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Abstract

Microglia and brain-resident macrophages are the sentinel immune cells of the central
nervous system (CNS), and are ideally situated to respond to any damage to the brain
parenchyma or vasculature. Circulating leukocytes are generally excluded from the CNS
environment under homeostatic conditions but can gain access to this region in diseases that
disrupt immune system function and blood-brain barrier integrity. Although these diverse
immune cells exhibit properties that may engender them to be well-suited to resolve
microcirculatory insults, their relative contributions to the recanalization of capillary rupture in
the cortex, known as cerebral microbleeds (CMBSs), has yet to be described. CMBs are
particularly concerning in conditions, such as diabetes mellitus (DM), in which these insults
occur more frequently and potentially underlie the onset and progression of cognitive decline.

Using in vivo 2-photon microscopy and confocal imaging, here | highlight the
compromised repair of CMBs in a mouse model of type 1 DM and characterize the robust,
heterogeneous macrophage response to these insults. Specifically, 20% of damaged capillaries
were eliminated from the circulation in the diabetic cortex and chronic insulin treatment failed to
prevent this microvascular loss. Administration of interferon-a or interferon-y neutralizing
antibodies to dampen inflammatory signalling, or dexamethasone to reduce global inflammation,
also failed to improve repair rates of damaged microvessels in diabetic mice. In contrast, CMBs
in nondiabetic mice repaired without exception. Interestingly, depletion of CNS macrophages
using the colony stimulating factor-1 receptor antagonist PLX5622 resulted in microvascular
elimination in nondiabetic mice. Given the robust depletion of brain macrophage populations
with this treatment, at first these data suggested that these cells were necessary for microvascular

repair since their elimination produced vessel loss. However, by parsing the data I identified that



microvessels repaired in all cases where macrophages were not identified at the CMB; when
CX3CR1+ aggregate was localized to the injury, ~20% of microvessels were eliminated. These
findings show that CNS macrophages are not required for microvascular repair following CMB.

Immunofluorescent co-labelling of various microglial and macrophage markers within
the diabetic CMB milieu revealed a novel population of Mac2+/TMEM119- cells, distinct from
homeostatic TMEM119+ microglia. These cells reliably localized to CMBs that failed to repair
and rarely associated with vessels that recanalized; Mac2+/TMEM119- cells were not found
within nondiabetic CMBs. Treatment of diabetic mice with clodronate liposomes (CLR) to
deplete circulating phagocytic leukocytes prevented aggregation of Mac2+/TMEM119- cells to
CMBs and improved capillary repair rates. The efficacy of CLR in excluding these cells from the
CMB aggregate, coincident with eradication of monocytes from circulation, indicated that these
cells likely arose from the periphery. In vivo 2-photon imaging revealed significant increases in
lipofuscin at the site of diabetic CMBs relative to the nondiabetic context; other phagocytic
markers including CD68 and TREM2 were also upregulated. Mac2+/TMEM119- cells showed
elevated lipofuscin content relative to homeostatic microglia; their association with CMBs may
thus signal an increase in phagocytosis that contributes to capillary pruning.

Taken together, these data identify a novel Mac2+/TMEM119- macrophage associated
with pathological microvascular elimination following CMB in the diabetic neocortex. These
findings highlight the diversity of immune cell responses to CNS injury and provide insights into
the cellular mechanisms of capillary pruning. Furthermore, these advances in our understanding
of the regulation of microvascular elimination in the diabetic brain may have clinical
implications for patients with DM as they provide evidence for putative adjuvant anti-

inflammatory treatments, such as CLR, in mitigating cerebrovascular pathology.
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CHAPTER 1: GENERAL INTRODUCTION

1.0 Rationale

Diabetes mellitus (DM) is a prevalent metabolic disorder that has reached epidemic
proportions worldwide!. Commonly associated with a host of vascular complications, DM has
important consequences to brain function as it is linked with increased incidences of
neurovascular pathologies including stroke and cerebral microbleeds (CMBs)?®. CMBs are
hemorrhages that occur in penetrating arterioles or capillaries, resulting in a disruption of
cerebral blood flow which may be temporary, if the vessel is repaired, or permanent if it is not®”’.
Although strokes generally present immediate, overt clinical symptoms, CMBs likely impact
brain function through in a more latent, protracted manner’. Indeed, although individual CMBs
may be asymptomatic when they occur, compounding incidences have been positively correlated
with cognitive decline and the onset or progression of dementias’~1°. Of note, while insulin
treatment is crucial for maintaining normoglycemia in type 1 DM, it does not abrogate diabetic
pathology*'~8. Since diabetic patients are at higher risk of experiencing CMBs??, it is therefore
imperative to develop effective strategies to prevent or repair these microvascular injuries.

The blood-brain barrier (BBB) is comprised of endothelial cells (ECs), astrocytes, mural
cells, and basement membrane (BM)Y'. This crucial structure protects the central nervous system
(CNS) from pathogens and potentially toxic molecules in circulation under healthy conditions®’.
Incidents of vascular rupture cause damage to this structure®’, resulting in the extravasation of
blood plasma and other intravascular constituents into vulnerable tissues'®2%. Brain-resident
microglia are rapidly recruited to sites of tissue injury by local increases in cytokines and

adenosine triphosphate (ATP)?224, Once aggregated near the insult, these cells extend processes



to enwrap the microvessel in 3-dimensions, stemming leakage and restoring BBB cohesion®2°,
Notably, this response is impaired in type 1 DM, resulting in prolonged BBB disruption®. The
renewal of BBB integrity has been qualified as evidence of microvascular repair, but studies
examining this phenomenon have restricted their analyses to the immediate few hours following
rupture. Since vascular repair is an ongoing process, and because the restoration of blood flow to
an impacted vessel may take days to weeks, it remains unknown whether microglial responses
are necessary or sufficient for the ultimate recanalization of microvessels following CMB.

Due to their rapid, kinetic responses to CMBs and their juxtavascular localization, microglia
have been the preferred candidates for study in the context of microvascular repair®*-25.
However, characterization of the plurality of immune cell phenotypes and functions that may be
involved in the resolution of CNS injury has recently emerged as a major topic of research. For
example, in addition to CNS-resident macrophages, peripheral leukocytes may also play a role in
the repair of damaged microvessels. In fact, monocyte-derived macrophages (MDMSs) have been
shown to physically ligate the severed ends of damaged ECs following microbleeds in
zebrafish?’. Furthermore, during acute trauma or prolonged disease states, circulating immune
cells have been shown to infiltrate the brain via upregulation of adhesion factors expressed on
ECs?820, As a chronic inflammatory disease, DM may produce conditions amenable to this
process, facilitating peripheral leukocyte diapedesis into CNS tissues® 34, Paradoxically,
microglia and macrophages have been assigned both supportive and detrimental roles in CNS
injury repair?2735-2° and further research is necessary to understand the involvement and
relative contributions of these different cells in the context of CMB repair.

The goal of this work was to test the hypothesis that type 1 DM compromises repair of

damaged microvessels following CMB via the disruption of immune cell responses to the injury.



Specifically, this dissertation sought to characterize the long-term repair of CMBs, and
associated cellular responses, in mice over the course of weeks and identify the effects of type 1
DM on these processes. The diverse phenotypes of immune cells responding to CMBs were also

examined and a putative cellular mechanism regulating microvascular repair in DM is proposed.

1.1 The cerebrovascular network

Before we begin exploring cerebrovascular dysfunction and mechanisms of repair, we
must first discuss the CNS vascular architecture and its unique role in supplying the body’s most
energetically selfish organ - the brain - with the metabolic housekeeping required to sustain the
intensive demands of neuronal processing*. The energetic costs of neurotransmission, the
fundamental process underlying our perception of the world, cognition, and memories, are
extraordinary; in fact, 20% of the body’s metabolic activity at rest is attributed to the brain’s
functions*’. Despite these demands, the brain is remarkably ill-equipped to store metabolic
substrates and, besides sparse stores of glycogen in astrocytes, essentially relies on a constant
supply of oxygen and glucose from vasculature*?“3. This is also necessary for the removal of
metabolic waste products and prevents their build-up in neural tissue. For these reasons, even
small perturbations in CNS blood flow can significantly disrupt brain function, resulting in

lasting implications for neurological health”®4,

1.1.1 Blood supply to, and within, the brain

In order to supply the CNS with adequate blood flow, hundreds of kilometers of
vasculature perfuse neural tissue. The internal carotid arteries and the vertebral arteries are the
primary conduits of oxygenated blood to the brain, supplying anterior, middle and posterior
territories®. These major arteries are joined by communicating arteries at the Circle of Willis,

located on the ventral aspect of the brain; additional arteries branch from this structure to perfuse

3



distinct regions of brain tissue*>“®. A key protective feature of the Circle of Willis is implicit in
its “circular” structure: if a segment of the pathway is obstructed by a blockage, flow can still
proceed along an alternative path. This redundancy prevents catastrophic disruptions in blood
flow which would otherwise result in widespread ischemic tissue damage. Anastomoses, circular
vascular structures formed by large pial arterioles on the brain’s surface (Fig. 1), provide similar
redundancy for crucial blood supplies*#®. Perpendicular branches from the surface vasculature
form penetrating arterioles that dive down through most layers of the brain*’. These arterioles are
connected, via a network of microvessels, to penetrating venules which extract deoxygenated
blood from CNS tissue for re-circulation*®4®, Specifically, pre-capillary arterioles branch from
penetrating arterioles and, through continuous degrees of bifurcation, form a network of

capillaries that eventually leads to post-capillary and penetrating venules (Fig. 1)*.
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Figure 1. General vascular architecture.

Large pial arterioles and venules form circular structures, anastomoses, on the cortical surface.
Penetrating arterioles and venules form perpendicular branches from the superficial vasculature
and dive into the brain parenchyma. Beginning with the 1° pre-capillary arteriole branch,
microvessels progressively branch into a complex network of capillaries that ultimately reach an
n'" point that corresponds to the post-capillary venule. The flow of oxygenated blood is driven
from the high pressure arteriolar aspect through the capillary network, where the exchange of
metabolic products and O2 occurs, to the low pressure venules. Deoxygenated blood is shunted

away from the brain to the heart for recirculation to the lungs. RBC: Red blood cell.



The arterial and venous aspects of this network form essentially mirroring influx and
efflux pathways of blood flow through the CNS. The capillary bed at the heart of this system is
particularly noteworthy because this intricate web of microvessels (4-7 um in diameter) is the
primary site of gas and nutrient exchange in the brain (Fig. 1)*°. The majority of the CNS
vascular length is actually comprised of microvessels (>90%)***° and, under healthy conditions,
cell somas in the CNS are usually no more than 20 um away from a capillary®. Between the first
microvessel branching off of a pre-capillary arteriole to the last one before a post-capillary
venule at the far end of the capillary bed there may be over a dozen consecutive capillary
branches*. As in the context of anastomoses, the redundancy of the capillary network mitigates
ischemic damage in the event of a loss of flow through an individual segment of the
vasculature”>?, Indeed, the crucial role that capillaries play in supporting brain function is
underscored by the fact that the compounding loss of capillaries can produce notable cognitive
deficits in experimental animal models®’ and human disease®%*3. The integrity and maintenance

of these microvessels is, therefore, imperative for neurological health and brain function.

