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Development of cerebral microhemorrhages =

in a mouse model of hypertension

Danny F. Xie?", Chuo Fang®", Christian Crouzet', Yu-Han Hung?, Adrian Vallejo?, Donghy Lee?, Jihua Liu*,
Han Liu®, Suhrith Muvvala', Annlia Paganini-Hill', Wei Ling Lau®, David H. Cribbs?, Bernard Choi'*%’" and
Mark Fisher'8"

Abstract

Cerebral microhemorrhages (CMH) are the pathological substrate for MRI-demonstrable cerebral microbleeds, which
are associated with cognitive impairment and stroke. Aging and hypertension are the main risk factors for CMH. In
this study, we investigated the development of CMH in a mouse model of aging and hypertension. Hypertension

was induced in aged (17-month-old) female and male C57BL/6J mice via angiotensin Il (Ang Il), a potent vasoconstric-
tor. We investigated the vascular origin of CMH using three-dimensional images of 1-mm thick brain sections. We
examined Ang ll-induced CMH formation with and without telmisartan, an Ang Il type 1 receptor (AT1R) blocker. To
evaluate the effect of microglia and perivascular macrophages on CMH formation, mice were treated with PLX3397,

a selective colony-stimulating factor 1 receptor (CSF1R) inhibitor, to achieve microglial and macrophage depletion.
Iba-1 and CD206 labeling were used to study the relative contributions of microglia and macrophages, respectively,
on CMH formation. CMH quantification was performed with analysis of histological sections labeled with Prussian
blue. Vessels surrounding CMH were primarily of capillary size range (< 10 um in diameter). Ang ll-infused mice
exhibited elevated blood pressure (p<0.0001) and CMH burden (p <0.001). CMH burden was significantly correlated
with mean arterial pressure in mice with and without Ang Il (r=0.52, p <0.05). Ang Il infusion significantly increased
Iba-1 immunoreactivity (p <0.0001), and CMH burden was significantly correlated with Iba-1 in mice with and without
Ang Il (r=0.32, p<0.05). Telmisartan prevented elevation of blood pressure due to Ang Il infusion and blocked Ang
ll-induced CMH formation without affecting Iba-1 immunoreactivity. PLX3397 treatment reduced Iba-1 immunore-
activity in Ang ll-infused mice (p <0.001) and blocked Ang ll-induced CMH (p < 0.0001). No significant association
between CMH burden and CD206 reactivity was observed. Our findings demonstrate Ang Il infusion increases CMH
burden. CMH in this model appear to be capillary-derived and Ang ll-induced CMH are largely mediated by blood
pressure. In addition, microglial activation may represent an alternate pathway for CMH formation. These observations
emphasize the continuing importance of blood pressure control and the role of microglia in hemorrhagic cerebral
microvascular disease.
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Introduction

Cerebral microhemorrhages (CMH) are the pathological
substrate for cerebral microbleeds (CMB), chronic hem-
orrhages appearing as small foci of hemosiderin depos-
its on magnetic resonance imaging (MRI) [1]. CMB are
associated with advanced age and found in almost 40% of
those over 80 years old [2]. CMB have important implica-
tions for cognitive impairment and ischemic and hemor-
rhagic stroke [3-6].

CMB are typically found in elderly individuals with
vascular comorbidities, especially hypertension [7, 8].
Hypertensive microangiopathy is known for the pres-
ence of microhemorrhages in the deep and infratento-
rial regions of the brain [2]. Clinical studies have shown
an association between higher blood pressure levels and
CMB in hypertensive patients [9, 10].

