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factors such as diabetes, is poorly understood. Here, we dissected the role of resident microglia and infiltrative
macrophages in determining the repair of ruptured cerebral microvessels. Using in vivo time-lapse imaging, gene
expression analysis, and immunohistochemistry, we identified a unique population of phagocytic Galectin 3
(Gal3) expressing macrophages, distinct from resident microglia, which infiltrated and aggregated at the site of
injury in diabetic mice and were associated with the elimination of microvessels. Depletion of these infiltrative
macrophages in diabetic mice attenuated phagocytic activity and prevented the loss of blood vessels after injury.
These findings highlight a previously unknown role for infiltrative Gal3 expressing macrophages in promoting
vessel elimination after brain injury and provide impetus for future studies to determine whether depleting these

cells can facilitate vascular repair in at risk populations.

INTRODUCTION

Diabetes mellitus (DM) is a highly prevalent and debilitating meta-
bolic disorder that is commonly associated with profound vascular
pathology including stroke, retinopathy, and cerebral microbleeds
(CMBs). CMBs are spontaneous ruptures in cortical capillaries and
penetrating arterioles that often go unnoticed as they do not present
with overt clinical symptoms. However, these ruptures trigger the
release of toxic substances within blood plasma, such as iron and
fibrinogen, which can disrupt nearby neuronal circuitry (1-3). Since
these insults can occur spontaneously and accumulate over a lifetime,
the burden of CMBs has been correlated with cognitive decline and
the onset or progression of dementia (4, 5). Given that patients with
type 1 diabetes (DB) are at increased risk for CMBs and vascular
disease (6, 7) and that insulin treatment is ineffective in fully mitigating
this pathology (8), it is imperative to identify previously unknown
strategies to help repair vessels in the diabetic brain.

To repair damaged or ruptured blood vessels, the brain must re-
cruit local and peripheral immune cells. Microglia are a specialized
type of yolk sac—derived macrophage that resides in the central ner-
vous system (9, 10). Within minutes of vascular injury and lasting
for several days, microglia enwrap their processes around damaged
microvessels and stem the extravasation of toxic blood plasma to
restore the cohesion of the blood brain barrier (BBB) (11). Local
microglia comprise the predominant immune cell type recruited to
damaged microvessels, but a small number of invasive macrophages,
normally excluded by the specialized structure of the BBB under
homeostatic conditions, also respond to these insults. For example,
recent in vivo imaging has shown that a few circulating macro-
phages are recruited to CMB injury sites within 24 to 48 hours and can
linger there for several days (12, 13). Both protective and degenerative
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roles have been ascribed to microglia and infiltrative macrophages
in healthy and diseased states, reflecting their ability to exhibit both
pro- and anti-inflammatory roles (14). For example, infiltrative
macrophages could help repair damaged vessels and stitch them
back together (15, 16), or they could attack and phagocytize injured
vessels (17, 18). Similarly, while microglia likely play a beneficial
role in repair, at least initially (8, 11, 19, 20), over time, they may
prolong brain injury or promote neuronal and vascular degenera-
tion (21-24). Since both resident microglia and blood-borne mac-
rophages are recruited to injury sites, what role each cell type may
play in dictating the fate of damaged microvessels (i.e., whether vessels
recanalize and persist or disintegrate) remains an important, but
unresolved, question. Furthermore, how a chronic inflammatory
disease such as type 1 DB, which also increases the risk of vascular
injury, influences the recruitment of microglia/macrophages and
subsequent vascular repair is unknown.

Our initial experiments in healthy mice revealed that microvessels
ruptured in vivo with a femtosecond laser invariably recanalized
and persisted throughout our 14-day imaging period. However,
when the exact same injury was induced in mice with type 1 DB,
a subset of injured vessels was eventually eliminated. We took
advantage of these differences in vessel outcomes to probe the cellu-
lar mechanisms that dictate microvascular repair, particularly in the
context of a chronic inflammatory vascular disease such as DB.
Analysis of gene expression patterns after CMB and immunohisto-
chemical identification of subpopulations of cells recruited to the
injury site revealed the presence of macrophages expressing Galectin 3
(Gal3) in the diabetic brain. These cells were also highly enriched
with markers of phagocytosis and infiltrated sites where vessels
were eliminated. Our findings compliment previous single-cell tran-
scriptomic studies that found that up-regulated expression of Lgals3
by immune cells in disease or aging was associated with amoeboid-
shaped phagocytic cells (25, 26). Eradicating most peripheral
phagocytic leukocytes with systemic clodronate liposome (CLR) treat-
ment prevented the aggregation of Gal3 expressing macrophages
around CMBs and improved microvascular repair in diabetic mice.

10f18


mailto:brownc@uvic.ca

SCIENCE ADVANCES | RESEARCH ARTICLE

Our data highlight the complexity of cellular responses to cerebro-
vascular insults and identify a previously unknown role for Gal3 ex-
pressing macrophages in regulating the elimination of microvessels
in the brain.

RESULTS

DB is associated with increased phagocytic activity and
abnormal elimination of microvessels after microbleed
Building on previous findings showing that type 1 DB perturbed
acute microglial responses to CMBs (<1 hour after induction) and
impaired closure of the BBB after injury (8), we tested whether DB
could also affect repair of microvessels over days and ultimately
compromise their functional reintegration into the cerebral circula-
tion. To address this question, we performed longitudinal two-photon
imaging through a cranial window in young adult male mice from
three experimental groups: (i) nondiabetic (NDB) mice; (ii) mice
with uncontrolled DB, induced via multiple, low-dose streptozotocin
(STZ) injections; and (iii) diabetic mice with blood glucose levels
managed via chronic, slow-release insulin implants (DB + INS;
Fig. 1A). As expected, STZ treatment led to a significant increase in
blood glucose levels in the diabetic group that remained elevated for
4 weeks (Fig. 1B). Blood glucose levels in insulin-treated mice were
normalized by week 2 [nine of nine mice; see inset in Fig. 1B; two-
way analysis of variance (ANOVA) for blood glucose from weeks 1
to 4, time: Fy 93 = 5.34, P < 0.001; treatment: F, 93 = 62.94, P < 0.0001;
interaction: Fg g3 = 6.18, P < 0.0001]. To induce vascular damage, we
ruptured a fluorescently labeled microvessel with brief (~6 s),
high-power femtosecond laser scanning, targeting microvessels within
50 to 100 pm below the pial surface in the somatosensory cortex.
Successful induction of CMBs was confirmed in all cases by the
presence of an extravascular fluorescent plume and cessation of blood
flow within targeted microvessels. Using heterozygous CX3CR1/*
mice to visualize microglia/macrophages in vivo, we were able to
characterize the evolving immune cell response to injury and deter-
mine whether ruptured capillaries would recanalize and persist over
14 days (i.e., defined as a “repaired” vessel) or be eliminated. Con-
sistent with previous imaging work (12, 27), green fluorescent
protein (GFP)-expressing microglia/macrophages formed a plaque
around the damaged microvessel that was evident for 1 to 7 days after
CMB and subsided within 14 days in 72% of cases (79 of 109 vessels
targeted; Fig. 1, C to E). However, in healthy NDB mice, all targeted
microvessels (n = 43 vessels) regained blood flow and were
maintained over the 2-week imaging period (Fig. 1, C, F, and G). By
contrast, 20% of microvessels targeted in diabetic mice were perma-
nently eliminated (9 of 45 vessels eliminated; Fig. 1, D, F, and G).
Insulin treatment did not prevent this microvascular loss, and
18% of targeted microvessels were eliminated following CMB (6 of
34 vessels eliminated; Fig. 1, E to G). This difference in vessel
outcomes was significant regardless of whether they were analyzed
with each CMB representing a single observation (Fig. 1F) or
whether multiple CMBs within the same animal (separated by at
least 250 um) were averaged together (Fig. 1G). Examination of
time-lapse data revealed that microvessels were eliminated by 3 days
after CMB induction, with some instances of vessel loss evident
within 1 day following injury (Fig. 1H). To ensure that these group
differences in microvascular elimination rates were not attributed
to variations in the characteristics of targeted microvessels, we
confirmed that there were no significant differences between
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experimental groups with respect to (i) blood flow velocity before
CMB induction, (ii) vessel diameter, and (iii) length (fig. S1, A to C).
Although average blood flow velocity did not differ significantly be-
tween groups, we noted a trend for lower values in both untreated
and insulin-treated diabetic groups (mean = 0.54 + 0.04 and
0.58 + 0.05 mm/s, respectively) relative to healthy NDB mice
(mean = 0.68 + 0.04 mm/s; fig. S1A).

