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Abstract Cerebral microhemorrhages (CMHs,
microbleeds), a manifestation of age-related cer-
ebral small vessel disease, contribute to the patho-
genesis of cognitive decline and dementia in older
adults. Histological studies have revealed that
CMHs exhibit distinct morphologies, which may
be attributed to differences in intravascular pres-
sure and the size of the vessels of origin. Our study
aimed to establish a direct relationship between
the size/morphology of CMHs and the size/anat-
omy of the microvessel of origin. To achieve this
goal, we adapted and optimized intravital two-pho-
ton microscopy-based imaging methods to monitor
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the development of CMHs in mice equipped with
a chronic cranial window upon high-energy laser
light-induced photodisruption of a targeted corti-
cal arteriole, capillary, or venule. We assessed
the time course of extravasation of fluorescently
labeled blood and determined the morphology
and size/volume of the induced CMHs. Our find-
ings reveal striking similarities between the bleed
morphologies observed in hypertension-induced
CMHs in models of aging and those originat-
ing from different targeted vessels via multipho-
ton laser ablation. Arteriolar bleeds, which are
larger (> 100 pm) and more widely dispersed,
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are distinguished from venular bleeds, which are
smaller and exhibit a distinct diffuse morphol-
ogy. Capillary bleeds are circular and smaller
(<10 pm) in size. Our study supports the concept
that CMHs can occur at any location in the vas-
cular tree, and that each type of vessel produces
microbleeds with a distinct morphology. Develop-
ment of CMHs resulted in immediate constriction
of capillaries, likely due to pericyte activation and
constriction of precapillary arterioles. Addition-
ally, tissue displacement observed in association
with arteriolar CMHs suggests that they can affect
an area with a radius of ~50 pm to~ 100 pm, cre-
ating an area at risk for ischemia. Longitudinal
imaging of CMHs allowed us to visualize reactive
astrocytosis and bleed resolution during a 30-day
period. Our study provides new insights into the
development and morphology of CMHs, highlight-
ing the potential clinical implications of differen-
tiating between the types of vessels involved in
the pathogenesis of CMHs. This information may
help in the development of targeted interventions
aimed at reducing the risk of cerebral small vessel
disease-related cognitive decline and dementia in
older adults.
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Introduction

Cerebral microhemorrhages (CMH; also described
as microbleeds, multifocal signal loss lesions,
petechial hemorrhages) are intracerebral bleeds,
typically less than 5 mm in size, that can result
from a variety of underlying conditions in older
adults. CMHs are due to the rupture of vessels
of the cerebral microcirculation. CMHs typi-
cally appear as small, round, or ovoid hypointense
lesions on T2*-weighted Gradient-Recall Echo
(T2*-GRE) or susceptibility-weighted imaging
(SWI) MRI sequences. These lesions correspond
to focal hemosiderin depositions, which are iron
deposits that result from the breakdown of red
blood cells.

Aging is a well-established risk factor for CMHs
[1-11]. The prevalence of CMHs significantly
increases with age, from ~6.5% in persons aged 45
to 50 years to~50% or more in elderly patients [9,
12]. Other important risk factors include hyperten-
sion, cerebrovascular disease (individuals with a
history of stroke or transient ischemic attack are at
increased risk of developing CMH), and amyloid
angiopathy. CMHs contribute to the progressive
impairment of cognitive function in older adults
with compromised cerebrovascular health [3, 8,
13-22]. Possible mechanisms for this association
are that CMHs can cause damage to the brain tis-
sue surrounding the hemorrhage, can cause tissue
ischemia by blocking blood flow, and can promote
neuroinflammation that adversely impacts neu-
ronal function. They also likely impair brain con-
nectivity, adversely affecting cognitive function
and contributing to cognitive decline.

There is mounting evidence to suggest that
CMHs can originate from different levels of cer-
ebral microcirculation [9, 23]. Epidemiological
studies have shown that arterial hypertension is a
critical risk factor in the development of CMHs
[12, 24], particularly in older adults. In the Rot-
terdam Scan Study [12], arterial hypertension was
identified as an especially strong risk factor for
CMHs (hazard ratio: 1.66). It is assumed that high
arterial pressure can penetrate the cerebral micro-
circulation in older adults due to impaired autoreg-
ulatory myogenic protection [25-29], leading to
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the formation of CMHs at the level of small arter-
ies, arterioles, and/or capillaries [23].

Pathological evidence shows that CMHs originate
frequently from capillaries in older adults even in
the absence of hypertension [9]. Amyloid patholo-
gies affecting the cerebral microcirculation (cerebral
amyloid angiopathy (CAA)) are also an important
risk factor for the development of CMHs [30-34].
The existing evidence suggests that CAA promotes
CMHs originating from the capillaries [35].

There is also evidence from both preclinical and
clinical investigations suggesting that CMHs may
also originate from the cerebral venous circulation
[23, 36-38], especially in pathological conditions
associated with increased venous pressure [39].
In support of this concept, clinical observations
suggest that increases in venous pressure due to
a prolonged Valsalva maneuver may promote the
development of CMHs in older adults [40]. Addi-
tionally, experimental studies show that in mouse
models with jugular vein ligation, venous conges-
tion also exacerbates the genesis of venular CMHs
[41]. Aging and CAA may also promote CMHs in
the venous circulation [36].