Angiotensin II (Ang II), a component of the renin-
angiotensin system, binds to angiotensin II type 1 recep-
tor (AT1R) and triggers several signaling pathways that
increase blood pressure by causing vascular constriction
and sympathetic nervous system stimulation [11-13].
Clinical studies have demonstrated the beneficial effect
of reducing circulating angiotensinogen, a precursor
of angiotensin, to lower blood pressure in patients with
hypertension [14, 15]. Ang II-induced hypertension can
lead to the generation of reactive oxygen species (ROS) in
the cerebral microvasculature [16], which can negatively
impact blood—brain barrier integrity [17, 18]. Addition-
ally, activation of AT1R has been demonstrated to shift
microglia towards an activated, proinflammatory phe-
notype [19]. Higher levels of inflammatory markers have
also been observed in individuals with CMB [20]. Hyper-
tension and neuroinflammation, two downstream effects
of the AT1R pathway, may contribute to CMH formation,
yet the relative role of each condition to CMH burden
remains unknown.

The vascular origin of CMH, with and without hyper-
tension, remains unclear [21]. To study the origin further,
a reliable method of visualizing CMH and the surround-
ing cerebral microvasculature is necessary [22]. Standard
histology has limitations in identifying the relationship
between CMH and blood vessels due to the reliance on
individual, thin (4—40 pum) brain sections collected at
sparse intervals [23], which limits detailed visualization
of CMH in context with the complex three-dimensional
cerebral microvascular network.

Here we investigated the role of Ang II and the AT1R
pathway in the formation of CMH by incorporating tel-
misartan, an AT1R blocker. We further investigated the
role of microglia and macrophages in Ang II-induced
CMH formation by incorporating PLX3397 treat-
ment, a selective colony-stimulating factor 1 receptor
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(CSF1R) inhibitor that depletes microglia and mac-
rophages. To study the vascular origin of CMH, we
used a previously developed tissue clearing method
(iDISCO) with lectin-DyLight as an endothelial marker
to visualize the cerebral microvasculature alongside
CMH in 1-mm thick brain sections [24, 25].

Materials and methods

Animal model and experimental design

Aged (17-month-old) C57BL/6] female and male mice
(NIA Aged Rodent Colonies) were used for all experi-
ments. Mice were acclimated for one week before
experiments and had free access to food and water. All
experimental procedures were conducted in accord-
ance with the NIH Guide for the Care and Use of Labo-
ratory Animals and were approved by the Institutional
Animal Care and Use Committee at the University of
California, Irvine. Systolic and diastolic blood pressure
(mmHg) were measured before Alzet pump implan-
tation (Baseline) and at the end of each study (Final)
using a tail-cuff system (CODA, Kent Scientific, Tor-
rington, CT) as described previously [26].

In Experiment 1, mice were randomly assigned to
two experimental groups (n=10 per sex per group): (1)
Control and (2) Angiotensin II. To induce hyperten-
sion, Ang II (Bachem, Torrance, CA, USA) was infused
into the mice at a rate of 1000 ng/kg/min using Alzet
subcutaneous osmotic pumps (Alzet® Model 2004,
Durect Corporation, Cupertino, CA, USA) for 4 weeks
as described previously [26]. Control mice received
Alzet pump implants that infused a vehicle (PBS).

In Experiment 2, mice were randomly assigned to
four experimental groups (n=12-15 per sex per group):
(1) Control, (2) Angiotensin II, (3) Control + Telmisar-
tan, and (4) Angiotensin II+ Telmisartan. Telmisartan
(Cayman Chemical Company, Ann Arbor, Michigan,
USA) was dissolved in a 1 mL solution of 1 N sodium
hydroxide, neutralized with 1 N hydrochloric acid, and
administered at 0.5 mg/kg/day in the drinking water for
4 weeks.

In Experiment 3, mice were randomly assigned to
four experimental groups (n=3-5 per sex per group):
(1) Control, (2) Angiotensin II, (3) Control +PLX3397,
and (4) Angiotensin II+PLX3397. To deplete microglia
and macrophages, we used a highly selective inhibitor
PLX3397 (pexidartinib, MedChemExpress, New Jer-
sey, USA), which targets the CSF1R [27-30]. PLX3397
was administered in the form of AIN-76A standard
chow at a concentration of 290 mg/kg (Dyets, Inc., PA,
USA). The mice were given the PLX3397 diet for a total
of 7 weeks, starting 3 weeks before and continuing for
4 weeks during the infusion of Ang II or PBS.
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Detection and quantification of CMH