1.1.2 Structure and function of the blood-brain barrier

The primary feature of the CNS vascular architecture that sets it apart from peripheral
vessels is a unique structure that rigorously segregates the brain from the general circulation: the
BBB. The existence of a barrier structure in CNS vasculature was initially discovered in
experiments conducted by Ehrlich in the early 1900s, wherein systemic dye perfusions failed to
stain neural tissue coincident with the robust labelling of peripheral organs®*. These findings
suggested that a stringent barrier associated with the CNS circulation prevented the dye from
accessing these privileged tissues, unlike the peripheral vasculature which was devoid of a

comparable barrier structure and failed to exclude the dye>*. Not only does the BBB tightly



regulate the quantities of ions and substrates in the brain parenchyma, to support signalling that
relies on minute changes in the brain microenvironment, but it also protects vulnerable CNS

tissue from potentially toxic substances and cells in circulation®>®°. Broadly speaking, the BBB
only permits the passage of water, lipid-soluble molecules, gases, and the selective transport of

nutrients (ie. glucose, lactate, amino acids) from the vascular lumen to the brain parenchyma®>,

Several cellular constituents comprise the BBB including ECs, astrocytes, and mural cells
(smooth muscle cells and pericytes); in conjunction with the BM, the highly selective “barrier”
feature of this structure is a product of these cells’ cumulative properties (Fig. 2A)%.
Specifically, ECs are coupled by tight junctions (TJs) which closely fuse individual cells and
restrict molecular diffusion and paracellular leukocyte transmigration (Fig. 2B)*. TJs are
comprised of 3 integral membrane proteins, claudins, occludins, and junction adhesion molecules
(JAMs), which can also associate with accessory proteins that regulate junctional permeability
(Fig. 2B)%®. EC transporters, necessary for shuttling glucose, lactate, and other molecules,
regulate the passage of target substrates, further contributing to the selectivity of the barrier (Fig.
2B)*. Notably, CNS ECs demonstrate low rates of transcytosis and exhibit few vesicles and

caveolae (Fig. 2B) relative to their peripheral counterparts®’.
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Figure 2. Cellular components and properties of the CNS blood-brain barrier.

A. The cellular structure of the BBB between arterioles and capillaries in the CNS. The
endothelium of arterioles is enwrapped by smooth muscle cells that control vascular tone.
Between the BM and the glial limitans, which is comprised of astrocyte endfeet, is the Virchow-
Robin space. Within this compartment, immune cells including perivascular macrophages and
peripheral leukocytes exist and may interact with the local brain parenchyma via extensions of
cell processes through the glial limitans. At the level of a capillary, the glial limitans fuses with
the BM and the Virchow-Robin space disappears. To interact with the brain parenchyma,
leukocytes in circulation must transmigrate across the BM as well as the glial limitans.
Capillaries are associated with pericytes rather than smooth muscle cells. B. The endothelium of
CNS vasculature exhibits several properties that contribute to the stringency of the BBB.
Selective transporters on the luminal aspect of the vasculature regulate substrate passage to the
brain parenchyma. Glucose transporter-1 (GLUT-1) and lactate transporters permit the influx of
nutrients (glucose and lactate, respectively). Relative to peripheral ECs, their CNS counterparts
exhibit low levels of transcytosis and contain few vesicles. TJ proteins, including claudins,
occludins, and JAMs, couple ECs directly, eliminating paracellular spaces and minimizing
molecular diffusion and cellular transmigration. The BM on the ablumenal aspect of ECs acts as
a physical barrier to inhibit cellular infiltration and limit particle diffusion. RBC: Red blood cell.
WBC: White blood cell. SMC: Smooth muscle cell. LT: Lactate transporter. JAM: Junctional

adhesion molecule.



Astrocytes are intimately associated the CNS vasculature and their specialized processes,
endfeet, create a physical barrier, the glial limitans, external to the BM and mural cells. Endfeet
cover >90% of CNS blood vessels® and are responsible for the induction of the BBB properties
of ECs during development®®, enhancing the expression of TJ proteins®®°, sequestering glucose
from blood vessels®'?, and releasing vaso-active compounds that influence microvascular
tone®*%°, Indeed, extensive work has explored the putative mechanisms by which astrocytes may
be involved in the regulation of stable or dynamic microvascular tone. Neurovascular coupling
describes the phenomenon by which elevated neuronal activity prompts local vasodilation and
increased blood flow®*. Owing to their ideal positions around the vasculature, astrocytes serve as
key conduits for these signals® and maintain the basal tone of microvessels®®®’; they may even
regulate vascular tone in the absence of changes in neuronal activity®. Notably, astrocytes also
modulate dynamic changes in vascular tone in response to local neuronal activity by sensing
synaptic glutamate via metabotropic glutamate receptors; subsequent astrocytic calcium signals
prompt astrocytic release of vasoactive compounds, including arachidonic acid, prostaglandins,
and epoxyeicosatrienoic acids which drive changes in arteriole tone®*®. There remains
considerable controversy regarding the timescale on which astrocytes may influence changes in
vascular tone (whether fast or slow), as well as whether, or which types of, astrocyte calcium

responses are necessary for modulating these effects®°.

Finally, mural cells, including vascular smooth muscle cells along arteries and arterioles
and pericytes that associate with capillaries, are also involved in the formation and stabilization
of the BM during development’®™ and in vascular tone regulation’>". The diversity in
distribution and morphology of mural cells has been highlighted, but specific roles for individual

variants have yet to be reliably described’>. Vascular smooth muscle cells have obvious roles
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in regulating contractile responses in arteries and arterioles, via activity of a-smooth muscle
actin, in response to signals from astrocytes, neurons, and sympathetic innervation®">®, The
brain and retina demonstrate the greatest density of pericytes in the body’*. Pericytes,
particularly those localized to pre-capillary arterioles which have been shown to contain a-
smooth muscle actin, may regulate capillary tone’>"3, Electrical stimulation of pericytes in the
retina and cerebellum produces capillary constriction along with a signal that propagates to
distant pericytes’’; these waves of activity may be capable of inducing significant changes in
regional blood flow. Ischemic conditions are also capable of inducing pericyte-driven
constriction of capillaries, which may contribute to the progression of neurovascular disease’”. In
addition to their profound roles in influencing microvascular tone, astrocytes and mural cells
facilitate angiogenesis’®’®, engage in forms of phagocytosis®®-#2, and protect against BBB

degeneration®°83,

The physical organization of the BBB differs between large CNS arterioles and
microvessels. At the level of pial vessels and penetrating arterioles, smooth muscle cells are
located below the BM and surround ECs (Fig. 2A), providing vascular contractility’’. Pre-
capillaries and capillaries, however, are associated with diverse classes of mural cells, including
pericytes, which are embedded in the BM and extend sparse projections around ECs (Fig.
2A)7274 Near the cortical surface penetrating arterioles are surrounded by Virchow-Robin space,
a sinus that represents an extension of the subarachnoid space and separates the glial limitans
and the BM*’. Various immune cells exist within this niche, including resident perivascular
macrophages (PvM®) and blood-borne leukocytes (Fig. 2A), that can influence cellular
processes in the brain parenchyma and even local vascular tone®*%. As penetrating arterioles

approach deeper cortical layers, the Virchow-Robin spaces progressively taper until the glial
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limitans fuses with the BM at the capillary level (Fig. 2A)*. In capillary beds, vessel walls are

only a single EC thick, allowing gas and nutrient diffusion to occur as permitted by the BBB*>,

Given the key role of the BBB in creating a relatively sterile and tightly regulated
microenvironment in the brain, damage to its integrity and function can result in serious
consequences to CNS homeostasis. Hemorrhagic stroke, or even the rupture of small blood
vessels, creates a physical disruption in the BBB that permits the influx of toxins, including iron
and fibrinogen, which may damage neuronal circuits3208687 The infiltration of peripheral
leukocytes via these lesions can exacerbate inflammation and local cell damage?®2°88, Aging®®°,
as well as various disease conditions including Alzheimer’s disease (AD)!*°! and multiple
sclerosis (MS)*92, are also associated with BBB breakdown. In these cases, the disruption of
BBB integrity is correlated with the onset and progression of disease states and impairments in
cognitive function. DM may also worsen BBB damage following vascular insults including
microbleeds and stroke!>?>%94 Coupled with the demonstrated upregulation of adhesion
molecules on neurovascular ECs that occurs in DM3*, these conditions may facilitate aberrant
leukocyte infiltration into the brain parenchyma. Taken together, the maintenance of vascular

and BBB integrity is necessary for efficient brain function and health.

1.2 Diabetes mellitus: an overview

Diabetes has been described and treated as a physiological disorder since ancient times.
Dubbed “honey urine” by Ayurvedic physicians, clinical symptoms of diabetes including
glycosuria, diabetic gangrene, and emaciation are also described in The Canon of Medicine
(1025 AD), the authoritative work of renowned Arab physician lbn Sina®-%’. Indeed, diabetes
may have been referenced as early as 1552 BC in the Ebers Papyrus where a condition

characterized by polyuria, a common symptom of diabetes, is treated with “water ... elderberry,
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fibers of the asit plant, fresh milk, beer-swill, [cucumber flowers], and green dates®~*°.” Joseph
von Mering and Oskar Minkowski are generally credited with the discovery of the role of the
pancreas in the manifestation of DM during their tenure at the University of Strasbourg in
1889%". DM was differentiated from diabetes insipidus by the progressive efforts of Frank and
Farini. Working in the late 1700s, Frank observed that, although diabetes insipidus patients also
produced high urine volumes and experienced polyuria, they did not excrete the hyperglycemic
urine characteristic of DM patients'%; Farini’s isolation of vasopressin to treat this disease in
1913 confirmed the differential pathophysiological bases of DM and diabetes insipidus®1°,

As of 2014, upwards of 8.5% of the global population suffered from some form of DM,
Type 1 and type 2 DM are the most prevalent forms of the disease, comprising ~10% and ~90%
of DM cases, respectively; gestational diabetes and other types of diabetes resulting from genetic
abnormalities, other diseases, or medications account for remaining diagnoses'®. Although cases
of type 1 DM can be diagnosed in adults, it is generally considered a disease of the young and
pathophysiological features, such as islet autoantibodies, are identified in children <5-years-old
in most individuals who later develop type 1 DM, The cause of this disease remains unknown.
A significant role for genetic factors has been identified, but genetics alone are regarded as
insufficient; environmental factors, such as viral infection, have been hypothesized to trigger
type 1 DM onset coincident with genetic susceptibility®+107,

Elevated blood glucose, hyperglycemia, is the hallmark of all DM variants. It is generally
accepted that this symptom manifests in type 1 DM as a result of the destruction of cells in the
pancreas'®® 1% The pancreas is an organ with endocrine roles involved in the regulation of blood
glucose; it also has important exocrine functions pertaining to digestion, including the secretion

of enzymes necessary for this process**'*2. Pancreatic endocrine tissues are organized in
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clusters, referred to as islets of Langerhans, and contain a-, -, and é-cells which release the
hormones glucagon, insulin, and somatostatin, respectively!'*. Pancreatic p-cells also co-release
amylin with insulin at a ratio of 1:100 (amylin:insulin), and secrete c-peptide in equimolar
quantities to insulin*'2, Amylin is produced post-prandially and slows the release of glucose into
circulation through the coordinated inhibition of gastric emptying, digestive secretions, and
glucagon release!**. Notably, amylin is active in the hypothalamus and brainstem nuclei and
modulates energy expenditure by reducing appetite and increasing sympathetic nervous system
activity'®. C-peptide facilitates the assembly, folding, and processing of insulin during its
synthesis'!* and has been implicated as a protective factor in mitigating nerve damage; in fact, c-
peptide administration in diabetic animals exhibiting early signs of neuropathy has been shown
to improve nerve conduction velocities and mitigate structural degeneration®®,

The T-cell mediated autoimmune attack of pancreatic p-cells, the subsequent invasion of
these lesions by mononuclear phagocytic leukocytes, and loss of B-cell mass are the mechanisms
presumed to underlie the reduction or elimination of insulin production and secretion in type 1
DM, Under healthy conditions, glucose uptake by skeletal muscle and fat occurs in a
concentration-dependent manner via GLUT-4, which is trafficked to the cell membrane from
intracellular storage vesicles by the activation of the transmembrane insulin receptor (IR)*!6-118,
In the liver, glucose is transported from circulation in an energetically passive and insulin-
independent manner (Fig. 3), predominantly mediated by GLUT-2 transporters which are
permanently embedded in the plasma membrane!®®. By this mechanism, glucose is stored or
metabolized, and glucose elevations are transient and tightly regulated. However, in the absence

of insulin, this elegant control system is impaired and hyperglycemia manifests (Fig. 3)*16117,
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The concomitant absence of amylin secretion due to the loss of pancreatic B-cells may exacerbate
the effects of hyperglycemia through uninhibited post-prandial glucose spikes!®.

