; PDGFRp-tdTomato mice (SI Appendix, Fig. STB). We
found that pericytes were abundant in developing capillary net-
works (Fig. 54). Pericyte numbers nearly doubled between P8
and P12 (Fig. 5B). While it was difficult to pinpoint the source of
new pericytes due to a limited sampling rate, the position of
pericyte somata shifted between time points, indicating their
motility. Pericytes were occasionally seen to migrate from ve-
nules as new sprouts emerged, but also appeared to divide lo-
cally within the expanding capillary bed (SI Appendix, Fig.
S11A). Nearly the entire endothelial network was in contact with
either pericyte somata or their extensive processes (Fig. 5C).
Even in regions that appeared sparsely covered, detailed ob-
servation revealed thin strands of tdTomato-positive pericyte
processes.

We narrowed our focus to pericyte—endothelial interaction at
the tips of angiogenic sprouts. We noted that sprouts could emerge
from vessels that had pericyte coverage and had a tendency to
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emerge from locations occupied by pericyte somata (SI Appendix,
Fig. S11 B and C). This may explain why pericyte somata are more
prevalent at capillary bifurcations in the adult brain (33). Second,
we found that 95% of angiogenic sprouts were contacted by thin
pericyte processes. The minor fraction of sprouts uncontacted by
pericyte processes were typically very short protrusions (<20 pm in
length). In some cases, pericyte processes on a sprout lagged
slightly behind the GFP-positive endothelial tip cell, consistent with
endothelial growth followed by pericyte recruitment (Fig. 5 C and
D). These sprouts were longer than those that had full pericyte
contact, and in a subset of longitudinal experiments, we confirmed
that these were long-range arteriole-targeting sprouts (Fig. 5E). In
contrast, sprouts with full pericyte contact tended to make short-
range connections within the capillary bed (Fig. 5F). Interestingly,
we were able to observe increased coverage by mural cells at the
precapillary zone, as seen in the adult microvasculature (34), in-
dicating that pericyte morphology unique to the precapillary zone
was established within this developmental time frame (SI Appendix,
Fig. S11D).

The continual presence of pericytes implied that pericyte-
mediated capillary tone could be readily established during the
angiogenic process. To examine this, we quantified the diameter
of long-range arteriole-targeting sprouts. An emerging sprout
sometimes exhibited a small-diameter lumen visibly filled by i.v. dye
(SI Appendix, Fig. S124). Capillary diameter consistently increased
when sprouts connect to their targets but remain unperfused by
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vasculature, showing pericyte (white) contact with all microvasculature (red). Images of tdTomato-positive pericytes alone reveals their structure. The Inset
marks example ovoid-shaped pericyte somata along one capillary (yellow arrowheads in Inset) with their intervening processes contacting the rest of the
capillary. (Scale bar: 50 um.) (B) Number of pericyte somata per volume at P8 and P12. **P < 0.0012, ts) = 6.613 (paired t test). Data are presented as mean +
SEM (n = 6 mice; one imaged region per mouse). (C) High-resolution image highlighting two different arrangements of pericyte process and endothelial tip
position at angiogenic sprouts: (i) Pericyte process lagging behind endothelial tip, or (ii) pericyte process parallel with endothelial tip. (Scale bar: 50 um.) (D)
Length of angiogenic sprouts exhibiting two arrangements of pericyte-endothelial position. ****P < 0.0001, 1) = 6.645 (paired t test). Data are presented as
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arteriole. A, artery; V, vein. (Scale bar: 10 um.) (F) Example of sprout with a parallel pericyte process connecting locally in the capillary bed. (Scale bar: 50 pm.)

blood cells. After blood cell perfusion began (confirmed by transit
of blood cell shadows) the capillaries then consistently reduced in
diameter (S Appendix, Fig. S12 B and C). This suggests that sprouts
are pressurized during growth and establish myogenic tone with
blood cell passage.

