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Meningeal vascular AP deposition D
associates with cerebral hypoperfusion
and compensatory collateral remodeling
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Abstract

Background Global reductions in cerebral blood flow (CBF) are among the earliest and most consistent
abnormalities observed in Alzheimer’s disease (AD), preceding both cortical plague formation and cognitive decline.
While the pial arterial network—a critical supplier of intracortical perfusion—has been overlooked in this context,

it may play a pivotal role in early vascular pathology. Here, we report extensive cerebral amyloid angiopathy (CAA)
within the pial artery and arteriole network in the J20 (PDGF-APPSw, Ind) mouse model of AD.

Methods Using premortem delivery of Methoxy-XO4 to label AB, and arterial vascular labeling, we assessed A3
burden on the pial artery/arteriole network and cerebral blood flow in aged male and female WT and J20 AD mice.

Results We show that 12-month-old J20 mice exhibit significant AR deposition across major leptomeningeal
arteries (ACA, MCA) and pial collaterals, with ~40% vessel coverage in males and ~20% in females—substantially
exceeding AB levels in cortical or hippocampal vessels. This vascular AR burden was accompanied by compensatory
enlargement and increased tortuosity of pial collateral vessels. Yet, despite this apparent remodeling, CBF was
reduced by ~15% in J20 mice, and this decline was significantly associated with leptomeningeal CAA burden.

Conclusions This is the first study to comprehensively characterize meningeal arterial AR accumulation in a
preclinical model of vascular AD, mirroring recent observations in early-stage human disease. Our findings implicate
meningeal CAA as a potential driver of early CBF disruption and suggest that pial collateral remodeling may reflect

a compensatory response to vascular insufficiency. Moreover, we identify robust sex differences in CAA burden,
paralleling sex-specific patterns of parenchymal AR pathology in humans. These results highlight the leptomeningeal
vasculature as a novel and understudied locus for early AD pathology and a potential therapeutic target to preserve
cerebrovascular integrity.

Keywords CAA, AB, Cerebral blood flow, Pial collaterals, Arteriogenesis, Meninges

"Alexandra M. Kaloss and Jack L. Browning contributed equally to 'Department of Biomedical Sciences and Pathobiology, Virginia Tech,
this work. Blacksburg, VA 24061, USA

2School of Neuroscience, Virginia Tech, Blacksburg, VA 24061, USA
*Correspondence: 3Genetics, Bioinformatics and Computational Biology, Virginia Tech,
Michelle H. Theus Blacksburg, VA 24061, USA
mtheus@vtedu “Department of Neuroscience, University of Virginia, Charlottesville,
Michelle L. Olsen VA 22901, USA

molsenl@vt.edu

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s13195-025-01876-7
http://crossmark.crossref.org/dialog/?doi=10.1186/s13195-025-01876-7&domain=pdf&date_stamp=2025-11-7

Kaloss et al. Alzheimer's Research & Therapy (2025) 17:245

Background

Alzheimer disease (AD) is an irreversible, neurodegener-
ative disease affecting over 6 million Americans; a num-
ber that is expected to increase to 13.8 million by 2060
[1]. Over 95% of individuals living with AD have idio-
pathic disease, yet amyloid beta (AB) accumulation and
intracellular inclusions of hyperphosphorylated Tau pro-
tein represent pathological disease hallmarks across all
individuals. Three rare single gene variants (APP, PSEN1,
PSEN2) are known to cause AD, each involved in amy-
loid protein processing and breakdown [2—4]. In AD, AP
accumulates in the brain forming parenchymal plaques
within and along blood vessel walls as cerebral amyloid
angiopathy (CAA). These findings have driven decades
of research aimed at understanding the precise nature
between AP accumulation and central nervous system
(CNS) pathology in AD. AD disease diagnosis typically
occurs late in disease progression, and to date, no effec-
tive interventional strategies for the treatment of AD
exist. It is widely believed that early intervention during
the prodromal stage is critical for developing effective
AD therapeutics.

Neuroimaging studies have revealed that reduced
global cerebral blood flow (CBF) represents one of the
earliest pathologies identified in the brains of individu-
als with AD [5-9]. Indeed, Medina et al. characterized
several known risk factors associated with late onset AD
[9]. Of them, intra-brain vascular dysfunction was found
to be the earliest alteration of disease progression. Stud-
ies performed in individuals with advanced AD, dem-
onstrated lateralization of visuospatial and language
deficits correlated with asymmetric reduced blood flow
velocity and glucose metabolism, leading to the notion
that reduced CBF was a consequence of reduced meta-
bolic demand in atrophied brain tissues [5-8]. However,
prospective patient imaging studies and blood flow mea-
surements in individuals with mild cognitive impair-
ment (MCI) indicate reduced CBF occurs early in AD
progression, prior to significant neurological decline [5,
7, 10, 11]. Reduced CBF has received increasing atten-
tion as an early pathological mechanism in AD, which
may drive reduced cortical tissue oxygenation [12] and
glucose metabolism [12, 13] in individuals during the
early stages of the disease. Importantly, reduced CBF and
reduced glucose utilization are recapitulated in preclini-
cal models of AD, particularly in models which present
with high AP load [14-16]. The underlying mechanism
for reduced CBF is not well understood. However, several
factors, including age, hypertension, high cholesterol,
diabetes, cardiac disease, and obesity are associated with
brain hypoperfusion and enhanced vascular risk in AD
[17]. Reduced parenchymal CBF may result from lower
macrovascular blood flow in the intracranial arteries,
including the middle cerebral artery (MCA), identified in
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individuals diagnosed with AD [18] and those with mild
cognitive impairment [19]. Results from the Alzheimer
Disease Neuroimaging Initiative indicate reduced CBF
correlates with global AP load, particularly in the early
stages of AD [5].

As it relates to CAA, a recent meta-analysis indicates
moderate to severe CAA is observed in 48% of individu-
als with AD [20]. CAA is associated with failure of AP
clearance, as well as pathological changes to the integrity
of the blood vessel wall, inflammation, and intracortical
circulatory disturbances [21]. AP accumulates on small
and medium intracortical vessels [21]. Additionally, Ap
accumulation has been demonstrated on some meningeal
arteries, and leptomeningeal anastomoses [22, 23]. To
date, however, little is known regarding the extent of Ap
accumulation across the meningeal vascular network and
its relationship to intracortical blood flow observed in
patients with AD and recapitulated in AD mouse models.

Here, we use the J20 mouse model to characterize the
level and impact of CAA presence in the leptomenin-
geal surface on CBF. These mice develop robust paren-
chymal plaques and CAA by 6 months of age, outlining
their utility in understanding the relationship between
CAA and CBF. Using Methoxy-XO4 to identify vascular
AP, combined with arterial-specific labeling approaches
we identified meningeal arterial vascular AP was sig-
nificantly higher than intracerebral vascular accumula-
tion, with total pial arterial vascular AP accumulation
approaching 40% of the entire meningeal vascular net-
work in male J20 mice at one year of age, 20% for female
J20 mice. Additionally, pial arterial CAA was associated
with increased diameter of pial collateral vessels, which
has been shown to improve blood flow in instances of
cerebrovascular obstruction [24]. Despite the observed
increase in collateral diameter, indicative of blood flow
redistribution, overall cortical hemisphere perfusion,
as measured by laser speckle contrast imaging, was sig-
nificantly decreased in AD mice relative to age-matched
WT littermates. Our findings demonstrate significant Ap
burden on the meningeal arterial network and associated
reduced CBF. Further, we identified significant enlarge-
ment of pial collateral vessels indicating a redistribution
of CBF during disease progression.