To assess differences in the phagocytic response to CMBs in di-
abetic and NDB mice, we analyzed the autofluorescent signal from
lipofuscin (lipid particles contained in lysosomal compartments of
phagocytic cells), which can be visualized in vivo using two-photon
microscopy. To validate our lipofuscin analysis, we first examined
colocalization of lipofuscin with the classical phagolysosomal marker
CD68 (fig. S2A). Our data showed that, while CD68 tends to have a
greater area of expression than lipofuscin (fig. S2B), all lipofuscin
signal was colocalized with CD68 immunostaining (fig. S2C). Having
confirmed a relationship between the lipofuscin signal and CD68"
lysosomes, we assessed the lipofuscin content within cells responding
to CMBs in NDB and diabetic mice (Fig. 2A). Our analysis revealed
a significant increase in lipofuscin 1 day after induction of CMB
[Fig. 2B; two-way mixed-effects model ANOVA, main effect of time:
Fy297 = 21.26, P < 0.0001; Tukey’s multiple comparisons test, day 0
(D0) versus D1: P < 0.0001]. Notably, lipofuscin signal in diabetic
mice was significantly greater after CMB at all imaging time points
than that observed in the NDB group (Fig. 2B; two-way mixed-effects
model ANOVA, main effect of treatment group: F; g5 = 12.91,
P =0.0005). As an internal control to confirm that these changes in
lipofuscin were specific to cells responding to the CMB, we assessed
lipofuscin in GFP-expressing microglia/macrophages distant (>40 pm)
to the bleed and found only a slight increase in signal over time
(Fig. 2B; two-way mixed-effects model ANOV A, main effect of treat-
ment group: Fy g5 = 1.449, P = 0.2321; main effect of time: Fy,97 =
2.869, P = 0.0387; Tukey’s multiple comparisons test, DO versus D3:
P =0.0104 and DO versus D7: P = 0.0072). Expectedly, lipofuscin
signal within GFP-expressing cells was significantly higher when the
ensheathed microvessels were eliminated rather than repaired (Fig. 2C;
unpaired Student’s ¢ test, P < 0.0001). These data support the notion
that microglia/macrophages specifically responding to CMBs are
highly phagocytic, especially under diabetic conditions.

To further understand why vessel outcomes were affected by
DB, we characterized the morphometric features of the CX3CR1
GFP-expressing cellular aggregate around the CMB at each imag-
ing time point, both with respect to its two-dimensional area and
the extent to which it covered the length of the vessel (Fig. 2D). The
area of GFP expression peaked at the lesion site in the first day and
progressively decreased over 14 days, a phenomenon that did not
differ significantly between groups (Fig. 2E; two-way mixed-effects
model ANOVA, main effect of time: Fj 754,171.4 = 18.07, P < 0.0001;
main effect of treatment: F,14 = 0.3255, P = 0.7228). Similarly,
there were no group differences in GFP-expressing cell coverage of
targeted vessels (Fig. 2F; two-way mixed-effects model ANOVA,
main effect of treatment: F, ;59 = 0.06862, P = 0.9337). This response
peaked 1 day after CMB in all groups (NDB: 53.461 + 3.579%,
n =41; DB: 56.490 + 3.698%, n = 44; DB + INS: 58.647 + 4.694%,
n = 23) and comparably declined over the 2-week imaging period
(Fig. 2F; main effect of time: F, 3132167 = 139.6, P < 0.0001). Since
there were no significant group differences in area of GFP expression
or vessel coverage to explain vessel outcomes, we parsed the data
further to determine whether microglial response characteristics
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Fig. 1. Time-lapse in vivo imaging of GFP-expressing microglia/macrophage responses to CMB reveals the abnormal elimination of microvessels in diabetic
mice. (A) Graphical representation of experimental timeline and treatment groups. (B) Average blood glucose readings for experimental groups measured at weekly in-
tervals. Inset highlights the normalization of blood glucose values in individual diabetic mice receiving insulin treatment. (C to E) In vivo z-projection images illustrate the
evolving response of GFP-expressing microglia/macrophages following induction of cortical CMB (site of CMB induction indicated by white arrowhead). Patent blood
vessels were visualized with intravenous injection of rhodamine B dextran, and line scans (insets) show the presence of blood flow (line scans with streaks indicate a
flowing vessel). Note that, in some cases, ablated microvessels were repaired and preserved, whereas, particularly in the diabetic group, others were eliminated. Scale
bars, 20 um. (F) Graph summarizing the percentage of microvessels that were repaired or eliminated following induction of CMB in NDB (n =43 bleeds from 17 mice),
diabetic (n=45 bleeds from 14 mice), and insulin-treated diabetic mice (n =34 bleeds from nine mice). (G) Percentage of microvessels repaired peranimal. (H) Pie charts
showing the proportion of vessels eliminated at 1 or 3 days after CMB induction in diabetic and insulin-treated groups. Statistics based on two-way ANOVA with post hoc
Tukey’s multiple comparisons tests (B), chi-squared analysis (F), and nonparametric Kruskal-Wallis test with post hoc Dunn’s multiple comparisons test (G). Error bars
represent means + SEM.
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Fig. 2. DB is associated with increased phagocytic activity but not greater accumulation or coverage of GFP-expressing cells at bleed sites. (A) Representative
two-photon images showing rhodamine B dextran labeling of plasma within blood vessels and lipofuscin autofluorescent signal outside of vessels localized within
CX3CR1 GFP-expressing microglia/macrophages 1 day after CMB. Unlike rhodamine B, autofluorescent lipofuscin puncta appear as yellow deposits in green/red images
(white arrowheads) due to their broad spectral emission characteristics in both channels. Scale bars, 20 um. Insets show thresholded and binarized images of lipofuscin
particles. Scale bars, 10 um. (B) Graph summarizing the percent area of lipofuscin autofluorescence within microglia/macrophage aggregates at the site of the CMB over
time (colored lines) or within microglia/macrophages distant from the lesion site (>40 um). (C) Average percentage area of lipofuscin in microvessels that were repaired
versus those that were eliminated. (D) Representative two-photon image showing how GFP fluorescence area (purple outline) and vessel coverage (white dashed lines)
were assessed. Scale bar, 20 um. Graphs show the area of GFP fluorescence (E) and the percentage of vessel coverage (F) at bleed sites in each experimental group over
time. (G) Area of GFP fluorescence following CMB (based on average of D1 and D3) in vessels that were repaired or eliminated in each group. (H) Average percentage of
vessel coverage (based on average of D1 and D3) in vessels that were repaired or eliminated in each group. (I) Average blood flow velocities at DO (before CMB), in target-
ed microvessels that eventually repaired or were eliminated. Statistics were based on two-way mixed-effects model ANOVAs (B, E, and F), unpaired Student'’s t test (C), and
one-way ANOVA with post hoc Tukey’s multiple comparison tests as appropriate (G to I). Error bars represent means + SEM.

varied depending on whether a microvessel was repaired or elimi-
nated. To this end, we found that neither the total area of GFP fluo-

damaged microvessel (Fig. 2I; one-way ANOVA, P = 0.1875). To rule
out the possibility that our GFP expression analysis may be influenced

rescence (Fig. 2G) nor the percentage of vessel coverage (Fig. 2H),
examined as an average of D1 and D3 values, were associated with
vessel repair or elimination in any groups (one-way ANOVA,
P =0.8209 and one-way ANOVA, P = 0.0883, respectively). Further-
more, since it is conceivable that slow flowing vessels may be more
susceptible to elimination than fast flowing ones, we examined blood
flow velocity (measured before CMB) in microvessels that were
eventually repaired or eliminated. Our analysis revealed no re-
lationship between baseline blood flow and the eventual fate of a
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by prelesion group differences in microglia expression, we performed
immunolabeling for transmembrane protein 119 (TMEM119), a reliable
marker of resident microglia (28), and confirmed that there were no
significant differences in microglial density between groups (fig. S3,
A and B; one-way ANOVA, P = 0.6012), which replicates previous
work from our laboratory (8). Furthermore, since the GFP ex-
pression analysis could be influenced by group differences in the
number of cells responding to the CMB, we labeled and quantified
all nucleated cells with Hoechst 33342 and did not find any group
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differences in the average number of cells present at the lesion site
(fig. S3, C and Dj; unpaired Student’s ¢ test, P = 0.1712). Lastly, since
previous studies suggested that microglia in the hippocampus of
diabetic mice may appear more amoeboid (29, 30), we analyzed soma
cross-sectional area and total process length per microglia from
two-photon image stacks collected before the induction of microbleeds.
Our analysis did not reveal any significant differences between experi-
mental groups in terms of average soma volume or total process length
per microglia (fig. S3E; one-way ANOVA, F,4; = 0.13, P = 0.87;
and one-way ANOVA, F, 4; = 0.16, P = 0.85, respectively). Collec-
tively, these results show that GFP-expressing cells aggregate around
CMBs and that type 1 DB, even when treated with insulin, is associated
with greater vessel loss after CMB. Moreover, differing vessel fates
could not be predicted by morphometric analyses of GFP-expressing
cell responses or prelesion differences in microvessel diameter, length,
or blood flow velocity.