Collectively, these data show that pericyte recruitment and
coverage is tightly synchronized with endothelial sprouting.
This constant pericyte coverage likely helps to maintain BBB
integrity and blood flow resistance during development. Fur-
thermore, pericyte coverage does not inhibit angiogenic activ-
ity, as sprouts were seen to emerge from established capillaries
with pericyte coverage.

Effect of Capillary Expansion on Cortical Blood Flow. We next sought
to understand how phasic changes in capillary remodeling af-
fected blood supply to the cortex. To do so, we measured blood
flow in penetrating arterioles and ascending venules on the pial

Coelho-Santos et al.
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surface, which represent the collective input and output of blood
from the large regions of underlying cortical tissue, respectively.
Despite ongoing refinement of the pial venules (SI Appendix,
Fig. S8) (11, 19, 35), the location of penetrating arterioles and
ascending venules were easily identifiable when imaging below
the pial surface. We observed a preserved ratio of ~2-3 cortical
ascending venules per every penetrating arteriole from P8 to P12
(Fig. 6 A and B). This ratio is maintained into adulthood, as
studies in adult rodent cortex have made similar observations in
arteriole/venous ratio (36, 37).

From P8 to P12, we first quantified the diameter of pene-
trating arterioles and ascending venules at the pial surface over
time, just before their descent into the cortex (Fig. 6C). We then
used two-photon line-scanning to track the speed and direction
of blood cell flow in the vessel at this same location (Fig. 6 D-F)
(38). Blood cell velocity and vessel width were used to calculate
volume flux of blood using a modified formula based on
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of the streaks formed by moving blood cells is related to the speed of flow. The horizontal dimension is distance along the line-scan path, and the vertical di-
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time, F3 449, 137,1) = 0.5451, P=0.6768: *P = 0.0283 (P8 vs. P11), *P = 0.0245 (P8 vs. P12); flux over time, F(, 159) = 13.53, ***P < 0.0001: ***P < 0.001, compared
to P8 (two-way ANOVA with Dunnett’s post hoc test).

Poiseuille’s law of laminar flow (39). We found that on average  S13B). However, nonessential loops within the pial venule net-
there was a gradual increase in the diameter of penetrating ar-  work were typically remodeled or pruned. Blood cell velocity in
terioles (Fig. 6G and SI Appendix, Fig. S134). Curiously, a slight  arterioles was generally stable over time, consistent with prior
but nonsignificant decrease in arteriole diameter was consistently  imaging studies (40), although a slight increase in venous red
seen at P9, which corresponded to the peak of angiogenesis in the ~ blood cell (RBC) velocity was seen at P12 (Fig. 6H and SI Ap-
underlying capillaries. In contrast, ascending venules exhibited no  pendix, Fig. S13). When considering volume flux, we observed an
major change over time (Fig. 6 C and G and SI Appendix, Fig.  increase in blood flow from P8 to P12 in both penetrating
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arterioles and ascending venules (Fig. 6/ and SI Appendix, Fig.
S13). Penetrating arteriole flux is higher per vessel consistent with
our finding that outflow is distributed to approximately two to
three ascending venules, as discussed above. Flux increase in ar-
terioles was driven by gradual arteriole dilation and manifested in
venules as an increase in flow velocity. Given that vessel diameter is
the major determinant of blood flux, the slight constriction seen in
arterioles at P9 caused a significant decrease in volume flux for 1 d.
However, this was followed by a doubling of flux over the next 3 d.

Finally, we combined our overall findings to link the temporal
characteristics of capillary network expansion to cortical blood
flow dynamics. To compare the different metrics on the same
scale, we normalized blood flow parameters to baseline levels for
each mouse and plotted these as a group average (Fig. 74). This
was overlaid with metrics of capillary structure, normalized to
the day of peak change. This revealed that cortical blood
flow increases steadily over the time frame examined, and that
this occurred in parallel with accumulation of new capillary
connections. The density of new capillary connections correlated
well with the magnitude of blood flow input and output in each
field of view examined (Fig. 7B). The small but significant de-
crease in cortical blood input coincided with the burst of angio-
genic activity at P9 (Fig. 74). However, this disruption did not
have a lasting effect on the trajectory of blood flow increase over
time. Thus, vascular development is engineered to ensure that
even during very active angiogenesis, metabolic supply to the de-
veloping cortex is minimally perturbed.

