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Abstract
Cerebral microinfarcts, ranging from 100pum to 3mm in diameter, occur as a result of

ischemic microvessel occlusion. Microinfarcts have been found to contribute to cognitive decline
and are particularly prevalent in dementia patients and the aging population. Microemboli
occlusions are primarily cleared via fibrinolysis and hemodynamic forces to re-establish blood
flow. Angiophagy, where vessels engulf and expel microemboli, may also mitigate damage
caused by micro-occlusions. Previous rodent studies have proposed conflicting timelines on the
extent to which this process occurs and fail to extensively quantify angiophagy in clinically
relevant populations, including aging and Alzheimer’s disease. To further study this process of
angiophagy, we induced micro-occlusions in young, aged and AD mice via injection of 20um
microspheres into the carotid artery. In characterizing this model, we found that most
microspheres localized to the cortex, yet when accounting for region size, microspheres were
more evenly distributed across regions. When quantifying angiophagy in young non-diseased
mice, we found that approximately 43% of microspheres have extravasated from the vessel by
day 14. This timeline was delayed in aged mice, with only 10% of microspheres extravasated by
day 14. Moreover, in young 3xTg Alzheimer’s mice, we find the rate of angiophagy is more
efficient at day 14 compared to non-transgenic controls, with 47% and 43% of microspheres
extravasated, respectively. A similar trend is observed in aged Alzheimer’s mice whereby 38%
of microspheres extravasated by day 14 in 3xTg mice, compared to only 30% in non-transgenic
controls. Taken together, we show that aging impairs the process of angiophagy, while

Alzheimer’s mice exhibit an increased ability to extravasate microspheres.
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1 Introduction

1.1 Cerebral microinfarcts

Ischemic occlusion of small cerebral vessels, typically penetrating arterioles, results in
the formation of microinfarcts (MIs), which range from 100um to 3mm in size'. It is
hypothesized that MIs accumulate overtime and that the detection of just a few microinfarcts in a
post-mortem autopsy are representative of hundreds to thousands brain wide, as merely 0.01% of
the brain is sampled in post-mortem tissue studies'. MlIs are typically undetected by conventional
MRIs, however diffusion-weighted imaging and high-resolution structural MRIs can help
visualize 1-2mm MIs!?, Although seemingly insignificant, MIs can contribute to cognitive
decline and are most common among the aging population'. MIs are found in approximately
62% of patients with vascular dementia, 43% of patients with Alzheimer’s disease (AD), and in
24% of individuals 75 years or older®. Notably, AD patients with microinfarcts have more severe
cognitive impairments than AD patients without microinfarcts, however the severity of AD

pathology is not correlated with incidence of MIs*>.

1.1.1 Pathology of cerebral microinfarcts

The appearance of microinfarcts in human tissue varies, including barrel-shaped, wedge-
shaped, triangular, round or stellate®. They are typically described as regions of neuronal loss and
demyelination, sometimes with cavitation®’. Immune response is observed at the site of
infarction, commonly activated macrophages, astrocytes, microglia and white blood cells®. The
microinfarct core has been found to be infiltrated with CD68-positive macrophages, while
GFAP-positive astrocytes are present in the core and extend to the periphery’. Notably, chronic
microinfarcts exhibit microvascular meshwork in the core and periphery which contain a high

density of string vessels — remnants of capillaries lacking endothelial cells with no blood flow’.

1.1.2 Distributions of cerebral microinfarcts

Microinfarcts are found brain-wide, with no definitive conclusions as to whether they
manifest with preference to either cortical or subcortical structures®. Within the cortex, MIs were
found to be most prevalent in the occipital and parietal lobe®. One study found that the location
of MlIs correlated with relating vascular risk factor. Upon examination of 1000 brains post-

mortem, it was found cortical MIs were associated with cerebral amyloid angiopathy (CAA),



while subcortical MIs were associated with hypertension, atherosclerosis and arteriosclerosis'®!!.

Moreover, an additional study with 80 samples concluded that MIs in the occipital lobe of the

cerebrum were associated with local CAA!2.

1.2 Cause and risk factors of cerebral microinfarcts

Several vascular risk factors have been linked to the occurrence of microinfarcts. A study
sampling from memory clinic patients found microinfarcts to be associated with intracranial
stenosis!?. Moreover, microinfarcts appear to be a predictor for incidence of major stroke in the
future!*. One study found MIs nearly doubled the risk of subsequent stroke when compared to
those without silent MIs'4. These patients notably had higher systolic/diastolic blood pressures,
greater internal and common carotid wall thickness, and incidences of atrial fibrillation, when
compared to patients with MIs and no subsequent stroke, or those without MIs!4. Since
microinfarcts often go undetected in conventional MRIs and may be asymptomatic, it is likely
these patients have co-existing risk factors that are left untreated and thus result in a major
symptomatic stroke later on.

Beyond cerebral risk factors like CAA or presence of macroscopic ischemic infarcts,
other factors can influence the prevalence of MIs. In a diffusion-weighted imaging study, 14% of
patients undergoing a carotid endarterectomy, a surgical procedure to remove fatty build up on
vessel walls, displayed microinfarcts'>. Additionally, atrial fibrillation, coronary artery disease,
and other cardiac disease biomarkers relate to the presence of MIs!'*!516, Some studies indicate
no relation between hypertension or diabetes and MIs, whereas other studies did observe a

positive correlation!®-1?,

1.3 Cerebral microinfarcts and cognitive function

Microinfarcts are known to be associated with impairment in cognitive function in
humans!. In one clinical-pathology study sampling post-mortem brains, it was found individuals
with more microinfarcts had a greater risk of dementia and MIs were associated with overall
lower levels of cognition, including perceptual speed, semantic memory, and episodic memory,
even when controlling for age, sex, education, presence of macroinfarcts, AD pathology and
Lewis bodies?. Moreover, this study found that dementia was related to only multiple Mls,
while decreased levels of perceptual speed and semantic memory were associated with both

single and multiple MIs?°. Further, this study found that cortical Mls were associated with poorer



cognitive function, but not subcortical MIs?°. However, it remains largely unclear the

relationship between the location of Mls and their impact on cognitive impairment.

1.4 Rodent models of cerebral microinfarction

Microinfarcts in the human population are often co-morbid with other diseases, such as
hypertension or CAA!. This makes it difficult to determine the extent to which microinfarcts
affect cognition and brain tissue integrity. Mouse models are commonly used to study
microinfarcts and associated burden as rodent microvasculature present similarities to that of
humans?!. Microinfarct models focus on the occlusion of penetrating arterioles, typically
between 10 and 20um in mice, so as to replicate clinical findings®>. Rodent models of

microinfarcts are either induced or spontaneous.

1.4.1 Microinfarct pathology in rodents

Microinfarcts in rodent tissue present similarities to the tissue damage observed in
humans, such as ischemia and secondary immune response?!. Microinfarcts are typically
described by loss of neuronal tissue, as identified with a lack of NeuN staining or positive for
Fluoro-jade staining?!?*, One study found that occlusion of a single penetrating arteriole forms a
columnar infarction over the course of 7 days, and the volume of the infarction correlated with
the pre-occlusion flux of red blood cells through the vessel, with greater flux leading to larger
microinfarcts?!. Hypoxia develops in the acute stage, 6-hours post-vessel occlusion, as identified
by hypoxyprobe staining?!. Moreover, the microinfarct core presented with increased alpha-3-
nitrotyrosine labelling, representing oxidative protein damage within cells and vasculature?!.
Damaged cells along the border of the microinfarct were propidium iodide-positive, representing
a disruption to cell membranes?!. Immune response following vessel occlusion is notable,
typically in the acute stage: macrophages were present in the core and spanned to the periphery,
comparable to the immune response observed in post-mortem tissue of humans; activated
microglia were also present at the microinfarct border, likely to limit damage; and proliferation

of reactive astrocytes was observed’?!.

1.4.2 Single vessel occlusion

Occlusion of single penetrating arterioles are commonly performed by activating

circulating photosensitive dye, such as Rose Bengal, through a cranial window with a focused



laser?*?>. Upon photo-activation of the dye, the vessel lining is damaged and platelet aggregation
occurs forming blood clots that occlude the vessel and lead to ischemic injury?®. This technique
allows for precise targeting of cortical surface vessels and results in cylindrical-shaped
microinfarcts as a result of localized ischemia®*. Single vessel occlusions can also be induced
using a multiphoton absorption-based photothermolysis method. Here, a near infrared
femtosecond laser beam is focused to generate multiphoton absorption at the target, without the

need of exogenous photosensitive dye?’.

1.4.3 Diffuse vessel occlusion

Intra-carotid injections of microemboli can be used to stochastically induce microvessel
occlusions across the brain. The occluding microemboli can be cholesterol crystals/fibrin clots or
fluorescent microspheres®®. Although comparable to emboli found in humans, cholesterol
crystals and fibrin clots are typically difficult to visualize in histology and can vary in size,
whereas microspheres are easily visualized with fluorescent microscopy and are uniform in
size?®. Several studies have investigated the distribution of microspheres in this model, with a
majority distributed to the neocortex, followed by the thalamus, or the hippocampus in one
case?>2%-33, Not all lodged microspheres result in the formation of a microinfarct, with one study
finding the hippocampus and white matter had the greatest percent of lodged microspheres
resulting in injury, as determined by Fluoro-Jade staining, potentially as a result of decreased
regional vascularization?3. Cortical microinfarcts were found to be wedge or column-shaped,
resembling what is typically observed in human brain tissue, while microinfarcts observed in

other cerebral regions exhibited varying shapes and sizes?'.

1.4.4 Bilateral Carotid Artery Stenosis

Bilateral carotid artery stenosis (BCAS) induces hypoperfusion in rodents resulting in the
spontaneous formation of subcortical microinfarcts after long-term BCAS (6 months)34. This
study found that vascular-related changes associated with BCAS were primarily observed in
subcortical regions, including an increase in collagen IV density and a decrease in claudin-5
expression, and GFAP expression significantly increased at the 6-month time point compared to
shams. Moreover, BCAS can be applied in other mouse models with pathology that increases
susceptibility to microinfarcts, namely the Tg-SwDI mouse model exhibiting CAA, which

otherwise do not develop microinfarcts, and atherosclerotic ApoE knockout mice>-¢,



1.4.5 Other models

Spontaneous microinfarcts have also been observed in other mouse models including
endothelial NOS (important for vascular tone and blood pressure maintenance) deficient mice,
Notch3 (player in vascular development and mural cell-endothelial communication) mutant

mice, and Towne’s model of sickle cell®.