Delayed appearance of GFP-expressing macrophages at

the lesion site in microglia-depleted mice is associated

with microvessel elimination

Since CX3CR1 GFP is expressed in resident microglia and meningeal/
perivascular macrophages, as well as circulating monocyte-derived
macrophages, we sought to disentangle the relative contributions of
these different cells to vessel repair after CMB. To this end, NDB
and diabetic mice were administered chow containing the
colony-stimulating factor-1 receptor (CSF1R) antagonist PLX5622
[1200 parts per million (ppm)] for 3 weeks before induction of
CMB:s. Consistent with previous work (31), PLX5622 diet depleted
87.37 £ 1.61% (n = 19) and 84.78 + 1.33% (n = 32) of microg-
lia in NDB and diabetic mice, respectively, within 3 weeks
(Fig. 3, A and B; two-way mixed-effects model ANOVA, main effect
of PLX5622 over time: F3 73 = 971.5, P < 0.0001; main effect of DB:
F149 = 0.6801, P = 0.4135). Given that some circulating blood
cells can express CSF1R, we quantified monocytes, neutrophils,
lymphocytes, and red blood cells (RBCs) from blood smears and
found that they were not significantly affected by PLX5622 treat-
ment (Fig. 3, C to E; neutrophils: one-way ANOVA, P = 0.7288;
monocytes: one-way ANOVA, P = 0.5622; lymphocytes: one-way
ANOVA, P = 0.9886). Furthermore, none of these white blood
cells or RBCs were significantly affected by DB (Fig. 3, D and E).
Although PLX5622 treatment depleted most resident TMEM119-
expressing microglia, time-lapse in vivo imaging revealed that, despite
inducing CMBs at a distance from any remaining microglia, we still
observed GFP-labeled cells at the lesion site (at 1 day after CMB) in
91% of cases (Fig. 3F). Notably, in some cases, we captured a sta-
tionary GFP-labeled cell within the vascular lumen next to the dam-
aged microvessel (see arrowhead in Fig. 3G), which could represent
a macrophage before transmigration into the brain parenchyma.
This observation is consistent with recent reports showing that mi-
croglial depletion with PLX5622 facilitates invasion of infiltrating
macrophages (32, 33). We therefore parsed the data relating to mi-
crovessel outcomes according to the presence or absence of GFP-
expressing cells at the lesion site, irrespective of the diabetic condition.
Our analysis showed that when GFP-expressing cells invaded the
lesion site, 20% of microvessels were eliminated (Fig. 3, F and H),
similar to what we reported in diabetic mice (see Fig. 1E). When
GFP-expressing cells did not appear at the CMB, microvessels were
preserved in all cases (Fig. 3, F and H). Next, we analyzed vessel
outcomes according to different treatment groups and found that
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27% of microvessels were eliminated in PLX5622-treated diabetic
mice, which was 7% higher compared to untreated diabetic mice
(Fig. 3I). However, microglial depletion in NDB mice led to an
unusual elimination of microvessels after CMB, which was never
observed in NDB controls that did not receive PLX5622 (Fig. 31;
18% versus 0% elimination, respectively). These findings were also
evident if the data were analyzed using the mean percentage of vessels
repaired per animal for all groups (Fig. 3]). In summary, our results
suggest that the invasion of CMB lesions by GFP-expressing cells,
likely of peripheral origin given that >84% of resident microglia were
eliminated, is associated with increased risk of vessel elimination.

Gal3 is up-regulated in the injured diabetic brain

and expressed in phagocytic macrophages associated

with microvessel elimination

Next, we considered the possibility that bleed sites could be infil-
trated by macrophages, such as those residing on the brain’s surface
or from the circulation. Meningeal and perivascular macrophages
populate the pial surface and exist along large penetrating vessels,
respectively (fig. S4A) and could conceivably migrate to the lesion
site (34). We first probed their presence at CMB sites in postmor-
tem tissue using the validated meningeal/perivascular macrophage
marker CD206 (34). We determined that, while PLX5622 treatment
significantly reduced the number of CD206-expressing cells along
the meninges and penetrating blood vessels (fig. S4B; unpaired
Student’s t test, NDB versus PLX5622: P = 0.0332; unpaired Student’s
ttest, DB versus PLX5622: P = 0.0086), some cells still persisted and,
therefore, could have potentially infiltrated CMBs. However, analy-
sis of CD206 expression at the site of CMBs in postmortem tissue
from NDB and diabetic mice did not reveal any CD206" cells (fig. S4,
C and D). Therefore, CD206-expressing meningeal and perivascular
macrophages do not appear to comprise the population of cells that
are recruited to CMB sites.

On the basis of our finding that a PLX5622-resistant cell could
appear at bleed sites within 24 hours, in conjunction with an elegant
previously unknown study showing that PLX5622-resistant microglia/
macrophages express Gal3 (35), we directed our attention toward
these particular cells. In accordance with this recent report, we con-
firmed that, while most resident microglia expressing TMEM119 were
depleted with PLX5622, Gal3 expressing cells in the brain were gen-
erally spared (fig. S5, A and B; unpaired Student’s ¢ test, TMEM119"
control versus PLX5622: P < 0.0001; unpaired Student’s t test, Gal3*
control versus PLX5622: P = 0.6486) as were Gal3" macrophages in
the spleen. Next, we quantified the expression of phagocytic- and
disease-related genes in the cortex of diabetic and NDB mice 3 days
after induction of CMBs. Specifically, we investigated key genes
involved in orchestrating macrophage phagocytosis (Lgals3, Cd68,
Trem2, Cd206, Mertk, and Axl) and the development of inflamma-
tory diabetic pathology, including nephropathy (TGF-B1, TGF-BR1,
and Apoe) (36). Since TMEM119 can be down-regulated in mi-
croglia during inflammation or injury (37), we also assessed its
expression. Our analysis revealed that CMBs led to a significant
up-regulation of cortical Lgals3 and CD68 gene expression, particu-
larly in diabetic mice (Fig. 4A); Trem2 expression was increased,
but not significantly. To identify the phenotype of individual cells
at bleed sites, we induced CMBs in diabetic and NDB mice in vivo
(Fig. 4B) and then, 3 days after CMB induction, confirmed which
microvessels were repaired or eliminated. We then extracted,
sectioned, and immunolabeled the brains and used the relative
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Fig. 3. Delayed appearance of GFP-expressing macrophages at the lesion site in microglia-depleted mice is associated with microvessel elimination. (A) In vivo
images displaying PLX5622-mediated depletion of cortical microglia over 3 weeks. Inset shows remaining microglia. Scale bars, 50 and 20 um, respectively. (B) Percentage
microglia remaining following PLX5622 in NDB (n = 19 areas, six mice) and diabetic mice (n = 32 areas, six mice). (C) Bright-field images of a blood smear show monocytes
(large-sized and abundant pale blue cytoplasm), neutrophils (dark blue, multilobed nuclei), and lymphocytes (dark nuclei and thin ring of cytoplasm). Scale bars, 20 um.
(D) Graphs show that PLX5622 treatment did not influence blood leukocytes numbers (normalized per 1000 RBCs). (E) Average number of RBCs per group (number of
mice shown in each bar). (F) In vivo images of a microvessel before and after CMB (white arrowheads) in a PLX5622-treated mouse. CX3CR1 GFP cells would often appear
at the bleed site (right; dashed lines show vessel loss). However, when no GFP cells appeared, microvessels were repaired and recanalized (inset line scan shows return of
blood flow). Scale bars, 20 um. (G) Image shows GFP-expressing leukocyte (white arrowhead) in the vascular lumen 1 day after CMB in PLX5622-treated NDB mouse. Scale
bar, 20 um. (H) Percentage of microvessels repaired or eliminated in PLX5622-treated mice as a function of whether GFP-expressing microglia/macrophages were present
(“GFP response,”n = 85) or absent (“no GFP response,”n = 7) at CMB. () Percentage microvessels that were repaired or eliminated in PLX5622-treated NDB and diabetic mice
(n=33 vessels, six mice per group). (J) Percentage of vessels repaired per animal in NDB and diabetic PLX5622-treated groups. NDB and diabetic mice fed standard diet are
shown for comparison. Statistics: Two-way mixed-effects model ANOVA (B), one-way ANOVAs (D and E), chi-squared analysis (I), and Kruskal-Wallis test with post hoc
Dunn’s multiple comparisons test (J). Error bars represent means + SEM.
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Fig. 4. Gal3 is up-regulated following CMBs in diabetic brain and expressed in macrophages associated with microvessel elimination. (A) Quantitative polymerase
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of GFP aggregation (white arrowhead denotes CMB in coronal brain section from CX3CR1 GFP mouse). Scale bar, 100 um. (C) Representative in vivo two-photon and
postmortem confocal images at day 3 showing the expression of GFP, TMEM119, or Gal3 at sites of microvessel repair in a NDB mouse (i) or elimination in a diabetic mouse
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induced per animal. (E) Bar graph showing average area of Gal3* immunostaining that did not colocalize with TMEM119 in CMBs that were either repaired or eliminated.
(F) Pie charts visualizing the proportion of repaired (left) or eliminated (right) microvessels that were associated with TMEM1197/Gal3" cells. Unpaired Student’s t tests
assessed differences between groups for graphs (A, D, and E). Error bars represent means + SEM.
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coordinates of the microbleeds induced in vivo to locate the same
CMB sites in postmortem tissue (Fig. 4, B and C). Confocal imaging
of cellular responses to CMBs revealed a diverse collection of cells
in the microbleed milieu that were indistinguishable from one
another using in vivo two-photon imaging of GFP-expressing cells
(Fig. 4C). By examining colocalization of TMEM119 and/or Gal3
markers in GFP-expressing cells at the site of the CMB (Fig. 4C), we
identified cells with four different expression signatures: TMEM119
expressing resident microglia that express Gal3 or not (see white
and purple cells in Fig. 4D), as well as TMEM119 negative cells that
express Gal3 or not (see cyan and green cells in Fig. 4D). When ex-
amining which unique cell signatures were associated with vessel
elimination, we found that, when a greater number of cells expressed
Gal3, but not the resident microglia marker TMEM119, vessel out-
comes were significantly shifted toward elimination rather than repair
(see cyan cell in Fig. 4, C and D; unpaired Student’s ¢ test, P = 0.0006).
Quantifying Gal3 expression area as a function of TMEM119 expres-
sion area further confirmed that when Gal3 was not colocalized with
TMEM119, microvessels were more likely to be eliminated (Fig. 4E;
unpaired Student’s t test, P < 0.0001). Furthermore, binarizing microvessel
outcomes (repaired versus eliminated) with the presence or absence
of TMEM1197/Gal3" cells showed that these cells were present in
most cases when a vessel was eliminated, but not when it was repaired
(Fig. 4F). In summary, these results indicate that the presence of
Gal3 expressing cells that do not coexpress the brain-resident mi-
croglia marker TMEM119, indicative of these cells’ peripheral origin,
is strongly associated with microvessel elimination after CMB.