Type 2 DM may also involve reduced secretion of insulin by pancreatic B—cells, but it is
predominantly associated with the desensitization of IRs to circulating insulin (Fig. 3)'%°. The
majority of individuals diagnosed with type 2 DM are obese and, although it is well known that
the accumulation of intracellular free fatty acids is correlated with the degradation of effective IR
signalling, the molecular mechanism underlying this process remains elusive'?%*2t, Insulin
resistance has been reproduced in vivo through manipulation of IR substrate-2, protein kinase B
(PKB), and the transcription factor FOXO1a, suggesting that the activity of these downstream IR
signalling molecules may play a key role in the manifestation of this condition!?-*?4, Reduced IR
signalling may also be caused by phosphorylation of protein kinase C (PKC), which leads to

decreased IR gene expression, and, independently, the generation of by-products of

mitochondrial dysfunction that prompt degradation of IR substrate proteins?3-12¢,
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Figure 3. Etiology of type 1 and type 2 diabetes mellitus.

Type 1 and type 2 DM are both characterized by elevated blood glucose levels, but the
pathological basis of this condition differs between disease variants. In type 1 DM, pancreatic -
cells in the islets of Langerhans are destroyed (blue asterisk) and thus cannot produce or secrete
insulin or amylin in response to elevated blood glucose in circulation. In the absence of insulin,
GLUT-4 transporters in muscle cells and adipocytes are not translocated to the plasma
membrane to permit glucose uptake. The release of insulin by pancreatic -cells may also be
impacted in type 2 DM (red asterisk, right), but this disorder is primarily associated with IR
insensitivity wherein skeletal muscle and fat tissue fail to sequester glucose even in the presence
of normal insulin levels (red asterisk, left). Although glucose uptake by the liver is insulin-
independent, it cannot compensate for the combined loss of homeostatic GLUT-4 activity and IR

signalling in muscle cells and adipocytes, thereby leading to hyperglycemia.
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For the purposes of this dissertation, I will focus on the effects of type 1 DM on
microvascular repair. Type 1 DM it is an established risk factor for vascular pathology and is
strongly correlated with increased incidences of stroke and CMB?2. Of note, diabetic anomalies
have been identified in the physiology of CNS-innate microglia and their responses to CMBs?
and retinal microvascular disease'?’, highlighting a candidate cell type whose dysfunction may
be associated with poorer outcomes. Furthermore, since patients are generally diagnosed with
type 1 DM at a younger age than those with type 2 DM, it affects them for a greater proportion
of their lives and has been strongly correlated with mortality!*-13128.12% Additionally, although
insulin provides a life-saving management technique for type 1 DM patients, it fails to
completely mitigate complications 1116130131 |t js  therefore, critical to understand the cellular
and physiological changes contributing to type 1 DM pathology and facilitate the development of

more effective management strategies for this disease and its debilitating comorbidities.

1.2.1 Hyperglycemia has pervasive effects on cell signalling and function

As highlighted above, the classical diagnostic criterion for DM is chronically elevated
blood glucose: hyperglycemia. Understanding the cellular basis of hyperglycemia is thus
imperative for determining how cellular pathology manifests in this disease. In biological
processes, glucose is a primary energy source and serves as a key modulator of cell function.
Notably, glucose is the brain’s preferred metabolic substrate as it is poorly equipped to sequester
energy from free fatty acids. Indeed, neurons have low energy storage capacity, relying instead
on the regular import of glucose across the BBB from the circulation!®2-34, Interestingly, many
CNS cells cannot directly gate glucose influx despite the crucial role that this molecule serves in
supporting their function. Specifically, because the glucose transporters of CNS cells are

concentration dependent they rely on transient increases in extracellular glucose concentrations
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to drive appropriate levels of uptake'®-119135137 1mplicit to the nature of this mechanism, cells
are exquisitely sensitive to fluctuations in circulating glucose levels. Cerebral ECs that line the
vasculature, for example, express GLUT-1 and are bathed by hyperglycemic plasma,
experiencing a chronic influx of glucose in diabetic conditions (Fig. 4A)*>137, Immune cells in
circulation are also persistently inundated by the hyperglycemic environment*8-141,

Although the BBB provides a barrier between the CNS and blood plasma, it cannot
prevent neural cells from hyperglycemic toxicity due to the way in which glucose moves in the
brain. Specifically, increased glucose uptake by GLUT-1 in cerebral ECs is shuttled in greater
concentrations into the perivascular space (Fig. 4A)*2. Glucose is then taken up by GLUT-1
transporters on astrocyte endfeet, which systematically tile the vasculature; astrocytes may
convert glucose into glycogen for storage or extrude it down its concentration gradient into the
parenchyma to be utilized by other cells (Fig. 4A)%-52, GLUT-3, a high-affinity glucose
transporter, is expressed by both neurons and microglia and ensures a constant influx of glucose
even when extracellular concentrations are low**3. Although microglia can utilize glucose, free
fatty acids, and glutamine as metabolic substrates, they crucially rely on glucose for survival®*,
During microglial activation, when the energetic needs of these cells increase dramatically, they
undergo a metabolic switch from oxidative phosphorylation to glycolytic metabolism of glucose
and lactate production'®®. Interestingly, hyperglycemia has been shown to augment microglial
activation in post-mortem brain tissue from patients, relative to those that were euglycemic
before death'*®. Furthermore, in primary rat microglial culture, tumour necrosis factor-o. (TNFa)
secretion was amplified 4-fold by increasing extracellular glucose concentrations from 10 mM to

25 mM*7 further highlighting the sensitivity of these cells to hyperglycemic conditions. Taken
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together, the activity of GLUT-1 and GLUT-3 systematically shuttle glucose throughout the
extracellular and cellular compartments of the brain (Fig. 4A)43148,

It is worth noting that there is a debate in the literature regarding whether GLUT-1
transporters are downregulated in response to hyperglycemial#®>, as this adaptive response
could help to adjust glucose transport. Some studies have shown no difference, or a reduction, in
GLUT-1 expression, but results also vary between regions (for review, see 14%0); for example,
Badr et al. demonstrated that GLUT-1 was downregulated in the retina, but not the cortex or
microvascular ECs™!. Despite these discrepancies pertaining to GLUT-1, there is general
consensus that type 1 DM results in higher glucose uptake across the BBB1°0:1521%3 These
findings can be reconciled with the GLUT-1 debate given that, while GLUT-1 is the primary
CNS glucose transporter, GLUT-3, as well as more sparsely expressed transporters such as
GLUT-4 and GLUT-8, can also influence brain glucose levels®1132148,

In the periphery, which lacks a BBB correlate, cells, including neurons, are directly
susceptible to hyperglycemic damage'*3. As a result of the significantly elevated glucose
concentrations that build up in peripheral nerves, intracellular hexokinase becomes saturated and
aldose reductase begins to convert glucose into sorbitol*®%4, Since sorbitol is not readily cleared
from affected cells, due to its low membrane permeability, its progressive accumulation
exacerbates hyperglycemic toxicity and results in tissue swelling and damage due to osmotic
stress!#81%4 The pathophysiological effects of sorbitol in the periphery have been linked to
diabetic complications including nerve damage and cataracts®**1%: notably, aldose reductase
inhibitors, such as vitamin K1, have shown promise in preventing lens breakdown and cataract

formation®®.
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Figure 4. Hyperglycemia affects numerous, diverse cell types and signalling pathways.

A. Hyperglycemia in DM results in glucose being shuttled into ECs via passive GLUT-1.
Glucose is then transported into the perivascular space and taken up by astrocyte endfeet;
astrocytes may store glucose as glycogen or extrude it down its concentration gradient into the
parenchyma. Other CNS cells increase glucose uptake via passive GLUT-1 and GLUT-3 as
extracellular concentrations rise. B. High extracellular glucose prompts its influx via GLUT-1
and/or GLUT-3, resulting in progressively elevated intracellular concentrations. To clear excess
glucose, mitochondrial respiration is elevated, and i. reactive oxygen species (ROS) are produced
which ii. quench NO. Hyperglycemia prompts global activation of iii. TNFa and iv. advanced
glycation endproducts (AGESs), which upregulate NFxB and hypoxia-inducible factor-1 (HIF-1).
v. These molecules prompt translocation of nascent receptors for TNFo and AGEs (TNFaR and
RAGE, respectively) to the plasma membrane via changes in gene transcription, and the vi.
increased production of cytokines further amplifies inflammation.
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The term “hyperglycemic toxicity” endeavours to broadly describe the pathological
alterations and degradation of the integrity, viability, and functionality of many unique cell types
in response to the diabetic condition. The generality of this term perhaps underscores the
pervasive nature of these effects, and also hints at the uncertainty of the specific signalling
pathways that drive these aberrations. Indeed, although a plethora of key targets have been
identified, as both altered by hyperglycemia and contributing to cellular pathology!42148156-158
not one has been recognized as particularly superior to another. Similar to the pervasive way in
which hyperglycemia directly affects all cells in the body, hyperglycemic toxicity conducts a
concert of alterations in fundamental cellular signalling pathways. These effects are not only
difficult to parse from one another, but underlie such key processes, including gene transcription
and protein glycation, that their individual contributions are challenging to identify.