Four weeks following Alzet pump implantation, mice
were anesthetized using inhaled isoflurane and under-
went cardiac perfusion with ice-cold PBS for 5 min. The
brains were then collected, bisected into hemibrains,
fixed overnight in 4% paraformaldehyde (Thermo Fisher
Scientific, Cleveland, OH, USA), and prepared for histo-
logical analysis as described previously [31, 32]. Hemosi-
derin deposition, a marker of CMH, was detected using
Prussian blue staining. Brains were sectioned into coro-
nal sections (20- or 40-pum) with a freezing microtome
(Thermo Fisher Scientific, Cleveland, OH, USA), and
every seventh section was stained with a solution con-
taining 5% potassium hexacyanoferrate trihydrate
(Sigma-Aldrich, St. Louis, MO, USA) and 10% hydro-
chloric acid (Sigma-Aldrich, St. Louis, MO, USA). After
30 min, the sections were rinsed in water, counterstained
with nuclear fast red, dehydrated, and cover-slipped
(Research Services Core, Department of Pathology and
Laboratory Medicine at UCI Medical Center). CMH were
identified and photographed under a light microscope
at 20 X magnification by a reader blinded to experimen-
tal groups. Whole slides were scanned and analyzed to
determine the total area of the brain section. Automated
quantification of CMH area (um?) was performed by a
blinded reader using a ratiometric approach based on the
segmentation ratio of the red/green/blue pixel intensities
[33]. The average number of CMH was quantified and
adjusted relative to the total brain surface area analyzed
per animal [34].

Immunostaining for Iba-1 and CD206

To detect neuroinflammation, sections (20- or 40-um)
were prepared and treated as follows: For Iba-1, we used
1% bovine serum albumin as a blocking agent for 2 h at
room temperature. We then incubated the sections with
rabbit primary antibodies against Iba-1 (microglia/mac-
rophage marker) (Wako Chemicals USA, Richmond, VA,
USA) at 1:400 dilution overnight at 4 °C, washed with
PBST, and incubated with a biotinylated anti-rabbit IgG
secondary antibody (1:1000 dilution, Jackson Immu-
noResearch, West Grove, PA, USA) for two hours at
room temperature and with avidin—biotin-peroxidase
(ABC) complex (Vector Laboratories, Burlingame, CA,
USA) for 45 min at room temperature. Staining was
performed using 3,3’-diaminobenzidine (DAB) (Vector
Laboratories, Burlingame, CA, USA) following the man-
ufacturer’s instructions. A reader blinded to the experi-
mental groups captured and analyzed three images at
20 X magnification from each of three brain regions (cor-
tex, hippocampus, and thalamus). The immunoreactive
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area was quantified as a percentage of the total analyzed
area using NIH Image] software 1.52 [34].

For CD206 (to detect perivascular macrophages), we
used 10% donkey serum as a blocking agent for 1 h at
room temperature, incubated with rat primary antibod-
ies against CD206 (macrophage marker) (Bio-Rad Labo-
ratories, Hercules, CA, USA) at 1:500 dilution overnight
at 4 °C, washed with PBST, and then incubated with anti-
rat IgG secondary antibody (Thermo Fisher Scientific,
Waltham, MA, USA) at 1:200 dilution for 1 h at room
temperature. CD206-labeled brain sections were imaged
using a Leica True Confocal Scanner SP8 (Leica Bio-
systems, Illinois, USA) with a 10x/0.3 NA HC PL Fluo-
tar objective. The imaging system used a 485-488 nm
laser to image the CD206 bound to the perivascular
macrophages, with emission captured between 510 and
570 nm. A reader blinded to the experimental groups
captured images of the entire brain section. The immu-
noreactive area was quantified as the ratio of the immu-
nofluorescent area to total brain cortex area. Analysis
was focused on the brain cortex because perivascular
macrophages are primarily present along cortical vessels.