Histological studies of brains derived from
mouse models of CMHs revealed that CMHs
exhibit distinct morphologies [41-51]. At least
three morphological CMH subtypes have been
identified [41-44]. Differences in shape (round,
diffuse, perivascular) and size/volume of CMHs
have been attributed to differences in intravascular
pressure and size of the vessels of origin [41-44].
However, there are no studies extant in which the
relationship between CMH size/morphology and
size/anatomy of the microvessel of origin could be
directly established.

The present study was designed to test the
hypothesis that rupture of arterioles result in
larger spherical CMHs, whereas rupture of capil-
laries and venules lead to the genesis of smaller
and more diffuse CMHs. To test our hypothesis,
we adapted and optimized intravital two-photon
microscopy-based imaging methods to monitor
the development of CMHs in mice equipped with
a chronic cranial window upon high-energy laser
light-induced photodisruption [52] of a targeted
cortical arteriole, capillary, or venule. The time

course of extravasation of fluorescently labeled
blood was assessed and morphology and size/
volume of the induced CMHs were determined.
A second motivation was to visualize the micro-
vascular constriction elicited by the extravasated
blood, the displacement of the neuronal tissue by
CMH, and chronic resolution of CMH:s.

Methods
Animal models

Adult (5- to 10-month-old) and aged (24-month-
old) male and female C57BL/6 mice purchased
from Charles River Laboratories (Wilmington,
MA) were used for the induced CMH model. For
visualization of microvascular constriction upon
induction of CMH Myhl1-Cre®R™? [B6.FVB-
Tg(Myh11-icre/ERT2)1Soff/J] x ROSA 7T [(B6.
Cg-G1(ROSA)26Sor™I#CAG-tdTomato)Hze 1) mice
were used. These animals, hereinafter designated
as MYHI119Toma mice  express robust tdTomato
signal in the Myhll+ mural cells of the vascu-
lature after induction of Cre-recombinase with
tamoxifen (at~4 months of age), enabling the
visualization of changes in vascular diameter by
intravital two-photon microscopy. Animals were
housed under specific pathogen-free barrier condi-
tions in the Rodent Barrier Facility at University
of Oklahoma Health Sciences Center (OUHSC)
under a controlled photoperiod (12-h light; 12-h
dark) with unlimited access to water and were fed
a standard AIN-93G diet (ad libitum). One week
before cranial window surgery, mice were trans-
ferred to the conventional animal facility of the
OUHSC and single housed after surgery. All pro-
cedures were approved by the Institutional Ani-
mal Use and Care Committee of the University of
Oklahoma Health Sciences Center.

Chronic cranial window surgery
Animals were equipped with a chronic cranial
window as previously described [53]. In brief,

animals were anesthetized with 2-3% isoflurane
(ISOTHESIA, Henry Schein Animal Health, OH,
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«Fig. 1 Two-photon laser ablation of cerebral microvessels
enables controlled microbleed formation. A Schematic repre-
sentation of the experimental model, which includes chronic
cranial window surgery and laser ablation techniques (cre-
ated with BioRender). Following a recovery period after the
application of a chronic cranial window, mice were subjected
to intravital imaging with two-photon microscopy using
a high-frequency laser for both imaging and CMH induc-
tion. High-resolution z-stacks were obtained before and after
CMH induction, and the progression of CMH formation was
recorded using high-magnification fast roundtrip mode to
reduce the time of fluorophore bleaching and to improve tem-
poral resolution. Induction was assessed on the edge of the
targeted microvessel to avoid further ablation and complete
vessel closure. B High-resolution 3D image of brain vascu-
lature at a depth of approximately 600 pm, imaged through a
cranial window. The image clearly shows branching arterioles.
The upper~50 pm regions were excluded to avoid the menin-
geal vessels, and CMH was induced within the brain paren-
chyma. C In vivo image of a cortical arteriole situated 100 pm
below the pial surface, showing the direction of red blood
cells (RBCs). Scale bar: 10 um. D The thresholded image with
black lines indicating RBC shadows and arrows indicating
their direction. E A schematic explaining the link between the
direction of microvascular blood flow and the shape of RBC
shadows. F Representative two-photon images demonstrating a
laser ablation-induced CMH. A brief burst of tightly focused
femtosecond laser pulses was used to irradiate the vessel wall,
resulting in the extravasation of blood containing Texas-Red
labeled dextran. Fluorescently labeled blood plasma and RBCs
were pushed into the brain. The targeted vessel was imaged
30 s and 5 min after ablation, revealing the creation of the
CMH. Scale bar: 20 pm