1.4.6 Neuropathological changes in rodents following diffuse vessel occlusion

Several studies have characterized the vascular and neuronal changes in rodents
following induction of multiple microinfarcts. Commonly, blood brain barrier (BBB) disruption
and immune cell response are studied, as these are common features in a post-stroke brain®’.

The van der Wijk group out of the Netherlands have published several papers using a
polystyrene microsphere model in rats. In their first paper investigating this microinfarct model,
27,500 microspheres (15um in diameter) were injected which resulted in transient BBB leakage
(measured by IgG immunofluorescence) present significantly at day 1 in the experimental
hemisphere?®. Moreover, an immune response in the experimental hemisphere was observed.
GFAP signal was used to measure reactive astrocytes and was present significantly at day 1 post-
surgery. Ibal signal was used to measure reactive microglia and was present significantly in the
cortex at day 7 and 28 post-surgery. Additionally, this study assessed potential vascular changes
in the experimental hemisphere and found there was no difference in the number or length of
branches or vessel diameter. However, there was an observable decrease in capillary blood flow
in the cortex, striatum, and hippocampus, likely as a result of non-perfusion in these capillaries.
They noted capillary nonperfusion was only temporary and blood flow returned at day 7.

In 2020, this same group assessed similar measures in a mixed-microsphere model,
injecting approximately 25,000 15um, 5500 25um and 625 50um microspheres together®. In this
experimental design, BBB leakage was also found to be transient, diminishing at day 7 on a
brain-wide scale. Moreover, they observed IgG leakage adjacent to sites of microvessel
occlusion. A midline shift was observed, whereby the experimental hemisphere expanded,
suggestive of edema in this model. GFAP and Ibal staining were also assessed, with GFAP
signal significantly greater in the experimental hemisphere across all time points (day 1, 3, and
7) and Ibal signal significantly greater at day 3 and 7. Here, they also observed a shift from

ameboid microglia to ramified, indicating immune cell activation.



In 2021, the same concoction of microspheres was used, but infarction (absence of NeuN
staining), ischemia (absence of lectin staining), and hypoxia (positive hypoxyprobe staining)
were assessed®’. In the experimental hemisphere, it was found that the number and volume of
infarcted regions did not significantly differ across the measured timepoints (day 1, 3 and 7).
Conversely, ischemia and hypoxia were shown to decrease significantly overtime, with values
nearing zero at day 7, suggestive of successful reperfusion and recovery of hypoxic tissue at risk.

Most recently, in a 2023 study, the van der Wijk group wanted to further investigate if
these measures differed depending on the size of microspheres*!. In three experimental groups,
with either 15um, 25um or 50um microspheres, infarction, ischemia and hypoxia were measured
as in the previous studies. They found no significant difference in the percent of infarcted
regions, non-perfused vessels or hypoxic tissue across all groups. However, there was an
increase in the volume of ischemia and infarcted tissue in the 50um microsphere group, and
hypoxia in the 25um group, suggesting that the size of the microspheres may result in varying
degrees of damage as different sized vessels are targeted. Lastly, BBB leakage was found to be
greatest in the 15um microsphere group compared to the 50um group. Additionally, it was shown
that IgG intensity was lower in the corpus callosum (white matter) when compared to the cortex
(grey matter) and the striatum (white and grey matter), which they suggest is a result of reduced
vascular density in white matter.

Overall, these papers identify transient blood brain barrier breakdown, immune response
(as measured by reactive astrocytes and microglia), ischemia and hypoxia within the

experimental hemisphere as commonly observed cerebral disruptions following MIs.

1.5 Mechanisms of clearance

Although small, cerebral microvessels play an important role in oxygen and nutrient
delivery through blood-tissue exchange. Subsequently, it is evident that microvessel occlusions
result in extensive damage, both locally at the site of blockage, such as hypoxia and subsequent
tissue infarction, as well as globally in models of diffuse vessel occlusion, such as blood brain
barrier leakage and immune response®*-#!. Thus, repair mechanisms have evolved to protect the

brain from subsequent damaged caused by microvessel occlusion.



1.5.1 Fibrinolysis and Washout

Mechanisms are in place to rescue perfusion, whereby lodged intravascular emboli are
commonly cleared out via hemodynamic washout or chemical breakdown via thrombolysis*?.
Clearance via washout occurs when cerebral circulation aids in dislodging emboli thus
preventing detrimental occlusions. However, the microvasculature is particularly susceptible to
microemboli occlusion as a result of small diameter and low-flow velocity*?. Clearance via
chemical breakdown occurs when tissue plasminogen activator (tPA) breaks down clots into
smaller fragments that are less likely to become lodged in circulation®. tPA activates
plasminogen via proteolytic cleavage to convert it to plasmin, the enzyme responsible for
breaking down fibrin clots*.

These clearance mechanisms are not always effective. For example, hemodynamic
clearance is often impaired in areas of hypoperfusion whereby the reduced blood flow makes it
difficult to wash emboli downstream and some clots are not susceptible to fibrinolysis, such as
atheromatous plaques or cholesterol crystals*’#°, Moreover, one study found that following the
injection of cholesterol crystals or fibrin clots, emboli washout and degradation primarily
occurred within the first 6 hours post-emboli delivery, beyond which these clearance systems
become significantly less efficient®. Thus, there is evidently a need for a clearance mechanism

beyond this acute timescale.

1.5.2 Angiophagy

First shown by Lam et al., there appears to be a third method of emboli clearance by
means of vessel remodeling that functions beyond this acute timepoint>®. Known as angiophagy,
small cerebral vessels (less than 60mM in diameter) engulf occluding emboli and translocate
them out of the vessel into the surrounding parenchyma, thus promoting the re-establishment of
blood flow>°. Although the exact mechanism of angiophagy is still unknown, Lam et al. noted
that endothelial projections engulf occluding emboli for translocation and heightened levels of
gelatinolytic activity detected at sites of vessel occlusion compared to unoccluded vessels®.
Moreover, addition of a MMP2/9 inhibitor, SB-3CT, decreased clot and microsphere
extravasation®. Initial signs of angiophagy (lamellipodia projections) have been shown to initiate
as early as 3 hours post-emboli delivery®. Grutzendler et al. proposed that this process occurs in

two distinct phases: (1) retention of the occluding emboli via lamellipodia projections and (2)



extravasation of the emboli outside the vessel into the surrounding parenchyma®. It is likely this
first stage of angiophagy impairs the alternative clearance mechanisms by preventing emboli
washout and insulating the emboli from fibrinolytic agents, thus preventing degradation. The
physical translocation of the emboli occurs after 2-7 days™.

Several studies have investigated the timeline of angiophagy and have presented varying
conclusions. This first study in 2010 by Lam et al. primarily used cholesterol and fibrin clots (8-
20um) to investigate angiophagy*’. They found that by day 7, approximately 78% and 58% of
the fibrin and cholesterol clots, respectively, had extravasated from the vessel*®. Although
representative of emboli seen in human brain samples, a potential drawback of using fibrin clots
is that they are often broken down into smaller fragments, which could potentially be
extravasated at different rates than larger emboli.

The van Der Wijk group published a study in 2019 investigating angiophagy in rats using
15um polystyrene microspheres®®. Here they showed that by day 7, 76% of microspheres had
extravasated from the vessels and by day 28, 100% of the microspheres were outside of the
vessel*®. This same group went on to publish a study in 2020 investigating potential differences
in the rate of angiophagy depending on the size of the injected emboli*°. Using 15um and 25um
polystyrene microspheres, they argued that the rate of angiophagy was 33% and 18%,
respectively, in rats at the day 7 timepoint*®. Lastly, in another angiophagy study from 2023, van
der Wijk used approximately 12um in diameter microspheres composed of poly(ether ester
urethane) multiblock copolymer in combination with lactide, glycolide, e-caprolactone,
dioxanone and polyethylene glycol with differing makeups*. Here it was found that the
composition of the microspheres affected the rate of angiophagy, and by day 14, 3.3-20.7% of
the microspheres had extravasated, dependent on their makeup®.

van der Wijk et al. noted that BBB integrity improves at the day 7 timepoint, which is
synonymous to the point at which the majority of microspheres had extravasated®*°. It is
possible the BBB leakage is a result of ischemic insult and the process of vessel reperfusion
following angiophagy aids in restoring BBB integrity. Moreover, microglia activation primarily
occurred beyond day 3, the timepoint in which microspheres begin to translocate into the
parenchyma?®3°, This is possibly caused by the presence of a foreign body in the brain tissue,
signaling for the recruitment of immune cells. Lam et al. showed in vivo the engulfment of

extravasated fibrin clots by activated phagocytic microglia in a fibrin clot injected model®.



Lam et al. also investigated angiophagy in aged mice, although to a limited extent,
reporting the extravasation rate of microspheres at day 14 to be markedly delayed in aged mice
by approximately 35%>°. The authors suggest that age-related cerebrovascular changes may

explain these observations, such as increased basal lamina thickness and collagen deposition™.
1.6 Vascular changes in aging and disease and increase incidence of microinfarcts

1.6.1 Vascular changes in aging

Throughout aging, several changes to our brain occur including a decrease in brain size, a
decline in cognitive abilities, and vascular differences>2. Notably, arterial stiffening occurs as we
see a decreased expression of arterial elastin®. This can result in hypertension as the vessels have
a decreased ability to accommodate changes in blood flow. Other vascular changes are observed
in aging that contribute to blood brain barrier disruption, such as loss of tight junctions,
decreased number of endothelial cells, increased thickness of basement membrane, and sustained
inflammation*. As well, it is known that fibrinolytic activity decreases with aging>>. It is
hypothesized that these vascular changes occurring with aging, like thickening of basal lamina
and increased collagen deposits, may delay the process of angiophagy as the vessels may be less
plastic and able to remodel. Collectively, these observations among the elderly may account for

the increased prevalence of Mls in this population.