To further link Gal3 expressing cells with phagocytic activity at
bleed sites, we quantified lipofuscin deposits as a general marker of
phagocytic activity in cells expressing Gal3 with or without TMEM119
(Fig. 5A). Our analysis revealed that Gal3"/TMEM119™ cells exhibited
significantly greater lipofuscin content relative to Gal3”/TMEM119"
cells, and, although they tended to contain more lipofuscin than their
Gal3"/TMEM119" counterparts, these groups did not differ statisti-
cally (Fig. 5B; one-way ANOVA, F,,4 = 3.627, P = 0.0352; Tukey’s
multiple comparison’s test, Gal3"/TMEM119~ versus Gal3 /TMEM119™:
P =0.0345; Gal3"/TMEM119™ versus Gal3"/TMEM119": P = 0.1412).
Next, we injected adeno-associated virus (AAV1)-BR1-iCre into Ai9
reporter mice to induce cre-dependent td-tomato expression in vascular
endothelial cells (38). One day after induction of injury, we observed
degenerating vascular endothelial cells at damage sites surrounded
by cells expressing the pan-microglia/macrophage marker ionized calcium
binding adaptor molecule 1 (Ibal) or Gal3 (Fig. 5C). In some instances,
suspected macrophage processes were observed enwrapping and segment-
ing the degenerating vascular endothelium (inset in Fig. 5C). Further-
more, we could detect engulfed deposits of endothelial td-tomato
reporter protein within these macrophages (see white arrows in
Fig. 5C). These findings support the idea that Gal3 expressing cells
are particularly phagocytic and are capable of engulfing injured vas-
cular endothelium (17, 18).

Depletion of infiltrative Gal3 expressing macrophages
prevents elimination of microvessels in diabetic mice

The fact that Gal3 is highly expressed in peripheral macrophages
(39) and that Gal3 expressing cells at the lesion site did not coexpress
the resident microglial marker TMEM119 suggested that they infil-
trated the brain via the circulation. Therefore, to prevent the loss of
capillaries after CMB, we depleted circulating macrophages in mice
by intravenous injection of clodronate (CLR). When liposomes containing
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clodronate are engulfed by circulating phagocytic cells, the liposomes
are degraded in the phagolysosome, releasing encapsulated clodronate
and initiating apoptosis. As expected, CLR treatment significantly
depleted monocytes and neutrophils in the blood (Fig. 6A) but did
not affect lymphocytes or RBCs (unpaired Student’s ¢ test, P = 0.10).
We also found that Gal3 expressing macrophages in the spleen
were significantly reduced with CLR treatment (Fig. 6B and fig. S6A;
unpaired Student’s ¢ test, P = 0.0005), whereas PLX5622 had no
effect on these cells (Fig. 6B). Intravenous CLR treatment specifically
targeted peripheral immune cells since we did not observe any changes
in cerebral cortical microglial density with CLR, similar to other reports
using rodent models (fig. S6, B and C; one-way ANOVA, F, 9 =
0.6762, P = 0.5164) (40).

Having confirmed that CLR effectively depleted cells in the circula-
tion or peripheral organs that could give rise to infiltrative macro-
phages, we induced CMBs in diabetic mice treated with vehicle or
CLR before the insult, on the day of CMB induction, and 2 days
after CMB. First, we confirmed that CLR treatment significantly
attenuated the infiltration of Gal3"/TMEM119™ macrophages at the
lesion site in diabetic mice (Fig. 6, C and D; one-way ANOVA,
F, 37 = 14.48, P < 0.0001; Tukey’s multiple comparison’s test, DB
versus CLR DB: P = 0.0344). Notably, CLR did not affect the ap-
pearance of TMEM119" resident microglia (coexpressing Gal3 or not)
at the lesion site (Fig. 6, C and D; one-way ANOVA, F,4; = 0.7862,
P=0.7862). This finding provides further evidence that TMEM119"/
Gal3" cells that normally reside within the brain are not detrimental
to repair, unlike the infiltrative TMEM1197/Gal3" cells. CMBs in
diabetic mice were associated with a significant increase in Gal3
immunostaining area that did not colocalize with the resident
microglia marker TMEM119, which was reversed with CLR treat-
ment (Fig. 6E; one-way ANOVA, F,¢, = 45.49, P < 0.0001; Tukey’s
multiple comparison’s test, DB versus CLR DB: P < 0.0001).

To further understand the effects of CLR on phagocytic activity
and related signaling proteins at bleed sites, we imaged and quantified
lipofuscin content as well as CD68, and triggering receptor expressed
on myeloid cells 2 (TREM2) (41) immunofluorescence at CMBs,
markers that were elevated in our gene expression analysis (see
Fig. 4A). Our analysis revealed that CLR treatment in diabetic mice
significantly reduced the area of lipofuscin signal associated with GFP-
expressing cell aggregates at the site of the CMB relative to vehicle-
treated diabetic mice (Fig. 6F; one-way ANOVA, F, 1, = 4.313, P = 0.0366;
Tukey’s multiple comparison’s test, DB versus CLR DB: P = 0.0236).
Since immunofluorescence staining protocols for Gal3 were in-
compatible with CD68 and TREM2 (due to requirements for heating
associated with antigen retrieval or primary antibody host mismatches),
we present data for each protein separately. CLR treatment in diabetic
mice significantly reduced the percent area of CD68 immunostaining
at the lesion site (Fig. 6, G and H; one-way ANOVA, F,5; = 5.857,
P = 0.0051; Tukey’s multiple comparison’s test, NDB versus DB:
P =10.0222; DB versus CLR DB: P = 0.0078), but not the number of
CD68 puncta (Fig. 61; number of CD68 puncta: one-way ANOVA,
F,51 =0.4932, P = 0.6135). TREM2 expression was also elevated in
diabetic CMBs, and this expression was significantly reduced with
CLR treatment (Fig. 6, ] and K; one-way ANOVA, F,5 = 7.112,
P = 0.0019; Tukey’s multiple comparison’s test, NDB versus DB:
P =0.0058; DB versus CLR DB: P = 0.0051). These findings show
that DB is associated with increased phagocytic activity and TREM2
protein expression at bleed sites, both of which can be reduced and
effectively normalized to healthy control levels with CLR treatment.
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Fig. 5. Phagocytic activity is elevated in Gal3 expressing cells. (A) Top: Confocal
immunofluorescent imaging of brain sections from diabetic mice reveals cells
expressing various combinations of CX3CR1 GFP (green), TMEM119 (purple), Gal3
(red), or Hoechst (blue). Here, we identified three populations of cells expressing
the following: TMEM1197/Gal3*, TMEM119%/Gal3", or TMEM119%/Gal3". Bottom:
The same sections were then imaged at 750 nm of wavelength on the two-photon
microscope to detect lipofuscin (LF, lipofuscin) signal (see white puncta in the bottom
row of images). Scale bars, 20 um (top) and 10 um (bottom). (B) Quantification of
lipofuscin signal within GFP cells binned according to their expression of TMEM119
and/or Gal3. (C) Maximum intensity projection showing an Iba1 (left)- or Gal3
(right)-expressing macrophage engulfing td-tomato-labeled endothelium (white
arrows) following CMB. (i) Highlights macrophage processes segmenting the de-
generating endothelium. (i) Side view (y-z) projection showing the engulfment of
td-tomato-labeled endothelium by a Gal3 expressing macrophage. Scale bars,
20 pm. One-way ANOVA and post hoc Tukey’s multiple comparisons test were
used to compare the amount of lipofuscin observed in different cells (A). Error
bars represent means + SEM.
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To test our hypothesis that Gal3 expressing macrophages were a
primary factor in dictating vessel outcomes in vivo, we imaged
CX3CR1 GFP-expressing microglia/macrophage responses and
microvessel fates over 2 weeks following induction of CMBs in
NDB and diabetic mice treated with or without CLR (Fig. 7A).
These experiments revealed that CLR treatment in diabetic mice
significantly reduced the fraction of microvessels that were elimi-
nated after CMB relative to untreated diabetic mice (5% versus 29%;
Fig. 7, A and B). These same trends were observed when averaging
the percentage of vessels repaired versus eliminated across mice
(Fig. 7C). It is worth noting that the two instances of vessel elimination
in the diabetic CLR-treated group (2 of 37 vessels) came from only
one mouse, and the remaining seven diabetic mice treated with CLR
all showed 100% repair of microvessels after CMB (Fig. 7, B and C).
Together, these in vivo experiments indicate that CLR prevents
Gal3 expressing macrophages from infiltrating bleed sites and
eliminating microvessels in diabetic mice.