Methods

Animals

The mouse strain used for this research project, male
B6).Cg-Zbth 201 PPCIB-APPSwInd)20Lms | \fmjax, RRID:
MMRRC_034836-JAX, was obtained from the Mutant
Mouse Resource and Research Center (MMRRC) at
The Jackson Laboratory, an NIH-funded strain reposi-
tory, and was donated to the MMRRC by Lennart
Mucke, Ph.D., Gladstone Institute of Neurological Dis-
ease ((Cat # 034836-JAX, MMRRC stock #34836) [25].
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This common mouse model of AD, herein called J20
mice, expresses mutant human amyloid protein pre-
cursor (APP) with the Swedish (K670N/M671L) and
the Indiana (V717F) mutations under the mouse PDGF
promoter. In a subset of experiments, APPSwFlLon,
PSEN1*M146L*L286V)6799Vas/Mmjax, common
name 5XxFAD mice (MMRC strain #034848-JAX [26])
were utilized. These mice express human APP with the
Swedish (K670N/M671L), Florida (I716V), and Lon-
don (V717I) Familial Alzheimer’s Disease (FAD) muta-
tions and human Presenilin-1 with two FAD mutations,
M146L and L286V. Both transgenes are expressed under
the mouse Thyl promoter. All mutant mice demonstrate
progressive age-related AP deposition [25, 26]. All studies
were approved by the Institutional Animal Care and Use
Committee at Virginia Tech (IACUC #21-079, 24—037).
Animals were housed in an AAALAC approved facility
with a 12 h light-dark cycle; food and water ad libitum,
and provided paper huts for environmental enrichment.
Both strains of hemizygous males were bred to wild-
type (WT) C57/B6 females in house. Genotypes of oft-
spring were confirmed by PCR of DNA isolated from
tail snips. Mutant and WT animals of each strain were
co-housed following weaning until indicated time points.
During the duration of the experiments, mice were fre-
quently monitored by vivarium staff for health concerns.
If a mouse showed neurological signs (seizures, paralysis,
abnormal body carriage) after recovery from anesthesia
it was immediately euthanized. In general, if any (surgi-
cal or non-surgical) mouse showed decreased activity,
hunched, ruffled fur, it was immediately euthanized. In
total, 12 male and 11 female J20 mice, 12 male and 11
female WT J20 mice, 4 male and 5 female 5X FAD, and
4 male and 5 female 5XFAD WT mice ranging from 10
to 12 months. Male WT and J20 mice weighed on aver-
age 44.75 + 2.43 g (31-61 g) and 42.4 + 2.47 g (30-57 g)
respectively, while female mice weighed 41.18 + 2.21 g
(31-58 g) and 42.64 + 3.67 g (26-61 g).

Laser speckle surface blood flow imaging

Blood flow monitoring was performed through a thinned
skull using a laser speckle contrast imaging system v5.0
(RESL III Laser Speckle Imaging System, RWD, China).
Briefly, the mice were anesthetized with 2.5% isoflu-
rane-100% oxygen, and the skin was prepared by hair
removal and disinfection. A separate set of experiments
were conducted using ketamine (10 mg/mL)/xylazine (1
mg/mL) as the anesthetic agent (Supplementary Fig. 8)
to assess differences in anesthetic choice. Based on these
experiments, isoflurane was used as the anesthetic agent
for all other experiments. All mice received buprenor-
phine (Ethiga XR at 3.25 mg/kg) for analgesia during
induction and were closely monitored during recovery
and healing for signs of discomfort or pain. A midline
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incision was made, and the skull was thinned as previ-
ously described using a bone drill with carbide bur and
then maintained moisture using a continuous applica-
tion of warmed saline [27]. The mice were placed in a ste-
reotaxic adapter and positioned under the LSCI with an
operating distance of 15 cm. Temperature was monitored
throughout preparation and maintained between 37 + 2
°C during blood flow imaging. Perfusion was measured
over 60 s using the HD temporal algorithm at 2.5X zoom.
Perfusion units were recorded in a standardized region
of interest and averaged for each hemisphere. A pseudo
color threshold range was set from 25 to 525 for all repre-
sentative images. Only mice with intact hemispheres on
both sides were used for laterization analysis. The experi-
menter was blinded to genotype during all stages of data
collection. Animals were randomly selected for LSCI
procedures across different times of day to ensure that
sampling was not biased by potential confounding effects
related to the sleep/wake cycle or circadian rhythms. One
WT and one J20 mouse were excluded from the analysis
because skull penetration occurred during the LSCI sur-
gery, introducing the risk of altered cerebral blood flow
and unreliable measurements.

Methoxy-X04 labeling

Here we utilized systemic administration of Methoxy-
X04 (4,4’-[(2-methoxy-1,4-phenylene) di-(1E)-
2,1-ethenediyl] bisphenol, Tocris cat# 4920) to
visualize cerebrovascular amyloid and parenchymal
plaques. Methoxy-XO4, is a fluorescent AB probe which
has been shown to readily cross the BBB, utilizing a
carbon-11 labeled Methoxy-XO4 approach [28]. Once
bound, Methoxy-XO4 remains bound to plaques (over
90 days) and coupled with in vivo imaging can be repeat-
edly administered to measure plaque growth [29, 30].
Methoxy-XO4 can be utilized for postmortem plaque
and CAA assessment, where it has been shown to label
plaques throughout the brain and co-localize with thi-
voflavin-S, Crenezumab, as well as other commercially
available anti-Ap antibodies [28, 30-32]. Methoxy-XO4
was used to label vascular AP as described. Methoxy-
XO4 was solubilized in DMSO (final concentration 100
pum, 30 uL) and added to an equal volume (30 uL) of Kol-
liphor EL (Sigma cat # C5135). This was further diluted
to 1 mL in 1X phosphate buffered saline (PBS), to create
a working solution. Each animal was injected intraperito-
neally with a final volume of 2uL Methoxy-XO4 solution
(final concentration Methoxy-XO4 10 mg/kg) per gram
of body weight, 24 h prior to cardiac perfusion.

Vessel painting

To label the pial arteriole/collateral network we applied
a vessel painting approach we have described previously
[33, 34]. Briefly, twenty-four hours post- Methoxy-XO4
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injections to identify vascular Af, J20, 5x-FAD, or control
mice were injected intraperitoneally with heparin (2000
units/kg), and sodium nitroprusside (SNP, 0.75 mg/kg).
Five minutes post-heparin/SNP injection, animals were
euthanized with isoflurane, perfused with 10 ml of 1X
PBS containing 20 units/ml heparin before switching to
10 ml 1,1’-Dioctadecyl-3,3,3;3’-Tetramethylindocarbo-
cyanine Perchlorate (Dil Stain, 0.01 mg/ml, Invitrogen,
Cat # D282) diluted in 4% sucrose—PBS-heparin mixture
at a flow rate of 2 ml/min. Dil is an orange/red lipophilic
membrane stain (emission 549 nm) that labels vascular
endothelial cells. Dil labeling was followed by ice-cold 4%
paraformaldehyde (PFA), pH 7.4 to fix the tissue.