USA) gas via inhalation with Surgivet Classic T3
vaporizer (Smiths Medical, Minneapolis, MN,
USA) with 1-2 L/min flow rate before and during
the surgery. Eyeblink, toe, and tail pinch reflexes
were monitored to determine the depth of anes-
thesia. The experimental animal was placed on
a heating pad to maintain core body temperature
during the procedures. The head of the animal was
fixed in an adaptor for the stereotaxic frame by ear
and nose bars. Eye ointment was applied to both
eyes to prevent ocular dehydration during anes-
thesia. Hair removal lotion was applied to the top
of the head. After hair removal, the surface of the
skin was disinfected with 70% ethanol. Then, the
skin was removed from the top of the skull. Lido-
caine solution (2%; Sigma-Aldrich, MO, USA)
was dripped onto the periosteum. The periosteum

was removed from the exposed area of the skull
with a blade, and the area was scraped gently to
establish a clean surface. To dry the surface of
the skull, it was wiped with a cotton wool stick.
After an area 3—4 mm in diameter had been chosen
over the sensorimotor cortex, the skull was gently
thinned using a pneumatic dental drill (Foredom,
Blackstone Industries, Bethel, CT, USA). During
this procedure, the surface was cooled by topical
application of cold, sterile PBS. Debris was blown
off with compressed air. When the bone was thin
enough (indicated by its slight movement when
it was gently pushed on), craniotomy was per-
formed under a drop of sterile PBS. The surface
of the dura mater was carefully wiped down and
any accidental bleeding—caused by the crani-
otomy—was stopped with a Hemosponge (Good-
will Lifesciences, India) gelatin sponge immersed
in sterile PBS. The cranial window was dried very
carefully to remove excess fluid from the area.
A glass coverslip (diameter: 5 mm, Thomas Sci-
entific, Swedesboro, NJ, USA), which was previ-
ously soaked in 70% ethanol, was rinsed in PBS
and applied to the surface of the dura mater to
completely cover the cranial window. The cover-
slip was fixed to the skull with liquid adhesive and
after the superglue had bonded, the cranial win-
dow was secured with Jet Set-4 dental acrylic resin
(Lang Dental, Wheeling, IL, USA). The resin rim
created a small pool around the cranial window.
At the end of the surgery, the animals were treated
with buprenorphine (1 mg/kg body weight, i.p.;
Zoopharm, WY, USA). Enrofloxacin (5 mg/kg
body weight, s.c.; Baytril, Bayer, Germany) was
administered as a prophylactic antibiotic. The ani-
mals were closely monitored until the anesthesia
wore off and they regained consciousness. Intra-
vital imaging studies were conducted at least 2 to
3 weeks after surgery.

Intravital two-photon microscopy
Mice were anesthetized with 1.5-2.5% isoflurane
(flow rate: 1 to 2 L/min) and placed on a heat-

ing pad. The head of the anesthetized animal was
fixed in a stereotaxic frame. The blood plasma

@ Springer



GeroScience (2023) 45:2851-2872

2856

© wn < (2] N
(‘'n-e) Aysuayul jaxid
|euol}0as-sS0Id pazijewoN

m

Scale (um)

< ) ~
(‘n-e) Aysuayul jaxid
|euoi}09s-sSs01d PazijewloN

@)

Scale (um)

(‘n-e) Aysuayul jaxid
|euoI}09Ss-SS0IO PazijeuWIoON

(@)

Scale (um)

pringer

A's



GeroScience (2023) 45:2851-2872

2857

«Fig. 2 Advanced in silico analysis of cerebral microvascu-
lature and laser ablation-induced cerebral microhemorrhages
(CMHs). A Representative image of vascular diameter meas-
urement. Gray bars highlight areas where diameter measure-
ments were. Scale bar: 20 um. B-D Representative dot plots
showing microvascular diameter measurements for arterioles,
capillaries, and venules, respectively. The diameter was deter-
mined based on the cross-sectional intensity profile. E Stations
of the in silico image analysis of microvasculature before abla-
tion, depicting the analysis methods utilized in determining
3D vascular volume and morphology. F 3D segmentation of
induced CMH separated from microvasculature and surround-
ing parenchyma. The z- and time-stacks were analyzed with
IMARIS 3D segmentation method after excluding vasculature
and background intensities. Scale 10 um

was labeled with different fluorescent dextran-
conjugated dyes (FITC-dextran 40 kDa, Texas
Red-dextran 70 kDa and Cascade Blue-dextran
10 kDa, ThermoFisher Scientific, MA, USA; or
SR101, Sigma Aldrich, MO, USA) all at a concen-
tration of 8 mg/kg body weight, diluted in sterile
saline and injected retro-orbitally before imag-
ing. Imaging was performed with a FluoView
1000 MPE (Olympus, Tokyo, Japan) two-photon
microscope coupled with a MaiTai HP DeepSee-
OL 690-1040 nm (Spectra-Physics, San Jose, CA,
USA) laser and equipped with a XLPLN25XWMP
25 X water immersion objective (1.05 numeric
aperture; Olympus, Tokyo, Japan) with excitation
at 800 nm. For some of the experiments, a NIKON
A1R MP + Multiphoton Confocal Microscope Sys-
tem with a tunable Ti:Sapphire laser was used with
a Dual line 1300 nm laser (Nikon Instruments Inc.,
NY, USA).