1.6.2 Vascular changes in Alzheimer s disease

Alzheimer’s disease is characterized by the deposition of amyloid 3 (AB) plaques and
neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau’®. It was initially thought
that the key pathological determiner of AD is the accumulation of AP plaques. However, it
appears that AP and NFTs are not the only contributors to cognitive impairments in AD patients,
as cognitively normal individuals exhibit these pathologies and therapies targeting A3
accumulation do not entirely rescue AD-related cognitive impairments®¢. The vascular
hypothesis of AD has been proposed, arguing that vascular changes seen in AD, commonly
preceding cognitive impairments and amyloid f accumulation, drive AD symptoms®6-3%, It has
been found that individuals with vascular risk factors, such as atherosclerosis, hypertension, and
obesity, are at a greater risk of developing AD%’. Several vascular changes are observed in AD

including hypoperfusion, a decrease in vessel density (likely a result of decreased levels of



angiogenic growth factors), thickened basement membranes (as a result of accumulation of
extracellular matrix proteins), and arterial stiffening®’. In microvasculature, string vessels,
tortuous vessels (potentially as a result of decreased elastin), and vessel fragmentation are
observed®®. With cortical microvasculature, the most severe pathologic changes are observed
only in regions with neuronal loss>®-°.

Cerebral hypoperfusion is commonly seen in AD patients and precedes other pathological
features of the disease, such as hypometabolism and neurodegeneration®!. Changes in cortical
blood flow can be observed years prior to the onset of preclinical symptoms arise$%3.
Hypoperfusion is detrimental as it disrupts delivery of oxygen and glucose to brain tissue, further
exacerbating cognitive deficits®!. A reduction in cerebral blood flow further exacerbates AD by
decreasing the efficiency of AP clearance, which subsequently allows for the accumulation of
AP plaques®®. In AD patients, hypoxia, commonly as a result of hypoperfusion, has been shown
to increase levels of AP in the vasculature®’. Together, hypoperfusion and subsequent hypoxia
further exacerbate vessel integrity and the degenerative nature of the disease”’.

One cause of a reduction in CBF is CAA, the accumulation of AP plaques in vessel walls,
commonly in leptomeningeal and cortical arteries and arterioles®*. Although a common
pathological hallmark of AD, CAA is not limited to individuals with AD%. Amyloid angiopathy
also occurs in the normal aging population, with 30% of individuals over 60 years old exhibiting
this pathology®. AD and CAA together is seen in approximately 81-98% of AD cases®. CAA
has been found to be associated with the degeneration of smooth muscle cells, pericytes and
endothelial cells, which moreover contributes to BBB disruption®.

A study investigating the effects of CAA on penetrating arteriole integrity sampled post-
mortem tissue of CAA patients and found a reduction in the volume of vascular smooth
muscle®. Moreover, arteriolar walls with CAA were found to be 400% stiffer than those without
CAA%. They noted a strong association with loss of vascular smooth muscle cells/vascular
degeneration with lysyl oxidase (LOX), an enzyme responsible for extracellular matrix
remodeling/crosslinking®®. They hypothesize that increased vascular stiffness is likely a result of
replacement of vascular smooth muscle cells by A, cross-linking of extracellular matrix by
LOX and potentially fibrosis®.

The cerebrovascular pathological changes associated with AD may account for the

increased prevalence of MIs in AD patients. Primarily, it has been shown that in AD patients,
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areas of hypoperfusion, such as the cortical watershed region, are more susceptible to the
development of MIs, with AD patients exhibiting more than 10-fold greater incidence of
microinfarcts in this region®!. As well, it has been found that microinfarcts are commonly co-
localized with amyloid B vessel depositions in humans®. Additionally, the severity of CAA

appears to be a predictor of cortical microinfarcts®.

1.7 3xTg Alzheimer s mouse model

Alzheimer’s disease is the one of the most common neurodegenerative diseases
worldwide and thus, time and resources have been dedicated to developing animal models that
replicate the complex and progressive nature of the disease. Unfortunately, animal models have
not been able to fully recapitulate the heterogeneity of the disease. 3xTg is a commonly used
transgenic model that presents with both amyloid and tau pathology as a result of three gene
mutations: APP Swedish, MAPT P301L, and PSEN1 M146V, which are associated with familial
Alzheimer’s disease®®.

3xTg mice develop plaque and tangle neuropathology®®. This model is progressive as
amyloid B deposits are present as early as 6 months and continue to accumulate up to 12
months®. Tau pathology is observed at 12 months, typically within the hippocampus®®. Notably,
different papers report different timelines for when these neuropathological features arise, with
the most recent study from the LaFerla group characterizing this model®. They found 3xTg mice
only develop plaques (stained with Thioflavin S) sparsely in females at 12 months and in most
females at 18 months (only in the subiculum). AB40 and AB42 were quantified in detergent
soluble (recently produced) and insoluble (within plaques) micro-dissected hippocampus and
cortical tissue®. Soluble AB40 and AB42 was present significantly at 18 months in the
hippocampus and cortex®’. Insoluble AB40 and AB42 increased significantly in the hippocampus
and cortex between 4, 12 and 18 months®. Tau pathology (phosphorylated tau, as measured by
AT8 and pTau217) arose at 12 months and significantly increases only at 18 months®’.
Neurofibrillary tangles, aggregates of phosphorylated tau, were present only at 18 months in the
hippocampus®. Notably, these pathological features are present significantly in female mice

compared to the male mice®.
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1.7.1 Vascular changes in 3xTg mice

Several vascular pathological changes have been observed in 3xTg-AD mice.
Specifically, arteriole diameter exhibited a sigmoidal decrease at a rate faster than wildtype mice,
in addition to a more rapid decline in arteriolar flow’’. Moreover, the density of penetrating
vessels decreased significantly in 3xTg mice’. This is especially relevant as microinfarcts
commonly form as a result of penetrating arteriole occlusion due to the bottleneck in perfusion.
In 11-month 3xTg mice, cerebrovascular volume is diminished brain wide, and more
significantly in the hippocampus, compared to wildtype counterparts’!. This observation
correlates to an increase in thickening of cortical vascular basement membrane, as evident by
increased presence of collagen’!. The 3xTg model also exhibits CAA, an increased perivascular
space, and a decrease in pericytes that was found to be associated with cerebral amyloid deposits
at 13 months of age’?.

One study investigating whole brain angioarchitecture found an initial increase in vessel
segments between 6 and 12 months and a decrease after 24 months in 3xTg mice compared to
wildtype mice’?. Vessel surface area, which plays an important role in solute exchange,
significantly decreased at 24 months in 3xTg mice, along with a decrease in the number of vessel
connections’. Overall complexity of vascular network decreased with age’. Here they noted
that these differences in cerebrovascular networks between 3xTg and wildtype mice were

primarily driven by the microvasculature’.

1.7.2 AD mice and cerebral microinfarcts

Since microinfarcts and Alzheimer’s disease are often co-morbid, it can be difficult to
determine which pathology arose first. It can be argued that AD pathology, such as
hypoperfusion or CAA, triggers the onset of microinfarcts. Alternatively, it may be suggested
that microinfarcts, although likely not triggering the onset of AD, could exacerbate disease
pathology. Several papers have investigated these concepts.

Okamoto et al. studied human brain tissue and found CAA to be a multivariate predictor
of cortical microinfarcts®>. To investigate this relationship further, they found that in a mouse
mode of CAA (Tg-SwDI), hypoperfusion induced by bilateral carotid stenosis accelerated the
deposition of leptomeningeal amyloid  with several mice developing cortical microinfarcts. In

CAA mice without hypoperfusion, amyloid 3 deposits were limited with no signs of
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microinfarcts®. Similarly, Salvadores et al. used the same CAA model with induced
hypoperfusion and were able to detect soluble A3 at 1 month in the parenchyma and significant
levels of insoluble AP in the parenchyma and vasculature at 3 months’*. Moreover, they found
that soluble parenchymal A} was associated with NOX2 (NADPH oxidase). It is likely that in
response to hypoperfusion, the increased production/deposition of Af} may trigger oxidative
stress promoting cerebrovascular disruption and ultimately the development of MIs. Together,
these papers suggest hypoperfusion, typically seen in AD, in conjunction with CAA can trigger
the onset of MIs.

Backsai et al. investigated the development of amyloid B pathology in vivo following the
occlusion of microvessels (20-50um in diameter) using a photothrombotic stroke model in 6
month APPswe/PS1dE9 mice’’. After 7 days, amyloid B plaques developed within the volume of
the microinfarct, yet at 14 days, the number of new plaques in the stroke volume compared to
adjacent tissue was not significantly different’’. This suggests that local ischemia results in a
transient increase in amyloid 3 pathology at the site of injury, which they also observed in an
MCAO (middle cerebral artery occlusion) model of stroke. Additionally, it was found that CAA
progression was nearly 2-fold faster in occluded vessels than non-targeted CAA vessels of the
same mouse’’.

Immunohistochemistry was performed to further investigate whether this effect was a
result of increased amyloid B production or a decrease in amyloid [ clearance. Levels of BACE
(B-site amyloid precursor protein cleaving enzyme) and presenlin-1, which play a role in 3-
amyloid production, where unaffected, as were neprilysin or insulin degrading enzyme, which
contribute to amyloid B degradation”’. Thus, it can be hypothesized that clearance pathways for
amyloid B along interstitial fluid drainage routes are disrupted resulting in increased amyloid f3 at
sites of injury”’.