Vessel painting image analysis

High-resolution tiled images at 4X magnification were
taken of the surface of vessel painted brains using a
Nikon C2 confocal (TI2-C-TC-I, Tokyo, Japan). Scaled
mosaic images were imported into Image]-FIJI version
2.14.0 (NIH) to assess collateral number, tortuosity, and
diameter, as described. Total number of inter-tree collat-
erals were identified between the MCA, ACA, and PCA
artery branches. Collateral vessels were identified based
on their characteristic wide or non-physiologic angle of
insertion into the arterial trees [35], and tortuosity, com-
bined with their unique positioning between the arterial
trees of major arteries, directly connecting two arteries,
as previously published [32, 36, 37] and seen in Supple-
mental Fig. 1. Here non-physiological angles refer to
angles associated with a deviation from normal blood
flow, where the wider bifurcation angle of blood ves-
sels affects both shear stress and laminar flow, leading to
more turbulent flow and a higher likelihood of patholo-
gies [38—40]. The diameter of collateral vessels was mea-
sured using the straight-line tool at 3 random points
spanning the vessel and averaged across the brain. For
collateral number, the average was taken between both
hemispheres and reported for each niche. Total identified
collaterals per hemisphere ranged from 3 to 18 for MCA-
ACA collaterals, from 2 to 10 for MCA-PCA collaterals,
and 0-3 for ACA-PCA collaterals. Collateral length and
span were measured to determine collateral tortuosity.
Length was measured with the straight-line tool by draw-
ing a straight line from the start to the end point of the
collateral. Span was measured with the freehand line tool
by tracing the collateral from the start to end point. Tor-
tuosity index was calculated as a ratio of the span: length
of each collateral. For all imaging and collateral analysis,
the experimenter was blinded to the condition.

Fast 3D clearing and immunolabeling

Twenty-four hours after Methoxy-XO4 injections, ani-
mals were anesthetized with 500 mg/kg ketamine and
20 mg/kg xylazine via intraperitoneal injection and
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transcardially perfused with 20 ml cold phosphate-buft-
ered saline (PBS), followed by 30 ml of 4% PFA in 1X PBS,
pH 7.4. Brains were post-fixed overnight at 4 °C in 4%
PFA and then rinsed 5-6 times with PBS before immu-
nostaining and clearing. In some cases, vessel painted
brains were cleared. We utilized a fast 3D clearing proto-
col previously described [41] which includes a preclear-
ing step, antibody staining and fast clearing.

Preclearing: Briefly, PFA fixed brains were incubated in
several solutions with increasing concentrations of tetra-
hydrofuran solutions (THF, Millipore-Sigma cat #186562)
to dehydrate the tissue. Fixed brains were rotated end
over end in the following solutions: 50% THE, 50% water
with 0.1% (v/v) triethylamine (pH 9.0) (Millipore-Sigma
TO0886) for 20 min at 4 °C, then 70% THE, 30% water with
0.3% (v/v) triethylamine (pH 9.0) for 20 min at 4 °C, then
transferred to 90% THEF, 10% water with 0.6% (v/v) trieth-
ylamine (pH 9.0) for 2 h at 4 °C. Rehydration was then
achieved by rotating brains for 20 min each in 70% THE,
30% water with 0.3% (v/v) triethylamine (pH 9.0) followed
by 50% THE, 50% water with 0.1% (v/v) triethylamine
(pH 9.0) at 4 °C. Samples are then washed with ddH20
five times for 10 min each wash at 4 °C while protected
from light. Brains were then immersed in a Fast 3D clear-
ing solution (Histodenz (Millipore-Sigma D2158, final
concentration 1.46 M), Diatrizoic Acid (Millipore-Sigma
D9268, final concentration 24.43 mM), N-Methyl-D-Glu-
camine (Millipore-Sigma M2004, final concentration 128
mM), Sodium Azide (Millipore-Sigma S2002, 0.02% w/v)
at 37 °C until cleared.

Immunolabeling: Pretreated samples were incubated
in PBS/0.2% Triton X-100 (Millipore-Sigma T9284)/20%
DMSO (Millipore-Sigma D5879)/0.3 M glycine (Mil-
lipore-Sigma G8898) at 37 °C 12 h, then blocked in
PBS/0.2% Triton X-100/10% DMSO/6% Teleostean gela-
tin 1 (FishGel, Millipore-Sigma G7041) at 37 °C for 24 h.
Samples were washed in PBS/0.2% Tween-20 (Bio-rad
1610781) (PBST) for 1 h twice, then incubated in pri-
mary antibody), goat anti CD31 (R&D Systems, AF3628,
1:300), goat anti Podocalyxin (R&D Systems, AF1556,
1:1500) dilutions in PBST/5% DMSO/3% FishGel 37 °C
for 3 days. Samples were then washed in PBST for 1 day,
then incubated in secondary antibody donkey anti goat
488 (Thermo Scientific A-21202, 1:1000), dilutions in
PBST/3% FishGel at 37 °C for 3 days. Samples were finally
washed in PBST for 2 days before clearing and imaging.

Fast 3D Clearing: After antibody incubation, brains
were again rotated end over end at 4 °C, protected from
light, in successive increasing and then decreasing THF
solutions to dehydrate and hydrate the tissue as described
above with increased times: 1 h for 50% and 70% THF
solutions and 12-16 h for 90% THF solutions. Finally,
samples were washed with ddH20 4-5 times for 10 min
each. Brains were then transferred into Fast 3D Clearing
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solution (3—5 ml for a single mouse brain) and incubated
overnight at 37 °C rotated end over end. Samples were
always submerged completely in the solution. After over-
night incubation or once samples were completely trans-
parent, the samples were stored at 4 °C protected from
light.

Imaging of cleared tissue and image analysis

Cleared tissue was imaged using a Nikon Al confo-
cal microscope (A1-SHS, Tokyo, Japan) using a 10X
objective and 3.75 pm step size, utilizing the z-intensity
correction function at 512 x 512 resolution. For quantifi-
cation of pial, cortical, and hippocampal AP load, Imaris
(v9.8.2) 3D reconstructions of blood vessels, whole tis-
sue, and AP plaques were created using 10x z-stack
stitched images of vessel painted, CD31/podocalyxin
and Methoxy-XO4 labeled brains. Blood vessels and Af
plaques were reconstructed using the automated local
threshold calculation in Imaris for unbiased quantifica-
tion to account for background subtraction, with +/-50au
manual adjustment frame, and a smoothing factor of 2.5
pum. The volume ratio of Methoxy-XO4 to blood ves-
sels was also recorded to determine percentage of vas-
cular and parenchymal plaques. Here the volume ratio
is defined as the percent of the vasculature with spatial
overlap to Methoxy-XO4. Total Methoxy-XO4 cover-
age of blood vessels in the pial surface was compared
to approaches previously employed quantifying surface
coverage using a binary analysis of a compressed image
in FIJI-Image] [22, 42—44]. No statistical differences were
observed between the two approaches (Supplemental Fig.
2). For the current study, we chose the Imaris analysis as
it enabled 3D rendering.