Induction of CMHs by high-energy laser
light-induced photodisruption of arterioles,
capillaries, and venules

We employed a laser ablation method to rupture
targeted cerebral arterioles, venules, and capil-
laries. We identified the feeding arteries on the
brain surface and traced them deeper into the brain
parenchyma, identifying different parts of the
branching vascular network that supplies the cap-
illary beds (Fig. 1A, B). By analyzing the direc-
tion of blood flow, we distinguished arterioles

from venules, using previously published methods
[54]. Capillaries located between ~ 80 and 150 pm
deep within the brain cortex were identified based
on their diameter and the direction of blood flow
relative to that in feeding arterioles. By inject-
ing high-molecular-weight dextran dyes retro-
orbitally, we visualized the blood flow direction
based on the exclusion of red blood cells (RBCs)
that appear as dark shadows (Fig. 1C-E). CMHs
were induced using published protocols [55] and
were recorded as follows. The number of ablation
procedures required to rupture a vessel was largely
dependent on the imaging depth and the clarity
of the cranial window. Although we were able to
image brain microvasculature as deep as~ 600 um
within the cortex, to induce CMHs, we targeted
vessels between 80 and 150 um deep into the brain
cortex (Fig. 1B, F). After an initial Z-stack of the
target area had been captured, the edge of the tar-
geted vessel was irradiated with a short burst of
femtosecond laser pulses (pulse width of less than
100 fs) for 20 s at a laser power of 20%. Devel-
opment of the CMHs was imaged with fast reso-
nant scanner in either ZT-stack or high-resolution
T-stack. If a CMH was not evident after the first
try, the process was repeated up to three times
until a CMH was successfully induced. If a CMH
was not induced during the three trials, a different
vessel at least 50 um away was selected for abla-
tion to avoid thermal damage to the neighboring
brain tissue. Animals were longitudinally imaged
to track the bleed size and healing rate.

Image reconstruction, image analysis, and
quantification

Image analysis was performed with FIJI, Image]2
1.53f51 open version (Fig. 2A-D) and the com-
mercially available version of the IMARIS 9.1
imaging software (Oxford Instruments, NY, USA)
(Fig. 2E-F) to measure and reconstruct 3D Z-, and
time (T)-stacks, determine CMH area and volume,
measure vascular diameter and volume, and evaluate
their time-dependent changes in these parameters.
We also assessed fluorescent speckle displacement
(to estimate CMH volume) and the pressure-induced
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«Fig. 3 Vascular heterogeneity determines the size of cerebral
microhemorrhages (CMHs). A Representative images of arte-
riolar CMHs, showing the distinct round and widespread mor-
phology. Different dextran tracers were used, and all arteriole
bleeds displayed this morphology. Scale: 20 pm. B A repre-
sentative image of a venular CMH is displayed, demonstrating
the diffuse morphology of venular bleeds, with the extrava-
sated blood mostly remaining in the perivascular space. Scale:
20 pm. C A capillary bleed is shown, depicting a small round
pressure wave observed from capillaries, with no tissue dis-
placement or tracer spreading along the vessel. Scale: 20 pm.
C Representative images showing induction of a small, round
capillary CMH. No tissue displacement or tracer spreading
along the vessel was evident. Scale bar: 20 ym. D The diameter
differences in ablated cerebral microvessels are shown. The
targeted arterioles were significantly larger than the venules
and capillaries that were targeted. E The induced CMHs area
distribution versus vessel of origin is depicted, showing sig-
nificantly larger bleeds in the case of arteriolar CMHs. F The
CMH area is plotted as a function of vessel diameter, showing
that bleeds cluster by the vessel of origin. The presented data
are the mean + SEM; *p <0.05, **p <0.01, ***p <0.001

reduction of intravascular staining (“halo” region)
around the CMHs. Image analysis started with the
elimination of the background. Next, the object was
determined by dimension reduction in 2D (e.g.,
maximal intensity projection of Z- and T-stacks)
or 3D segmentation with the “Surfaces” adaptive
segmentation algorithm of the IMARIS imaging
software. Segmentation of the different channels
was combined, and empty channels were also used
as background reference. As a last step, vascular
diameter, CMH expansion, and speckle displace-
ment were measured on the processed, reconstructed
images. Results were cross-validated in FIJI and
IMARIS.

Statistical analysis

Data are presented as mean =+ standard error of
the mean (SEM) unless stated otherwise. Statisti-
cal analysis was performed with GraphPad Prism
8.0.1 software (Dormatics, San Diego, CA, USA).
Student two-sample ¢-test, pairwise ¢-test, or one-
way ANOVA with Fisher LSD post hoc test was
performed, as appropriate to compare experimen-
tal results. Differences were considered significant

at p<0.05. Each datapoint was derived from at
least three independent measurements (n > 3, exact

9

n” numbers are indicated in the figure legends).