DISCUSSION

In the present study, we used two-photon and confocal microscopy
to characterize the long-term repair of CMBs and the evolving im-
mune cell responses to these insults over a 14-day period in a mouse
model of type 1 DB (see summary in Fig. 7D). Following CMB,
~20 to 29% of ruptured capillaries were lost in the diabetic group, a
phenomenon that was not observed in healthy animals that exhibited
repair of all damaged microvessels and their lasting reintegration
into the cerebral circulation. Although physical characteristics of
the aggregated CX3CR1 GFP-expressing cells at the bleed site did
not differ between groups (i.e., in terms of area of GFP expression
and coverage along the vessel), markers of phagocytic activity and
the diverse composition of cells associated with repaired and eliminated
microvessels were distinctive. Specifically, eliminated microvessels
in the diabetic cortex attracted Gal3* macrophages that did not ex-
press the resident/homeostatic microglia marker TMEM119. This
unique population of cells was mostly excluded from the CMB re-
sponse in diabetic mice treated with intravenous CLR, coincident
with improved microvascular repair rates and reduced phagocytic
activity. Together, these findings identify a cellular target associated
with the pathological elimination of microvasculature in DB that can
be modulated via depletion of invasive macrophages.

The heterogeneity of microglia and brain macrophages under
homeostatic and disease conditions has been increasingly highlighted
by recent publications (42-44). Here, we sought to further define the
microglia/macrophage population at microvascular bleed sites by
examining colocalization of CX3CR1 GFP, CD206, TMEM119 (28),
and Gal3. Our initial attempts to understand which cells invaded the
bleed site revealed that CD206-expressing meningeal and perivascu-
lar macrophages, which usually reside on the pial surface or along
penetrating vessels, were not participating in the response. This is
perhaps expected given the depth of bleeds induced (50 to 100 pm
from the surface) and the considerable migratory distance that
would be required. On the basis of recent reports showing that
Gal3 expressing microglia/macrophages are resistant to chronic
PLX5622 treatment (35), in tandem with our time-lapse imaging ex-
periments showing that a PLX5622-resistant cell population could
appear at bleed sites 24 hours after induction, we turned our atten-
tion toward Gal3 expressing cells. Although Gal3 was originally
identified on peripheral inflammatory macrophages, several studies
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Fig. 6. Clodronate treatment depletes peripheral immune cells, attenuates the infiltration of TMEM1197/Gal3" cells, and reduces phagocytic activity at bleed
sites. (A) Quantification of neutrophils, lymphocytes, and monocytes, normalized to RBCs, from blood smears in vehicle- and CLR-treated (n =4 mice per group) mice.
(B) Graph showing the effect of clodronate or PLX5622 on optical density (O.D.) of Gal3 expressing macrophages in spleen (n =4 mice per group). AU, arbitrary units.
(€) Confocal images showing expression of Gal3, TMEM119, and Hoechst 33342 expression 3 days after CMB. Scale bars, 20 um. (D) Quantification of cell numbers and phe-
notype based on expression of TMEM119 and/or Gal3 at bleed sites in NDB (n = 8), diabetic (n = 10), and clodronate-treated diabetic mice (n =6). (E) Percent area of Gal3*
immunostaining that does not colocalize with TMEM119in NDB (n =33 CMB from 8 mice), diabetic (n =39 CMB from 10 mice), and clodronate-treated diabetic (n=18
CMB from 6 mice) groups. Data were normalized to NDB values. (F) Quantification of lipofuscin at CMBs in NDB (n =43 CMB from 17 mice), diabetic (n =45 CMB from 14
mice), and clodronate-treated diabetic mice (n =39 CMB from 8 mice). (G) Confocal images show expression of CD68 within GFP-expressing cells 3 days after CMB. Scale
bars, 20 um. (H) Graph showing percent area of CD68 colocalization with GFP-expressing cells at CMBs from NDB (n = 16 CMBs from six mice), diabetic (n = 18 CMBs from
six mice), and clodronate-treated diabetic (n =18 CMBs from six mice) mice. (I) Number of CD68 particles within GFP cells at each CMB. (J) Confocal images showing
immunofluorescent staining for Ibal and TREM2 3 days after CMB. Scale bars, 20 um. (K) Percent area of TREM2 immunostaining at CMBs in NDB, diabetic, and clodronate-
treated diabetics (n = 6 mice per group). Statistics based on unpaired Student’s t test (A) or one-way ANOVAs with post hoc Tukey’s multiple comparisons tests (B, D to F,
H, 1, and K). Error bars represent means + SEM.
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have documented the presence of Gal3 expressing cells in the in-
jured brain and mouse models of vascular dementia (45, 46). For
example, the Kriz laboratory and others have shown that Gal3 is ex-
pressed by proliferative resident microglia that minimize brain dam-
age after ischemic stroke in NDB/healthy mice (47, 48). We also
found Gal3 expressing cells at bleed sites, as well as in the uninjured
hemisphere of both NDB and diabetic mice. However, a key con-
sideration was whether the Gal3" cell also expressed the resident/
homeostatic microglia marker TMEM1119. Under diabetic condi-
tions, when vessels were eliminated, most recruited cells were
Gal3*/TMEM119~, whereas repaired vessels rarely contained these
cells. Gal3 expression has paradoxically been associated with both
protective (47-49) and degenerative (25, 26, 50-52) roles in various
injury and disease contexts. For example, Pugliese et al. (49) showed
that Gal3 knockout in diabetic mice exacerbated functional renal de-
generation and pathological structural changes in glomeruli, includ-
ing increased expression of extracellular matrix components and
mesangial thickening, resulting from impaired scavenging of ad-
vanced glycation end products. Conversely, others have noted that
Gal3 expression is associated with phagocytic microglia/macrophages
and contributes to the pathological removal of synapses and axonal
tracts during aging (26), traumatic brain injury (51), and neuro-
degenerative diseases (25, 50). These seemingly duplicitous functions
may be attributed to the fact that Gal3 is present in disparate subcellular
compartments (including the cytoplasm, nucleus, extracellular space,
etc.) and can be modulated through various posttranscriptional
modifications (53), thus enabling diverse signaling mechanisms
and functions depending on the specific disease, injury, or tissue
studied. To better resolve this question and identify which Gal3
expressing leukocytes mediate vessel loss, future studies using
cell-specific cre-driver lines crossed with Gal3 floxed mice are cer-
tainly warranted.

In the context of microvascular elimination, Gal3 signaling may
act through several pathways in infiltrative leukocytes to drive this
outcome. Notably, activated peripheral leukocytes, including mono-
cytes and neutrophils, are known to secrete Gal3 that serves as an
endogenous ligand for Toll-like receptor 4 (TLR4) (52). Activation of
TLR4 amplifies local inflammation through initiation of proinflammatory
nuclear factor kB and caspase (3/7 and 8) signaling, increased cytokine
production, and inducible nitric oxide synthase (iNOS) generation
(52). Functioning in both autocrine and paracrine modalities, Gal3
promotes the development of classically activated macrophages and
up-regulates expression of interleukin-12, tumor necrosis factor-a,
and iNOS in target cells (54). Infiltrative leukocytes that highly ex-
press iNOS may be particularly relevant to microvessel loss in dia-
betic mice, given that they are associated with demyelinating lesions
and tissue damage in a mouse model of multiple sclerosis (55). Micro-
vascular dysfunction (specifically, the loss of functional hyperemia) in the
diabetic retina has also been specifically linked to increased iNOS expression
that can be mitigated with iNOS inhibitors (56). Future work investigat-
ing the protective effects of blocking the downstream targets of Gal3
signaling, such as an iNOS inhibitor, would provide additional insight
into the molecular mechanisms by which Gal3 expressing macro-
phages contribute to microvascular elimination.

The highly phagocytic nature of infiltrative Gal3 expressing
macrophages may explain why they are associated with vessel elimi-
nation. In particular, Gal3 was recently identified as an endogenous
TREM?2 ligand and has been shown to modulate phagocytosis of
B-amyloid protein in a mouse model of Alzheimer’s disease (57).
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The implication that recruited Gal3*/TMEM119~ macrophages at
injury sites are highly phagocytic is supported by our data, high-
lighting the presence of engulfed endothelial debris in these cells, as
well as increased intracellular lipofuscin content. Furthermore, we
noted that the elevated expression of TREM2 (a protein required for
microglia/macrophage phagocytosis) (10) at diabetic bleed sites
could be reduced to normal levels by depleting Gal3 expressing
macrophages with clodronate. These macrophages could conceivably
represent the same population of Ibal*/CX3CR1 GFP-expressing
macrophages that line the penumbra and engulf microvessels after
stroke (21). We also note that our results do not necessarily conflict
with previous studies, showing that macrophages play a role in re-
pairing damaged blood vessels (15), since other macrophages (e.g.,
GFP" cells that did not express Gal3) were present at the bleed site.
For example, we observed Gal3"/TMEM1197/GFP" cells at CMB
sites that could aid in repair; however, we did not find them significantly
associated with a particular vessel outcome (see Fig. 4). In summary,
while Gal3*/ TMEM119" cells that normally reside within the brain
parenchyma may serve a protective role in response to injury, our
data indicate that Gal3"/TMEM119~ macrophages recruited to in-
jury sites, especially in a chronic disease state such as DB, are highly
phagocytic and promote the elimination of microvessels.