Assessment of Methoxy-XO4 and 6e10 Co-labeling

Coronal hippocampal and cortical brain Sect. (100 um)
from six J20 brains (2 slices each region from 5 male
and 1 female) mice were collected to test the accuracy
and penetration of Methoxy-XO4 labeling. Premortem
Methoxy-XO4 labeling was co-labeled with postmortem
6e10 AP antibody, a commonly used antibody for labeling
AP plaques [45—49], antibody using immunohistochem-
istry. Following a 5-minute wash in 1XPBS to remove
cryoprotectant, each slice was blocked for 1 h in 2%
FishGel (Millipore-Sigma G7041) + 0.2% TritonX-100.
Slices were incubated in a mouse 6el10 (1:500, BioLeg-
end, cat #: 803001) and rabbit CoraLite 488 GFAP anti-
body (1:500, ProteinTech, cat #: CL488-16825) diluted in
1-part blocking buffer:3-part 1X PBS overnight at 4° C.
Slices were washed three times in 1X PBS for 5 min each,
and incubated with secondary antibody cocktail solution
in diluted blocking buffer containing goat anti mouse 546
(1:500, Invitrogen, Cat #: A11003) for 1 h at room tem-
perature. Slices were washed three times in 1X PBS for 5
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min each, and mounted onto a glass slide (Fisherbrand,
cat #: 1255015) with mounting medium (Invitrogen, cat
#: P36930) and subsequently imaged using a Nikon Al
confocal microscope with 0.5 pm step size using a 20X
objective. Following imaging, 3D surface reconstructions
were created in Imaris and the average number and size
Methoxy-XO4 and 6e10 labeled plaques were recorded.
Automated analysis in Imaris was used to assess co-
labeled Methoxy-XO4 and 6el0 labeled plaques. This
analysis was repeated using manual Image ] with com-
pressed Z-stack images. Plaques were characterized as
bright, diffuse, spherical deposits of 100 voxels® or larger.

Leptomeningeal Imaris 3D (Oxford Instruments)
reconstructions of major arteries, distal arterioles, col-
laterals, and AP plaques were created using 4x z-stack,
stitched images of vessel painted and Methoxy-XO4
labeled brains. Major arteries, distal arterioles, collater-
als, and AP plaques were computed via absolute inten-
sity, using a threshold value computed by creating a 3D
region of interest around an area of the z-stack with no
visible signal, in which the maximum intensity value +/-
100 of blood vessel painting and Methoxy-XO4 fluores-
cence was used as the minimum threshold value. Major
arteries, distal arterials, collaterals and AP utilized a
smoothing factor of 4.2 um. After surface reconstruc-
tion, arteries, distal arterioles and collaterals were iden-
tified and separated through manual clipping. Arteries,
distal arterioles and collaterals were then labeled as
Medial Cerebral Artery (MCA), Anterior Cerebral Artery
(ACA), MCA Distal Arterioles, ACA Distal Arterioles, or
MCA-ACA Collaterals. After major arteries, distal arteri-
als, and collaterals were sorted, the percent coverage of
AP on major arteries, distal arterials, and collaterals was
recorded. For Imaris 3D analysis, the experimenter was
blinded to the sex and genotype of the animal.

Statistical analysis Data was graphed using GraphPad
Prism, version 9.5.1 (GraphPad Software Inc., San Diego,
CA). Appropriate sample size was determined using a
power analysis for a two-way ANOVA, assuming a power
of 0.83 at an alpha level of 0.05, to detect significant differ-
ences in collateral vessel diameter between groups. This
analysis estimated that »=10 mice per group would be
required to achieve sufficient statistical power. Prior to
statistical testing, a ROUT (Q=5%) outlier test was con-
ducted, this resulted in 1 female J20 mouse being excluded
from the study. For comparison of two experimental
groups, a student’s two tailed t test was used. Paired t tests
were used for data sets comparing lateralization. Multiple
comparisons were performed using one-way ANOVA and
repeated measures followed by post hoc Sidak test or a RM
One-Way ANOVA and repeated measures followed by a
post hoc Tukey test for matched comparisons. Changes
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were considered significant if p<0.05 and mean values
were reported with standard error of mean (SEM).

Results

Decades of research have consistently recognized
reduced global CBF in individuals with AD. Early studies
utilizing non-invasive transcranial Doppler ultrasound in
AD patients relative to controls were used to demonstrate
decreased blood flow velocity bilaterally in the MCAs
which positively correlated with asymmetric cognitive
impairment and regional cerebral glucose metabolism as
measured by ['®F]JFDG-PET [8, 50]. These studies led to
the notion that reduced blood flow velocity in the MCA
may result from reduced regional metabolic demands.
However, this idea was challenged when a large, popu-
lation-based, prospective study associated reduced CBF
with incipient dementia and suggested cerebral hypo-
perfusion precedes and possibly contributes to clinical
dementia [6]. Now demonstrated across the spectrum
of disease severity, in hundreds of studies, reduced CBF
may represent an early AD disease biomarker [7, 11, 51]
and reviewed in [52]. Neuroimaging studies in patient
cohorts indicate reduced CBF correlates with global A
load, particularly in early stages of AD [5], yet mecha-
nisms underlying reduced CBF are unclear, and the con-
tribution of meningeal CAA is not well characterized.

To address this gap, we utilized ip. delivery of
Methoxy-XO4 which has been shown to label CAA and
parenchymal plaques [28, 31, 53] in J20 mice in compari-
son to WT littermates at one year of age [41]. Here, we
concurrently employed a select pial artery/arteriole trac-
ing technique called vessel painting (VP) [23, 33], which
enables detailed morphological analysis of the pial arte-
rial and collateral network in aged J20 and WT mice.
IMARIS 3D reconstructions of confocal imaged brains
were generated for analysis (Fig. 1A-B). Examination of
the pial surface AP coverage showed significant sex dif-
ferences but no lateralization, with male mice having a
significantly elevated CAA compared to females (Fig.
1D). These studies provide evidence of sexually dimor-
phic CAA accumulation associated with the pial arterial
vasculature. In the male J20 mice, there were no signifi-
cant differences in AP coverage across the MCA, ACA,
or interconnecting collaterals, indicating an equal dis-
tribution across the meningeal surface (Fig. 1C). Female
mice on the other hand, exhibited higher CAA in the
ACA branch compared to the pial collateral vessels con-
necting the MCA-ACA branches (Fig. 1C).

To determine if meningeal CAA and vascular changes
in the J20 mouse line were strain-specific, 5xFAD mice
were evaluated. IMARIS analysis of the meningeal surface
showed AP accumulation on the main MCA and ACA, as
well as the pial collateral vessels. Here we observed sig-
nificant CAA, with levels similar to that observed for J20
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female mice (Supplemental Fig. 3). Notably, unlike J20,
5xFAD mice displayed substantial A} deposition that was
not vascular-associated and appeared throughout the
meninges.