Results
Laser ablation-induced CMHs in the mouse brain

To disrupt microvessels in the cerebral cortex
while minimizing the impact on the surrounding
parenchyma, we used a method of in vivo photo-
disruption targeting deep-lying vessels in mice
with chronic cranial windows [52]. By utilizing
high-energy, ultrashort pulses of laser light (from
our two-photon microscope) at the objective’s
focus, nonlinear interactions can occur within a
femtoliter-sized volume, causing ionization and
resulting in disruption of the cells constituting the
microvascular wall [52]. Arterioles, capillaries,
and venules to be targeted for CMH induction were
identified based on their location, direction of
blood flow (Fig. 1), and diameter (Fig. 2). Repre-
sentative images in Fig. 1F show the development
of CMHs upon high-energy laser light-induced
photodisruption of a targeted arteriole. Represent-
ative images in Fig. 2E-F depicts the 3D segmen-
tation of an induced CMH and its spatial relation-
ship to the microvasculature.

Relationship between size of CMHs and type and
diameter of vessel of origin

To establish the relationship between type/size
of the vessel of origin and size of the CMHs,
high-energy laser light-induced photodisruption
of arterioles, capillaries, and venules was per-
formed in the somatosensory cortex of young mice
(Fig. 3A-C). Figure 3D shows the diameter of each
vessel type (measured prior to CMH induction).
Figure 3E shows CMH sizes for each vessel type
(measured 30 s after CMH induction). We found
that CMHs originating from arterioles were sig-
nificantly larger than CMHs originating from both
capillaries and venules. The size of CMHs cor-
relates with the diameter of the vessel of origin

@ Springer
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20 um. C Comparison of three zones around the laser ablation-
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Data are mean+ SEM. D Mathematical background of the esti-
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mation of the CMH volume from the displacement of objects.
The displacement length determines a spherical shell, whose
volume reflects the volume of the CMH. E Volume of the
CMH, calculated based on the volume of the spherical shells
defined by the displacement of individual objects traced in the
timelapse images, plotted as a function of their distance from
the site of ablation. Zones 2 and 3 were used to calculate the
volume of the spherical shells. The standard deviation results
from the geometric divergence of the maximal projection from
3 to 2D. F Estimation of CMH volume based on the average of
the calculated volumes of the spherical shells. The estimated
volume of this representative arteriolar CMH is 2.6 x 10° um®
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(Fig. 3F). We found that arteriolar CMHs were the
largest, with CMH cross-sectional areas in maxi-
mum intensity projections ranging from 5000 um?>
(~36 pm radius) to 10,000 pmz (~57 pm radius)
(Fig. 3A, E). Arteriolar CMHs typically exhibited
a spherical morphology. Capillary CMHs were the
smallest with bleed areas ranging from 500 to 2000
um? on maximal intensity projections (Fig. 3C,
E, F). Capillary bleeds were also typically spheri-
cal. In contrast, venular CMHs were more dif-
fuse and irregular in shape, often spreading in the
perivascular space, with CMH cross-sectional areas
in maximum intensity projections ranging from 600
to 3000 um? (Fig. 3B, E).

CMH-induced compression of neuronal tissue

Development of larger CMHs originating from arte-
rioles was associated with significant displacement
of the neighboring brain tissue (Fig. 4,) which was
not observed with bleeds originating from capillaries
or venules. Images were captured prior to and~90 s
after induction of CMH, and tissue displacement was
measured by tracking the movement of fluorescently
labeled vessels and other autofluorescent puncta in the
neighboring brain tissue (Fig. 4B, C; in 4B, baseline
fluorescence is shown in red, while fluorescence at 90 s
post-CMH is shown in blue). Tissue displacement was
highest in zone 2, an area ranging from 35 to 70 um
from the center of the bleed (Fig. 4B, C). The volume
of each CMH (V) was calculated as: Vg =4/3 X (
X1y’ —mxr,’), where r is the distance of a fluorescent
speckle from the center of the CMH before ablation,
and r, is the distance of the same fluorescent speckle
from the center of the CMH post-ablation (Fig. 4D-F).

We noticed that increased pressure within the
brain tissue due to the development of arteriolar
CMHs resulted in a decline in capillary staining
in the brain area surrounding the CMH (Fig. 5A,
observe dark ring around induced CMH), likely
due to compression and constriction of these
microvessels. To estimate the area of brain tissue
which is potentially at risk of ischemia due to the
impairment of microcirculatory blood flow follow-
ing a CMH, large high-resolution Z-stack images
were captured (Fig. 5A-C). In these images, the
area with decreased capillary staining was identi-
fied (Fig. 5D, orange circle). In Fig. 5F, the radial

fluorescent intensity profile is shown, reflecting
a dramatic drop in fluorescence from the center
of the bleed to the immediately adjacent area
before beginning to recover. The area at high-
est risk corresponds to the zone with the largest
pressure-induced tissue compression (Fig. SE) and
the lowest capillary staining intensity (Fig. 5F),
extending from~35 to 70 pym from the center of
the bleed; however, the affected area continues up
to~ 100 um in each direction before fluorescence
(reflecting blood flow) recovers (Fig. 5F).