For the purpose of this introduction, 1 will focus on outlining 5 molecular mechanisms
which have been implicated in vascular and immune cell dysfunction: ROS production; NO
quenching; TNFa upregulation; protein glycation; cytokine generation. Firstly, ROS, major
contributors to oxidative stress, are primarily generated as by-products of the reduction-oxidation
reactions that occur during cellular respiration in mitochondria>®-1%? (Fig. 4B). Elevated cellular
metabolism in the mitochondria, which is required to clear high levels of intracellular
glucose'#>162 produces increasing levels of superoxide dismutase, which generates hydrogen
peroxide (H20,)1*313, Generally, glutathione peroxidase effectively converts H,0 into water;
this reaction depends on nicotinamide adenine dinucleotide phosphate (NADPH), which is
required to reduce glutathione peroxidase’s substrate, glutathione, from glutathione
disulphide'#®164, However, under conditions of increased oxidative metabolism, the polyol

pathway is recruited instead of glycolysis, which requires less NADPH, and glutathione
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production is diminished®+1%, Therefore, during hyperglycemia H2O; persists and produces
reactive superhydroxyl radicals ("OH) via the Fenton reaction'431%¢, Similarly, elevated
metabolism also accelerates the production of oxygen free radicals (O2") from the reduction of
02 during the mitochondrial electron transport chain step of cellular respiration62167.168 (Fig,
4B). Endogenous antioxidants may scavenge a proportion of these ROS,>16%-172 byt the chronic
accumulation of cellular damage arising from escaped ROS contributes to progressive oxidative
stress!®+172-174 This damage triggers deoxyribonucleic acid (DNA) strand breakage’*!"* and
activates poly(ADP-ribose) polymerase (PARP), which further slows glycolysis'41%6164 ROS
interfere with vascular function by targeting astrocytes, inhibiting the folding of astrocytic gap
junction proteins and degrading endfeet'®%" and by inducing pericyte loss along capillaries®®.
NO, historically identified as endothelial-derived relaxing factor, is best known as a
potent vasodilator that plays an important role in regulating vascular tone!’®. This readily
diffusible free radical also acts as a modulator of cell signalling via its nitration of lipids and
proteins!’’; for example, S-nitrosylation of N-methyl-D-aspartate receptors (NMDARS) results in
their inactivation and can prevent excitotoxic cell damage via inhibition of excessive calcium
influx through the receptor®’®. In the oxidative intracellular environment of diabetic cells, NO
reacts with readily available ROS to form peroxynitrite (Fig.4B). The reaction of NO with O,™
is especially remarkable because it is so kinetically and thermodynamically favourable that it
occurs spontaneously whenever these molecules are present within ~30 um of one another;
indeed, it is fast enough to always outcompete endogenous superoxide dismutase enzymes,
making it essentially inevitable when the reactants are available!’®-'82, In this way, sources of
NO for housekeeping processes are diminished (Fig. 4B) and highly reactive peroxynitrite is

formed, disrupting DNA, protein structure, and BBB integrity*8-184 Notably, the inflammatory
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interferon-y (IFN-y) pathway is activated by peroxynitrite and produces BBB permeability via
breakdown of the BM*#2184; this phenomenon can be inhibited by sequestering ROS 83185,

In a hyperglycemic environment, TNFo production is induced in monocytes!®"158,

186 and vascular smooth muscle cells'®”8and may be ROS-dependent or

reactive astrocytes
independent®® (Fig. 4B). A key inflammatory molecule, TNFa induces p38 mitogen-activated
protein kinase (MAPK) activity in monocytes and prompts their activation®®®; furthermore, since
TNFa can be transported across the BBB, microglia are also affected. In support of this idea,
Ibrahim et al. demonstrated that p38 co-localized with microglia in diabetic rat retinal sections,
implicating TNFa in their activation'?”. Through its effects on the transcription factor NFxB,
TNFa is also able to activate HIF-1 in muscle cells'® and to regulate many genes, including
those involved in monocyte activation®®"1%8, cytokine production®®”**8 and adhesive integrin
receptors on smooth muscle cells (Fig. 4B)'871881% Fyrthermore, although several studies
showed that TNFa impacts EC integrity, with consequences to BBB permeability'®*-1% Phares
et al. found it neither necessary nor sufficient to produce these effects and, instead, identified
oxidative stress resulting from excess peroxynitrite as the primary contributor'®?, Interestingly,
NF«B also enhances transcription of TNFa mRNA, resulting in a positive-feedback loop that
amplifies the inflammatory environment!58-194.195,

Non-enzymatic protein glycation can occur both extracellularly and intracellularly under
conditions of hyperglycemia®®®. Glucose molecules can be spontaneously added to lysine groups
on either structural or circulating proteins, producing glycated intermediates known as a Schiff
base!®”1%, A stable AGE is subsequently produced via the slow Amadori rearrangement*®71%,

AGEs in circulation can bind to RAGEs to influence cell signalling and alter gene transcription

through NFKB activation'®® (Fig. 4B). For example, the activation of RAGE on ECs may
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increase permeability of capillaries through induction of vascular endothelial growth factor
(VEGF)?®, and macrophage RAGE activity amplifies production of ROS, cytokines, and growth
factors?®! (Fig. 4B). Cell-associated binding proteins for AGEs have also been identified which

202

may further compound the signalling anomalies associated with AGEs<**. AGEs also quench

203 This deficit is exacerbated

NO, diminishing its vasodilatory effects both in vitro and in vivo
by the oxidative degradation of NO and contributes to the profound vascular pathology that
manifests in DM. Intracellularly, AGEs can form from glucose-derived dicarbonyl precursors
and the auto-oxidation of glucose to glyoxal®®*, further destabilizing cellular processes by
reacting with protein amino groups and altering their function?°>2%, Remarkably, intracellular
AGE production has been identified in ECs following just 1 week of exposure to elevated

208 and studies

glucose levels®®”. AGE concentration is increased in diabetic retinal microvessels
investigating AGE inhibitors have shown promise in mitigating microvascular disease in retina,
kidney, and peripheral nerves?%®:21°,

As highlighted in the mechanisms above, there are numerous ways in which cytokine
production is amplified by hyperglycemia. Particularly, inflammatory cytokines including
transforming growth factor-p (TGFR), interleukins 1B, 2, 4, 6, and 18,2213 and IFNy have been
identified. These molecules induce chemokine expression, prompt immune cell recruitment to
ECs, and facilitate leukocyte infiltration'®*. Importantly, as global cytokine levels increase
throughout the diabetic body, which is in a constant state of low-grade inflammation?*42’_ they
may perturb efficient immune cell function.

In summary, high blood glucose induces numerous diverse changes in fundamental cell

signalling pathways, resulting in far-reaching consequences to cell function and integrity. Of

note, several key players that drive hyperglycemic toxicity in vascular and immune cells include
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high levels of ROS, TNFa, AGEs, and cytokines, and NO quenching. These mechanisms have
mutually amplifying relationships that perpetuate and compound diabetic pathology. Further
research is necessary to disentangle their relative contributions to hyperglycemic toxicity and

facilitate the identification of effective therapeutic targets.

1.2.2 Insulin and its limitations

Insulin is a large peptide hormone composed of 2 polypeptide chains (A and B),
connected by disulfide bonds, and consists of 51 amino acid residues which are highly conserved
across speciest'#?!8 _ even organisms in the Fungi and Protistia kingdoms have insulin-like
proteins?'®. In mammals, insulin is produced by the B—cells within the pancreatic islets of
Langerhans, and its release is triggered by glucose influx through GLUT-2 receptors in response
to an increase in blood glucose following a meal*'*. Insulin is initially synthesized as a single
polypeptide, preproinsulin (encoded by the INS gene on chromosome 11), which is subsequently
cleaved upon translocation to the lumen of the rough endoplasmic reticulum to form proinsulin
(Fig. 5A)14218.220 The actions of carboxypeptidases and prohormone convertases then fold and
modify the protein, removing the C-Chain embedded between A- and B-Chains, to form insulin,
which is packaged in mature secretory granules along with C-peptide for storage and, ultimately,
exocytosist#?2, Although insulin is synthesized and stored as a zinc-dependent hexamer, which
exhibits long-term stability, it is active in its monomeric form (Fig. 5A)'4218 Once released into
systemic circulation, insulin hexamers disassemble as they are progressively diluted in the

plasma and the low concentration of zinc prevents their aggregation (Fig. 5A),
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Figure 5. Insulin synthesis and general insulin receptor signalling.

A. Insulin is synthesized in pancreatic B-cells as a single protein comprised of A-, B-, and C-
Chains as well as a signal peptide. The signal peptide targets the nascent protein to the rough
endoplasmic reticulum and then is cleaved before the protein, now termed “proinsulin”, is
shuttled to the trans-Golgi network for processing; this includes removal of the C-Chain. Newly
synthesized insulin monomers are stored as stable hexamers in mature secretory granules for
release in response to increases in extracellular glucose concentrations. Once in circulation,
insulin hexamers dissociate into active monomers. B. Insulin binding to the insulin receptor
activates various tyrosine kinases that subsequently activate downstream signalling pathways
including Akt, PI3K, and IRS. It may also elicit changes in gene transcription through the
activation of transcription factors such as FOX0O1, GSK3, and mTOR. CNS cells primarily
express GLUT-1/3 which are insulin-independent transporters, allowing glucose influx required

for cellular respiration to occur in the absence of this hormone
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Insulin plays a fundamental role in regulating blood glucose levels by prompting the
uptake of glucose from circulation by insulin-dependent glucose transporters*®-18, In the CNS,
insulin also serves as an important modulator of growth and metabolic function and its receptor
is widely expressed, most abundantly in the cerebral cortex, olfactory bulbs, cerebellar cortex,
hippocampus, and thalamus (Fig. 5B)??1:222, Interestingly, insulin immunoreactivity has been
observed in the brain, but whether this is the result of transport, uptake, or synthesis remains
unclear??3224 Furthermore, although insulin-sensitive GLUT-4 transporters have been found in
the brain, insulin-dependent glucose uptake has not yet been proven??*22°_ Although insulin-
independent glucose transports have been identified throughout the body, the bulk of glucose
uptake occurs in adipocytes and skeletal muscle and requires insulin'*417; thus, the loss of
pancreatic B-cells results in chronic hyperglycemia and the onset of type 1 DM. The pathological
consequences of lasting, unmitigated hyperglycemia are profound. Symptoms of weight loss,
frequent urination, and poor would healing arise after only weeks to months of hyperglycemia,
and progress to severe acute complications including coma, cerebral edema, and death??62%”
Clinical trials strongly correlated the onset and progression of vascular complications, including
macro- and micro-vascular pathology, with chronic hyperglycemia!3%2?¢, Notably, while the
discovery of insulin by Banting and Best in 1922 provided an essential management technique
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for type 1 DM patients and drastically extended lifespans=<®, it does not cure the disease.

Importantly, traditional insulin regimens have also proven ineffective at protecting
against neurovascular disease in DM16130.131 "and experimental intensive glycemic
management therapies have only moderately improved prognoses?3%23!, A possible explanation
for these findings is that insulin treatment alone fails to address the loss of additional signalling

molecules, including c-peptide and amylin, that are also eliminated by the loss of pancreatic f3-
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cells™. Furthermore, although glycemic control may mitigate the immediate consequences of
chronic hyperglycemia by generally maintaining levels within a normoglycemic range, it does
not prevent glucose spikes which may be sufficient to induce diabetic pathology. Intermittent
hyperglycemic spikes induce the glycation of blood proteins, such as hemoglobin Alc (HbA1c),
and the amount of glycated HbA1¢ can be quantified to assess these events?®2, Indeed, elevated
levels of HbA1c have been recorded in type 1 DM patients prescribed insulin and were correlated

131

with increased insulin requirements in the long term*>*. McCance et al. also found that higher

levels of glycated HbA1. in diabetic patients were predictive of greater risk for retinopathy or

nephropathy?33

. Transient glucose spikes may represent sufficient, recurring hyperglycemic
instances to alter gene expression and prompt the dysregulation of transcription, resulting in
modifications which may persist even after normoglycemia is restored?®*. These cellular

aberrations may then contribute to the progressive and severe pathology associated with DM.

Clearly, new strategies to mitigate neurovascular pathology in DM are necessary, and the
first step to developing these alternatives will be improving our understanding of how DM may

alter the repair and maintenance of the cellular constituents of CNS architecture.