Optical clearing for vascular localization of cerebral
microhemorrhages
Cerebral microvasculature was labeled with lectin-
DyLight-649. Before euthanasia, mice were injected
retro-orbitally with a 200 upL solution of lectin-
DyLight-649 diluted in saline (0.25 mg/mL) (Vector
Laboratories, Burlingame, CA, USA). The solution was
allowed to circulate for 20 min. Cardiac perfusion was
then performed with phosphate-buffered saline (PBS)
for 5 min at 2 mL/min, followed by perfusion with 10%
formalin for 5 min at 2 mL/min. Hemibrains were drop-
fixed overnight in 10% formalin. Hemibrains were then
cut with a vibratome into 1-mm thick coronal sections.
Prussian blue staining was done using 5% potassium
hexacyanoferrate trihydrate (Sigma-Aldrich, St. Louis,
MO, USA) and 10% hydrochloric acid (Sigma-Aldrich,
St. Louis, MO, USA). After 60 min, sections were rinsed
in water. Sections were cleared following a modified
iDISCO (immunolabeling-enabled three-dimensional
imaging of solvent-cleared organs) protocol [24, 25, 35].
Briefly, samples were dehydrated in a series of 20-min
methanol washes (20%, 40%, 60%, 80%, 100%, and 100%)
and immersion in a solution of 66% dichloromethane and
33% methanol for 1 h. Finally, sections were immersed in
dichloromethane twice for 15 min and stored in dibenzyl
ether for refractive index matching.

All brain sections (6 per hemibrain) were imaged using
a Leica True Confocal Scanner SP8 (Leica Biosystems,
Illinois, USA) with a 10x/0.3 NA HC PL Fluotar objec-
tive. The imaging system used a 633 nm HeNe laser to
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image the lectin-DyLight-649 bound to the brain vascu-
lature, with emission captured between 638 and 783 nm.
Simultaneously, a transmission image was taken to visu-
alize Prussian blue-positive CMH. Sections were scanned
at 10X magnification using a light microscope by a reader
blinded to experimental groups for Prussian blue-pos-
itive tissue regions. At these tissue regions, stacks of
images were collected that cover the entire thickness of
the brain section.

Vascular localization was performed using custom-
written scripts in MATLAB and the neuTube open-
source neuron tracing software [36]. First, we employed
an iterative selection thresholding method [37] in MAT-
LAB for automated image segmentation. Then, we
utilized neuTube to trace the segmented vasculature,
allowing us to determine blood vessel diameters at spe-
cific locations. Additionally, images of CMH were seg-
mented using a Sauvola thresholding method [38]. This
segmentation facilitated simple identification of the
centroid of each Prussian-blue positive region that con-
stitutes a CMH. We recorded the diameter of the five
nearest vessels to each identified centroid.

Statistical analysis
Results are presented as means+SEM. Differences
among experimental groups were tested using one-way
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ANOVA or two-way ANOVA with Tukey multiple com-
parisons. Pearson correlation coefficients were calculated
to assess associations between variables. Differences and
correlations were considered statistically significant if a
two-tailed p-value<0.05. The data were analyzed using
GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

Results

Vasculature surrounding CMH is primarily in the capillary
size range

In mice treated with Ang II or PBS (Experiment 1), we
examined tissue regions containing a CMH lesion and
the surrounding vasculature (Fig. 1). We focused on
candidate blood vessels located nearest to each Prus-
sian blue-positive deposit that form a single CMH lesion.
In both groups, inner lumen diameters were between
2-11 um, and the majority (>97%) of the identified ves-
sels had a diameter below 10 um (Fig. 2).