CMHs induce constriction of capillaries and
precapillary arterioles

The effect of CMHs on the diameter of neigh-
boring microvessels was analyzed in time series
images. Upon induction of arteriolar CMHs and
most capillary CMHs, prompt constriction of
neighboring capillaries and precapillary arterioles
was evident. Of note, this phenomenon was not
observed in association with 25% of the smaller
capillary CMHs. Figure 6A and B show constric-
tion of a precapillary arteriole in the brain of a
MYH] 114Temate moyse in response to the induc-
tion of an arteriolar CMH. Note the constriction of
the MYH 1 11Temat® pogitive red fluorescent mural
cells. After image segmentation (Fig. 6B), the
dynamics of the progression of CMH and simul-
taneous constriction of the precapillary arteriole
was plotted (Fig. 6C). Summary data (Fig. 6D)
show that CMHs elicited significant constric-
tion in neighboring microvessels. We also com-
pared changes in the diameter of vessels upstream
and downstream from the CMHs. Representative
images in Fig. 6E and the line intensity scans
in Fig. 6F show that induction of CMHs elicits
similar constriction both in vessels proximal and
distal to the CMHs (summary data are shown in
Fig. 6G).

Demonstration of reactive astrogliosis and resolution
of CMHs

To visualize reactive astrogliosis and resolution of
CMHs, sulforhodamine 101 (SR101) was retro-
orbitally injected in the experimental animals before
the induction of CMHs. Upon laser light ablation,
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«Fig. 5 Estimation of area at risk in the brain after induc-
tion of cerebral microhemorrhages (CMHs). A A 3D view,
B a maximal intensity projection, and C a false color inten-
sity map of two arteriolar CMHs with pressure-induced halos
caused by reduced intravascular staining (due to compression
of microvessels), which reveal the extent of the area affected
by the CMHs. D The pressure-induced compression zones
after induction of the arteriolar CMHs (see F). The scale of
the image is 50 um. E The length of object displacement as
a function of distance from the center of the CMH. It is esti-
mated that the most significant compression of the brain tissue
surrounding the CMH occurs up to a distance of ~80 um from
the center of the CMH. F The radial intensity profile obtained
from measurements on the maximal intensity projections (D)
of the brain area surrounding the CMH (n=4). The zone rep-
resenting an area of the brain with compressed microvessels
(“area at risk”; color-coded orange) extends to~80 pm around
the arteriolar CMH

extravasation of SR101 could be imaged to moni-
tor the development of CMH (Figs. 7A and 8A).
Extravasated SR101 was subsequently taken up by
astrocytes [56-59]. Over the course of several days,
reactive astrogliosis at the site of the CMH could be
visualized by longitudinal imaging (Figs. 7B and 8B).
Reactive astrogliosis in the adult mouse brain reached
its peak on day 5 before gradually diminishing over
the 30-day observation period, aligning with the res-
olution of the CMH (Fig. 7B and C). Conversely, in
the aged cerebral cortex, a decline in astrogliosis was
not observed, as illustrated in Fig. 8B and C. This dis-
parity corresponds to impaired CMH clearance, sus-
tained astrogliosis, and potential inflammation at the
initial CMH location within the aged cerebral cortex.

Discussion

In this study, we utilized multiphoton imaging and
laser ablation techniques to investigate the vari-
ations in CMH morphology arising from differ-
ent vascular locations. Our findings demonstrate
striking similarities between the bleed morpholo-
gies observed in hypertension-induced CMHs in
models of aging from previous preclinical studies
[42-44, 51, 60] and those originating from differ-
ent vessels targeted via multiphoton laser ablation.

Our results suggest that arteriolar bleeds, which
are larger (> 100 pm in diameter) and more widely
dispersed, are distinguished from venular bleeds,
which are smaller and exhibit a distinct diffuse
morphology. Moreover, we can infer that capillary
bleeds are circular and smaller (<10 pm in diam-
eter) in size. Our study confirms that microbleeds
can occur at any point in the vascular tree, with
each vessel type producing microbleeds with a
unique morphology.