An interesting question raised by our study concerns the source
of the Gal3"/TMEM119~ cells recruited to injury sites in the diabetic
brain. While providing a definitive answer to this question is very
difficult given the highly mutable gene expression profiles and mor-
phology of microglia/macrophages and their mobility from blood
to brain and vice versa (58), our data argue that they arise from the
circulation. First, when imaging CMBs following microglia deple-
tion, we found that CX3CR1 GFP-expressing cells would appear at
the lesion site within 24 hours, fitting with the time frame for circu-
lating monocyte/macrophage invasion described in previous
microbleed and ischemic stroke studies (12, 58, 59). Furthermore,
there are previous reports suggesting that the diabetic brain is espe-
cially permissive to immune cell infiltration given that endothelial
cells exhibit increased expression of adhesion proteins involved in
the leukocyte transmigration pathway (60) and greater BBB perme-
ability after stroke or microbleed (3, 8, 61). It is also for this reason
that we opted against doing bone marrow transplant experiments,
which are not easily tolerated even in healthy mice and are known
to disrupt the BBB and lead to the artificial recruitment of macro-
phages; these issues would therefore further complicate any conclusions
about the source of recruited cells. Second, Gal3™ cells recruited to
injury sites did not express TMEM119, which previous studies have
shown is highly specific to microglia and not peripheral or brain-
residing macrophages (28). Although there is evidence that TMEM119
expression can change in disease states (37), we did not detect a
significant change in gene expression with induction of CMB or
DB (see Fig. 4A), and we were always able to detect TMEM119 im-
munostaining in cells surrounding microbleeds. Lastly, we showed
that intravenous clodronate administration, could deplete circulat-
ing monocytes/macrophages and prevent the recruitment of Gal3*/
TMEM119™ cells to the bleed site without affecting resident microg-
lia expressing TMEM119. Despite the evidence supporting a pe-
ripheral source for Gal3"/TMEM119~ cells, we acknowledge the
possibility that a clodronate-sensitive Gal3"/TMEM119 /CD206"
macrophage, perhaps from the meningeal surface, could migrate to
the bleed site, similar to what has been described for skull-derived
neutrophils after stroke (62). Future fate mapping time-lapse imaging
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studies using Gal3 and TMEM119 reporter mice would be needed
to resolve this question definitively.

The present data suggest that diabetes enhances the infiltration
of phagocytic macrophages at injury sites. While our study is the first
to describe such a phenomenon in the diabetic brain, at least to our knowl-
edge, it is reminiscent of other studies showing that certain disease
states or injuries are accompanied by the invasion of monocyte-derived
macrophages and neutrophils that contribute to neuropathology
(63, 64). For example, in animal models of multiple sclerosis,
infiltrative monocytes promote neuroinflammation, are highly
toxic to neurons, and are strongly associated with disease progres-
sion (65-67). However, an unresolved question from our current
work pertains to why the diabetic condition would enhance the
recruitment of macrophages. Previously, we showed that a chronic
perturbation in interferon-y signaling in type 1 DB diminishes
acute microglial envelopment of microbleeds (within 1 hour) and
exacerbates BBB disruption (8). It is conceivable that greater, per-
sistent BBB permeability after injury may enhance the release of
chemotactic signals and thus promote the recruitment of circulat-
ing immune cells. Another possibility is that the chronic low-grade
inflammation associated with type 1 DB may alter how resident
microglia interact with, and potentially restrict, the entry of infiltra-
tive macrophages (68, 69). For instance, microglia activated by
demyelinating lesions are enriched with interferon signaling genes
that may serve to limit the invasion of circulating monocytes (32).
In this context, studies using single-cell transcriptomics of resident
microglia and putative macrophages (i.e., Gal3*/TMEM1197) at
diabetic bleed sites could further define molecular mechanisms that
promote vessel elimination.

The notion of vessel repair is unquestionably a complex process
involving multiple cell types associated with the neurovascular unit.
In the present work, we opted for a decidedly simplistic concept of
repair and binarized the outcome of microvessels damaged by CMBs.
Specifically, a vessel was designated as repaired when it regained
blood flow and persisted for the entire 14-day imaging period; con-
versely, vessels were “eliminated” when they failed to regain blood
flow (based on the absence of streaking RBCs in the blood plasma)
and essentially disappeared, given that there were no traces of intra-
luminal fluorescent dextran in the capillary segment. We reasoned
that the preservation and recanalization of microvessels, invariably
noted in healthy, NDB CX3CR1 mice (note that repair rates could
vary across mouse strains), was a reparative response. While one
could argue that the loss of microvessels in diabetic mice could also
be reparative in acute injury, the long-term impact of microvascular
elimination could compound over time and have deleterious conse-
quences. Type 1 DB is a known risk factor for micro- and macrovas-
cular dysfunction, and human imaging studies have highlighted
extensive functional and anatomical cerebrovascular pathology in this
disease, including increased incidences of CMBs (6, 7). Indicative of
permanent cerebral vascular damage, as few as four coincident CMBs
have been correlated with cognitive impairment (5). The heightened
propensity for microvascular injury and loss under the diabetic con-
dition that we describe may help support clinical reports of impaired
cerebral blood flow regulation and progressive, aging-related deterio-
ration of cognitive function (70). Notably, Van Duinkerken et al.
(71) identified a significant correlation between the prevalence of
microangiopathy in patients with type 1 DB and reduced func-
tional connectivity assessed using functional magnetic resonance im-
aging techniques. In this context, the prevention of microvascular
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loss after injury in diabetic mice with CLR administration merits
further research to assess its therapeutic potential in mitigating
cerebrovascular pathology.

MATERIALS AND METHODS

Animals

Animals involved in this study were used and cared for in accor-
dance with approved guidelines set forth by the University of Victoria
Animal Care Committee and the Canadian Council on Animal Care.
Reporting of this work complies with ARRIVE guidelines. Two- to
3-month-old male CX3CR1*/“*F mice [research resource identifi-
ers (RRID): IMSR_JAX:005582] on a C57BL/6] background (RRID:
IMSR_JAX:000664) were used in all experiments (72). As previously
reported by our group, there are no significant differences between
microglial responses to CMBs in mice heterozygous for the Cx3cr1
gene relative to those with both Cx3crl alleles intact (8). Animals
were group-housed on ventilated racks in a humidity-controlled
(40 to 50% relative humidity) and temperature-controlled (21° to
23°C) facility with a 12-hour light/12-hour dark cycle and given ad
libitum access to food and water. For microglia depletion experiments,
PLX5622 diet (1200 ppm), generously provided by Plexxikon,
was substituted for regular irradiated mouse chow (AIN-76A,
Research Diets). Mice were given ad libitum access to the PLX5622
diet 3 weeks before in vivo imaging and received the diet through-
out the remainder of the experiment.

Surgical procedures
For the experiments described in this study, two surgical proce-
dures were used: a chronic cranial window implantation for longi-
tudinal in vivo two-photon microscopy and a thin skull preparation
for generating tissue with CMBs for immunofluorescent staining
and confocal microscopy. In all preparations, mice were anesthe-
tized using gaseous isoflurane (2% for induction and 1.3% for
maintenance) in medical air (80% N, and 20% O,) at a flow rate of
0.7 liter/min and head-fixed in a custom surgical stage. A tempera-
ture feedback regulator and rectal probe thermometer maintained
the animals’ body temperature at 37°C throughout the procedure. A
0.03-ml bolus of lidocaine was injected subcutaneously at the
surgery site and allowed to diffuse for several minutes before an
incision was made. Mice implanted with a chronic cranial window
also received a 0.03-ml intramuscular injection of 2% dexametha-
sone to reduce acute inflammation resulting from the procedure.
Chronic cranial windows were installed on mice 5 weeks before
beginning in vivo two-photon imaging. An incision was made along
the midline of the scalp, and a custom metal ring (outer diameter,
11.3 mm; inner diameter, 7.0 mm; height, 1.5mm) was positioned
over the right somatosensory cortex and secured to the skull
with Krazy Glue. A circular area (diameter, ~4 mm) within the
metal ring was thinned using a high-speed dental drill, and cold
Hepes-buffered artificial cerebrospinal fluid (ACSF) was applied
regularly to the skull during the drilling procedure to cool the area.
Fine forceps were used to remove the thinned skull fragment, and
gel foam soaked in cold ACSF was used to moisten the exposed
brain; the dura was kept intact. A 5-mm no. 1 thickness coverslip
was placed over the craniectomy and secured to the skull using
Krazy Glue and dental cement. Mice were allowed to recover under
a heat lamp and monitored regularly before being returned to their
home cages.
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Thin skull surgical procedures were performed on the day of
CMB induction. A square area of ~16 mm?* was thinned over the
right somatosensory cortex using a high-speed dental drill, and cold
ACSF was applied to the skull intermittently during the procedure.
When small meningeal blood vessels became visible through the
skull upon addition of ACSF, the drilling procedure was deemed
complete. Isoflurane anesthesia was reduced to 1% in medical air,
and the mouse was immediately transferred to a custom-built imag-
ing stage on the two-photon microscope for CMB induction, as
described below. After 8 to 10 CMBs were induced per animal,
separated by at least 250 um, the scalp was sutured closed and the
mouse was then returned to its home cage for 3 days before it was
euthanized and processed for immunofluorescence.