Ang Il produced elevated blood pressure and increased
formation of CMH

In Experiment 2, Ang II infusion for 4 weeks (Fig. 3A)
significantly increased mean arterial pressure (MAP)
(Baseline: 103+4 mmHg to Final: 139+6 mmHg,
p<0.0001) (Fig. 3B). CMH were identified as regions
positive for Prussian blue (Fig. 4A). The number of
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Fig. 1 Three-dimensional microscopy of cleared, thick brain sections enables simultaneous visualization of CMH and cerebral vasculature. Top row:
Confocal transmission images of Prussian-blue positive deposits. Bottom row: Confocal fluorescence images of lectin-Dylight-649 labeled brain
vasculature. Regions with no visible vessels correspond to locations where a Prussian-blue positive deposit is present. Images displayed represent
various depths within a CMH. This example shows a CMH extending across a tissue region ~ 200 um thick. The rightmost image is a maximum

intensity projection of the entire tissue region. Scale bars are 100 um
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Fig. 2 The majority of vessels nearest to a CMH have inner diameters less than 10 pm. For each Prussian-blue positive deposit, the diameters
of the five nearest vessels to the centroid of each deposit were quantified. This finding suggests that CMH formation primarily occurs near capillaries
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Fig. 3 Angiotensin Il infusion significantly increased mean arterial pressure, and this was eliminated by telmisartan administration. (A) The
experimental timeline involved a 4-week infusion of Ang Il (1000 ng/kg/min) or a control vehicle (PBS) via an Alzet pump. Telmisartan, a blocker

of the Ang Il type 1 receptor (AT1R), was administered at 0.5 mg/kg/day in drinking water for the same duration. (B) Blood pressure measurements
(mmHg) were taken before and after the pump implantation using the tail-cuff technique. These data indicate a clear effect of telmisartan

in blocking Ang Il-induced hypertension in this mouse model. Data shown are mean+ SEM. n=12-15 per sex per group. ****p < 0.0001

CMH was 2.1 times higher in mice with Ang II-induced
hypertension compared with controls (AngII-CTL:
1.26+0.18 per cm? vs. PBS-CTL: 0.59 +0.07 per cm?,
p<0.001) (Fig. 4B). In mice with and without Ang II
infusion, the number of CMH was positively correlated
with MAP (r=0.52, p<0.05) (Fig. 4C). The number of
CMH events is comparable to what was observed using
a different mouse model of CMH [39]. The number
of CMH did not differ between male mice and female
mice within each group (Supplemental Fig. S1). A

majority (70%) of CMH were located in the subcortex
brain region (Supplemental Fig. S3).

Telmisartan prevented Ang ll-induced blood pressure

elevation and reduced Ang ll-induced CMH formation

Telmisartan, an ATIR blocker, effectively prevented
MAP elevation in mice with Ang II infusion (Baseline:
106 £3 to Final: 102+3 mmHg, p>0.05) (Fig. 3B). In
mice treated with telmisartan, there was no increase in
CMH number in response to Ang II infusion. (PBS-Tel:
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Fig.4 Ang llinfusion promotes CMH formation. (A) Images showing Prussian blue-positive deposits, indicative of CMH. Color balance was adjusted
for visualization. Analysis was performed on raw images. Scale bar= 100 um. (B) The number of Prussian blue-positive deposits, indicating CMH,
was significantly higher in mice with Ang Il infusion compared with control mice with PBS infusion, while telmisartan blocked Angll-induced
increase in CMH (Angll-Tel vs PBS-Tel). (C) In animals with and without Ang ll-induced hypertension (PBS-CTL and Angll-CTL), the number of CMH
was positively correlated with MAP (r=0.52). Data shown are mean+ SEM. n=12-15 per sex per group. ***p <0.001

0.91+0.11 per cm? to Angll-Tel: 0.86+0.09 per cm?
p>0.05) (Fig. 4B).

Ang Il infusion led to elevated Iba-1 immunoreactivity
Immunohistochemistry with Iba-1 revealed that mice
with Ang II-induced hypertension had a two-fold
increase in Iba-1 immunoreactivity compared with the
control group (AnglI-CTL: 1.52+0.10% vs. PBS-CTL:
0.77 £0.05%, p<0.0001) (Fig. 5A, B). Iba-1 immunore-
activity remained elevated in telmisartan- and AnglI-
treated mice (Angll-Tel: 1.29+0.10% vs. PBS-Tel:
0.84£0.03%, p<0.0001). (Fig. 5A, B). In mice with and
without Ang II infusion, the number of CMH was posi-
tively correlated with Iba-1 immunoreactivity (r=0.32,
p<0.05) (Fig. 5C).