Exploring this, studies have investigated the effects of MIs on the glymphatic system,
which plays a key role in waste clearance by removing metabolic waste and neurotoxins.
Importantly, it aids in the clearance of amyloid . Venkat et al. induced microinfarcts via
injection of cholesterol crystals in the common carotid of rats and found a decreased expression
of AQP-4 surrounding blood vessels that persisted till 6 weeks post-microinfarct induction and

correlated with cognitive loss’®. Moreover, using ex-vivo fluorescent imaging of coronal brain
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sections, they found an impairment in cerebrospinal fluid penetration into the parenchyma via the
paravascular pathways and pial surfaces”. Further, Wang et al. observed similar results in mice
following injection of cholesterol crystals’s. They found global suppression of glymphatic
function that resolved 2 weeks post-microinfarct induction. Moreover, the CSF tracers were
found to accumulate within tissue associated with microinfarcts. Notably, these observations
were exacerbated in aged mice (12 months), compared to young counterparts (2-3 months). They
concluded that glymphatic function is focally disrupted in association with microinfarcts and that
the aging brain is more vulnerable to this effect’®. Together, it is possible that microinfarcts
trigger glymphatic drainage dysfunction, which ultimately facilitates amyloid {3 build up.

ElAli et al. also investigated the effect of microinfarcts on Alzheimer’s disease pathology
on a longer timescale, taking into account sex differences’®. Sporadic microinfarcts were induced
in APP/PS1 mice through the injection of 20um fluorescent microspheres into the carotid artery.
It was found that microinfarcts reduced amyloid  deposits, while soluble levels of amyloid 3
were unaffected’®. Moreover, male mice exhibited rapid and prolonged cognitive deficits, while
females exhibited mild and transient cognitive deficits, as determined by the novel object
recognition test and open field test’8. Additionally, male mice displayed acute and chronic
hypoperfusion, while female mice only experienced hypoperfusion in the acute stage’®.
Interestingly, female mice had a more robust microglial response and recruitment of peripheral
monocytes to the site of injury and amyloid 3 plaques, which could be a possible explanation for
the reduced AP deposition in female mice’®. Lastly, CAA was found to decrease in female AD
mice post-microinfarct induction’®. Here they hypothesized that a reduction in amyloid
deposition, primarily in females, is a result of immune cell recruitment following microvessel

occlusion which aids in amyloid B clearance.

1.8 Experimental rationale

It is evident that microinfarcts are abundant in the human population, particularly in the
aging population and those with diagnosed dementia®. However, the relationship between
aging/AD and microinfarcts is still largely unknown.

The timeline of angiophagy in young mice has been previously established by Lam et al.
and van der Wijk et al. However, these previous studies fall short in thoroughly quantifying

angiophagy with appropriate sample sizes. van der Wijk’s 2019 study quantified 40-42
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microspheres total (from 4 rats) at each time point and the 2020 study quantified only 195 and 53
microspheres for each of the different size microspheres (15 and 20um respectively)3®.
Interestingly, these two papers published by the same group one year apart, claim significantly
different rates of angiophagy when comparing between the same size microspheres, with
extravasation rates of 76% compared to 33% at day 7. Between the previously published studies
investigating angiophagy, there appears to be inconsistent findings and an inability to replicate
results.

Additionally, angiophagy in aging has limited data presented by Lam et al. and
angiophagy in Alzheimer’s disease has yet to be explored. Pathological cerebrovascular changes
are observed in both aged and Alzheimer’s disease and may lead to a disruption of the process of
angiophagy, which could be a possible explanation as to why microinfarcts are more commonly

present in the aging population and Alzheimer’s disease patients.

2 Methods

2.1 Animals and experimental timeline

Male and female Tmem119-2A-EGFP mice were used for the young wildtype cohort
(The Jackson Laboratory, strain #031823). These knock-in mice allow for visualization of central
nervous system microglia via fluorescently labelled transmembrane protein 119 (Tmem-119)
with EGFP%. Due to weak fluorescence signal in our histological sections, microglial
fluorescence was not quantified in these experiments. The mice were between 2 and 6 months of
age.

In addition to Tmem-119 mice, male and female Thy1-ChR2-YFP mice were also used
for the aged wildtype cohort (The Jackson Laboratory, strain #007612). This mouse line
expresses the light-gated cation channel ChR2 in a subpopulation of cortical neurons, which may
be utilized in subsequent experiments®. Importantly, both mouse lines are C57BL6 strains with
no known phenotypes. The mice are between 9 and 20 months of age.

Male and female 3xTg-AD mice were used for our Alzheimer’s model (The Jackson
Laboratory, strain #034830), with the non-transgenic, strain-matched controls (The Jackson
Laboratory, strain #101045). The young cohort was 2-5 months old, while the aged cohort is 14-
16 months old, age-matched between 3xTg and NTG mice.
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Following surgery (DO0), mice were sacrificed at 3 experimental timepoints: day 3, day 7,

and day 14.

2.2 Surgical preparation and protocol

A fluorescent microsphere model of microinfarction was used, first described by Silasi et
al.?*. A solution of approximately 4000 microspheres/100uL injection was prepared prior to
surgery using stock solution of fluorescent microspheres (FluoroSpheres polystyrene,
Polysciences, Cat# 19096-2; 20um particles, 2.5% aqueous suspension 5.68 x 10”6
particles/mL). A 5uL sample was taken from the final prepared microsphere solution and imaged
under Ziess Axio Imager M2. After thresholding the acquired image of the solution sample in
Imagel, the Particle Analyze function was used to count the number of microspheres present in
the SuL sample. The solution was adjusted accordingly to a final concentration of approximately
4000 microspheres/100uL. During surgery, prior to injection, the microsphere solution was
vortexed for approximately 30 seconds to ensure the solution was mixed and the microspheres
were separated.

In preparation for the surgery, mice were placed in an induction chamber and
anesthetized via inhalation of isoflurane (3.5%) for 3 minutes with oxygen set to flow at 1L/min.
Following initial anesthetization (confirming with toe pinch), mice were placed in the prone
position on a heating pad set to 37°C to maintain homeostatic temperature with 2% isofluorane-
1L/min oxygen. Meloxicam (0.5mg/mL, 0.1mL/10g per animal) was injected subcutaneously
and Optixcare eye lubricant was applied to the eyes to avoid drying. In the supine position, fur
on the upper chest and neck was shaved with an electric razor followed by 70% isopropyl
alcohol and chlorohexidine gluconate swab for disinfection.

A surgical incision at the neck (approximately 1.5cm) was created to gain access to the
common carotid artery (CCA). Under a dissecting microscope, the internal carotid artery was
isolated, while a microvascular clamp was used to temporarily block the external carotid artery.
A 31G needle was used to inject 100uL of the microsphere solution (4000 microspheres/100uL)
into the common carotid artery at a steady rate (over approximately 30 seconds). The
microspheres stochastically distribute throughout the hemisphere and become lodged in
penetrating arterioles. The clamp was removed from the external carotid artery and surgifoam

was applied to control bleeding. The incision was sutured, followed by application of
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bupivacaine (2% transdermal, 0.1mL per animal) and mice recovered in a 30°C incubator prior to

returning to their home cage.

Control hemisphere Microsphere hemisphere

Surgical clamp

External carotid artery

Internal carotid artery

Common carotid artery

Figure 1. Rodent model of microinfarction. ~4000 fluorescent microspheres are injected into
the left common carotid artery of an anesthetized mouse. The microspheres stochastically
distribute and become lodged in the microvasculature of the brain forming microinfarcts. Method
derived by Silasi et al. (2015).

2.2 Euthanization and vascular labelling

Mice were anesthetized with an intraperitoneal injection of sodium pentobarbital
(65mg/mL, 10mL/kg). After confirming lack of responsiveness to a toe pinch, an incision was
made to open the thoracic cavity. For visualization of the cerebral vasculature, 100uL of Evans
Blue (EB) (Sigma E2129, MW: 960.8g/mol, 2% solution in saline) was injected into the left
ventricle of the heart with a 31G needle. The EB dye was allowed to circulate for a minimum of
5 minutes prior to extracting the brain. Brains were not perfused, so as to retain both
microspheres and vascular labeling. Instead, they were post-fixed in 4% paraformaldehyde, at

minimum for 24 hours, and stored at 4 °C until further processing.
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Figure 2. Experimental design. Mice undergo microinfarct surgery and are sacrificed on day
3, day 7 or day 14. Evans Blue is injected intracardially and allowed to circulate prior to
sacrifice. The brain is then extracted and sectioned at 100um. Coronal sections are imaged at
2.5x on a fluorescence microscopy.

2.3 Histological processing

Brains were sectioned at 100um thickness on a vibratome and sections were placed on
1% gelatin-coated slides. Slides were coverslipped with Fluoromount-G prior prior to imaging
on the Ziess Axio Imager M2. For angiophagy quantification, individual microspheres (GFP;
510nm emission) and vessels (Evans Blue; 610nm emission) were imaged at 20x magnification.
For brain-wide quantification and localization of microspheres, sections were tile-scanned at

2.5x (GFP; 510nm emission) and stitched in Zen software.

2.4 Microsphere Localization and Quantification

The previously defined semi-automated QUINT workflow was used for quantification
and spatial analysis of microspheres on a brain-wide scale’®. The image analysis pipeline consists

of three open source software packages: Ilastik, QuickNII and Nutil. Raw image files acquired
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from the Ziess Axio Imager M2 at 10x were pre-processed with IrfanView (serial order and

batch rename), Nutil (resize), and Imagel (rotate).

NUTIL P

Figure 3. QUINT Image Analysis Workflow. 100um coronal sections are imaged at 2.5x with
fluorescence microscopy(1). Images are pre-processed and uploaded to Ilastik to generate
segmentation files (2). Section images are uploaded to QuickNII for alignment with the Allen
Mouse Brain Atlas (3). Nutil combines the Ilastik and QuickNII outputs to generate reports on
microsphere quantification and distribution (4).

The Pixel Classification tool in Ilastik is used to generate segmentation files to
differentiate the microspheres from the background. 10% of total acquired sections
(approximately 7 images) were used to train the Pixel Classifiers in Ilastik. Annotations were
applied to mark the microspheres against the background. Additional annotations were added to
improve accuracy of predicted pixel classification, which is made based on pixel size, intensity
and colour. The images were manually assessed and annotated until it was found the
microspheres were correctly identified across all training images. The remaining serial sections
were imported and the trained classifier generated segmentation maps for the whole series using
the batch application feature. Batch processing in ImageJ was used to visualize segmentation

files in colour with the glasbey lookup table.
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In QuickNII (RRID: SCR_016854), the acquired serial sections of the experimental brain
are superimposed with the atlas (Allen Mouse Brain 2017) to allow for manual alignment, taking
into account the size, position, orientation and sectioning angle. Predetermined landmarks are
typically aligned first (development of corpus callosum, anterior commissures, and anterior
hippocampus), followed by the remaining sections. Exported from QuickNII are the manually-
adjusted serial alignments of the experimental and reference atlas sections with an XML file
describing a set of vectors regarding image position in relation to the atlas.