DM induction and treatment groups

Mice were randomly assigned to treatment groups: NDB, diabetic,
and insulin-treated diabetic. Following cranial window implanta-
tion, and 4 weeks before in vivo two-photon imaging, mice were
fasted for 5 hours before they received intraperitoneal injections
staggered over 3 to 4 days of either vehicle or STZ (75 mg/kg) in
sodium citrate buffer (pH 4.5) to induce DB. This protocol of
administering multiple low doses of STZ minimizes the possibility
of any direct toxic effects of STZ on the brain. Mice were given ad
libitum access to 5% sucrose water for the first day following STZ
injection to prevent acute hypoglycemia. Type 1 DM onset was con-
firmed 1 week following the first STZ injection by using an Aviva
Accu-Chek blood glucose meter on a drop of blood from the tail
vein of treated mice. Similar to previous work (8), mice with blood
glucose values of >15.0 mM were defined as diabetic. Mice that
had received STZ injections but did not exceed the hyperglycemic
threshold were given a single, additional dose of STZ. NDB mice con-
sisted of animals that failed to surpass the hyperglycemic threshold
following the top-up dose of STZ and mice that were fasted and
received equivalent injections of vehicle. The subset of confirmed
diabetic mice assigned to receive insulin treatment was implanted
with slow-release insulin pellets (0.1 U/24 hours; LinBit, LinShin
Canada Inc.) 1 week after confirmation of DM. To implant the
pellets, mice were lightly anesthetized with isoflurane (1 to 1.3%) in
medical air and received a 0.03-ml bolus of subcutaneous lidocaine
injected between the shoulder blades. A small incision was made in
the skin at the injection site, and the insulin pellet(s) were inserted
between the skin and the muscle tissue. The incision was sutured
shut, and the mouse was regularly monitored as it recovered under
a heat lamp.

For drug intervention experiments, mice received intravenous
CLR (50 mg/kg; Liposoma B.V.) 2 days before CMB induction, on
the day of CMB induction, and 2 days later. This treatment regimen
ensured sustained depletion of peripheral macrophages. Diff-Quik
histological staining confirmed depletion of circulating immune
cells in treated animals.

In vivo two-photon imaging and CMB induction

Mice were lightly anesthetized with isoflurane (~1% in medical air)
and received intravenous administrations of 0.1 ml of rhodamine
B dextran (Sigma-Aldrich; 4% in sterile saline or CLR solution for
intervention experiments) to permit visualization of the vasculature.
High-resolution two-photon images of GFP-expressing microglia/
macrophages and vasculature in the somatosensory cortex were
acquired in vivo using an Olympus FV1000MPE laser scanning
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microscope fed by a mode-locked Ti:Sapphire laser source (Mai Tai
XF DeepSee, Spectra-Physics) and equipped with a water-dipping
40x objective lens [Olympus; numerical aperture (NA) = 0.8].
Fluorescence or autofluorescence imaging was achieved by tuning
the laser to 750 nm (lipofuscin), 880 nm (for rhodamine B dextran
and GFP excitation), or 900 nm (Cy5). Emitted light was split by a
dichroic filter (552 nm) before it was directed through band-pass
filters (495 to 540 nm and 558 to 706 nm). Z-stacks of 45 um in
depth were composed of individual images of 144 um by 144 pm
(1024 by 1024 pixel resolution) collected at 1.5-pum z-step intervals.
Each image acquired was the product of three averaged images per
plane (Kalman = 3 frames). Vessel landmarks and imaging coordi-
nates were used to image the same areas on the day of CMB induc-
tion (D0) and 1, 3, 7, and 14 days thereafter.

As previously described (8), microbleeds were induced by tar-
geting the center of a flowing microvessel (3 to 6 um in width), 50 to
100 um below the cortical surface, with the two-photon laser
(850 nm, ~220 mW at the back aperture) for a period of ~6 s. CMBs
were induced at least 250 pm apart. Successful vessel rupture was
confirmed by extravasation of fluorescent plasma immediately
following cessation of the induction protocol. A single, in-plane
image was acquired to record the rupture of the microvessel.

Immunofluorescent staining and imaging

Mice were euthanized with sodium pentobarbital (Euthanyl diluted
1:1 in sterile saline; Bimeda-MTC Animal Health Inc.) and tran-
scardially perfused with 10 ml of 0.1 M phosphate-buffered saline
(PBS), followed by 10 ml of 4% paraformaldehyde (PFA) in 0.1 M
PBS. Whole brains and spleens were extracted and fixed overnight
in 4% PFA. Brains were then transferred to a sucrose solution (30%
in 0.1 M PBS with 0.02% sodium azide) for sectioning on a freezing
microtome (American Optical Corp.). Forty micrometers of coro-
nal sections were collected and stored in 12- or 24-well plates with
sodium azide (0.02% in 0.1 M PBS). Spleens were stored in 0.1 M
PBS with 0.02% sodium azide and sectioned on a vibratome (Leica
T1000) at 50 um; slices were stored in 12-well plates with 0.1 M PBS
and 0.02% sodium azide. The TREM2 antibody required antigen
retrieval, which involved incubating sections for 30 min at 75°C in
10 mM sodium citrate buffer (pH 6.0). Primary antibody concen-
tration and incubation conditions were as follows: (i) rabbit anti-
TMEM119: 1:1000 in 0.1 M PBS (RRID: AB_2800343); (ii) mouse
anti—Ibal: 1:1000 in 0.1 M PBS (RRID: AB_10917271); (iii) rat
anti-CD206: 1:1000 in 0.1 M PBS with 0.2% Triton X-100 and 2%
bovine serum albumin (BSA; RRID: AB_322613); (iv) rat anti-
CD68: 1:1000 in 0.1 M PBS with 0.2% Triton X-100 and 2% BSA
(RRID: AB_324217); (v) rat anti-Gal3 (Mac2): 1:1000 in 0.1 M PBS
with 0.2% Triton X-100 and 3% normal donkey serum (NDS; RRID:
AB_10060357); and (vi) sheep anti-TREM2: 1:200 in 0.1 M PBS
with 0.2% Triton X-100 and 5% NDS (RRID: AB_354956). All
primary antibodies were incubated overnight at 4°C, with the ex-
ception of TREM2, which required a 2-day incubation at 4°C, and
washed in 0.1 M PBS before incubation in secondary antibodies for
4 hours at room temperature (1:400 Cy5 donkey anti-rat, Invitrogen;
1:400 Cy5 goat anti-rabbit, Invitrogen; 1:500 Cy5 donkey anti-sheep
and 1:500 Alexa Fluor 488 goat anti-mouse, Invitrogen; 1:400 Alexa
Fluor 568 goat anti-rabbit, Invitrogen). Next, sections were incubated
in Hoechst 33258 (1:1000 in 0.1 M PBS; Thermo Fisher Scientific)
for 15 min and then washed and mounted on gelatin-coated glass
slides and coverslipped with Fluoromount-G (SouthernBiotech).
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Imaging of immunofluorescence-labeled sections was per-
formed using an Olympus FV1000BX61W1 confocal microscope
equipped with either a 20x objective (Olympus; NA = 0.75) or an
oil-immersion 60x objective (Olympus; NA = 1.35). Images were
collected using FV10-ASW software (RRID: SCR_014215) and the
following settings for 20x or 60x image acquisition, respectively:
zoom factor of x1.8, 1024 by 1024 pixel resolution (0.345 um per
pixel), and 1 um of z-step between subsequent slices or zoom factor
of x2.0, 1024 by 1024 pixel resolution (0.103 um per pixel), and
0.75 um of z-steps. Two images were averaged per plane in both
imaging contexts.

Histological staining of blood cells

The depletion of circulating leukocytes following CLR treatment
was quantified using a Diff-Quik staining kit (Electron Microscopy
Sciences). A 1- to 3-ul drop of blood from the tail vein of a mouse
was smeared on a glass slide and allowed to air-dry. Each animal
provided five blood smears. Dry slides were dipped eight times,
submerged for 1 s each time, in the following kit solutions: fixative
(Fast Green in methanol), solution A (eosin G in phosphate buffer),
and then solution B (thiazine dye in phosphate buffer). Excess solu-
tion was allowed to drain from the slide after each dip, and slides
were rinsed in distilled water after solution B staining. Slides were
air-dried and imaged with a bright-field microscope (Olympus
BX-51) equipped with a 40x Olympus objective lens (NA = 0.65).
Images were acquired in the monolayer of the blood smear, and
20 tiled images were taken per slide. Leukocytes were identified by
morphological features: Neutrophils exhibited dark blue, multi-
lobed nuclei, and pale pink cytoplasm; monocytes had dark purple
nuclei and pale blue cytoplasm; and lymphocytes had dark blue
nuclei surrounded by a barely distinguishable region of pale purple
cytoplasm (see Fig. 3C). The RBCs counted in each imaging area
were used to standardize the number of leukocytes quantified. The
total number of leukocytes and RBCs counted per slide were
averaged across the five slides obtained from each animal to com-
prise an individual sample.