Discussion
We longitudinally imaged a phase of capillary expansion during
postnatal development of the mouse cerebral cortex (Fig. 7C).
Our results show that the multitude of distributed ascending venules
that drain blood from the parenchyma of the cerebral cortex are loci
for sprouting angiogenesis, sourcing all new capillary connections in
a burst of neovascularization around P9-P10. We observed spa-
tiotemporally organized early and delayed phases of angiogenic
sprouting during construction of the capillary plexus. These collec-
tive neovascularization events contribute to a gradual increase in
cortical blood flow and cause minimal disruption to the constancy of
flow despite extensive remodeling of microvascular architecture.
The finding that venules of the brain contribute to capillary
sprouting bears similarity to microvascular network construction
in other vertebrate models (zebrafish) and mammalian organs
(heart and retina). During heart development in the mouse,
angiogenic sprouts emerge from the sinus venosus to give rise to
a capillary plexus, and eventually the formation of coronary ar-
teries (14). The formation of the capillary networks between
radially alternating arteries and veins in retina also begins with
sprouting around veins (17). In imaging studies of live zebrafish,
small venules in the tail, hindbrain, and spinal cord were shown
to give rise to angiogenic sprouts destined for connection with
arterioles (15, 16, 41). These sprouts involved relatively short-range
connections between closely positioned venules and arterioles,
leading to the creation of ladder-like networks. In contrast, brain
capillary networks are tortuous, dense, and highly interconnected.
As such, the brain orchestrates a more complex program to achieve
this specialized architecture. We observed an initial phase of
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angiogenesis arising from the ascending venules to first form long-
range arcs that created the backbone for arteriole-to-venous per-
fusion. This was followed by short-range endothelial sprouting to
form the numerous anastomotic connections between these arcs. By
P12, the capillary bed bore resemblance to the capillary architecture
seen in the adult brain, indicating that the essential architecture of
the capillary bed was established over a remarkably short window of
time in the second week of mouse postnatal development.

Prior to these studies, it was unclear how extensive alterations
in vascular architecture could be achieved without disruption of
blood flow constancy or overt disruption of BBB integrity. Since
veins carry lower intravascular pressure and slower flow velocity,
the vascular wall is less likely to be breached during the creation
of fragile sprouts. Most intriguing is that long-range sprouts des-
tined to connect with high-pressure arterioles appear “pre-formed”
with pericyte contact and lumenized endothelial tubes before the
introduction of blood flow. These sprouts are ready to become
patent upon connection to the arteriole and increase in intravas-
cular pressure. At no point in this process are there vascular “dead
ends” or incomplete bridges that would lead to stagnation of flow
from an arteriole source. Furthermore, since pericytes interact
closely with endothelial cells throughout the angiogenic process
(42), it may explain why BBB integrity is largely maintained, per-
haps through pericyte—endothelial signaling that suppresses trans-
cytotic leakage (30, 31, 43, 44). Thus, in developing brain capillary
networks, there is not an extended window of endothelial imma-
turity prior to recruitment and coverage by pericytes.