Brains also underwent Fast 3D clearing [41] and Imaris
3D reconstructions to quantify total pial surface, corti-
cal and hippocampal AP load (Fig. 2). As demonstrated
in the representative images, we observed significantly
more vascular AB accumulation in superior axial brain
sections at 1000 pm thickness containing the pial cortical
surface relative to cortical and hippocampal axial tissue
sections of similar thickness in male J20 mice (Fig. 2A).
These data indicate an enrichment of total A load in the
pial surface relative to parenchymal tissue, thus we next
quantified total AP load in the pial surface, cortex, and
hippocampus (Fig. 2C). Our data indicates CAA is sig-
nificantly elevated on pial arterial vasculature, whereas
parenchymal AP was primarily identified as plaques,
rather than CAA in 12-month-old J20 mice (Fig. 2B, D).

Methoxy-XO4 has been shown to cross the blood-brain
barrier (BBB) [28], and label parenchymal plaques. Stud-
ies have shown that Methoxy-XO4 can be administered
repeatedly and used in conjunction with in vivo two-
photon imaging to monitor plaque growth over time [29,
30]. Further, >95% of Methoxy-XO4 plaques co-labeled
with AP antibody 1-day post injection [29, 30]. Yet, the
exact diffusion volume in live animals is not known.
Thus, we utilized premortem Methoxy-XO4 labeling with
postmortem 6el0 A antibody co-labeling in a separate
cohort of 12-month-old J20 mice. Co-labeling between
Methoxy-XO4 and 6el0 A labeling in hippocampal
and cortical brain slices were assessed utilizing both an
automated image analysis approach in Imaris and man-
ual analysis in Image]. Here we identified that ~ 70% of
Methoxy-XO4 co-labeled with 6el0 stained plaques
with no difference in co-labeling observed between sur-
face and deeper brain regions (Supplemental Fig. 4). Our
results are in line with previously published work dem-
onstrating a high correlation between Methoxy-XO4
labeled plaques and antibody labeled plaques, and dem-
onstrate our approach is suitable for comparing lepto-
meningeal and parenchymal Ap load.

To determine if the meningeal AP load seen across
the two AD model systems impacted CBF, laser speckle
contrast imaging was employed. This technique evalu-
ates blood flow through the meninges and up to one
millimeter of the cortex. Compared to WT controls, J20
and 5XFAD mice exhibited 13.4%, and 10.9% lower CBE,
respectively (Fig. 3A-B, Supplementary Fig. 5A-B). Nota-
bly, a significant correlation between meningeal CAA and
cerebral blood flow loss was observed in these models at
12 months of age (p = 0.03, Fig. 3C). Lateralization and
asymmetry in behavior, blood flow, and other patholo-
gies in AD have been debated within the literature. When
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Fig. 1 Leptomeningeal AB coverage in the 12 month old male and female WT and J20 mice (A) Representative images of vessel paint (red) and Methoxy-
XO4 (cyan) of the pial surface of 12-month-old male WT and male J20 mice brains and corresponding 3D Imaris reconstructions (scale bar =500 pm)
(B) Representative zoomed image of MCA-ACA collateral bed in J20 animal (Anterior Cerebral Artery (ACA) =green, collaterals =orange, Medial Cerebral
Artery (MCA)=red, distal arterials=gold, scale bar =200 um) (C) % AR coverage of the MCA, MCA-ACA Collaterals, and ACA with significance detected
by RM One-Way ANOVA test (top) or Ordinary One-Way ANOVA (Bottom) with Tukey's multiple comparison test. For each n, the average coverage for
the entire arterial bed (MCA, ACA) or collaterals is reported. (D). Comparison of % AR on all blood vessels in both hemispheres between male and female
J20 mice with significance detected by unpaired t-test. n=7 Male J20, 10 Female J20, 7 Male WT, and 5 Female WT. * = p-value <0.05. Circles=males;

Triangles =Females

looking at PET imaging studies, some indicate lateral-
ization [54-56], while others show asymmetry without
lateralization [54]. Given the scarce research on lateral-
ization in the J20 mouse model of AD, we assessed our
animal cohorts and identified no lateralization was noted
in blood flow for either J20 or 5XFAD models when com-
pared to age-matched WT littermate controls (Fig. 3D,
Supplementary Fig. 5C).

Pial collateral vessels are critical determinants of
patient outcome after an ischemic stroke, as they contain
a remarkable adaptive ability to enlarge and compensate

for loss of CBF and support retrograde reperfusion to
preserve the penumbra. To determine if pial collat-
eral vessels are altered as results of decreased CBF and
increased A load in the J20 and 5XFAD mouse models
of AD, vessel painting was employed in conjunction with
confocal imaging. At 2 months of age, before AB accu-
mulation begins, no differences were observed in pial
collateral diameter or number in any of the three inter-
connecting collaterals in J20 mice, when compared to
age matched littermate controls (Supplementary Fig. 6A-
D). However, by 12 months of age when significant
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Fig. 2 Vascular and nonvascular evaluation of amyloid-beta in 12mo J20 mice (A) 3D Reconstructions of pial, cortical, or hippocampal blood vessels
(green), and pial, cortical, or hippocampal Methoxy-XO4 (blue) from lateral (left) dorsal (middle) or zoomed dorsal (right) and zoomed dorsal individual
channels views (individual channels denoted i. or ii.). Blood vessels of the pial surface were labeled with vessel paint and blood vessels of the cortex and
hippocampus were labeled using Goat CD31 and Goat Podocalyxin primary antibodies in conjunction with Donkey anti Goat 488 secondary. (B) Percent
of Methoxy-XO4 which is non-vascular or vascular in pial (1), cortical (Il), or hippocampal (Ill) tissue (n=3 male J20). (C) Normalized percent coverage of
Methoxy-XO4 in deep or surface tissue. Coverage is considered the volume of Methoxy-XO4 over the volume of the tissue (D) Normalized percent cover-
age of Methoxy-XO4 in deep tissue or surface vasculature (n=>5 male J20). Significance detected through Ordinary One-Way ANOVA. Scale bar =80 um
(Al), 70 um (All), 30 um (Alll, AVI, AIX) or 100 um (AIV, AV, AVII, AVIII). * = p-value < 0.05

meningeal CAA had occurred, the diameter of pial collat-
eral vessels in the J20 MCA-ACA niche were significantly
larger compared to control mice (Fig. 4A-C). J20 mice
displayed significantly fewer collaterals at less than 30 pum
with greater percentages of collaterals at 31-40 pm and
41-50 pum in size compared to WT controls (Fig. 4D).
Interestingly, no differences in collateral diameters were
noted in the MCA-PCA and ACA-PCA collateral vessels.
Pial collateral vessel tortuosity displayed a similar trend,
with significantly greater tortuosity in J20 MCA-ACA
pial collaterals compared to WT controls, but no changes
in the MCA-PCA and ACA-PCA collaterals (Fig. 4E).
No changes were seen between genotypes with regard
to collateral number, consistent with previous research
indicating that collaterals do not form de novo (Fig. 4F).
Taken together, the increased diameter and tortuosity of
J20 MCA-ACA collaterals indicate the vessels undergo
arteriogenesis during the course of disease progression.
Moreover, no significant changes were identified between
the sexes, therefore values were combined during analy-
sis (Supplementary Fig. 7). No significant alterations were
observed in collateral diameter or number in 5XFAD
mice at 12 months of age (Supplementary Fig. 5E-G).
The absence of collateral enlargement in 5xFAD mice
indicates that a critical threshold of pial arterial Ap accu-
mulation is necessary to trigger vascular disruption and
arteriogenesis.