Understanding the vessel-of-origin of a CMH
can provide insight into pathophysiological mech-
anisms (e.g., providing evidence for the role of
penetration of arterial pressure to the thin-walled
distal part of the microcirculation in aging or
increases in venous pressure due to venous conges-
tion). Our study provides much-needed data for the
development of a reliable method for identifying
microbleed sources based on morphology and will
help answer the question of which branch of the
vascular tree is most susceptible to CMHs in aging
and pathological conditions associated with accel-
erated microvascular aging. Our results demon-
strate that vessel type determines CMH shape and
morphology, and vessel size alone does not dictate
the size or shape of a bleed [61, 62]. For exam-
ple, venules produced smaller bleeds than compa-
rable arterioles and venular bleeds often diffused
into the perivascular space. The likely explanation
for these differences is that intravascular pressure
drops drastically along the microvascular net-
work, from small arteries to veins. The difference
in CMH morphology likely reflects differences in
intravascular pressure, not just vessel size. Future
studies should investigate the prevalence of differ-
ent CMH types (arteriolar vs venular vs capillary)
in the aged brain and their specific impact on the
neurovascular microenvironment. In particular,
studies on genetic animal models of aging [42, 43]
will be able to identify specific pathways contrib-
uting to increased vascular fragility at different
levels of the cerebral microcirculation. MRI tech-
niques that are commonly used to detect CMHs
(SWI, GRE imaging) have a high spatial resolution
that can detect lesions as small as a few millime-
ters in diameter. As the resolution of neuroimaging
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«Fig. 6 Development of cerebral microhemorrhages (CMHs) is
associated with prompt constriction of neighboring microves-
sels. A Representative image of a microvessel in the brain of a
MYH11'9Tomato moyse after laser ablation and 300 s later. The
tdTomato labels the vascular mural cells (potential ensheath-
ing pericytes), and the vascular lumen was filled with FITC-
dextran tracer to track the development of the CMH. Note the
increased area of the bleed and reduced area of the tdTomato
labeling. B The 3D segmentation and C the analysis of the
tracking of the induced CMH over time. The vascular lumen
has continuously decreased and tended to reach a minimum as
the size of the CMH reached a plateau phase. The scale of the
image is 10 pum. D The vascular diameter changes after induc-
tion of arteriolar CMHs. Baseline and post-ablation diameters
have been measured and plotted for pairwise and pooled com-
parison (n=18 total measurements). E Representative images,
F the analysis, and G the quantification of vascular diam-
eter changes of vascular segments proximal and distal to the
induced CMHs. The color-coded lines show the measurement
area of the targeted vessels. Note the significantly reduced
diameter in both proximal and distal vascular branches. Data
are mean+SEM; *p<0.05, **p<0.01, ***p<0.001 (n=10
proximal, n=8 distal)

techniques improves, it becomes increasingly fea-
sible to conduct neuroimaging-pathological corre-
lation studies, which can facilitate the translation
of our findings into clinical research applications.
Yet, there are still many challenges. Accurately
estimating the size of CMHs using MRI can be
challenging due to factors such as the shape of the
lesion and the susceptibility effects of surrounding
tissues. The “blooming” effect seen on SWI and
GRE images can make the size of the lesion appear
larger than it actually is, which can lead to overes-
timation of the lesion size. In addition, the spatial
resolution of MRI can also affect the accuracy of
size estimation, as smaller lesions may be more
difficult to distinguish from noise or artifacts.

Our study also provides additional evidence in
support of the concept that arteriolar CMHs may
have a larger impact than just the disruption at
the point of arteriolar rupture. Tissue displace-
ment observed in association with arteriolar CMHs
suggests that they can affect an area with a radius
of ~50 pm to~100 pm (Figs. 4 and 5). The tis-
sue displacement around the developing arteriolar
CMHs in the enclosed space of the skull com-
presses neighboring microvessels, which impedes

blood flow likely impairing oxygen and nutrient
delivery to the surrounding neuronal tissue. This
adverse effect is also exacerbated by the induction
of significant capillary constriction in response to
microbleeds (Fig. 6). This phenomenon was pre-
dominantly seen in capillary CMHs. Capillary con-
striction may be the result of the constriction of
capillary pericytes in response to vasoconstrictor
substances released from aggregating thrombocytes
(e.g., prostaglandin H,, thromboxane A,, serotonin,
leukotriens [63]) in the leaked blood. Although
pericyte function was not specifically investigated
in our study, other studies have highlighted the
important role of pericytes in vasoconstriction in
various organs during pathological scenarios such
as ischemia—reperfusion, as well as in blood flow
regulation through bi-directional control of CNS
capillaries [64-69]. While the complete duration
of CMH-related capillary constriction is unknown,
this observation adds to the growing evidence that
CMHs are associated with changes in regional
blood flow regulation that affects a brain area way
beyond the territory impacted by the bleeding per
se. This “area at risk” (due to compression-medi-
ated decline in capillary flow and induced capillary
constriction) may contribute to the development
of temporal, perhaps often subclinical, neuronal
symptoms (e.g., changes in motor function, TIA-
like symptoms) which would potentially resolve
when regional blood flow is re-established. It is
possible that this “area at risk” could be vulnerable
to permanent damage in the presence of other risk
factors compromising timely recovery of regional
blood flow (e.g., in Alzheimer’s disease). With
advancing age, the ability of the microvascular net-
work to adapt and redirect blood flow in response
to regional blockages may diminish. As a result,
even minor CMHs arising from the capillaries
could trigger a cascade of disrupted blood flow and
further blockages over time. In addition, micro-
bleeds can adversely affect essential homeostatic
processes like neurovascular coupling. CMHs and
the related inflammatory reaction may disrupt the
regulation of regional cerebral blood flow, result-
ing in a sustained imbalance between the supply
and demand of oxygen and nutrients [70, 71].