Using the quantifier feature in Nutil, microsphere quantification and localization can be
obtained. The Ilastik segmentation files, QuickNII alignment files, and the QuickNII XML file
are imported into Nutil. Nutil generates a list of objects (microspheres) and assigns a label ID
that corresponds to the reference atlas and the object’s spatial coordinates. Relevant for our use,
the final output details the number of microspheres in each brain region (cortex, fibretracts,
hippocampus, olfactory, midbrain/hindbrain/medulla, thalamus, and ventricular system) and the
size of the region. Microsphere distribution was normalized to region area by dividing the

number of microspheres in a given region by the size of the region as determined by Nutil.

2.5 Quantification of Angiophagy

The timeline of angiophagy was quantified based on the location of the bead in relation to
the nearest visible vessel (labelled with Evans Blue) and was categorized into one of three
classifications: obstructed, going out, or externalized. Given that there are upwards of 1500
microspheres per brain, up to 20 microspheres (minimum 5 microspheres) were quantified per
brain region (cortex, striatum, hippocampus, thalamus and hypothalamus), with a minimum of 10

and maximum of 100 microspheres quantified brain wide at random.
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Microsphere

Figure 4. Classification of angiophagy timeline. 20um fluorescent microspheres targeted to the
left hemisphere with vessel labeling via tail vein injection of lectin prior to sacrifice. Images of
coronal sections captured with fluorescence microscopy at 20x. Angiophagy was quantified by
classifying images into one of three categories based on microsphere (green) location in relation
to the vessel (red): obstructed (A), going out (B) and extravasated (C).

2.6 Statistical Analyses

All values were expressed as mean + standard error of mean (SEM). All statistical
analyses were performed in GraphPad Prism 10 (San Diego, CA, USA). One-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison was used to analyze microsphere
distribution across cohorts. Two-way ANOV A with Tukey’s multiple comparison was used to
analyze microsphere localization across regions/cohorts and quantification of angiophagy. All p-
values < 0.05 were considered significant. To analyze the correlation plots, Pearson’s bivariate

correlation was used.

3 Results

3.1 Microspheres primarily localize to the neocortex across all experimental cohorts

Using the semi-automated QUINT image analysis pipeline, we determined the total number
of microspheres per brain sample. Across the experimental groups, the young non-diseased, aged
non-diseased and aged 3xTg cohorts had the fewest number of microspheres brain wide with a
mean of 524.2+115.3, 490.5+68.62 and 531.0+185.7 microspheres, respectively (Figure 5). The
young NTG, young 3xTg and aged NTG cohorts had the greatest number of microspheres brain
wide with a mean of 890.7+90.75, 835.7495.67, and 779.0+£172.4 microspheres, respectively
(Figure 5). All animals with less than 50 microspheres in the brain were considered unsuccessful

injections and excluded from analysis (n=17).
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Figure 5. Microsphere quantification across experimental cohorts. Using a semi-automated
image analysis pipeline, microsphere load was quantified in each experimental cohort. Animals
with less than 50 microspheres in the brain were excluded. Data expressed as mean + SEM.
One-way ANOVA with Tukey’s multiple comparison. *p<0.05.

We were also able to determine the regional distribution of microspheres and found that the
greatest number of microspheres localized to the neocortex across all experimental cohorts
(Figures 6). The region with the second greatest percent of microspheres was determined to be
the hippocampus for the young non-diseased and aged NTG cohorts, the thalamus for the aged
non-diseased and young NTG cohort and the striatum/pallidum for the young 3xTg and aged
3xTg cohorts (Figures 6). When comparing the percent of microspheres within each brain region,
there was no significant difference between the experimental cohorts (Figure 6).

When we normalized the number of microspheres by the area (pixels) of each brain region,
as determined through the image analysis pipeline, we found that the thalamus had the most
microspheres per area of structure across all cohorts (Figure 7). The value varied slightly
between experimental cohorts, with significantly more microspheres per region area in the
thalamus of the young NTG cohort compared to the young non-diseased, aged NTG and aged
3xTg cohorts and in the hypothalamus of the young NTG group compared to the young non-
diseased and the aged 3xTg cohorts (Figure 7).
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Figure 6. Microsphere localization for all experimental cohorts. Using a semi-automated image
analysis pipeline, microsphere localization was determined in young non-diseased, aged non-
diseased, young NTG, aged NTG, young 3xTg, and aged 3xTg mice. (A) Allen Mouse Brain Atlas
for the region legend. (B) Regional microsphere localization. Regions not shown: olfactory,
ventricular system, cerebellum. Data expressed as mean £ SEM. Two-way ANOVA with Tukey’s
multiple comparison.
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Figure 7. Normalized microsphere localization for all experimental cohorts. Using a semi-
automated image analysis pipeline, microsphere localization was determined in young non-diseased,
aged non-diseased, young NTG, aged NTG, young 3xTg, and aged 3xTg mice. Regional distribution
of microspheres was normalized to size of brain region as determined by Nutil. Regions not shown:
olfactory, ventricular system, cerebellum. Data expressed as mean = SEM. Two-way ANOVA with
Tukey’s multiple comparison. **p<0.01, *p<0.05.

3.2 Angiophagy is delayed in aged, non-diseased mice

To determine a time course of angiophagy, we quantified the process over the course of 3
timepoints: day 3, 7, and 14. Using fluorescent microscopy, the microspheres were categorized
into one of three groups depending on its location in relation to the vessel: obstructing the vessel,
in the process of going out of the vessel, and extravasated outside of the vessel.

In the young cohort, the percent of microspheres obstructing the vessels decreased from
83.9146+2.5868% at day 3 to 39.12+5.3162% at day 14, while the percent of extravasated
microspheres increased from 11.5715+2.6715% at day 3 to 43.8528+2.95315% at day 14 (Figure
8). The rate of angiophagy did not differ significantly across brain regions, except in the
obstructing stage whereby the white matter had a greater percent of obstructing microspheres

compared to the thalamus at day 7 (Figure 9).
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In the aged cohort, a comparable trend was observed whereby the percent of microspheres
obstructing the vessels also decreased across time, from 94.6754+1.0887% at day 3 to
80.5360+2.8542% at day 14, while the percent of extravasated microspheres increased from
3.1315+0.8827% at day 3 to 10.6434+2.3788% at day 14 (Figure 8). The rate of angiophagy did
not differ significantly across brain regions in the aged cohort except in the going out stage
whereby white matter had a greater percent of microspheres going out compared to the striatum
at day 14 (Figure 10).

In comparing young and aged non-diseased mice, it was determined the percent of
microspheres obstructing a vessel is significantly greater and the percent of extravasated
microspheres is significantly less in the aged mice compared to the young mice across all three

time points (day 3, 7 and 14) (Figure 8).
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Figure 8. Quantification of angiophagy in young and aged non-diseased mice. Microspheres were
quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from the
vessel at day 3, 7, and 14. Data expressed as mean + SEM. Two-way ANOVA with Tukey’s multiple
comparison. ****p<0.0001, **p<0.01, *p<0.05.
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Figure 9. Quantification of angiophagy per brain region in young non-diseased mice. Microspheres
were quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from the
vessel in each of five brain regions: neocortex, striatum, thalamus, hippocampus, and white matter at day
3,7, and 14. Data expressed as mean + SEM. Two-way ANOVA with Tukey’s multiple comparison.
*HEXPp<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Figure 10. Quantification of angiophagy per brain region in aged non-diseased mice.
Microspheres were quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C)
extravasated from the vessel in each of five brain regions: neocortex, striatum, thalamus,
hippocampus, and white matter at day 3, 7, and 14. Data expressed as mean + SEM. Two-way
ANOVA with Tukey’s multiple comparison. ***p<0.001, **p<0.01, *p<0.05.
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3.3 Increased angiophagy efficiency in Alzheimer s disease mice compared to non-transgenic

controls

In young NTG mice, the percent of microspheres obstructing the vessels decreased from
97.520440.7024% at day 3 to 37.7059+4.024% at day 14 (Figure 11). The percent of
extravasated microspheres increased across all timepoints, from 1.3037+0.3903% at day 3 to
43.4472+3.1614% at day 14 (Figure 11).

A comparable trend holds true in the young 3xTG mice whereby the percent of microspheres
obstructing vessels also decreased overtime from 96.4933+1.0836% at day 3 to
23.65084+2.7848% at day 14, while the percent of extravasated microspheres increased from
1.8985+0.4816% at day 3 to 47.0499+2.5693% at day 14 (Figure 11).

In the aged NTG mice, the percent of microspheres obstructing the vessels decreased from
82.7067+3.6126% at day 7 to 58.3374+3.9471% at day 14 (Figure 11). The percent of
extravasated microspheres increased from 13.6290+2.610% at day 7 to 30.3723+4.7717% at day
14 (Figure 11).

In the aged 3xTg mice, a comparable trend was observed whereby the percent of
microspheres obstructing the vessels decreased from 87.5013+2.3555% at day 7 to
36.5088+5.8293% at day 14 (Figure 11). The percent of extravasated microspheres increased
from 7.6892+0.8216% at day 7 to 38.0953+4.7717% at day 14 (Figure 11).

The rate of angiophagy across regions did not differ significantly for all experimental cohorts
(Figure 12-15).

When comparing angiophagy between NTG and 3xTg cohorts at each timepoint, we see that
3xTg mice are generally more efficient at this process of angiophagy. This is particularly evident
at day 14 whereby the young and aged 3xTg mice have less microspheres obstructing the vessels,
and more microspheres in the process of going out and extravasated compared to the NTG
groups. There is a significant difference between the aged NTG and aged 3xTg cohorts at day 7
and day 14, whereby 3xTg mice have a greater percent of microspheres in the process of leaving
the vessel compared to NTG mice (Figure 11).