Discussion

In AD, reduced CBF has emerged as a pivotal factor
in disease progression, reflecting the intricate inter-
play between vascular dynamics and neurodegenera-
tive processes. The current study recapitulates the large
body of work demonstrating reduced CBF and explores
the nuanced relationship between AP deposition and
reduced CBE. In the J20 model of AD, the most signifi-
cant accumulation of A was observed on the meningeal
arterial vasculature, with male mice carrying a higher
burden compared to females. This is the first known
report thoroughly characterizing leptomeningeal CAA
accumulation, and the first to reveal sex differences in
the leptomeninges in an animal model. Deposition of AP
in the parenchyma of human brains occurs in a hierar-
chical manner, with AP first accumulating in cortical
regions, followed by the hippocampus, and then spread-
ing throughout other regions of the brain. Vascular

AB-deposits occur in the first stage of CAA in leptomen-
ingeal and parenchymal vessels of neocortical regions
[57]. Our data shows that in the J20 mouse model of
AD, AP accumulates early and in the highest concentra-
tions first on the leptomeningeal arterial vasculature at
12 months of age when compared to cortical/hippocam-
pal vascular burden and parenchymal burden. Notably,
our findings in the J20 mouse model are consistent with
studies dating back nearly four decades demonstrat-
ing AP accumulation in the leptomeningeal arterial net-
work early in disease progression (reviewed in [57]). As
expected, the level of CAA accumulation in leptomenin-
geal vasculature correlated with reductions in CBE, sug-
gesting a novel locality for which to target CAA. Further,
our study supports previous work in other murine AD
models which also demonstrate significant leptomenin-
geal CAA. For example, the APPDutch mice (express-
ing E693Q-mutated human APP gene) showed onset of
vascular amyloid deposition first in the leptomeninges,
followed by cortical vessels [58]. Additionally, Tg-SwDI
mice (expressing human vasculotropic Swedish/Dutch/
Iowa mutant APP) demonstrate significant leptomenin-
geal CAA, which was associated with higher number of
cortical microinfarcts [59]. Here, our approach of imag-
ing the brain from the dorsal surface using vessel paint-
ing, allowed a more complete characterization of the
extent of leptomeningeal CAA burden across the entire
arteriole network (MCA, ACA and PCA). Indeed, our
approach allowed a direct comparison between lepto-
meningeal, cortical, and hippocampal CAA and paren-
chymal plaque burden, revealing the densest overall
plaque accumulation to be in the leptomeninges. These
findings suggest that age-related meningeal dysfunction,
for example, inflammation or perivascular drainage, may
initiate surface accumulation of AP that drives parenchy-
mal accumulation in a temporospatial manner.
Interestingly, coupled with extensive meningeal CAA,
the MCA-ACA leptomeningeal collaterals were enlarged
in J20 mice, but no changes were observed in the 5xFAD
mouse line. Pial collateral vessels aid in reperfusion
which supports rerouting blood flow to vulnerable tis-
sue following ischemic stroke. Pre-existing collateral
number and ability to enlarge, through arteriogenesis, is
a critical factor in stroke patient outcome. Despite this
critical adaptation, limited work has been done to fur-
ther our understanding of their role in combating the
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Fig. 3 Reduced CBF correlates with pial artery/arteriole vascular network A load in J20 and 5XFAD mice. (A) Representative pseudo-colored laser
speckle contrast images of WT (n=6 male, 4 female) and J20 (n=6 male, 6 female) mice. (B) Quantification of averaged hemispheric cerebral blood flow
shows a significant reduction in J20 mice compared to WT controls as evaluated by an unpaired t-test. (C) Linear regression analysis with 95% confidence
bands shows negative correlation between AR load and CBF in J20 mice. n=5 male and 6 female. **** = p-value < 0.05. Circles = males; Triangles =females;
(D) No differences were seen in perfusion between the hemispheres of WT (n=6 male, 4 female) or (E) J20 mice (n=3 males, 6 females) as evaluated by

a paired t-test

global reduction in blood flow seen in AD models. Work
by Zhang et al,, found that pial collateral vessel changes
seemed to vary by mouse strain [23]. In contrast to their
results which demonstrated decreased collateral number
and diameter with age in 3xTg mice, we identified col-
lateral size was enhanced in J20 mice, with no alterations
to collateral number at 12 months of age. Other findings
using 5xFAD mice showed increased collateral diameter
from 8 to 12 months and a significant genotype effect, but
the number of vessels decreased with age in both 5xFAD
and WT mice [60]. The difference in outcome compared
to our 5xFAD study may be due to housing conditions or
technical approaches used to analyze collateral changes.
Although critical studies examining the pial collateral
response in AD are lacking, the connection between
CAA CBF is well-established. A recent meta-analysis
showed that in patients with AD, 48% displayed mod-
erate to severe CAA. Further, this study showed that in
the general population, the prevalence of moderate to
severe CAA pathology was 23% [20]. While women are
more likely to develop CAA in their lifetime, studies
have shown that men typically have worse CAA scores,
develop CAA earlier, and tend to have worse response to
CAA in the form of hemorrhagic disease [61, 62]. This is

further supported by our work, revealing that male J20
mice have a heavier leptomeningeal CAA burden rela-
tive to females. Few studies have characterized sexual
dimorphism in leptomeningeal CAA accumulation, how-
ever, it was noted that female APPDutch mice appeared
to exhibit earlier CAA accumulation, although sex dif-
ferences were not quantified [58]. 12-month-old female
APP/PS1 (APPswe/PSEN1de9) mice demonstrated a
higher parenchymal CAA burden, across the cortex, hip-
pocampus and olfactory bulb, which was associated with
higher microhemorrhage, phosphorylated tau, proin-
flammatory cytokines, more severe gliosis, and greater
neuronal and synaptic degeneration [63]. To our knowl-
edge, this is the first study to evaluate sex differences in
CAA burden in the leptomeninges. Future studies are
warranted which characterize (1) the timing and extent
of leptomeningeal CAA burden relative to CAA burden
in the parenchyma, and (2) whether sexually dimorphic
differences are consistent between these two regions.
This study underscores the importance of understand-
ing the temporal dynamics of CBF reduction and its rela-
tionship to AP accumulation in the meningeal arterial
vasculature. On its own, a reduction in global CBF is suf-
ficient to cause cognitive dysfunction [64]. CAA is known
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Fig. 4 J20 mice exhibit significant alterations in their MCA-ACA collateral niche. Vessel painting was utilized to label the pial artery/arteriole network. (A)
Representative tiled 4X images of the MCA-ACA pial collateral niche in WT and (B) J20 mice. (C) Increased collateral diameter was observed in the MCA-
ACA niche of J20 mice compared to WT controls. No differences were seen in the MCA-PCA or ACA-PCA collateral niches. (D) J20 mice have a significantly
higher percentage of MCA-ACA collaterals in the 31-40 and 41-50 um range compared to WT mice. (E) Collateral tortuosity was increased only in the
MCA-ACA collaterals of J20 mice. (F) No significant difference was noted in collateral number between J20 and WT mice in any collateral niche. Significant
differences in collateral niches were evaluated using multiple unpaired t-tests and collateral distribution using two-way ANOVA with Sidak multiple com-
parisons.n=9 male and 11 female WT, and 8 male and 11 female J20. White * = MCA-ACA collateral blood vessel. Scale bar =1 mm. * = p-value < 0.05, **
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to cause structural changes in the vessel walls, reducing
their compliance and impairing CBF regulation, and can
reduce the integrity of the blood vessel, increasing risk
of hemorrhage. Both factors, in conjunction with the
inflammatory response triggered by these AP deposits,
can lead to exacerbated neuroinflammation and disease
progression.