Ang ll-infusion led to elevated blood pressure

with and without PLX3397 diet

In Experiment 3, we investigated the relationship
between microglial/macrophage activation and Ang

II-induced CMH formation. Ang II infusion for 4 weeks
(Fig. 6A) elevated MAP in both regular chow-fed (Base-
line: 99+4 mmHg to Final: 147+8 mmHg, p<0.0001)
and PLX3397-fed (Baseline: 98+3 mmHg to Final:
122+8 mmHg p<0.05) groups (Fig. 6B). In mice with
PBS infusion, the PLX3397 diet did not affect blood pres-
sure levels (Fig. 6B). The final blood pressure was lower
in mice with Ang II infusion and PLX3397 diet than mice
with Ang II infusion alone (AnglII-PLX: 122 + 8 mmHg vs.
AnglI-CTL: 147 + 8 mmHg, p <0.05) (Fig. 6B).

Iba-1 immunoreactivity was significantly reduced

by PLX3397 diet

Significantly lower Iba-1 immunoreactivity was observed
in mice on the PLX3397 diet compared with regu-
lar chow-fed mice. The increase in Iba-1 immunore-
activity induced by Ang II was absent in mice fed the
PLX3397 diet (AnglI-PLX: 0.54+0.16% vs. AnglI-CTL:
3.32+0.15%, p<0.001) (Fig. 7B). Mice with Ang II
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ll-induced hypertension (PBS-CTL and Angll-CTL), the number of CMH was positively correlated with Iba-1 immunoreactivity (r=0.32). Data shown
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infusion had a larger proportion of activated microglia
and a smaller proportion of resting microglia, suggesting
a shift to the activated state (Supplemental Fig. S4).

PLX3397 diet inhibited the formation of CMH induced

by Ang I

The PLX3397 diet significantly reduced the Ang II-
induced CMH number (AnglII-CTL: 1.44+0.47 per cm?
to AngII-PLX: 0.47 +0.10 per cm? p<0.0001), bringing
it to a level comparable to untreated animals in the PBS-
CTL group (Fig. 8B). The number of CMH was not sig-
nificantly different between female mice and male mice
within each group (data not shown).

CD206 immunoreactivity is unaffected by Ang Il

and is significantly reduced by PLX3397 diet

To distinguish the impact of microglia and macrophages
on CMH formation, we used CD206, a marker of
perivascular macrophages (Fig. 9A) [40]. Our results
demonstrate that Ang II infusion did not affect CD206

immunoreactivity (Fig. 9B). However, PLX3397 diet
reduced CD206 immunoreactivity (Fig. 9B). We then
compared the relationship of Iba-1 immunoreactivity and
CD206 immunoreactivity with CMH formation (Fig. 9C)
in non-PLX diet mice (PBS-CTL and AngII-CTL). A sig-
nificant correlation was observed between CMH number
and Iba-1 immunoreactivity (r=0.51, p<0.05); no sig-
nificant association was observed between CMH number
and CD206 immunoreactivity (r=-0.25, p=0.35).

Discussion

The role of hypertension as a risk factor for CMH and
its underlying mechanisms have been unclear. Here, we
induced hypertension in aged C57BL/6] mice by infusing
Ang I1, a potent vasoconstrictor component of the renin—
angiotensin—aldosterone system (RAAS). We investi-
gated the vascular origin of CMH and determined that
capillaries are the predominant vessel type surround-
ing CMH. We quantified blood pressure, CMH count,
and indices of neuroinflammation (Iba-1 and CD206
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for visualization. Analysis was performed on raw images. Scale bar=100 pm. (B) Immunoreactivity of Iba-1 was significantly lower in mice