A linchpin in the construction of a perfused capillary network
is proper guidance and connection of long-range sprouts to
penetrating arterioles. If unsuccessful, all downstream vessels and
further anastomotic connections to that sprout would be unper-
fused. Prior studies from zebrafish have shown that the CXCR4-
CXCL12 axis may provide this critical chemotactic signal. Venous-
derived angiogenic sprouts in mutants that lack either CXCR4 or
its ligand CXCL12 fail to establish links with the basilar artery in
microvasculature of the hindbrain (15, 45). Interestingly, cxcrda
expression is down-regulated by blood flow, providing a negative-
feedback mechanism to reduce growth signals once connection and
perfusion is established (15). This mechanism seems to be active in
mammals, since CXCR4-CXCL12 disruption leads to misplaced
or absent coronary arteries in mouse heart (46). An alternate
mechanism for arteriole targeting of sprouts may be repulsion
signals derived from ascending venules. Since the venules out-
number and surround penetrating arterioles, this may create a
topology of inhibitory cues that direct sprouts toward arterioles.
With respect to how long-range vs. short-range growth might be
differentially regulated, Ubezio et al. (47) showed that phase
transitions in the VEGF-Delta-like four(DI114)/Notch feedback loop
is essential to endothelial cell heterogeneity during shaping of vas-
cular networks. Low levels of VEGF are needed for the expansion
and branching of endothelial sprouts, while high levels of VEGF
(and DII4) caused a reduction of the branching, shorter sprouts, and
faster lumen formation. This would be in line with long-range
sprouts targeting arterioles, where presumably lower VEGF levels
around arterioles promote directional growth of the sprout.

While brain capillary networks can be established with sur-
prising speed, this also increases vulnerability to dysregulation
and improper development of capillary architecture. There is ev-
idence that abnormal levels of neural activity, both diminished and
excessive, can alter angiogenesis and produce lasting alterations in
capillary density (13, 48). Impaired vascular architecture can, in
turn, fail to provide adequate metabolic supply to neuronal circuits
at a critical stage in their development and maturation (49).
Furthermore, common complications in the neonate or newborn
infant, such as hypoxia—ischemia or apnea of prematurity, can also
affect the angiogenic process. Thus, more studies will be needed to
study how development of brain capillary beds unfolds in various
environmental conditions and disease states.
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Materials and Methods

Animals. The Institutional Animal Care and Use Committee at the Seattle
Children’s Research Institute approved the procedures used in this study. The
institutions have accreditation from the Association for Assessment and
Accreditation of Laboratory Animal Care, and all experiments were per-
formed within its guidelines.

Tie2-GFP mice were obtained from The Jackson Laboratory (Tg(TIE2GFP)
287Sato/J; Jax ID: 003658). Egfl7-eGFP mice were generated as previously
described (27). To create mice with labeled endothelial cells and mural cells,
we bred homozygous Tie2-GFP females with PDGFRB-tdTomato males, the
latter of which were generated by crossing heterozygous PDGFRp-Cre males
with Ai14 females (Jax ID: 007914) (33). To increase GFP labeling of endo-
thelial cells, PDGFRp-tdTomato;Tie2-GFP mice were secondarily bred with
homozygous Tie2-GFP mice to achieve homozygosity in the GFP allele. We
identified successfully crossed mice by examining for green or red fluores-
cence using a fluorescent stereoscope (Olympus; SZX10) or a dual fluorescent
protein flashlight (NightSea). The day of birth was considered PO. For all
studies, we used a roughly equal mixture of male and female offspring. The
mice were housed on a 12-h light (7 AM to 7 PM)-dark cycle, with ad libitum
access to chow and water.