Previously thought to reflect the reduced metabolic
demand of advanced AD, it is now well-established that
reduced CBF occurs early in AD progression and may
contribute to cognitive decline [5-7, 10, 11], leading to
the notion that reduced CBF may serve as an early diag-
nostic indicator for early AD [7, 11]. Reduced CBF may
contribute to impaired delivery of oxygen, and glucose, as
well as contribute to deficits in clearance of brain meta-
bolic waste and AP accumulation [12, 13, 65]. Support-
ing this, in mice overexpressing the Swedish mutation
of APP, reduced CBF was observed prior to parenchy-
mal AP plaque deposition [14]. Reduced CBF correlates
with reduced glucose utilization in preclinical AD models
[14-16]. Vasomotor responses and functional hyperemia
appear to be disrupted throughout disease progres-
sion. In the early stages, increased neural excitability is
linked to an exaggerated hemodynamic response in J20
mice [66]. In contrast, in aged APP overexpressing mice
(Tg2576), laser speckle imaging correlated vascular Af
deposition with impaired vasomotor responses to hyper-
capnia and whisker stimulation-induced hyperaemia
[67]. Importantly, parenchymal vascular abnormities are
described in postmortem AD tissues, including increased
tortuosity, thinning of vessel walls and the appearance of
wicker-like vascular networks (reviewed in [68]). Similar
abnormalities have recently been described using high
resolution mapping of hippocampal vasculature in aged
(24 month) APP/PS1 mice, including fewer uniform ves-
sels, with a lower mean vascular diameter, more distal
fine branching and reduced perfusion areas [69]. It is not
known if these are early disease events, as these evalua-
tions were performed in late-stage disease. Alternatively,
these changes may occur in response to inadequate arte-
rial blood flow because of pial AP load, as we show, which
may potentially cause capillary regression due to a global
decrease in flow through micro vessels. Future studies
examining the temporal relationship between vascu-
lar AP load in the meningeal arterial network, CBF and
parenchymal vascular abnormalities are thus warranted.

Although the mechanisms for CBF impairment in AD
are poorly understood, studies have indicated that CBF
enhancement may be a viable method of risk reduction
for AD which has the potential to reduce CAA and AP
load. For example, exercise is a robust modifier of AD
risk and in mouse models, as long-term access to a run-
ning wheel in early or late-stage disease was associated
with a decrease in AP load and improved microvascular
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pathology [70-72]. Pharmaceutical interventions have
also been explored to improve blood flow and reduce
cognitive impairment in AD. In humans, a small clini-
cal trial with anti-hypertension drug Nilvadipine showed
improved CBF in the hippocampus [73], however a large
phase III trial did not find benefits to Nilvadipine treat-
ment in patients with mild to moderate AD [73]. Simi-
larly, treatment with anti-hypertension drugs against the
receptor for advanced glycation end products (RAGE)
failed to show efficacy in a clinical setting and could exac-
erbate cognitive decline in high doses [74]. Therefore,
there is a critical need for the development of targeted,
safe drugs to restore CBE.

In addition to disrupting normal CBEF, CAA is also
linked with impaired drainage of waste products from
the brains glymphatic system. The glymphatic path-
way involves clearance of waste products, including AP,
through perivascular spaces, extending into the menin-
ges, before reaching lymphatic vessels. Recent work has
suggested that clogging or dysfunction of the glymphatic
system could potentially impair AB clearance, contrib-
uting to CAA development. Impaired meningeal lym-
phatic drainage exacerbates the microglial inflammatory
response in AD suggesting that enhancement of menin-
geal lymphatic function combined with immunothera-
pies could lead to better clinical outcomes [75].

Limitations and future directions
There exist inherent limitations of LSCI in capturing
deep brain structures, with reported penetration depths
ranging from 300 pm to 1 mm [76, 77] and LSCI does
not provide absolute quantification of CBE. Yet, LSCI
offers valuable insights into superficial cortical perfu-
sion dynamics. Here we emphasize its utility in quanti-
fying superficial cortical and meningeal perfusion, where
alterations in blood flow can have significant implications
for neurovascular function. LSCI also enables real-time,
non-invasive assessment of microvascular perfusion, pro-
viding a practical means of monitoring changes in CBE.
Humans demonstrate highest leptomeningeal CAA in
the occipital/PCA territory [78, 79]. Our tissue process-
ing and imaging approach favored the dorsal leptomen-
ingeal regions. In mice, however, arterial territories and
leptomeningeal collateral architecture differ: the ACA +
MCA supply ~ 90% of the dorsal cortex, the PCA terri-
tory is proportionally smaller, and pial collateral den-
sity/topology vary by strain, reducing the likelihood of a
human-like PCA gradient. Our current tissue handling
emphasized dorsal leptomeninges, which may under-
sample posterior surfaces; future studies could address
this by performing whole-surface/light-sheet reconstruc-
tions to quantify vessel-wall AB across ACA-MCA-PCA
territories.
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Our findings demonstrate no differences in collaterals
in young adult WT and J20 mice of either sex, suggesting
no intrinsic differences in collateral measures in trans-
genic J20 mice (Supplemental Fig. 6). While we have not
evaluated CBF at two months of age, Hébert et al. [80]
revealed changes in CBF in J20 mice via magnetic reso-
nance imaging as early as 3 months of age. These changes
may be due to early impacts on vascular health from A
oligomers. Indeed, several studies have shown that fibrils
induce reactive oxygen species, leading to cellular damage
[81, 82]. These oligomers form prior to plaque accumula-
tion, and therefore would be missed using Methoxy-X04
labeling, as Methoxy-X04 is highly specific for the dense
cores of plaques but does not label smaller forms such
as fibrils and oligomers. Future studies should incorpo-
rate a combination of Methoxy-X04 and 6E10 antibody, a
commonly used marker which labels amino acid residues
1-16 of amyloid beta and is not plaques specific, and cor-
relate vessel remodeling with total leptomeningeal Af
deposition and cerebral CBF. The incorporation of both
these markers would assist in disseminating the impacts
of plaque burden and total AP load on CBE.

The 5XFAD model, with 5 casual familial mutations
associated with Alzheimer’s disease, presents far more
AP than several models [83—85]. Typically, there is no
CAA reported in 5XFAD mice apart from the menin-
ges [86, 87]. While we note that 5xFAD typically devel-
ops limited CAA, reduced CBF can occur independently
of extensive vascular AP burden, as outlined by [88, 89].
Future studies could analyze capillary dysfunction and
soluble APB; and correlate these changes between CBF
and microvascular readouts alongside vascular AP load.
Here, we add to this knowledge, showing that the pres-
ence of this leptomeningeal CAA is extensive, match-
ing levels seen in our female J20 mice, with considerable
nonvascular associated plaques present as well.