on the PLX3397 diet than those on regular chow. The increase in immunoreactivity induced by Ang Il was eliminated in mice on the PLX3397 diet.
Data shown are mean+SEM. n=3-5 per sex per group. **p <0.01 and ****p < 0.0001

immunoreactivity) to study the relationship among these
factors. Ang Il-infused mice exhibited elevated blood
pressure, elevated Iba-1 immunoreactivity, and higher
CMH count. Telmisartan eliminated this blood pres-
sure increase and prevented CMH formation. Microglial
depletion significantly reduced both CMH count and
Iba-1 immunoreactivity in Ang II-induced hypertension,
while mitigating the hypertensive effect of Ang II. Finally,

Ang II infusion had no effect on CD206 immunoreactiv-
ity, a macrophage-specific marker, and CD206 reactivity
was not associated with CMH count. Collectively, our
findings demonstrate hypertension-induced CMH for-
mation and suggest microglial activation as a possible
alternate pathway to CMH formation.

Ang 1II plays a major role in the RAAS in regulat-
ing blood pressure and blood volume [12, 41]. This is
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Fig. 8 PLX3397 diet significantly reduced CMH number in mice with Ang ll-induced hypertension. (A) Images showing Prussian blue-positive
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previously, CMH number per cm? is elevated in response to Ang Il infusion. However, PLX3397 diet inhibited the formation of CMH induced by Ang
Il. Data shown are mean +SEM. n=3-5 per sex per group. **p <0.01 and ***p <0.001

achieved by inducing vasoconstriction and increasing
outflow from the sympathetic nervous system [42, 43]. In
our experiments, infusion of Ang II over a 28-day period
resulted in increased MAP, indicating successful hyper-
tension induction with Ang II (Fig. 3B). Mice with Ang II
infusion had a higher CMH count than mice without Ang
II infusion (Fig. 4B), consistent with prior work [21], and
the increased CMH was directly associated with extent of
hypertension (Fig. 4C). Collectively, these results indicate
that CMH formation occurs via a hypertension-depend-
ent mechanism [44].

The extent of hypertension did not differ between
female and male mice. This finding is different from other
published studies that show female mice are less suscepti-
ble to Ang II-induced hypertension, possibly due to pro-
tective effects from estrogen [45, 46]. The present study
used aged mice (18-months-old) in which lower estro-
gen levels occur, as it is reported that 80% of female mice
have irregular or absent estrus cycling by 17-months of
age [47]. Our data imply that by 17- to 18-months of age,
female mice have little or no estrogen protection against
effects of Ang II.

CMH number did not differ between female and male
mice. In our previous study using adenine to induce
chronic kidney disease (CKD) model to induce CMH
formation, CMH number was larger in male mice than
in female mice [39], perhaps due to higher serum cre-
atinine observed in male mice and increased suscep-
tibility to adenine-induced CKD. Individual pathways
for CMH formation may thus be sex-dependent or
sex-independent.

Previous studies have investigated the potential vas-
cular source of CMH using Prussian blue-stained iron
deposits with standard histological sections. Some
findings suggest CMH appear primarily around arteri-
oles [48, 49] while other findings suggest CMH appear
primarily around capillaries [32, 50]. Here, we used tis-
sue clearing to collect three-dimensional imaging of
Prussian-blue stained CMH along with the surrounding
fluorescently labeled vasculature (Fig. 1). We found that
the majority (97%) of microvessels surrounding a CMH
had a diameter less than 10 pm (Fig. 2), suggesting that
capillaries are the primary vascular source of CMH in
this model.

To modulate the effects of Ang II on blood pressure,
we administrated telmisartan, an ATIR blocker that
can prevent Ang II effects such as vasoconstriction
[51]. Telmisartan is frequently used as a drug to treat
hypertension [52]. In the present study, we observed
that telmisartan prevented Ang II-induced elevation
of blood pressure (Fig. 3B). Telmisartan treatment was
effective in blocking Ang II-induced CMH formation
(Fig. 4B). Collectively, these results suggest that elimi-
nating hypertension can reduce CMH burden.