Surgery. During surgery, body temperature was maintained at 37 °C with a
feedback-regulated heat pad (FHC Inc.). Briefly, pups were anesthetized
with isoflurane (4-5% induction, 2.5% maintenance) in medical oxygen, and
placed in prone position on a heating pad to maintain body temperature (S/
Appendix, Fig. S1). After cleaning the scalp with betadine and artificial ce-
rebral spinal fluid, a midline incision was made starting between the eyes to
just caudal of the ears. A round region of the scalp was removed and sharp
forceps were used to gently scrape away the periosteum from the skull
surface. Since the skull is not fully formed at the age of window implanta-
tion, care was taken to apply minimal force. We first earmarked the location
of cranial window placement over the somatosensory cortex, 1-4 mm lateral
and 0.5-2.5 mm posterior to bregma (50). A custom-made light-weight
aluminum head mount (~0.04 g) was attached to the skull with cyanoacry-
late glue (Loctite Instant Adhesive 401) opposite to the hemisphere of window
placement for stability during cranial window implantation and subsequent
imaging. Solidworks files for mouse pup head mount and holder (compared in
size to components for adult mice) are available at https:/theshihlab.com/
publications/. Once the head bolt was firmly affixed, the exposed skin sur-
rounding the skull was covered with transparent dental cement (Metabond).
Then dental cement was applied to the entire assembly, except at the location
of window placement, to reinforce the stability of the head mount. As the
cement was drying, buprenorphine (Patterson Veterinary) was provided at a
dose of 0.05 mg/kg, i.p., for analgesia.

The skull was carefully thinned at the window site by shaving the bone
away with the cutting edge of a 31-gauge needle (BD Biosciences; catalog
#305109) and a surgical scalpel blade (Fisher Scientific; #15; catalog #22-079-
701). Thinning was performed while the skull was dry, but the skull was
occasionally moistened with artificial cerebral spinal fluid (ACSF) to examine
the window for translucency. The window area was cleaned with ACSF and
allowed to dry completely. A drop of cyanoacrylate glue was applied to the
window area, carefully avoiding the creation of bubbles, and a precut
square piece of glass (2-4 mm) was gently laid down over the thinned re-
gion. Dental cement was applied to the edges of the cover glass, and a slight
berm was created with the cement to hold water for the dipping lens. To
measure the thickness of the skull after successful completion of the window,
we imaged the second-harmonic signal of bone using two-photon microscopy
in a subset of pups (S/ Appendix, Fig. S1/). This revealed that skull thickness was
~15 pm at the cranial window.

Following cranial window implantation, pups were rubbed with the
bedding from the home cage to mask any foreign scent and allowed to
completely recover from anesthesia prior to returning to the home cage with
the dam, sire, and littermates. During the period when the pup was recov-
ering from anesthesia, small pieces of Metabond dental cement were in-
troduced to the cage to allow the dam and sire to adapt to the smell. Mouse
pups receiving window implantation rapidly acclimated to the head mounts.
In each litter, we used several mouse pups for imaging, which helped to
reduce the likelihood of one pup being singled out and killed by the dam or
sire. If bleeding was observed around the windows, or if imaging clarity was
lost in the windows, the pups were excluded from the study.

Two-Photon Imaging. Pups were imaged starting the first day after cranial
window implantation. Intravenously injected fluorescent dextran dyes of high
molecular weight (2 MDa) were used to visualize the cortical microvasculature
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and to avoid BBB leakage at early imaging time points. The major dyes used
were 2-MDa tetramethylrhodamine (TMR)-dextran [D7139; Thermo Fisher;
2.5% (wt/vol) phosphate buffer saline (PBS)], 2-MDa fluorescein isothiocyanate
(FITC)~dextran [FD2000S; Sigma-Aldrich; 1% (wt/vol) PBS], or 2-MDa Alexa
680-dextran [custom conjugated; 5% (wt/vol) PBS] (51). One drawback of using
i.v. dyes at the developmental stage studied was dye retention by cells with
mast cell-like appearance at the pial surface (SI Appendix, Fig. S4) (52). To
minimize accumulation of this unwanted signal, we alternated between dif-
ferent dye colors across imaging days. For example, 2-MDa TMR-dextran used
at P8, P10, and P12, while 2-MDa Alexa 680-dextran was used at P9 and P11.
Pups were anesthetized with isoflurane and secured to a head-fixation ap-
paratus (S/ Appendix, Fig. S1). Dye injections were made through the retro-
orbital vein under deep isoflurane anesthesia (4-5% MAC in medical air). All
dyes were injected at a volume of 10-20 pL. Isoflurane was then reduced to
~1.5% MAC in medical air during imaging, which leaves the pup anesthetized
but reactive to light toe pinch.