Isoflurane, used here, is a potent vasodilator that
increases basal CBF and can influence arteriole reactivity
[90, 91]. Anesthetic choice is known to impact CBF mea-
surements. In a separate set of experiments, we identi-
fied that the differences in CBF were maintained between
WT and J20 mice using ketamine/xylazine as the anes-
thetic agent (Supplemental Fig. 8). It should be noted that
overall CBF is lower using ketamine/xylazine which is
associated with lower cerebral partial pressure of oxygen
and moderate hypoxia [92, 93]. Future studies evaluating
other anesthetic agents are warranted.

Finally, we did not test directionality of blood flow
within the collaterals to investigate whether collateral
remodeling could directly aid in redistribution of CBE.
Yet, previous studies have shown that collateral ves-
sel enlargement and remodeling improve collateral flow
capacity, facilitating reperfusion in occlusion scenar-
ios [33, 37, 94, 95]. Our findings of increased collateral

Page 13 of 16

diameter and tortuosity in AD mice align with this con-
cept of adaptive remodeling that may be initiated to com-
pensate for changes in CBE.

Conclusions

Our study underscores the pivotal role of CBF in AD,
shedding light on the intricate interplay between vascular
dynamics and CAA. The observed enhancement of col-
lateral size in J20 mice, coupled with increased menin-
geal CAA, prompts consideration of collateral vessels as
potential therapeutic targets for AD. Overall, our work
contributes to the evolving narrative on AD vascular
dysfunction and calls for continued exploration of novel
therapeutic avenues.
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Supplementary Material 1: Supplemental Fig. 1. Collateral identification
from vessel painted images. (A) Representative tiled 4X confocal image of
vessel painted male J20 brain. Collateral blood vessels are identified within
the dashed box by their characteristic tortuosity and typically non-physi-
ological, wide angles of attachment to the parent arteries. These intercol-
lateral vessels, which connect two independent arteries, are positioned
directly between the distal-most arterioles of the parent arteries. (B) Angle
of attachment to the parent artery of collateral vessels. These vessels often
exhibit wide, variable angles that can impact blood flow dynamics. (C)
Collateral tortuosity is calculated using the straight line of collateral length
(white) and freehand length (span; dashed yellow). The formula used is:
tortuosity =freehand length/straight-line length X 100. Scale bars=1 mm
for panel A and 500 um for panels B and C

Supplementary Material 2: Supplemental Fig. 2. Comparison of FIJI (Im-
ageJ) and Imaris AB coverage analyses in 12-month-old J20 mice. (A) Aver-
age coverage of entire leptomeningeal vasculature by AB as quantified by
ImageJ and Imaris analysis with (B) matched samples. No significance was
detected. Significance tested for using unpaired (A) and paired (B) t-test.
N=7 female J20 and 2 male J20. Circles = males; triangles =females

Supplementary Material 3: Supplemental Fig. 3. Leptomeningeal AR
coverage in the 12 month old male and female WT and 5XFAD mouse
(A) Representative images of vessel paint (red) and Methoxy-XO4 (cyan)
in 12-month-old WT and 5X FAD mice and corresponding 3D Imaris
reconstructions (scale bar =500 um) (B) Representative zoomed im-
age of MCA-ACA collateral bed in J20 animal (Anterior Cerebral Artery
(ACA) =green, collaterals=orange, Medial Cerebral Artery (MCA) =red,



https://doi.org/10.1186/s13195-025-01876-7
https://doi.org/10.1186/s13195-025-01876-7

Kaloss et al. Alzheimer's Research & Therapy (2025) 17:245

distal arterials=gold, scale bar =200 um) (C) % AR coverage of the MCA,
MCA-ACA Collaterals, and ACA with significance tested by RM One-Way
ANOVA test. N=4 male 5X FAD, 2 female 5X FAD, 4 male WT, and 5 female
WT. Circles=males; triangles =females

Supplementary Material 4: Supplemental Fig. 4. Methoxy XO4 and anti-
body labeling approaches to identify parenchymal plaques (A) Repre-
sentative images of Methoxy-XO4 (blue), GFAP (green) and 6e10 (red) in
cortex and hippocampus of male J20 mice. GFAP staining was utilized to
help confirm presence of plaques, which are known to induce glial reactiv-
ity. White arrows mark plaques which are co-labeled with Methoxy-XO4
and 6e10 (scale=50 um) (B) The number of Methoxy-XO4 labeled plaques
within 10 um of GFAP signal (Il) The number of Methoxy-XO4 labeled
plagues in contact with 6e10 signal (Ill) Methoxy-XO4 plaque size and (IV)
number and (V) percentage of Methoxy-XO4 plaques that colabel with
6e10 and 6e10 plaques that colabel with Methoxy-XO4 in cortex and hip-
pocampus. Significance was tested through paired t-test

Supplementary Material 5: Supplemental Fig. 5. Despite reduced blood
flow, collateral diameter and collateral number is unaltered in aged 5XFAD
mice. (A) Pseudocolored laser speckle contrast images of WT (n=6 male,
8 female) and 5xFAD (n=5 male, 6 female) mice at 12 months of age. (B)
Analysis by unpaired t-test showed significant reduction in cerebral blood
flow in 5XFAD mice compared to WT littermates. (C) No differences were
seen in hemispheric perfusion (D) No significant differences were noted
in cerebral blood flow between 5xFAD and J20 mice, or their control litter-
mates. (E) Representative confocal images of the MCA-ACA pial collateral
niche of WT and 5xFAD mice. (F) No differences were found in collateral
diameter or (G) number between 5xFAD (n=4 male and 5 female) and
WT mice (n=4 male and 5 female). Significant differences in collateral
niches were evaluated using multiple unpaired t-tests. Circles =males;
Triangles=females

Supplementary Material 6: Supplemental Fig. 6. Early life J20 mice do not
show changes in collateral remodeling (A) Representative vessels painted
and Methoxy-X04 images of WT and (B) J20 mice at 2 months of age, prior
to AR accumulation. (C) Collateral diameter and (D) number is unaltered in
any of the intercollateral niches between WT (n=5 female) and J20 (n=5
female) mice. Significant differences in collateral niches were evaluated us-
ing multiple unpaired t-tests. White * = MCA-ACA collateral blood vessel.
Scale bar =1 mm. Significant differences in collateral niches were evalu-
ated using multiple unpaired t-tests. Circles=males; Triangles = Females

Supplementary Material 7: Supplemental Fig. 7. Collateral characteristics
do not differ between sexes. (A) No significant sex differences were noted
in each genotype for collateral diameter, (B) number, (C) or tortuosity.
Significant differences in collateral niches were evaluated using multiple
unpaired t-tests. n=9 male and 11 female WT, and 8 male and 11 female
J20. Circles=males; Triangles = Females

Supplementary Material 8: Supplemental Fig. 8. Effect of anesthetic choice
on cerebral perfusion measured by laser speckle contrast imaging. (A)
Representative pseudocolored laser speckle contrast images of WT and
J20 mice anesthetized with either isoflurane or ketamine/xylazine. (B)
Quantitative analysis of averaged hemispheric perfusion demonstrates
significantly reduced cerebral perfusion in J20 mice anesthetized with
ketamine/xylazine. Statistical analysis was performed using an unpaired
t-test. *p <0.05, N=3-5 males
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