Comparing young vs aged mice in the NTG cohort, a significance difference was observed at
the day 7 and 14 timepoint, whereby the aged cohorts have a significantly greater percent of
microspheres obstructing the vessel and significantly fewer microspheres going out compared to

the young cohort (Figure 11). In the 3xTg cohort, a significant difference in the percent of
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microspheres obstructing vessels was present at day 7 and 14, whereby the aged cohort have a

significantly greater percent of obstructed vessels than the young 3xTg cohort (Figure 11).
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Figure 11. Quantification of angiophagy in young/aged NTG/3xTg mice. Microspheres were
quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from the
vessel at day 3, 7, and 14 in young NTG/3xTg mice and day 7 and 14 in aged NTG/3xTg mice. Data
expressed as mean + SEM. Two-way ANOVA with Tukey’s multiple comparison. ***p<0.001,
*#p<0.01, *p<0.05.
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Figure 12. Quantification of angiophagy per brain region in young NTG mice. Microspheres were
quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from the
vessel in each of five brain regions: neocortex, striatum, thalamus, hippocampus, and white matter at
day 3, 7, and 14. Data expressed as mean = SEM. Two-way ANOVA with Tukey’s multiple
comparison. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Figure 13. Quantification of angiophagy per brain region in young 3xTG mice. Microspheres were
quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from the
vessel in each of five brain regions: neocortex, striatum, thalamus, hippocampus, and white matter at
day 3, 7, and 14. Data expressed as mean = SEM. Two-way ANOVA with Tukey’s multiple
comparison. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Figure 14. Quantification of angiophagy per brain region in aged NTG mice. Microspheres
were quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated
from the vessel in each of five brain regions: neocortex, striatum, thalamus, hippocampus, and
white matter at day 3, 7, and 14. Data expressed as mean + SEM. Two-way ANOVA with
Tukey’s multiple comparison. ****p<0.0001, **p<0.01, *p<0.05.
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Figure 15. Quantification of angiophagy per brain region in aged 3xTg mice. Microspheres
were quantified as (A) obstructing the vessel, (B) going out of the vessel, and (C) extravasated from
the vessel in each of five brain regions: neocortex, striatum, thalamus, hippocampus, and white
matter at day 3, 7, and 14. Data expressed as mean £ SEM. Two-way ANOVA with Tukey’s
multiple comparison. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

3.4 Correlations between microsphere load and the occurrence of angiophagy

Correlation plots were created to investigate a potential relationship between microsphere
load and rate of angiophagy. Microsphere load was graphed against extravasated microspheres at
each timepoint for the young cohorts (combined) and aged non-diseased cohorts (Figures 16 and
17). Across the young cohorts, day 3 and 14 had a positive correlation, whereby a greater
microsphere load correlates to a greater percent of extravasated microspheres, or increased
occurrence of angiophagy (Figure 16). In the aged cohort, days 3 and 7 had a positive correlation
(Figure 17). The young cohorts at day 7 and the aged non-diseased cohort at day 14 appears to
have a general negative correlation, whereby a greater microsphere load correlates to less
extravasated microspheres, or a decreased occurrence of angiophagy (Figure 16 and 17).
Correlation between microsphere load and percent of extravasated microspheres is only

significant in the aged non-diseased mice at day 3 with an r value of 0.8548 (Figure 17).
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Figure 16. Correlation between microsphere load and extravasated microspheres (%) in
young non-diseased, young NTG and young 3xTg mice. Correlation between microsphere load
and extravasated microspheres at day 3 (A), day 7 (B) and day 14 (C) in all young mice.

Day 3 7 14

Pearson r 0.1176 -0.007802 0.06143

95% confidence -0.2531 to 0.5496 -0.4488 t0 0.4362 -0.3599 t0 0.4619
interval

R squared 0.03155 6.087e-005 0.003774

P value (two-tailed) 0.4175 0.9470 0.7807

P value summary ns ns ns

Significant? (alpha= | No No No

0.05)

Number of XY pairs | 23 20 23

Table 1. Correlation results for microsphere load and extravasated microspheres (%) in young
non-diseased, young NTG and young 3xTg mice combined.
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Figure 17. Correlation between microsphere load and extravasated microspheres (%) in
aged non-diseased mice, aged NTG and aged 3xTg mice. Correlation between microsphere
load and extravasated microspheres at day 3 (A), day 7 (B) and day 14 (C) in all aged mice. * =
significant (alpha = 0.05).

Day 3 7 14

Pearson r 0.8548 0.04441 -0.3394

95% confidence 0.1411 to 0.9838 -0.3210 to 0.3983 -0.6798 t0 0.1213
interval

R squared 0.7307 0.001972 0.1152

P value (two-tailed) | 0.0301 0.8157 0.1432

P value summary * NS NS

Significant? (alpha= | Yes No No

0.05)

Number of XY pairs | 6 30 20

Table 2. Correlation results for microsphere load and extravasated microspheres (%) in aged
non-diseased, aged NTG and aged 3xTg mice.

4 Discussion

Microvessel occlusions are a common cause of microinfarcts'. The brain has protective
mechanisms in place to clear microemboli including washout via hemodynamic forces and
chemical breakdown of clots*’. Moreover, angiophagy has been found to facilitate reperfusion as
a prominent clearance mechanism>°. In the first report of this process, Lam et al. proposed that
80% of microemboli were cleared from vessels through this process of vascular remodeling 8
days following delivery of microemboli to the brain®°. Using the injection of fluorescent
polystyrene microspheres to model microinfarcts in mice, we investigated this process of
angiophagy over the course of 14 days and found that approximately 43% of quantified

microspheres had undergone extravasation at this timepoint. This process was found to be
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delayed in aged mice, which aligns with current literature. Novel to our study, we observed a
general decrease in the percent of microspheres obstructing vessels and an increase in the percent
of microspheres going out and extravasated from vessels in young and aged 3xTg mice,
primarily at day 14, suggesting an increase in the process of angiophagy in this AD mouse

model.

4.1 Microsphere load comparable across experimental cohorts

The diffuse emboli model is commonly used to study microinfarcts and emboli clearance
mechanisms. Using the semi-automated QUINT analysis pipeline, we were able to quantify and
localize all microspheres in the brain®!. Our findings suggest variability in the number of
microspheres between samples, despite using a consistent concentration of microsphere solution
across surgeries. Following the injection of microemboli into the carotid artery, it has become
evident that not all microspheres reach the brain, potentially as a result of unsuccessful/partial
injections or the microspheres ability to circulate out of the brain prior to endpoint.

Some studies have quantified the total number of microspheres present in the brain
compared to the number of microspheres injected. Silasi et al. found a mean of 423 microspheres
in the brain with 2000 microspheres injected, McDonald et al. found a mean of 303 microspheres
with 2000 microspheres injected, and van Der Wijk et al. found a mean of 937 microspheres with
31,125 microsphere injected?-%40. Across our cohorts, we found an average of
666.7404+45.1347 microspheres in the brain with a 4000-microsphere injection. All animals
with less than 50 microspheres were excluded from microsphere quantification and localization
analyses. It is likely these were unsuccessful/partial injections.

Although the mean number of recovered microspheres varied minimally across all
cohorts, we found a significant difference between our aged non-diseased cohort and the young
NTG cohort (Figure 5). It is important to note that our young and aged non-disease cohorts have
less microspheres, which is likely a result of our initial injections being approximately 3000-
3800 microspheres, prior to adjusting to an injection of 4000 microspheres for the remaining
surgeries. This helps explain the discrepancy in the mean number of microspheres across
experimental cohorts.

Our lab found microspheres in the heart and the lung of these mice, although this has not
been further investigated at this point. It is possible the degree of lodged microspheres in

peripheral organs may explain differences in total microspheres found in the brain (e.g. less
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microspheres in the brain, but more in other organs or vice versa). Investigating microsphere

load across organs may help further explain the variability across injections.

4.2 Microspheres preferentially localized to the thalamus when accounting for region size

Several studies have further characterized the distribution of microspheres across the brain
regions. In agreement with current literature, we found that the neocortex accumulated more
microspheres than any other region, followed by the thalamus and hippocampus (Figure 6)>3-2%-32,
When the size of the region was accounted for, it was found that the thalamus had a greater
number of microspheres per volume of brain region for all cohorts, which is in line with our
previous study that determined the thalamus had the largest density of microspheres (Figure 7)°.

In humans, microinfarcts are found in both subcortical and cortical regions, seemingly
without preference®. Our mouse model produces stochastic distribution of microemboli across
regions, however, it has previously been found that not all lodged microspheres result in the
formation of a microinfarct®®. Silasi et al. found that the microspheres in the hippocampus and
white matter were more likely to induce a microinfarct compared to microspheres in other brain
regions®. In mice, the hippocampus and white matter has been found to have relatively lower
capillary density, which could potentially explain the greater incidence of lodged microspheres

82-84 Moreover, despite equivalent levels of resting oxygen consumption, one

producing injury
study found that the hippocampus exhibits lower resting blood flow compared to the V1 cortex,
likely as a result of lower vascular density and flux in individual capillaries®*. Aswell, it was
found that the hippocampus had weaker neurovascular coupling compared to the V1 cortex with
fewer and smaller local vessel dilations in response to increases in neuronal activity and an
overall smaller increase in blood volume®*. Taken together, the hippocampus is likely more
susceptible to damage following impairment in blood flow as a result of decreased vessel density

and an already lower resting blood flow.