Two-photon imaging was performed with a Bruker Investigator coupled
to a Spectra-Physics Insight x3 laser. The laser source was tuned to 800-nm
excitation to image FITC-dextran. TMR-dextran and Alexa 680-dextran was
imaged at 920- or 975-nm excitation, depending upon whether the second
channel contained GFP/eGFP (920 nm) or tdTomato (975 nm). Emission
bandpass filters were 525/70 nm (green), 595/50 nm (red), and 660/40 nm (far
red). High-resolution imaging was performed using a water immersion 20-X,
1.0 N.A. objective lens (Olympus; XLUMPLFLN 20XW). Lateral sampling res-
olution was 0.4 pm per pixel and axial sampling was 1-um steps between
frames. Line-scans were collected at a rate of ~1 kHz to collect blood cell
velocity data. Typical laser powers used were ~30 m\W at 800 nm for imaging
FITC-dextran for blood flow studies, ~75 mW at 920 nm for GFP (Tie2-GFP
mice) and ~50 mW at 920 nm for eGFP (EGFL7-eGFP mice), and ~70 mW at
975 nm for combined GFP and tdTomato (PDGFRp-tdTomato;Tie2-GFP mice)
or ~40 mW at 975 nm for tdTomato alone. Laser power was kept as con-
sistent as possible across imaging time points for each animal. Laser powers
were determined at the output of the 20x objective using a laser power
meter (Thor Labs; PM100D), with galvanometric mirrors engaged in a full
field, 512 x 512 pixel scan covering 16,600 pm?.

Analysis of In Vivo Imaging Data. High-resolution three-dimensional (3D)
images of the cortical vasculature were obtained using Imaris 7.7 software
(Bitplane) from raw images. Structural metrics of the microvasculature were
quantified with ImageJ (53). Capillary branch/junctional points were counted
manually in image stacks and normalized to total image volume. For
quantification of BBB leakage, fluorescence intensity of extravasated i.v. dye
was measured in image stacks using ImageJ by drawing regions of interest
(ROIs) in the parenchyma adjacent to the capillary bed (54). The fluorescence
values were evaluated 5-10 min (10 kDa) and 15-30 min (70 kDa) after the
injection of the dye. Extravasation of the different-sized dyes were mea-
sured at the same locations within the stack. The 2-MDa FITC-dextran was
injected first to define the vascular architecture and parenchymal ROIs,
followed by Alexa 647-dextran 10 kDa (D22914; Thermo Fisher) and then by
Texas Red-dextran 70 kDa (D1864; Thermo-Fisher). The length of angiogenic
sprouts and pial venules was measured in 3D using the Simple Neurite Tracer
plug-in in ImageJ (https:// imagej.net/Simple_Neurite_Tracer). GFP intensity
was quantified with the Measure function in ImageJ and reported in arbi-
trary units. For vascular branch order classifications, first-order branches
were the first microvessel branch emerging from the ascending venule
(branch order 0), and each subsequent bifurcation increased branch order by
1. The diameter of angiogenic sprouts was measured manually using the line
tool in Image) from the i.v. dye image, with multiple measurements taken
per sprout and then averaged.

Pericyte somata were manually counted in image stacks collected from
PDGFRp-tdTomato; Tie2-GFP animals. A cell was deemed a pericyte using the
following criteria: 1) The cell was PDGFRp-positive and directly adjacent to
i.v. dye-labeled capillary lumen, or Tie2-GFP-positive capillary wall; 2) the cell
possessed a small and well-defined ovoid cell body; and 3) there was at least
one process extending from the cell body that was comparable in brightness.

For analysis of blood cell velocity from line-scan data, we used custom
Matlab software from Kim et al. (55). Lumen diameter for penetrating ar-
terioles and ascending venules was calculated using and Imagel-based
macro called VasoMetrics (56). Blood cell velocity and vessel diameter

1. P. Carmeliet, R. K. Jain, Molecular mechanisms and clinical applications of angio-
genesis. Nature 473, 298-307 (2011).