Telmisartan did not impact neuroinflammation
(Fig. 5B) despite the known presence of AT1R on
microglia [53, 54]. This may be explained by the organ-
specific penetration of telmisartan [55, 56]. A study
investigating the distribution of telmisartan in the body
found that some organs such as the intestine, kidneys,
liver, and heart absorb more than five times the amount
of telmisartan compared with the brain [56]. Data on
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brain penetration of AT1R blockers suggest low pen-
etration of telmisartan into the brain [55]. This suggests
a high dosage of telmisartan may be needed to achieve
a significant effect on the brain, but a lower dosage of
telmisartan may be sufficient to impact systemic factors
such as blood pressure.

Ang 1II binding to AT1 receptors leads to activation of
NADPH oxidase, which results in the production of reac-
tive oxygen species (ROS) and inflammatory processes.
ROS are involved with the activation of microglia [57].
Microglial activation has been shown to occur in hyper-
tensive mice, and microglia may contribute to sustaining
hypertension [58]. Our findings are consistent with these
observations, with Ang II-infused mice having elevated
levels of Iba-1 immunoreactivity (Fig. 5B). This effect
may specifically result from the interaction of Ang II with
ATI1R expressed by microglia [19]. Investigations using
non-Ang II hypertension models may further clarify
the relationship between blood pressure and microglial
activation.

Ang II-induced neurovascular dysfunction independent
of blood pressure elevation has been reported previously
[59, 60]. To modulate neuroinflammation, we incorpo-
rated the PLX3397 diet (pexidartinib), an inhibitor of
the CSF1R. The CSF1R is expressed by macrophages and
microglia, and activation of this receptor is required for
the proliferation and survival of macrophages and micro-
glia [27]. Depletion of microglia can attenuate the blood
pressure elevation induced by Ang II [58, 61], which is
consistent with the current study in which we observed
a lesser severity of hypertension in mice with microglial
depletion (Fig. 6B). Microglial and macrophage depletion
was successfully achieved (Fig. 7B), and a reduction in
Ang II-induced CMH number was observed with micro-
glial and macrophage depletion (Fig. 8B). Collectively,
these findings suggest microglial involvement in CMH
formation, but further studies are required to investigate
this phenomenon.

To distinguish between the contribution of micro-
glia and macrophages to CMH formation, we labeled
brain sections with CD206, a marker of perivascular
macrophages. Consistent with prior work [62], Ang II
infusion did not affect CD206 immunoreactivity and
PLX3397 diet significantly reduced CD206 immunore-
activity (Fig. 9B). Furthermore, we observed a significant
correlation between CMH number and Iba-1 immunore-
activity (r=0.51, p <0.05) which was not present between
CMH number and CD206 immunoreactivity. These find-
ings imply that microglia are the main type of myeloid
cell contributing to Ang II-induced CMH formation. Col-
lectively, our results suggest that hypertension is a major
contributor of CMH formation, and CMH burden can
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be reduced by normalizing blood pressure or microglial
depletion (Fig 10)

Our study has limitations. We relied on diameter
measurements for the classification of vessel types [63].
The iDISCO clearing method can lead to tissue shrink-
age, reducing surface area by about 30% [64]. Within our
results, a 30% reduction in surface area can lead to an
error in a diameter measurement by approximately 2 pm.
In addition, we did not directly measure blood—brain
barrier permeability and its potential role in CMH forma-
tion in CMH formation in this model. We cannot address
whether our findings are specific for Ang II-induced
hypertension, an issue that deserves further study.

Conclusions

Ang II infusion in aged mice leads to hypertension and
microglial activation. Our data demonstrate a hyperten-
sion-dependent pathway of CMH formation, which pri-
marily appear around capillary-sized vessels. Our data
also suggest a microglial-dependent pathway for CMH
formation that is relatively independent of hypertension,
but further studies are required. These findings highlight
that in addition to hypertension control, microglia may
be a novel therapeutic target in CMH prevention.
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