@ Springer



2866 GeroScience (2023) 45:2851-2872

>

ORIGINAL Z-STACK

PRE-ablation POST-ablation

ORIGINAL W SEGMENTED z-STACK

SEGMENTED

®) |

CMH + REACTIVE ASTROGLIOSIS

H
X
-
o
IS

3x104

ORIGINAL

2x104

1x104

SR101 positive volume (pms)

SEGMENTED

Days

@ Springer



GeroScience (2023) 45:2851-2872

2867

«Fig. 7 Longitudinal tracking of laser ablation-induced cerebral
microhemorrhages (CMHs) and surrounding reactive astroglio-
sis in adult mice. A Representative figures of original and 3D
segmentation of brain microvessels before and right after the
induction of CMH in adult mice. Note the extravasation of the
fluorescent tracer dye SR101 upon disruption of the microvas-
cular wall. SR101 is a Texas red analog dye that specifically
labels astrocytes, making it a useful tool for studying the reac-
tive astrogliosis associated with CMHs in longitudinal track-
ing experiments. Scale: 50 um. B Representative images of
the longitudinal tracking of the induced CMHs for 1 month.
C Quantification of the 3D SR101 positive volume (consist-
ing of the CMHs and areas of reactive astrogliosis) associated
with the tracked CMHs as a function of time. Note the gradual
decline in SR101 positive volume after~2 weeks post-ablation
corresponding to the resolution of the CMHs

In response to CMHs, astrocytes in the sur-
rounding tissue become activated, proliferate and
undergo hypertrophy, a process known as reac-
tive astrogliosis [72]. This leads to an increase in
astrocyte number and their reorganization around
the site of injury. Reactive astrocytes also secrete
various cytokines and growth factors that promote
inflammation, angiogenesis, and tissue remod-
eling. Importantly, our study found that astroglio-
sis after CMHs persisted for 30 days suggesting
the potential long-term impact of microbleeds
and the subsequent inflammatory response on the
neurovascular environment. While astrogliosis is
an important component of the brain’s response
to injury, chronic and excessive astrogliosis can
have detrimental effects on brain function, includ-
ing neuronal death and impaired synaptic plastic-
ity. Our findings demonstrate a notable distinction
between aged and adult mice regarding the resolu-
tion of cerebral CMHs within the cerebral cortex.
In aged mice, there is a significant delay in the
resolution of CMHs, potentially indicating impair-
ment in the clearance process. This delayed resolu-
tion not only sustains, but also exacerbates local
inflammation and astrogliosis within the aged
brain subsequent to CMH occurrence.

While our study examined the role of reactive
astrogliosis and inflammation in the pathophysiol-
ogy of CMHs within the cerebral cortex, it is cru-
cial to acknowledge that the involvement of other

cell types, particularly oligodendrocytes, in CMH-
related neurovascular pathologies requires further
investigation. Previous research has shed light on the
potential significance of oligodendrocytes in white
matter injury and its connection to impaired vasodi-
lator function of white matter arterioles [73]. Addi-
tionally, studies have highlighted the impact of inef-
fective oligodendrocyte precursor cell maturation
on age-related defective remyelination processes
[74-78]. While not the primary focus of our current
investigation, these findings underscore the intricate
cellular mechanisms at play and suggest that future
studies should explore the specific contributions of
oligodendrocytes in CMH-related CNS pathologies.

One limitation of our study is the difficulty
in inducing and recording CMHs in deeper brain
regions using the chronic cranial window model.
However, with the rapid advancements in micros-
copy techniques, future investigations can explore
the possibility of inducing CMHs in deeper brain
regions, including the white matter, in order to
examine whether vessel-dependent differences in
microbleed morphology hold true across all brain
regions. Numerous studies have highlighted the
significance of white matter abnormalities, such as
hyperintensities and diffusion changes associated
with aging, as key drivers of cerebrovascular dis-
ease that ultimately contribute to cognitive decline
[70, 79-82]. While our study did not specifically
delve into neuronal depression or the impact of
astrocytes on remote vasoconstrictions, it is impor-
tant to acknowledge previous research by others
that has established the role of hypoperfusion and
hypoxia in neuronal depression, particularly in
the context of aging [83-85]. Future experiments
should aim to investigate the role of CMHs in both
white matter damage and neuronal dysfunction,
shedding further light on these important aspects
of CMH-related pathologies.

In conclusion, our findings provide compelling
evidence for the potential utility of analyzing CMH
size and morphology and provide basis for further
preclinical investigations aimed at elucidating the
underlying mechanisms of age-related microvascu-
lar fragility and optimizing treatment strategies for
the prevention of CMHs in aging.
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«Fig. 8 Longitudinal tracking of laser ablation-induced cer-
ebral microhemorrhages (CMHs) and surrounding reactive
astrogliosis in aged mice. A Representative figures of original
and 3D segmentation of brain microvessels before and right
after the induction of CMH in brain of an aged (24-month-
old) mouse. Note the extravasation of the fluorescent. tracer
dye SR101 upon disruption of the microvascular wall. Scale:
50 um. B Representative images of the longitudinal tracking
of the induced CMHs for 38 days in 24-month-old mouse. C
Quantification of the 3D SR101 positive volume (consist-
ing of the CMHs and areas of reactive astrogliosis) associ-
ated with the tracked CMHs as a function of time in brains of
aged mice. It is noteworthy that the gradual decline in SR101-
positive volume, which is observed in younger mice approxi-
mately 2 weeks post-ablation, is not evident in aged mice. This
observation suggests that the resolution of CMHs is impaired
in aged mice, leading to sustained astrogliosis. This sustained
astrogliosis likely contributes to a heightened state of neuroin-
flammation within the aged brain
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