4.2 Angiophagy timeline in young cohort

Previous studies have presented inconclusive timelines for the process of angiophagy, which
may be explained by small sample sizes and the use of varying sizes and composition of
microemboli. The currently literature uses rather small sample sizes, with as low as 40 and as
high as 195 microemboli quantified per timepoint in total**-3%#, Additionally, two papers from

the same group published just one year apart observe significantly different rates of angiophagy
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for the same size and composition of microspheres (15um) with 76% extravasated at day 7 in
their 2019 study and 33% extravasated at the same timepoint in their 2020 study?3-°. Together,
the present literature on the process of angiophagy fall short in thoroughly quantifying the
process with adequate sample sizes and are unable to replicate findings. Our goal was to add to
the literature on angiophagy with larger sample sizes, with 10-100 microspheres sampled per
mouse, with 5-16 mice used at each timepoint. Moreover, the two groups that have previously
quantified the timecourse of angiophagy use varying quantities and makeups of microemboli,
thus it is important we establish our own timeline of angiophagy specific to our model.

Across these studies, different microemboli are injected of varying sizes which may
contribute to discrepancies in the proposed angiophagy timelines. Our results show that
approximately 17% of microspheres have extravasated from the vessel at the day 7 timepoint in
young, non-diseased mice. This is in contrast to other studies, which suggest 78% or 58% of
fibrin and cholesterol clots, respectively, or 76% of polystyrene microspheres extravasate by day
73839 Notably in these studies, the size range of the fibrin and cholesterol clots were 8-20um,
while the microspheres were 15um?®*°, It is possible that the size of the emboli plays a role in
the rate of angiophagy, as smaller microemboli may be more easily engulfed by the endothelial
cells and translocated into the surrounding parenchyma. This is especially relevant with fibrin
clots which can be broken down into fragments by tPA prior to translocation*’. The effects of
size were shown by van der Wijk whereby 33% of 15um microspheres extravasated by day 7,
while only 18% of 25um microspheres had undergone angiophagy at this same timepoint™.

At day 14, we found that approximately 43% of microspheres had extravasated from the
vessel (Figure 8). This is comparable to the first study on angiophagy published by Lam et al.
citing that just over 45% of microspheres (10-15um in diameter) had undergone extravasation at
this time point®°,

Moreover, the composition of microemboli used in quantifying angiophagy may help explain
the current discrepancies. Lam et al. found that the percent of emboli that had undergone
extravasation was significantly different between fibrin clots and cholesterol clots at the day 2
timepoint, whereby nearly 5% of the fibrin clots had extravasated, while in contrast, just under
40% of the cholesterol clots had extravasated®. By the day 8 time point, fibrin clots reached just
under 80% extravasation, while only 60% of cholesterol clots had extravasated®’. Additionally,

van Der Wijk et al. investigated how the process of angiophagy was impacted by the
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composition of microemboli*’. Angiophagy was quantified in rats following injection of 12um
microspheres made up of varying combinations of poly(ether ester urethane) multiblock
copolymers. It was found the rate of angiophagy was in fact impacted by the microsphere
composition, whereby at day 14, the rate of extravasation varied significantly between 3.3% and
20.7%*.

Novel to our study, we were also interested in understanding if angiophagy occurred at
varying rates in different brain regions, which could be an additional factor that could account
for the noted discrepancies. Furthermore, because we are interested in investigating whether the
number of microspheres brain wide plays a role in the efficiency of angiophagy, understanding if
regions with more or less microspheres display differences in the rate of extravasation was of
interest. For example, although not significant in every cohort, the thalamus had a greater
number of microspheres per volume of region compared to the cortex, striatum and hippocampus
across all cohorts (Figure 7). Moreover, this becomes especially important when investigating
angiophagy in our AD mouse model where the hippocampus has significantly greater amyloid f
and tau load compared to the cortex®. In our study, we found there to be no significant
difference in angiophagy across most experimental cohorts and timepoints (Figure 9-10, 12-15).

In conclusion, there appears to be inconsistencies in reported timelines of angiophagy, with
no consensus on the timepoint at which a majority of microemboli are extravasated outside of the
vessel. It is likely the size of the emboli in addition to emboli composition can help reconcile
these discrepancies in the current literature. Defining a timecourse for angiophagy is important in
understanding angiophagy as a potential protective mechanism of the brain and investigating the
relationship between emboli extravasation and hypoxia, blood brain barrier disruption, immune
response and the development of infarcted tissue. Moreover, if angiophagy were to be used as a
therapeutic target, it would be beneficial to understand at what point the process is the most
efficient. Expanding the timecourse beyond day 14 could also be of interest to investigate
whether the process of angiophagy continues until all microspheres have extravasated, as van der

Wijk observed at day 28, or if its efficiency reaches a plateau?s.

4.3 Delayed angiophagy in aged cohort

Previously, Lam et al. studied the effects of aging on the process of angiophagy and

found that clot (fibrin and cholesterol) extravasation decreased by just over 20% at day 4 and
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microsphere (polystyrene) extravasation decreased markedly by just over 30% at day 14 in 22-
month-old mice compared to 4-month-old*.

We present similar findings in 9-20-month-old mice whereby at day 14, microsphere
extravasation decreased by just over 30% as a result of aging, from 43.9% in young mice to
10.6% in aged mice (Figure 8). The effects of aging on the rate of angiophagy appear to be more
prominent at this later timepoint, as microsphere extravasation decreased by merely 8.5% at day
3 and 10% at day 7, approximately (Figure 8). While the percent of extravasated microspheres
jumps 36% between day 7 and 14 (from 17% to 43%) in young mice, extravasated microspheres
only increase by 4% between day 7 and 14 (from 7% to 11%) in aged mice, approximately
(Figure 8). If angiophagy does hit a plateau, it may be the case that aged animals reach their peak
of angiophagy efficiency earlier than young animals, hence the diminished increase in
extravasated microspheres between time points in aged animals.

In humans, it has been found that microinfarcts are present in 24% of those aged 75 years
and older not associated with forms of dementia®. It is likely that vascular alterations seen in
aging play a role in the observed decrease in the rate of angiophagy. For example, it is possible
an increase in basal lamina thickness and collagen deposition, along with arterial stiffening
caused by a decrease in elastin expression, make it more difficult for endothelial remodeling to

occur and subsequently the engulfment and translocation of microemboli®®>2,

4.4 Prior to onset of AD pathology, minimal increase in angiophagy efficiency observed in 3xTg

mice compared to non-transgenic controls

Microinfarcts are commonly observed in those with Alzheimer’s disease, presenting in
43% of AD patients®. Several vascular changes are seen in AD, such as hypoperfusion and
overall decrease in vessel density>®. We hypothesize that some of these vascular changes, such as
arterial stiffening due to CAA, may impair this process of angiophagy®®. To test our hypothesis,
we used a 3xTg mouse model of AD. The few studies that have looked at vascular alterations in
this mouse model have found 3xTg mice have decreased arterial flow, decreased density of
penetrating arterioles, and importantly for studying angiophagy, vascular amyloid
accumulation and thickened basement membrane, which may impact endothelial remodeling®®-7!.
Notably, most of these vascular changes occur in older 3xTg mice beyond 11 months, which is

why we chose to compare angiophagy in 4-6 month mice and 12-14 month mice for our study.

37



We found that the rate of angiophagy was generally comparable between the NTG and 3xTg
cohorts at the earlier timepoint (day 3) and differences arose at day 7 and 14. Angiophagy
followed the same trend as young, non-diseased mice whereby extravasation increased over 14
days. At day 3, 97% and 96% of microspheres were obstructing the vessels in the NTG and 3xTg
cohorts, respectively. By day 14, 43% of microspheres extravasated from the vessel in the NTG
cohort, compared to 47% in the 3xTg cohort.

Since severe AD pathology and vascular differences are likely not present at this timepoint
(2-5 months) based on previous literature, we expected the rate of angiophagy to be comparable
between NTG and 3xTg mice. Although not significant, we do see a general trend at day 14
whereby 3xTg mice have less obstructing microspheres and more microspheres in the going out
and extravasated stages compared to NTG mice.

A possible explanation for this is the hypothesized role of matrix metalloproteinases in the
process of angiophagy. Gelatinases A (MMP2) and B (MMP9) are commonly studied in the
brain and contribute to remodeling of basal lamina and other processes like angiogenesis and
apoptosis®. Moreover, they play a role in the disruption of blood brain barrier, whereby MMP-
mediated BBB disruption is a result of MMPs attacking the extracellular matrix, basal lamina
and tight junctions of endothelial cells®>-7®. In studying angiophagy, Lam et al. found increased
gelatinolytic activity at sites of occluded vessels compared to unoccluded vessels, significantly at
day 7 in the microsphere embolus model, and a decrease in angiophagy with the addition of a
MMP2/9 inhibitor™’. This points to the possibility that MMPs play a role in angiophagy. MMPs
have been found to increase in levels in response to ischemic injury, therefore it is likely that
MMP levels increase in response to microvessel occlusion, thus facilitating the process of
angiophagy ¥’.

Importantly, MMPs have also been implicated in Alzheimer’s disease and facilitate the
process of amyloid 3 clearance. Alzheimer’s patients have an increase in expression of MMPs in
brain tissue and plasma®®. It has been found that MMPs are endogenously induced by amyloid
molecules in blood vessels, astrocytes, and microglia®®. Specifically, MMP9 has been found to
degrade amyloid B peptides and amyloid B fibrils®. APP/PSENI transgenic mice have shown to
have increased MMP2 and MMP9 concentrations in astrocytes around amyloid plaques®. In

MMP2/9 KO mice, levels of steady state AP significantly increased”.
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Since the presence of amyloid  has been shown to induce expression of MMP2/9, it is
possible that 3xTg mice display heightened levels of MMP2/9 activity, like in Alzheimer’s
patients. This could account for the decrease in microspheres obstructing vessels and increase in
microspheres going out and extravasated in 3xTg mice compared to NTG mice. To further
investigate this, gelatin zymography could be performed to identify if there is a global increase in
MMP2/9 levels in 3xTg mice compared to NTG mice and moreover, if gelatinolytic activity is

further increased at the sites of angiophagy in AD mice.

4.5 Increased angiophagy efficiency observed in aged 3xTg mice compared to age-matched non-

transgenic controls at day 7 and 14

We initially hypothesized that Alzheimer’s disease pathology in our aged AD mice would
impair the process of angiophagy as a result of cerebral amyloid angiopathy and thickened
basement membrane, and that these effects would be exacerbated in aged Alzheimer’s mice
when disease pathology is more severe. Interestingly, we found that 3xTg mice were more
efficient at angiophagy whereby at day 7 and 14, significantly more microspheres were in the
going out stage compared to the NTG mice. Moreover, although not significant, we observe the
same trend of angiophagy efficiency at day 14 in aged 3xTg mice whereby less microspheres are
obstructing vessels and more microspheres have extravasated compared to NTG mice.