Quantitative real-time polymerase chain reaction

RNA was extracted from flash-frozen brain tissue using an RNase
Easy kit with deoxyribonuclease treatment following the manufac-
turer’s instructions (QIAGEN, Canada). RNA concentrations were
measured using NanoDrop 1000 (Thermo Fisher Scientific), and
samples were stored at —80°C until further use. cDNA was synthe-
sized from 100 ng of RNA and prepared using an high-capacity
cDNA synthesis kit (Applied Biosystems) on a Bio-Rad T100 thermo-
cycler (Bio-Rad, Mississauga, Ontario, Canada). cDNA was diluted
fivefold for reverse transcription quantitative polymerase chain
reaction (RT-qPCR) analysis. Primers were designed using the
National Center for Biotechnology Information portal and OriGene,
and primer amplification efficiencies and specificities were calculated
using serial dilutions and melt curve analysis. RT-qPCR was carried
out using 10 pl of reaction mixture (1 pl of cDNA, 2.5 pmol of each
primer, and 5 ul of the SYBR Select Master Mix). Fluorescent
signals were acquired by StepOnePlus RT-PCR System (Applied
Biosystems), and data were analyzed using Design and Analysis
software version 2.4.3 (Applied Biosystems). Thermocycling condi-
tions used were 50°C (2 min), 95°C (2 min), followed by 40 cycles of
95°C denaturation (15 s), and 60°/62°C annealing (1 min). Tripli-
cate reactions were performed for each sample, and C; values were
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averaged and normalized to the expression of geometric mean of
Tbp and Hprt using comparative C; method (AAC) to calculate
relative mRNA levels. The forward and reverse primers used for gPCR
were as follows: Lgals3 (Gal3), CCCAACGCAAACAGGATTGT and
TGGTCAGCTTCAACCAGGAC; Cd68, ACTTCGGGCCAT-
GTTTCTCTT and GGGGCTGGTAGGTTGATTGT; Trem2,
CTTGCTGGAACCGTCACCAT and CTTGATTCCTGGAGGT-
GCTGT; Tmem119, CTTCACCCAGAGCTGGTTCCATA and
CCGGGAGTGACACAGAGTAG; Cd206 (Mrcl), ATCATTC-
CCTCAGCAAGCGA and GTGGATACTTGCCAGGTCCGC; TGFp1,
TGATACGCCTGAGTGGCTGTCT and CACAAGAGCAGTGAG-
CGCTGAA; TGFBR1, TGCTCCAAACCACAGAGTAGGC and
CCCAGAACACTAAGCCCATTGC; Mertk, TTGGGACGTTG-
GTGGATACG and CTTCTCGGCAGTGCCTCC; Axl, GACAAC-
CCGGCCCTGC and CCTCGGTCTGTGTGTCCTTA; Apoe,
GAACCGCTTCTGGGATTACCTG and GCCTTTACTTCCGT-
CATAGTGTGC; Tbp (housekeeping), CCCCACAACTCTTCCATTCT
and GCAGGAGTGATAGGGGTCAT; Hprt (housekeeping), AGCCTA-
AGATGAGCGCAAGT and TTACTAGGCAGATGGCCACA.

Analysis of microvascular blood flow velocity, diameter,
length, and elimination

Blood flow velocity was quantified from line scans captured along
the length of the microvessel, taken 30 to 60 s apart. Velocity was
calculated on the basis of the inverse slope of the linear RBC streaks
in the line scan. A minimum of three slopes per line scan, averaged
across three line scans, were used to calculate the blood flow velocity.
Microvessel diameter was determined as the full width at half maxi-
mum pixel gray values of a line’s profile plotted perpendicular to
the vessel. The length of a microvessel was also assessed as the
distance, in three dimensions, between its nearest branch points. A
microvessel was deemed eliminated if one end of the vessel had re-
tracted completely from its original branch point and it lacked RBC
streaking in line scans.

Analysis of microglia and macrophage responses

to CMBs invivo

To calculate the two-dimensional area of GFP-expressing cells
around the CMB at each time point, the central plane of the z-stack
was separated into red and green channels, and the resulting images
were smoothed using a Gaussian filter (radius = 2.00). The images
were binarized using a Li threshold, and the vessel region of interest
(ROI) was selected in the red channel and overlaid on the green
channel. The total area of signal pixels, corresponding to GFP-
expressing cells, directly apposed to the overlaid selection was
determined and constituted the two-dimensional area of GFP asso-
ciated with the vessel. The percentage of vessel coverage was calcu-
lated using similarly processed images but involved tracing the left
and right luminal aspects of the vessel in the binarized red channel.
The total number of signal pixels intersecting with the two lines
drawn across the vessel was expressed as a ratio of total pixels and
determined the percent of vessel coverage by GFP-expressing cells.
To determine the colocalization of lipofuscin autofluorescence with
GFP, red and green channels were split for each plane in the ac-
quired z-stack. Each image was smoothed using a Gaussian filter
(radius = 1.00) and binarized using a Li threshold. ROIs were
selected in the green channel and overlaid on the binarized red
channel, and the percent colocalization was determined by dividing
the total area of the ROIs by the total area of lipofuscin signal particles
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encompassed by the ROIs over all planes in the z-stack. For experi-
ments colocalizing lipofuscin with CD68 immunofluorescence,
images of CD68, immunolabeled with Cy5, were acquired with the
two-photon microscope at 900 nm, and lipofuscin particles were
imaged at 750 nm. Signal from each substrate was overlaid to assess
colocalization and expressed as a percentage.

Postmortem imaging and analysis of brain sections
CMBs induced in vivo, 3 days before collection of brain tissue, were
identified in superficial layers of the right somatosensory cortex in
postmortem brain sections. To assess the colocalization of Gal3 and
TMEM119, single planes from confocal image stacks were split into
individual channels. Images representing Gal3 and TMEM119
immunofluorescence were smoothed using a Gaussian filter (radius =
1.00) and binarized using a Li threshold. ROIs were selected from the
channel representing TMEM119 immunostaining and overlaid
on the channel representing Gal3. The area of the ROIs occupied by
Gal3 signal pixels was determined for each plane in the stack, and the
percent colocalization was calculated by dividing the total area of the
ROIs by the total area of encapsulated pixels representing Gal3
immunostaining. Percent area of colocalization of CD68 with GFP
and TREM2 with Ibal was achieved using the same methods.
Morphological analyses of microglial soma cross-sectional area
and total process length per cell were performed using Fiji software
(RRID: SCR_002285). Briefly, 10 images from the center of two-
photon image stacks (144 pm by 144 um collected at 1.5 pm of
z-step intervals), acquired before the induction of microbleeds, were
z-projected (maximum intensity) and median-filtered. For soma
quantification, a moments threshold was applied, and labeled soma
were counted using the built-in analyze particles function. To esti-
mate microglial process length, a Li threshold was applied to images,
and resultant binary signals were dilated and then skeletonized. To-
tal process length was estimated with the analyze particles function.

Recombinant AAV-BR1-Cre vector for labeling vascular
endothelial cells

AAV-BR1-Cre vector was produced in Sf9 insect cells by the modi-
fied baculovirus expression system. Sf9 insect cells in Insect-XPRESS
medium (Lonza, Basel, Switzerland) containing gentamycin
(10 mg/liter) (Sigma-Aldrich, Darmstadt, Germany) was infected
with high-titer stocks of two recombinant baculoviruses, one con-
taining the AAV2-NRGTEWD (“AAV-BR1”) rep and cap genes (38)
and the other containing a CAG promoter—driven iCre expression
cassette embedded between AAV2 inverted terminal repeats based
on the pAAV-CAG-iCre plasmid. Cells were cultured in normal at-
mosphere at 27°C and 110 rpm. AAV-BR1-iCre vector was purified by
ultracentrifugation in a discontinuous iodixanol gradient, according
to a previously published protocol. After ultracentrifugation, the
purified AAVs contained in the 40% iodixanol fraction were aspi-
rated and transferred to 10,000 molecular weight cutoff Vivaspin
tubes (Sartorius, Gottingen, Germany) for dialysis in PBS. To induce
fluorescent labeling of vascular endothelial cells, td-tomato reporter
mice (RRID: IMSR_JAX:007909) were intravenously injected with
25 ul of AAV-BR1-iCre, and their brains were collected 3 to 4 weeks
later and prepared for immunohistochemistry.

Statistics
All imaging data were stored on a computer for off-line image process-
ing with Image] (V1.52p, RRID:SCR_003070) and statistical analysis
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using GraphPad Prism (versions 7 and 8, RRID:SCR_002798).
Two-tailed Student’s ¢ tests (paired or unpaired, as appropriate)
were used to analyze differences between two groups. One-way
ANOV As were performed to compare differences between groups
when a priori comparisons were not made. Two-way mixed-effects
model ANOVAs were used to assess group differences over time.
Significant main effects from ANOVAs were analyzed post hoc
with Tukey’s multiple comparisons tests. Chi-squared analyses were
used for binomial data to determine whether microvessel elimination
rates differed between groups. P < 0.05 was accepted as statistically
significant. All experimental values are presented as means + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabg2712/DC1

View/request a protocol for this paper from Bio-protocol.
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