1.2.3 Mouse models of type 1 diabetes

The development of animal models of type 1 DM in the 1960s-80s2%>23¢ marked a pivotal
step in diabetes research and laid the foundation for our understanding of the genetics and
pathogenesis of the disease. Furthermore, this led researchers to generate subsequent type 1 DM
models that allowed for more control over disease onset and progression, setting the stage for
specific features of this complex condition to be isolated and examined independently. Today
there are spontaneous genetic, viral, and chemically-induced mouse models available to study

type 1 DM, each with distinct advantages and limitations.
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Several spontaneous genetic mouse models have been developed including the non-obese
diabetic (NOD)Z7 and Akita?®® mice (Fig. 6). The NOD mice, developed in Japan in 1974, are
the most prevalent genetic model of spontaneous type 1 DM and exhibit hallmark features of the

disease including insulitis, hyperglycemia, and ketonuria®*’

. Generally used for the investigation
of the genetic and immunological features of disease, NOD mice have been featured in more
than 8000 publications®®. Beginning around 5 weeks of age, an autoimmune response involving
leukocyte aggregation to, and infiltration into, the pancreatic islets establishes initial
insulitis?®"240, Subsequently, waves of cluster of differentiation (CD)4* and CD8" lymphocytes,
macrophages, natural Killer cells (NKCs), and B-cells infiltrate the islets and cause destruction of
B—cells; this response peaks at 10-14 weeks?*°. Notably, there is a stark sex-difference in DM
incidence in this model with 60%-90% of females and only 10%-30% of males developing
hyperglycemia within 40 weeks?*"?41, The incidence of DM is also highly dependent on the
cleanliness of the colony, with viral infection and microbial exposure preventing disease
development?*2. Hyperglycemia onsets when insulin production in the pancreas is reduced to
<10% of normal levels?®’: at this point, animals rapidly lose weight and require insulin
intervention for survival?*. Using this model, 27 unique genetic loci involved in the onset and
progression of type 1 DM have been identified?*®, and over 200 different treatments have been
discovered that prevent or reverse disease in these animals?**. However, therapeutics derived
from these findings have generally been disappointing in preclinical trials, prompting

recommendations for diversifying the animal models®*24°, developing humanized variants of

NOD mice?*®, and revising treatment timelines?%®.

Less commonly utilized than the NOD mice, the Akita model was generated in Japan

from a mouse on a C57BL/6 background with a spontaneous mutation in the Insulin 2 gene.
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Akita mice develop spontaneous, severe insulin-dependent diabetes by 4 weeks of age, as well as
characteristics of type 1 DM including hyperglycaemia, polyuria, and hypoinsulinemia; animals
that do not receive insulin treatment perish within 12 weeks?*. Disease onset is prompted by
apoptosis of B-cells that results in reduced islet mass, comparable to what is observed in
chemical models that target destruction of these cells?*’. Cell death occurs due to excessive
endoplasmic reticulum stress resulting from an overload of misfolded proteins that are generated
as a product of the mutant gene 2. The earlier onset and faster progression of disease in the
Akita model, relative to the NOD mice, allows for studies to be performed within an expedited
time-course. However, it lacks the autoimmune features that render the NOD model more

comparable to the human condition.

Viruses can be used to model type 1 DM in mice through direct infection of —cells or by
facilitating an autoimmune response against them%248:24% (Fig. 6). Perhaps unsurprisingly, these
systems were developed to capitalize on the understanding that some environmental factors,
including viruses, may contribute to type 1 DM susceptibility?>°. Various viruses have been
utilized in these models, including the coxsackie B'% and encephalomyocarditis viruses4824°,
Additionally, transgenic mouse models have been developed in which a viral antigen is
expressed under the insulin promoter?®. Upon injection with the corresponding virus, an immune
response is mounted that leads to the virus’ reaction with the antigen in p—cells, where the insulin
promoter is translated, resulting in the cells’ destruction®®*. Although these models permit greater
control of disease onset timing relative to the spontaneous genetic models, disease incidence and

severity is dependent on viral replication levels which can be unpredictable.
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Figure 6. Summary chart of common mouse models of type 1 diabetes mellitus.

Spontaneous genetic, viral, and chemical models have been used to study type 1 DM in mice.
Both the NOD and Akita strains of mice develop type 1 DM spontaneously, although the
timelines for disease onset differ and Akita mice begin to exhibit diabetic pathology sooner than
their NOD counterparts. Viral infection of pancreatic B-cells using coxsackie B or
encephalomyocarditis viruses has been used to induce cell death and elicit the onset of type 1
DM. Transgenic incorporation of the gene encoding for a viral antigen ahead of the insulin
promoter has also been used to create an inducible type 1 DM model; injection of the virus that
corresponds to the expressed antigen results in B-cell death. Common means of chemical type 1
DM induction include alloxan and streptozotocin treatment. Both of these cytotoxic molecules
are structural analogs to glucose and are preferentially accumulated in pancreatic —cells,

resulting in cell death via DNA alkylation and the development of insulitis.
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Finally, common chemically-induced models of type 1 DM include alloxan (2,4,5,6-

tetraoxypyrimidine; 5,6-dioxyuracil) and streptozotocin (2-deoxy-2-(3-(methyl-3-nitrosoureido)-

d-glucopyranose; STZ) treatments (Fig. 6). Both of these cytotoxic compounds result in the
destruction of a significant proportion of pancreatic p—cells and the subsequent onset of diabeti
symptoms, including hyperglycemia and weight loss, within as little as 1 week?2253, However,
due to its greater structural stability, STZ is the more widely-used agent?*. Alloxan is a
structural analog to glucose and readily taken up by B-cells; it achieves its effects through the
production of free radicals, DNA fragmentation, and disruption of intracellular calcium
signalling®®3. Notably, the liver is also a target for alloxan but, due to its greater anti-oxidant
defenses, it is less susceptible to damage?®*?%. Highly specific dosage is required for alloxan’s
diabetogenic effects as it can induce dangerous toxicity with even mild overdosing®2. This can
make it challenging to troubleshoot in different animal strains, given that their tolerance to its

effects may vary. STZ is selectively taken up GLUT-2 transporter on pancreatic p-cells and

c

causes cell death via DNA alkylation?>. Some free radical production may occur in concert with

STZ treatment and, although these molecules may accelerate cell death, they are not known to
play a central role in producing STZ’s effects?>*. Insulin production is also inhibited due to the
decrease in intracellular ATP in B-cells resulting from NAD™ depletion following PARP
activation in response to DNA alkylation?>3. STZ can be administered in a single high dose,
which can result in an acute, transient increase in T-cells®®, or in multiple low doses which
trigger glutamic acid decarboxylase autoantigens in f—cell and a subsequent autoimmune
response®®’. These models grant researchers the capacity to induce rapid, controlled type 1 DM

onset in experimental animals and can be utilized cheaply and reliably in large cohorts.
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Taken together, numerous mouse models are available for the study of type 1 DM and
include genetic strains that are spontaneously diabetic as well as virally- and chemically-induced
models. Each system has unique features that render it suitable for the study of particular facets
of the complex diabetic condition, and that make it more or less viable for investigators on the
basis of cost and capacity. Ultimately, a greater understanding of the cellular mechanisms
underlying diabetic pathology, along with successful treatments for this disease, will likely rely

on the cumulative findings gleaned from the study of not just one, but many, of these models.

1.3 Diverse immune cell populations interact with the brain

The brain is an immunologically privileged organ under homeostatic conditions:
leukocytes in circulation are generally excluded from the parenchyma by the BBB and CNS
immune surveillance needs are served exclusively by innate macrophages. Microglia are the
most common of these macrophages, comprising up to 12% of all cells in the mouse CNS%®,
Other resident brain macrophages include meningeal (mM®), choroid plexus (cpM®), and
pvM®. Long believed to be a homogenous population, diversity within the overarching
microglial schema has become a hot topic in the neurosciences and unique phenotypes, such as
“dark microglia”, are being proposed and characterized?®®. The extensive variation in microglial
gene expression signatures, morphologies, and divergent responses to injuries provide ample
support for these speculations?°261, Notably, various novel sub-groups of microglia have been
attributed to neurological pathologies, and the misbehaviour of these cells is hypothesized to play
an important role in disease manifestation and severity26®-262,

Although peripheral leukocytes have not been identified in the brain under healthy
conditions, they can breach the BBB when its physical integrity is acutely disrupted (e.g. stroke)

or homeostasis is chronically disturbed in inflammatory conditions such as MS28-30:263.264,
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Indeed, peripherally-derived phagocytes including neutrophils and monocytes have also been
identified in the CNS following stroke?®2%° and during AD?%%2%7, Once in the brain, monocytes
can morph into MDMs with unique genetic signatures and features, including enhanced
phagocytic capacity®2%, Interestingly, MDMs that infiltrate the CNS can acquire characteristics
that make them nearly indistinguishable from resident microglia?®. The presence of invading
leukocytes has been associated with both beneficial?’262266.267 gnd adverse!67:263,264.269.270
outcomes in CNS disease, indicating that further research is required to better understand, and
appropriately manage, the factors influencing these results.

As a disease characterized by chronic inflammation, type 1 DM could foster an
environment ripe for deviant immune cell behaviour. Microglia and other innate CNS
macrophages are affected by the pervasive effects of hyperglycemia®*??"1 and may exhibit
changes in gene expression and cell signalling that impact their responses to local injury.
Furthermore, since the BBB may be compromised in this disease>?72274  peripheral immune
cells may gain access to vulnerable brain tissues, with implications for prolonged inflammation
and impaired CMB recovery. Alternatively, it is possible that the infiltration of circulating
immune cells may be beneficial for healing following CMB, since others have described their
direct role in tissue repair following CMB in healthy zebrafish?” or in the hypoxic spinal cord?”.

Evidently, the role of both CNS and peripheral immune cells in CMB repair in the diabetic

cortex requires further research. This dissertation contributes to these investigations.

1.3.1 Characterizing microglia and brain macrophages

Several types of macrophages, including microglia, comprise the innate immune cells of
the CNS. These cells differ meaningfully in terms of their morphology, gene expression, and

homeostatic functions; superficially, they can be differentiated by their unique regional
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localization?’®. For example, mM®, cpM®, and pvM® are the 3 types of brain macrophages,
named after the distinct anatomical niches that they occupy (Fig. 7)?’®. Since these cells are all
associated with the interfaces of the CNS, they will be referred to cumulatively as barrier-
associated macrophages (BAMsS) in this document. Unlike BAMSs, microglia mainly populate the
brain parenchyma and exhibit varying density across brain regions, with the greatest numbers of
microglia found in the white matter (Fig. 7)?®. As an extension of the CNS, the neural retina also
contains microglia and macrophages further populate the iris, ciliary body, and cornea of the
eye?’’-2% Together, microglia and BAMs comprise a heterogenous population of brain
macrophages that can protect neural tissue following acute insults; however, when aberrantly

activated, they can also contribute to chronic, neurodegenerative conditions.

Identified by Spanish researcher Pio del Rio-Hortega in 1919, microglia are one of the
most dynamic, versatile cells in the body, rapidly morphing from a homeostatic, “resting”
phenotype to an activated amoeboid one in response to various chemotactic signals (Fig.
7)%2280281 The concept of microglia at rest seems to be a misnomer because these cells are
perpetually in motion even when they are not activated: constantly extending and retracting their
processes to scan the parenchymal microenvironment?2282, This surveillant behaviour is
dependant on microglial resting membrane potential, which is predominantly maintained
between -40mV to -60mV by the tonic activity of TWIK-related halothane-inhibited K* 1
(THIK-1) channels, depending on the cell’s neuroanatomical localization?>?%2, Pharmacological
blockade or genetic knock-out of THIK-1 channels in microglia results in a significant decrease
in cells’ ramification (including fewer processes and reduced process length) and a reduction in
the volume of tissue surveyed by microglial processes?3. Microglia exhibit a high input resistance

which suggests that, like astrocytes, microglia do not express an abundance of voltage-gated
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channels®. Although microglial cell bodies are generally stationary in their surveillant state,
following activation they physically translocate their processes through the brain parenchyma
towards an insult?>?83, Once activated, microglial processes retract and swell then, guided by
gradients of nucleotides, cytokines, and/or fibrinogen, encapsulate pathogens or cellular debris
for clearance via phagocytosis?®+?% or enwrap ruptured microvessels in 3-dimensions to stem the

extravasation of blood plasma and restore BBB integrity (Fig. 7)242>:28¢,

P2Y12 is necessary for microglial activation and directed process outgrowth?2284:285,
Specifically, in response to the local release of ATP or adenosine diphosphate (ADP), but not
adenosine, microglial P2Y 12 receptors are activated and an outward K* current through THIK-1
channels hyperpolarizes the microglial membrane potential by ~30mV. This change in
membrane potential is associated with reduced microglial ramification?3, and activation of
integrin-1 by P2Y 12 receptors may further coordinate the cytoskeletal rearrangements associated
with cellular and process motility?®. Interestingly, although THIK-1 channels have been
implicated in this response, they are not required and microglial activation can be achieved even
when they are blocked?3; whether cell function remains normal under these conditions is not
known. The dramatic differences in microglial morphology and function between activation
states led to the idea of dichotomous M1/M2 categorizations affiliated with anti- and pro-
inflammatory microglial profiles, respectively?®’. Recently, however, researchers have moved
beyond this simple model and tend to instead describe microglial phenotypes in more complex
frameworks that better reflect the growing body of evidence showing microglia characterized by
combinations of features once relegated to either an M1 or M2 phenotype?®%26!, A dedicated

discussion of the heterogeneity of the microglial population follows in Section 1.3.3.
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Figure 7. Innate CNS immune cell localization and general homeostatic functions.