ElAli et al. studied the relationship between microinfarcts and AD in APP/PS1 mice and
found microinfarcts decreased amyloid pathology, including the number and volume of plaques
and frequency of cerebral amyloid angiophagy, compared to sham mice (AD mice without
micro-occlusions) 1-month post-surgery. They hypothesized that inducing vessel occlusions
leads to the subsequent activation and recruitment of immune cells, including microglial and
peripheral phagocytic immune cells, which may subsequently help clear amyloid 3.

It is possible that amyloid pathology did not impair angiophagy in aged 3xTg mice like
hypothesized because the recruitment of immune cells to sites of vessel occlusion promoted
amyloid B clearance, thus limiting the impact amyloid 3 pathology has on the process of
angiophagy. To further explore this avenue, it would be beneficial to investigate the effect of
micro-occlusions on AD pathology in our 3xTg model and explore potential correlations

between presence of amyloid 3, immune cell recruitment/activation, and the rate of angiophagy.
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Importantly, the hypothesis that microvessel occlusions recruit immune cells and
subsequently aid in the clearance of amyloid pathology only explains why 3xTg mice would
have similar levels of angiophagy compared to NTG mice. However, this does not explain our
findings whereby 3xTg mice are more efficient at angiophagy at the day 14 time point. It is
possible that MMPs also play a role in explaining this phenomenon. Higher levels of MMPs have
been associated with late-stage Alzheimer’s disease, so it may be the case that we see a more
significant increase in the percent of microspheres in the going out stage in the aged 3xTg mice
as a result of greater MMP expression at this age®!. Performing gelatin zymography to quantify
protease activity levels would be beneficial to explore this hypothesis. Furthermore, it would be
of interest to extend the timeline beyond day 14 and investigate whether this difference in

angiophagy efficiency between NTG and 3xTg mice becomes more apparent.

4.6 Microsphere load weakly correlated with rate of angiophagy

Previous studies investigating angiophagy have proposed varying timelines for this
process. The papers have a few methodological differences that could explain this, such as
studying this process using varying microemboli sizes (8-25um) or differing compositions
(cholesterol vs fibrin vs polystyrene). Notably, the studies also used varying numbers of injected
microemboli per surgery. Some studies used upwards of 31,125 microemboli per injection, while
other studies used as low as 1500 microemboli*!-*,

Our goal was to understand if microsphere load is correlated with the rate of
extravasation to understand if the number of microspheres present in the brain impacted the
process of angiophagy. We assessed correlations for each cohort (young, aged, young NTG and
3xTg) at each time point (day 3, 7 and 14). The aged non-diseased cohort at day 3 was the only
correlation found to have a significant relationship between the number of microspheres and the
percent of extravasated microspheres with an r value of 0.8548. The remaining timepoints across
cohorts revealed no significant relationships, although a general positive correlation trend was
observed across most cohorts/timepoints indicating greater microsphere load is associated with
greater occurrence of angiophagy. It is unlikely there is a true correlation between microsphere
load and the percent of extravasation given the variability in correlations and lack of significant r
values. As well, we have a rather low sample size for some time points and cohorts, so
expanding the number of animals used could be beneficial in further investigating a potential

relationship here.
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5 Conclusion

In conclusion, we have proposed a timeline of angiophagy whereby approximately 43%
of microspheres have extravasated by day 14 in young mice. Moreover, this process is delayed in
aged mice, with 80% of microspheres obstructing the vessel at day 14. In both young and aged
Alzheimer’s disease mice, we see limited differences in the rate of angiophagy between NTG
and 3xTG mice until day 14, whereby we observe fewer microspheres obstructing vessels and
more microspheres in the process of going out and extravasated in 3xTg mice compared to NTG
mice. Taken together, it is possible that the process of angiophagy is impeded in aging, which
may help explain the increased presence of microinfarcts in the aging clinical population.
Conversely, due to the complex and heterogenous nature of AD, it is likely there is an alternate
factor that more prominently contributes to the increased presence of microinfarcts in
Alzheimer’s patients, such as hypoperfusion, as angiophagy was found to be more efficient in

our AD model compared to non-transgenic controls.

5.1 Significance and real-world application

This study was the first to propose an extensive timeline of angiophagy in aged and
Alzheimer’s disease mice, while elaborating on the current angiophagy timelines in young, non-
diseased rodents. Furthermore, we are the first to compare angiophagy in different brain regions,
as well as investigate a potential correlation between microsphere load and the occurrence of

angiophagy.
5.1.1 Potential therapeutic targets

Understanding the timecourse of angiophagy is important when considering potential
therapeutic targets of the process. As per Grutzendler et al., the early stage of angiophagy is
described as lamellipodia projections entrapping emboli and retaining them in place®. It is likely
this stage prevents emboli washout and hinders the ability of fibrinolytic agents to degrade
engulfed emboli. Being able to target the action of actin cytoskeleton to accelerate this process
would be beneficial in promoting overall emboli clearance. The second stage of angiophagy
occurs when the embolus is physically translocated outside the vessel*. It is possible that this
phase could be enhanced by targeting the opening of the endothelial barrier, potentially through

promoting MMP expression at sites of vessel occlusion.
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5.1.2 Angiophagy and microplastics

There is an ever-increasing concern of the effects of microplastics on human health, with
greater accumulation in the brain than other organs. Microplastics have been associated with an
increased risk of stroke and heart attack®. Notably, microplastics accumulated at a greater
proportion in the brain of individuals with dementia diagnosis, primarily in cerebrovascular walls
and immune cells®®. How microplastics affect tissue integrity and cognitive function is still
unknown. One study investigating the effects of microplastics in mice found microvessels were
more susceptible to alterations in blood flow following occlusion, as well, vessel occlusion
resulted in transient cognitive deficits®*. Although not observed in humans, it is possible
microplastics undergo this same process of angiophagy to resolve vessel perfusion. However, the
effects of microplastics residing in the brain parenchyma and whether angiophagy would help

preserve tissue integrity and subsequent cognitive decline is unknown.

5.1.3 Angiophagy and drug delivery

Additionally, angiophagy has been proposed as a mechanism to bypass the blood brain
barrier for drug delivery, a significant issue in the clinical realm as large molecules cannot be
targeted directly to the brain. van der Wijk et al. studied angiophagy with biodegradable
microspheres composed of poly(ether ester urethane) multi-block copolymers with differing
combinations of lactide, glycolide, e-caprolactone, dioxanone and polyethylene glycol, which
determine factors important to drug release such as degradation, hydrophilicity, and drug release
kinetics®. This study found different microsphere compositions extravasated at different rates,
hinting at the importance of microsphere make-up in the timely delivery of the drugs if relying
on angiophagy. Several limitations of this approach to drug delivery to the brain must be
considered, including the invasive nature of the intra-arterial microsphere injection, the risk of
development of microinfarcts as a result of ischemia, BBB leakage, or immune response.
Moreover, angiophagy appears to be inefficient, with well under 50% of the microspheres
extravasating from the vessel after 2 weeks, which needs to be taken into account when

determining dose and time release of the drugs*.
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5.2 Limitations

5.2.1 Angiophagy quantification

One limitation of our study is our method of angiophagy quantification. For this project,
Evans Blue was primarily used for vascular labeling as it binds to albumin, although this dye is
typically used to identify blood brain barrier disruption®. In previous studies that quantified
angiophagy, an endothelial label was used, such as Tie-2 GFP or laminin, in addition to a
vascular label. Without an endothelial label, it is more difficult to distinguish between the stages
of angiophagy as vascular labelling may be incomplete in regions of non-perfusion as a result of
vessel occlusion.

Moreover, it is possible that vessel degradation occurred with previously occluded
vessels, and thus our quantification of extravasated microspheres is an overestimation. Previous
studies have found that ischemia-related BBB breakdown occurs resulting in endothelial damage,
including edema and ruptures of luminal cell membrane, and ultimately basement membrane
degradation and endothelial cell death hours following stroke®®. One way to account for vessel
degradation would be quantification of angiophagy in vivo, which although time consuming, is

likely more reliable than quantifying this dynamic process in static histological samples.

5.2.2 Sex differences in 3xTg mice

It is known that females have a greater risk of developing Alzheimer’s disease, in
addition to experiencing a more rapid cognitive decline following diagnosis®’. A precise
explanation to why females exhibit Alzheimer’s at a rate of 2 to 1 is largely unknown, with
factors such as differences in amyloid clearance, hormones, and immune response being
explored”. 3xTg mice exhibit sex differences, namely it has been reported that female mice
display earlier signs of amyloid [ in serum and brain tissue which accelerates more rapidly than
male counterparts’®!190-1%4 Moreover, phosphorylated tau pathology appears to be more abundant
in females beyond 12 months?%-103-104,

Our study used both male and female mice to study angiophagy. It is possible that the
rate of angiophagy, although previously established as having no significant differences between

sexes in young, non-diseased rodents, varies between female and male 3xTg mice as a result of

the greater pathological burden in female mice*®. Adding more animals to generate statistical
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power for comparison of sexes would be an adequate way to assess potential effects of sex on

angiophagy in 3xTg mice.

5.3 Future directions

In quantifying microsphere load in each brain sample, it was found that the number of
microspheres differed measurably, ranging from a few beads to a thousand beads, despite
maintaining the same concentration between injections. Microspheres were also observed in the
heart and lungs but it is unclear how the microspheres reach these organs. Potentially they
successfully circulate through the brain and only then become lodged in the heart and lungs or
are backflushed immediately after injection when regular blood flow returns to the carotid artery.
We are interested in quantifying bead load in these organs to understand how it relates to the
number of microspheres in the brain (e.g. do less microspheres in the brain correlate with more
microspheres in the heart/lungs or more microspheres in the brain correlate with more

microspheres in the heart/lungs).
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