2. 1. G. Gould, P. Tsai, D. Kleinfeld, A. Linninger, The capillary bed offers the largest hemodynamic
resistance to the cortical blood supply. J. Cereb. Blood Flow Metab. 37, 5268 (2017).
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were then combined using a formula based on Poiseuille’s law of laminar
flow to obtain the volume flux of blood flow, which is a more complete
metric of flow through a single vessel (39).

Image Processing. Only raw images were utilized in data analysis, viewed with
Image) or MATLAB software. For presentation purposes, images were con-
trasted and cropped in Adobe Photoshop, one color channel at a time, in a
similar manner across all conditions.

Histology. Pups were killed with an intraperitoneal injection of Euthasol
(Patterson Veterinary) and immediately perfused transcardially with 4%
paraformaldehyde in 0.1 M PBS. Brains were extracted, postfixed overnight,
and subsequently immersed in 30% sucrose in 0.1 M PBS for up to 48 h. Co-
ronal sections (300 pm) cut on a cryostat (Leica; CM3050S) were collected in
PBS with 0.01% sodium azide and stored at 4 °C until use. Slices were first
incubated for 2 h in blocking solution consisting of PBS with 5% (volivol) goat
serum (S-1000; Vector Labs) and 0.3% (vol/vol) Triton X-100 (Sigma). Then the
slices were transferred to well plates with primary antibody or lectin diluted
into PBS with 5% (vol/vol) goat serum and 0.2% (vol/vol) Triton X-100 to in-
cubate at 4 °C with nutation. To label microglia, slices were incubated with
ionized calcium-binding protein 1 (lba-1, 1:250 dilution, 019-19741; Wako;
microglia marker) primary antibody for 4 d. To label microvasculature, slices
were incubated with Isolectin GS-IB4-Alexa Fluor 647 Conjugate (b4, 1:250
dilution; 132450; Fisher Scientific; endothelial marker) for 5 d. In both cases, the
slices were then washed five times x5 min with 0.1 M PBS. With Iba-1 immu-
nostaining, slices were then transferred to secondary antibody Alexa Fluor 647
(1:500 dilution; A32733; Thermo Fisher Scientific) for 2 h at room temperature.
After washing, slices were mounted, dried, and coverslip-sealed with DAPI
Fluoromount-G (catalog #0100-20; Southern Biotechnology). High-resolution
confocal images were collected using an Olympus FV10i confocal microscope
using either a 20x, 1.2 N.A. water objective, or a 40%, 1.2 N.A. oil immersion
objective. Images were collected with dimensions of 1,024 x 1,024 pixels with
averaging of every four frames.

Analysis of Histological Data. The histological quantifications were performed
by an investigator blinded to the animal condition. To address the possibility
of neuroinflammation caused by the surgery and imaging, Iba-1-stained image
stacks of each brain hemispheres were selected using ImageJ (776 x 776 x 25-
pm volume examined per hemisphere). The number of Iba-1-positive cells at
the cortical field of view were counted using cell counter plugin of ImagelJ. To
compare capillary density between surgery and nonsurgery animals, image
stack projections were selected from each Ib4-stained epifluorescence image
collected (two to four ROIs per animal; 776 x 776 x 100-um volume for each
region) using ImageJ. The images were then loaded into AngioTool software
(57), the scale was calibrated in accordance with our microscope collection
parameters, and the settings “remove small particles” and “fill holes” were
selected. AngioTool provided data on the length of vessels in the ROL.

Statistics. Statistical analyses were performed using GraphPad Prism 8 soft-
ware. Statistical tests and details are provided in the figure legends. Tests of
normality were first performed to validate the use of parametric tests.

Data Availability. All study data are included in the article and/or supporting
information.
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