Microglia and BAMs are the innate macrophages of the CNS. Generally, microglia are localized

to the parenchyma while mM® populate the meninges, pvM® exist in the Virchow-Robin space

of arterioles, and cpM® patrol the ventricular aspect of ependymal cells in the choroid plexus.

Although the homeostatic functions of BAMs are not-well studied and research on this topic is

evolving, they are hypothesized to engage in immunosurveillance, vessel repair, antigen

drainage, metabolic regulation, pinocytosis, and various activities relating to phagocytosis.

Homeostatic microglial functions are known to include immunosurveillance, vessel repair,

trogocytosis, and numerous phagocytic behaviours.
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Our current understanding of the physiological roles of BAMs is limited, but growing
interest in their relationship with various neuropathologies has motivated novel, evolving
investigations. In terms of the anatomical distribution of BAMs, their names provide good clues
as to their localization: pvM® are found in the Virchow-Robin spaces along arterioles, cpM®
localize to the choroid plexus (along ventricular ependymal cells), and mM® exist in the dura
and arachnoid mater of the meninges (Fig. 7)>’®. Given their ideal positions at CNS interfaces,
BAMs are hypothesized to contribute to brain homeostasis via immune surveillance?,
scavenging and clearing dead cells and debris via phago- and pino-cytosis?°?%, antigen
drainage?®*, and even metabolic regulation (Fig. 7)?®. Interestingly, pvM® have been shown to
secrete VEGF, enhance GLUT-1 expression by ECs, and promote glucose uptake in mice fed
with a high-fat diet?®2. Taken together, BAMs not only protect neural tissue from pathogens and

the build-up of cellular debris like microglia in the parenchyma, but they also act as cellular

filters or “gate-keepers”, augmenting and influencing the barrier functions of the BBB.

Under homeostatic conditions, pvM® and mM® exhibit a simpler morphology than the
ramified parenchymal microglia, with some processes extending from their elongated cell
bodies?’®. On the other hand, cpM® have a more stellate shape that bears closer resemblance to
microglia and astrocytes?’®. Although pvM® are generally thought to be non-motile like
surveillant microglia, they have been observed probing the perivascular space and vasculature
with their limited processes®®®. A study by Barkauskas et al. indicated that during inflammation
this projection of intravascular processes by pvM® increased, suggesting that these cells may
react to cues in circulation®; given that pyM® can influence local BBB permeability?**2%, these
findings have direct implications for the prevalence of neuropathology in inflammatory diseases.

Although the motility of mM® has been described as limited, via in vivo imaging through

39



thinned skull preparations?®®, their activity remains largely unexplored. Indeed, cpM® have been
neglected from much of the research into BAM function and physiology, perhaps due to their

inaccessibility for in vivo studies given that they are residents of the deeper brain structures.

A fundamental function shared by microglia and BAMs is their role as phagocytes;
certainly, this is central to their identity as “macrophages” (Greek: “big eaters”)?®’. Phagocytosis
is the process by which macrophages clear dead cells and debris (particles >0.5um in diameter)
following injury, destroy invading pathogens, and restrict the spread of infiltrating toxins (Fig.
7)?%8, In the vicinity of phagocytic targets microglia secrete ROS in a process that is CD11b-
dependent?®®. Subsequently, phagocytic engulfment and phagosome formation is mediated by
activation of the TYRO3/AXL/MERTK (TAM) receptor tyrosine kinase family and growth
arrest-specific protein 6 (GAS6)3®. Following phagocytosis, microglia can secrete interleukin-1p
(IL-1pB), a potent pro-inflammatory cytokine that exacerbates tissue injury in degenerative
conditions?®. The release of this molecule requires activation of caspase-1 by the formation of an
inflammasome complex; in microglia, this latter process essentially relies on K* efflux through
THIK-1 channels which are activated by P2Y 1, receptors in response to local ATPZ%. Although
IL-1B is generally produced by macrophages in response to infection, peritoneal macrophages
were observed to secrete it after phagocytosis of latex particles®®. BAMs are known to release
ROS via NADPH oxidase-2 activity and also express MERTK, along with the phagocytic
scavenger receptor CD36%%23%, Microglia can recruit the complement pathway for phagocytosis
and express component C1q as well as receptors CR3 and CR5%%. In AD, for example, microglia
tag synapses with C1q for engulfment via CR3%. Interestingly, microglia also perform
trogocytosis (engulfment of particles ~250 nm in diameter) of presynaptic neuronal processes,

which is independent of the CR3 pathway but could involve microglial recognition of “eat me”
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signals, such as phosphotidylserine, on target membranes (Fig. 7)°®°. Phagocytosis by microglia

during development is necessary for synaptic pruning3%®

and pvM® phagocytose amyloid-f in
AD, reducing the load of this inflammatory protein®®?. Dysregulation of this crucial process can

result in the loss of healthy tissue and the onset of disease pathology>®.

In summary, microglia, cpM®, mM®, and pvM® coexist in the brain and occupy unique
anatomical niches that compliment their immunosurveillant roles?’®. Microglial tissue
surveillance processes and directed responses to CNS injury are well-characterized and the
underlying molecular mechanisms driving these processes are rapidly being uncovered?2>28!,
Much less is known about the physiological roles of BAMs; however, it is hypothesized that they
also engage in active tissue surveillance and may even affect local metabolic processes?®:2%,
Microglia and BAMs are phagocytes and may utilize this capacity for good (developmental
programs, elimination of cellular debris buildup, etc.)3*%% or evil (contributing to the onset or

exacerbation of pathology in CNS disease)®"’.

1.3.2 The great migration: developmental origins of microglia and brain

macrophages from yolk sac to maturation

Developmentally, microglia and BAMSs were once thought to represent ontogenetically
distinct populations. The former was thought be derived from primitive yolk sac erythromyeloid
progenitors that populate the brain parenchyma before birth, and the latter presumably arose
postnatally from blood- and bone marrow-derived myeloid cells®®. Remarkably, however, new
fate-mapping and large-scale single-cell RNA-sequencing studies have shown that their
developmental pathways are actually closely related?’63%83% These initial discrepancies likely
arose due to the use of irradiation or chemotherapeutic conditioning in early transplantation

studies®'%312, These processes are now known to disrupt the BBB and permit the infiltration and
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engraftment of peripheral leukocytes in the CNS?%. The rapid evolution of this dogma is
highlighted by the fact that a seminal review on microglia and BAMs by Prinz and Priller was
published recently in 2014 stating that “microglia and CNS macrophages thus represent two
ontogenetically distinct myeloid populations,®” notably, this work was followed by another
comprehensive review from Prinz et al. in 2017 highlighting that “the classic view that non-

parenchymal CNS macrophages are derived from the bone marrow has been now disproved3*3.”

Based on the current literature it is thought that, microglia arise from erythromyeloid
progenitors in the primitive blood islands of the embryonic yolk sac®*3!®> and BAMs may derive
from embryonic progenitor cells in the same region or their descendants in the fetal liver around
embryonic day 7.0 (E7.0; Fig. 8)27%3%°, At this time these embryonic progenitors are CD45 c-kit*
and already express the macrophage survival receptor colony-stimulating factor 1 (CSF1; Fig.
8)315316, The unique ontogeny of microglia and brain macrophages, distinct from bone marrow-
derived myeloid cells, was confirmed by studies showing that the transcription factor required
for hematopoiesis of peripheral leukocytes, Myb, was not necessary for their engraftment in the
CNS?83Y7 The transcription factor PU.1, however, is required for the development of all CNS
innate immune cells®*®. Following the onset of a fetal heartbeat and prior to E8.5, these
progenitors enter the circulation and surround the neuroepithelium of the nascent brain by E9.5
(Fig. 8)%. Following conversion to CD45%c-kit CX3CR1* cells, they infiltrate the

neuroepithelium via expression of matrix metalloproteinase (MMP) 8/9 (Fig. 8)%.

It is worth noting that an alternative model has been proposed, suggesting that
F4/80*CD11lb" primary erythromyeloid progenitors arising in the blood islands at E7.0 colonize
all tissues in the embryo including the brain®®. These macrophages express CSF1R and are

independent of the transcription factor Myb®!8. In this model, macrophage colonization of the
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CNS occurs prior to the onset of a fetal heartbeat and the mechanism by which these cells would
migrate to the tissue is unclear; chemotactic signals released by apoptotic neurons in the
developing CNS may be a sufficient cue®'®. Regardless, microglial colonization of the
parenchyma begins by E10.5 and continues via clonal expansion through postnatal day 2831432°;
BAMs distribute throughout the CNS interfaces as these structures differentiate around E12.5
(Fig. 8)?. Nascent microglia exhibit an amoeboid morphology but become ramified by E14.5
(Fig. 8)%1°. The acquisition of microglial and BAM phenotypes is associated with local
environmental factors including TGFp and CSF1%%. To induce a microglia-specific phenotype,
SALL1 and the negative regulator of reactive oxygen species (NRROS) protein seem to play
important roles®?!322, Specifically, microglia from mice with a microglia-specific knockout of
SALL1 downregulate canonical microglial gene signatures concomitant with the upregulation of
a BAM phenotype3?!. Similar results are observed when NRROS signalling is knocked out,
suggesting that it may exert its effects through SALL1%?2, The development and closure of the
fetal BBB between E13.5-E14.5 likely signals the conclusion of erythromyeloid progenitor
infiltration into the brain and prevents auxiliary influx of myeloid cells into the CNS under
homeostatic conditions®:8. Survival of microglia and BAMs is dependent on the constitutive
activity of the hematopoietic receptor for CSF1314323:324 given that genetic or pharmacological

inhibition of this signalling pathway leads to robust elimination of these cells in the CNS.
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Figure 8. Ontogeny of innate brain macrophages.

Microglia and BAMs arise from PU.1 erythromyeloid progenitors that develop in the embryonic
yolk sac or, in the case of BAMs, potentially the fetal liver. This primitive hematopoiesis begins
around E7.0 and produces cells that are CD45c-kit™ and express the receptor for CSF1. Around
E8.0, these progenitors migrate to the fetal neuroepithelium and, following their conversion to
CD45%c-kit cells, infiltrate the developing CNS. Microglial colonization of the parenchyma
begins around E10.5 and the cells transform from amoeboid to ramified by E14.5. BAMs

colonize their respective niches as these structures form around E12.5.
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Once established, microglia, pyM®, and mM® are long-lived cells that show negligible
replenishment by circulating bone marrow-derived progenitors under homeostatic conditions;
their CNS populations are generally maintained throughout adulthood via proliferative self-
renewal?’6:3253% Interestingly, despite their similar embryonic origins, some cpM® do not share
the longevity of other brain macrophages and exhibit turnover postnatally via contributions from
peripheral progenitors (likely Ly6C" monocytes)®®. The hypothesis of dual origins for cpM® is
supported by the fact that activity of the myeloid CC-chemokine receptor-2 (CCR2) is necessary
for maintenance of the population?’®. Mature microglia in the adult brain express pan-
macrophage markers such as ionized calcium-binding adaptor molecule-1 (Iba-1), F4/80 (also
known as EMR1), CD68, and CX3C chemokine receptor-1 (CX3CR1)3%, To differentiate
microglia from other brain macrophages, transmembrane protein-119 (TMEMZ119) has been used
extensively as a microglia-specific marker®?’. Recently, however, Masuda et al. suggested that
TMEM119 expression by microglia may be unstable when homeostatic brain conditions are
perturbed, potentially rendering it unreliable as a unique identifier for microglia in disease®?®.
Alternatively, the Hexosaminidase subunit beta (Hexb) gene was identified as an alternative,
stably-expressed target for microglial discrimination from other brain macrophages in
pathologies including MS and AD®?, Like microglia, mature BAMs have been identified by
their expression of CX3CR1, Iba-1, or F4/80, and largely differentiated by their anatomical
localization®®®. Despite these similarities, BAMs otherwise have relatively distinct gene
expression profiles from microglia. A popular marker for differentiating BAMs from microglia is
the mannose receptor CD206, as well as CD36, carbonyl reductase 2, mannose receptor 1 C-

type, and platelet factor-43%, Notably, in a comprehensive transcriptomic analysis of BAMs,
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very few markers differed between pvM®, cpM®, and mM® under homeostatic conditions,

despite their disparate localizations and unique morphologies®®.

In summary, the details of microglial and BAM development, particularly relating to the
nature of their progenitor pools and timeline of events, are still under debate and the literature on
these subjects is rapidly evolving. Despite ongoing controversies, these cells are known to arise
from erythromyeloid progenitors that colonize the CNS before birth and, with the exception of
cpMO, are not comprised of bone marrow-derived progenitors under homeostatic conditions.
Furthermore, mature microglia and BAMSs express unique gene expression signatures and can be
readily differentiated by markers for TMEM119 and CD206, respectively. Since peripheral
leukocytes can engraft in the brain during BBB disruption, and could become morphologically
indistinguishable from microglia?®®32 it is important to understand whether the non-embryonic

lineage of these can be identified by particular markers, coincident with any changes in function.

1.3.3 Microglia as a diverse cell population

The highly mutable gene profiles of microglia and their diverse range of functions under
homeostatic and disease conditions have posed significant challenges to the development of
reliable schemas for categorizing putative microglial subsets. With the help of novel technical
advances, such as single-cell RNA sequencing and single-cell mass spectrometry, researchers
have now been able to probe this subject with greater fidelity and resolution. Indeed,
heterogeneous microglial phenotypes have been identified across anatomically distinct brain

regions under healthy conditions, during aging, and in various disease conditions.

In the context of anatomical heterogeneity, region-specific differences in microglial gene

expression profiles may provide clues regarding their unique physiological functions and local
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environmental needs. For example, CD68 expression differs in microglia throughout the brain,
implying variations in the phagocytic capacity of these cells in disparate regions. For example,
cerebellar microglia express elevated F4/80%°, hippocampal microglia exhibit high levels of
TNFa 332, and microglia in the white matter show increased expression of ubiquitin-specific
protease 18, a negative regulator of type 1 IFNs 332, Microglial morphology is also known to
differ across brain regions, influenced by the cellular composition of the local milieu°.
Furthermore, microglial turnover rates under homeostatic conditions vary in a region-specific
manner, with the most rapid turnover observed in the dentate gyrus®®. Interestingly, following
microglial elimination via CSF1 receptor (CSF1R) inhibition, rapid proliferation of microglia
leads to repopulation within 1 week of removing CSF1R blockade but generates a nearly
homogenous population arising from a few CSF1R-resistant cells®**. Since microglial
dependence on the ligands for CSF1R (IL-34 and CSF-1) varies across brain regions it is
possible that local populations may exhibit unique profiles as a result of these environmental
cues; however, the authors of this study performed cluster analyses on bulk transcriptomic data

from the whole brain and did not compare transcriptomes across anatomical regions®**,

A recent study examining microglial heterogeneity in the healthy human brain with
single-cell RNA sequencing showed greater diversity throughout the population in comparison to
mice, with gene expression profiles showing only partial overlap; regional diversity of microglia
was not characterized in this study and tissue from temporal and frontal cortices was analyzed33,
Interestingly, several subtypes of microglia were identified in humans that were not found in
rodents. These populations were characterized by high expression of chemokine genes and zinc
finger transcription factors3®. Masuda et al. noted that these phenotypes, generally characteristic

of an inflammatory microglial state in mice, may reflect a physiological state that has been
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previously attributed to the normal human condition®®. In studies of microglial diversity during
aging, most cells exhibited homeostatic gene expression profiles but increased heterogeneity was
noted, particularly pertaining to greater inflammatory subtypes of microglia®®. These

inflammatory phenotypes amplified expression of chemokines, ILs, and IFN-related genes®3®.

“Disease-associated microglia” (DAM) were initially identified around amyloid plaques
in a mouse model of AD3¥" and have since been discovered in mouse models of amyotrophic
lateral sclerosis (ALS) as well3®, Characterized by elevated expression of APOE and triggering
receptor expressed on myeloid cells-2 (TREM2), the gene profiles of these cells were shown to
progress through distinct phases during disease®’. The initial transition from healthy to a phase 1
disease profile was TREM2-independent, but the subsequent progression to phase 2 required
TREM?2 activity®*”. A unique population of myeloid cells with these DAM gene signatures, and
which are of embryonic lineage, were also discovered in the choroid plexus epithelium of
healthy mice; their physiological functions remain unknown®*’. During physiological aging
white matter microglial diversity increases and cells show DAM-like gene signatures, including
TREM?2 expression and upregulation of other genes related to phagocytosis®°. Interestingly,
injection of lipopolysaccharide (LPS), which is commonly used to induce microglial activation
and model their general morphological and phenotypic changes during inflammation, does not
produce a DAM gene expression profile®*. Specifically, expression of genes including Trem2,
Hifla, and TYRO protein tyrosine kinase-binding protein are generally upregulated in DAM but
were actually downregulated in microglia following LPS injection3¥. In another disease model
microglia from mice fed cuprizone, a chemical which causes oligodendrocyte cell death and
demyelination (often used to study MS), exhibited 2 primary clusters of gene expression that

were associated with the demyelination and remyelination phases of the treatment*®. In this
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study, the microglia assessed during the demyelination phase exhibited profiles akin to those of
DAM but, during remyelination, microglia increased expression of Cd74 and other major
histocompatibility complex (MHC) class Il genes®*®. In a mouse model of MS, microglial
diversity increased and several clusters of distinct phenotypes were observed®®. Notably, the
core microglial gene signatures associated with this model showed a significant downregulation
of typical microglial markers including Tmem119 and P2ry123%, Taken together, these findings
highlight the diversity of microglial phenotypes associated with disease states and caution

against the overgeneralization of microglial profiles identified in particular conditions.

1.3.4 Microglial interactions with the vasculature

Microglia, best known as the resident macrophages of the CNS parenchyma, have
important relationships with the vasculature in addition to their immunogenic roles. Unlike
astrocytes and mural cells, microglia are not generally considered members of the neurovascular
unit, nor have they been ascribed major roles in neurovascular coupling. Interestingly, recent
research from the Dénes lab has identified specific interaction sites between microglial processes
and neuronal cell bodies in mice and humans®*13%2, These P2Y 1, receptor-dependent sites were
associated with neuronal mitochondria and identified as a mechanism by which microglia could
sense and regulate neuronal calcium®*. Microglia also make purinergic contacts with ECs and
contribute to the regulation of cerebral blood flow in the mouse barrel cortex, thereby
modulating neurovascular coupling®¥. Additionally, microglia directly contact capillaries and
pericytes in the retina and stimulation of microglial CX3CR1 by fractalkine induces
vasoconstriction in the rodent retina and cortex?’*. Notably, this effect was abolished in the retina
of mice deficient in CX3CR1 signalling?’. Microglia also release various small molecule

messengers into the synaptic cleft through which they can influence neuronal activity343344,
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Utilizing these same signals, microglia may also be capable of influencing vascular tone. For
example, microglia can express inducible nitric oxide synthase (iNOS)3* and could facilitate
vasodilation by local release of nitric oxide (NO) near ECs. This may be particularly relevant to
a subpopulation of microglia, termed juxtavascular microglia, which localize to the vasculature
with their soma directly in contact with the glial limitans3#®34’. Taken together, these findings

may constitute the foundation of our understanding of microglia as vasoregulatory cells.

During development microglia play a key role in sculpting the CNS cellular architecture,
including the vasculature. Because the developing CNS has no intrinsic vasculature, blood vessel
development progresses through angiogenesis. Notably, microglia migrate into the CNS prior to
the appearance of blood vessels*** and thus are poised to guide this process. In response to
angiogenic guidance cues, such as hypoxia, increasing tissue mass, and VEGF-A, tip cells at the
leading aspect of nascent vessels extend from perineural vessels into the neuroectoderm342-30,
The tip cells of growing vessels connect with one-another, branching and forming anastomoses
that result in the complex and highly ramified structure of the vasculature34®-3%, It has been
suggested that microglia create physical bridges between vascular sprouts, facilitating vascular
branching®3%2, Indeed, microglia have been found to contact neighbouring endothelial sprouts
and mice lacking microglia showed significantly decreased numbers of vascular branches®,
Furthermore, the elimination of retinal microglia during development, through intravitreal
injection of clodronate liposomes (CLR)%® or in genetic models without microglia31-252:3%4
resulted in reduced vascular complexity in the neonatal retina. However, the number of
endothelial tip cells was not affected in any of these studies®:3533% suggesting that microglia

facilitate vascular branching but not tip cell development or extension.
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As extensive vascular networks are formed, immature vessels undergo significant
pruning and regression to create an efficient, mature circulatory system®*>3¢, Since microglia
play an important role in pruning synapses during development3%>3% it would be reasonable to
consider whether they could be involved in similar processes supporting the streamlining of CNS
vascular systems. It is generally understood that vascular remodelling occurs through the
migration of ECs to adjacent vessel segments in response to blood flow in those vessels®*"=%, In
this way, functional blood vessels are reinforced and segments without reliable flow are lost. The
role of microglia during angiogenesis may be restricted to the early stages of development since
elimination of these cells 3 weeks after birth in conditional knock-out mice did not significantly
alter the density or complexity of vascular networks compared to wild-type animals®*. EC
apoptosis has also been observed in the developing CNS vasculature of mice**’ and
zebrafish®%:3% and may contribute to vessel pruning; however, the idea that microglia are
required for this process remains contentious. A recent study by Zhang et al. investigated the role
of microglia in EC apoptosis in the development of CNS vasculature in zebrafish and found that,
although this phenomenon contributed to ~15% of pruning events, microglia were not required
for the elimination of immature vessels but they contributed to the clearance of apoptotic
debris®®. Conversely, another group noted that the elimination of macrophages during
development via diphtheria toxin resulted in the persistence of vasculature in the retina beyond
the normal period for scheduled vascular regression, suggesting that they are necessary for
inducing programmed apoptosis®®. Indeed, others have shown that macrophages can induce
programmed cell death in retinal ECs by activating the canonical WNT pathway®!. Additional
research is necessary to understand the nuances of microglial involvement in vascular pruning

and network refinement during development and to reconcile these disparate findings.
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In summary, although they are best known for their immunogenic properties, microglia
have been recently ascribed putative roles in neurovascular coupling and vasoregulation.
Furthermore, microglia facilitate angiogenesis during development, wherein they support
vascular branching and complexity and modulate network density, although the details of their

involvement in this latter process is controversial and requires further investigation.

1.3.5 Peripheral phagocytes and the central nervous system

Although peripheral phagocytes are generally excluded from the CNS under homeostatic
conditions, they can gain access to this exclusive tissue following disruption of the BBB or in
chronic inflammatory diseases?®°. There are 2 primary pools of peripheral leukocytes,
distinguished by their developmental lineages: myeloid and lymphoid cells. During the first
wave of hematopoiesis, which begins around E7.0, erythromyeloid progenitors are produced in
the blood islands of the embryonic yolk sac (Fig. 9)%%2. These cells give rise to microglia, as
described in Section 1.3.2, but also colonize the whole embryo with tissue-resident
macrophages®®2. Early macrophages play fundamental roles in tissue remodeling and clearing
apoptotic cells associated with developmental programs°6:360363 Notably, like CNS
macrophages, most erythromyeloid progenitor-derived tissue macrophages in the periphery are
long-lived, maintain proliferative capacity, and their development does not depend on the
transcription factor Myb (Fig. 9)%24; this latter point supports the idea that tissue-resident
macrophage populations are not derived from bone marrow-borne progenitors under homeostatic
conditions. However, in some barrier tissues, such as the gut and skin, postnatal macrophage

replacement can occur progressively via differentiation of bone marrow-derived intermediates®®?.
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Figure 9. Leukocyte ontogeny and hematopoiesis.

Leukocyte development begins with the production of EMPs in the embryonic yolk sac at E7.0.
In a Myb-independent manner, these EMPs colonize embryonic tissues and become resident
macrophages that persist throughout adulthood. Other leukocytes require further, Myb-dependent
differentiation. Following the onset of definitive hematopoiesis in the AGM and the production
of multipotent progenitors by E10.5, these cells colonize the fetal liver and, subsequently, the
bone marrow and spleen. Some primitive monocytes produced by the fetal liver may infiltrate
embryonic tissues and contribute to resident macrophage populations. Within these structures,
HSCs differentiate into either myeloid or lymphoid cells via respective common progenitors.
Common myeloid progenitors produce mature mast cells as well as progenitors including
megakaryocytes (generate platelets), proerythroblasts (produce red blood cells), and myeloblasts.
Myeloblasts are the precursors of granulocytes (basophils, eosinophils, and neutrophils) as well
as monocytes. Monocytes may differentiate into myeloid DCs or, if they are Ly6C", MDMs. A
common lymphoid progenitor exhibits the capacity to differentiate into a lymphoid DC or a

lymphoblast, from which B-cells, T-cells, and NKCs arise. EMP: Erythromyeloid progenitor.
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Although the first phase of hematopoiesis accounts for most tissue-resident macrophages,
circulating leukocytes require additional developmental programs. The second wave of
hematopoiesis, termed definitive hematopoiesis, begins in the embryonic aorto-gonado-
mesonephros (AGM) region with the generation of multipotential hematopoietic progenitors
around E10.5 (Fig. 9)%%2. Definitive hematopoiesis is Myb-dependent and all cells generated by
this process require it for their development (Fig. 9)%'8. AGM progenitors seed the fetal liver, and
then liver-derived cells colonize the bone marrow and spleen - the organs primarily responsible
for adult hematopoiesis (Fig. 9)%%2. Some primitive monocytes are produced by the fetal liver to
colonize tissues, except the CNS, where they may differentiate into long-lived macrophages that
are indistinguishable from their yolk sac-derived counterparts; as necessary, these nascent
MDMs may also replace primitive tissue-resident macrophages (Fig. 9)*¢*. In the bone marrow,
hematopoietic stem cells (HSCs) produce common myeloid and common lymphoid progenitors
(Fig. 9)%%°. These progenitor populations represent the precursors of the distinct adult
hematopoietic lineages: myeloid and lymphoid. In the myeloid context, the common myeloid
progenitor yields megakaryoblasts, proerythroblasts, mast cells, and myeloblasts (Fig. 9)%¢°.
Myeloblasts further differentiate into basophils, neutrophils, and eosinophils via granulopoiesis
and monocytes through monocytopoiesis (Fig. 9)%6°. Monocytes may be Ly6C" or Ly6C'*"

cells366

and, following CCR2-dependent activation, enter the circulation from the bone
marrow®”. Subsequently, in response to local inflammation, Ly6C™ monocyte infiltrate tissues
and environmental cues may prompt their differentiation into other mononuclear phagocytes

including myeloid dendritic cells (DCs) and macrophages. On the other hand, the common

lymphoid progenitor yields lymphoblasts or lymphoid DCs (Fig. 9)%°. Lymphoblasts produce B-
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and T-lymphocytes and NKCs through lymphopoiesis (Fig. 9)*®°. Of the mature leukocytes,

monocytes, neutrophils, macrophages, and DCs engage in phagocytosis®®?.

In the context of CNS disease and injury repair, infiltrating phagocytic leukocytes have
been hailed as both supportive?’262266:267 and detrimental players!®:264269270 M DMs iin particular
have been studied extensively?”3°. As described previously, the BBB normally hinders the
infiltration of these cells into the brain parenchyma; however, during acute trauma or in
prolonged disease states it is no longer effective?®30, In these instances, local inflammatory
molecules including ATP, TNF-a, IL-1p, and chemokine ligand-8 (CXCL-8) attract circulating
immune cells to the CNS and stimulate the expression of adhesion molecules by ECs?"3%,
Specifically, the binding of P-selectin glycoprotein ligand-1 and very late antigen-4 (VLA-4) on
leukocytes to endothelial P-selectin and vascular adhesion molecule-1 (VCAM-1), respectively,
slows leukocyte rolling and permits activation by local chemokines®®°. Leukocytes halt and dock
at the EC by upregulating VLA-4 and binding EC VCAM-1 as well as intracellular adhesion
molecule-1 (ICAM-1) through lymphocyte function-associated antigen-1 (LFA-1)3%°. Leukocyte
adhesion may be augmented by JAM-1 binding LFA-13°. Prior to transmigration, leukocytes
may crawl along ECs via integrin/CAM interactions (ie. VLA-4/VVCAM-1) to determine the
optimal point for crossing®®, likely guided by a gradient of CXCL-1%"*. Transmigration itself
may occur through either paracellular or transcellular routes and involves chemokine gradients
that shepherd leukocytes to the abluminal aspect of the vasculature®’. IL-1 has been described as
a significant facilitator of macrophage transmigration3”. Once leukocytes have traversed CNS

ECs, they must also penetrate the BM and glial limitans, a process which requires MMPs®",

Once in the CNS proper, monocytes can transform into MDMs which exhibit

morphological and genotypic similarities to resident microglia. For example, MDMs were found
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to engraft in the brain following tissue preconditioning via irradiation, independently of any CNS
degenerative pathology, and were almost indistinguishable from microglia®”®. Furthermore,
uncommitted KIT'SCAL1" myeloid progenitor cells were found to contribute to long-lived
MDMs in mice that had received myelosuppressive conditioning with busulphan®"®3'7, Indeed,
Shemer et al. described engrafted MDMs that acquired microglial characteristics including
“ramified morphology, longevity, radio-resentence, and clonal expansion®?.” Although it is
debated whether these cells truly are microglia, the semantic challenges of this discussion does
not disqualify valid questions regarding whether they acquire homeostatic microglial functions
and how they may engage with the local microenvironment?37>, For example, human HSC
transplant recipients exhibit engrafted cells that remain distinct from yolk-sac derived host
microglia, and engrafted MDMs in mice respond differentially to peripheral endotoxin

administration when compared to innate microglia®?°.

Importantly, the physiological properties of MDMs differ meaningfully from microglia.
These cells demonstrate higher phagocytic capacity than microglia and the increased cellular
load of phagocytic material renders them prone to apoptotic and necrotic cell death, which
exacerbates local inflammation?®27°, ROS are also generated as a product of NADPH oxidase
activity from phagocytosis'’’; if neutrophils are present, ROS can also trigger their release of
H.0 and O, contributing to a positive feedback loop of local oxidative stress®’®. Furthermore,
in response to various stimuli, monocytes generate O,", even if they have not differentiated into
MDMSs®. If they retain these qualities following engraftment in the CNS, MDMs may have
deleterious effects on the viability of nearby cells and injury recovery prognosis. For example,
increased MDM infiltration was associated with memory deficits in the db/db mouse model of

obesity; notably, pharmacologic inhibition of PKC- prevented transmigration and enhanced
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BBB integrity by preventing JAM degradation®®. Following reperfusion injury infiltrating

monocytes/MDMs have also been associated with neuronal loss and microglial activation®.

From a regenerative perspective, MDMs have been ascribed supportive roles in AD. In
this context, following irradiative preconditioning and bone marrow transplant, CCR2"
monocytes/MDMs infiltrated the Virchow-Robin spaces and engrafted in the brain parenchyma,
surrounding amyloid-p plaques?%®28!, Given the high phagocytic capacity of these cells, it has
been suggested that MDMSs may be particularly attracted to amyloid-f in vivo and more efficient
at clearing the debris than resident microglia?®®. These findings are complimented by the
evidence that CCR2 deficiency in a transgenic mouse model of AD accelerates amyloid-§
deposition and contributes to disease progression®’. In studies of a mouse model of Rett
syndrome, a neurodevelopmental disease characterized by disruptions of synaptic plasticity and
transmission, it has been hypothesized that decreased microglial numbers failed to effectively
phagocytose debris during development, thereby contributing to impaired neuronal signalling??.
Following bone marrow transplant in transgenic Rett mice, engraftment of wild-type MDMs in
the CNS increased the lifespan of affected mice and ameliorated behavioral deficits?®?. It is
worth noting that, despite confirming the infiltration and engraftment of MDMs in the CNS,
some researchers have questioned the longevity of these cells in the parenchyma. Ajami et al.
noted MDM s at the site of facial motor neuron axotomy, but found that these cells did not remain
in the CNS under homeostatic conditions®2. These researchers also discovered that recruitment
of monocytes/MDMs to, and infiltration of, the spinal cord triggered the onset of MS pathology

but found that they did not remain in the CNS following the resolution of an acute insult?*.

In summary, it is evident that the infiltration of the CNS by circulating phagocytes is

possible when homeostasis is disturbed, but the desirability of this phenomenon in the context of
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CNS repair and restoration remains unclear. Indeed, whether MDM engraftment contributes to
better or worse outcomes in CNS disease or following injury is likely context-dependent and
may be affected by various factors, such as the extent of pathology. Additionally, the question of
MDM longevity in the CNS is an important one. If MDMs are reparative then supporting lasting
engraftment may be desirable, but if they are detrimental then the transient nature of their

residence in the CNS could imply that they are not a major obstacles to resolution of disease.

1.4 Vascular repair and immune cell function in diabetes

Having now reviewed the biochemical perturbations that contribute to diabetic pathology,
as well as immune cell interactions with the CNS and its vasculature, this section will endeavor
to bridge these topics. Furthermore, it will explore the mechanisms by which diabetes contributes
to microvascular disease and immune cell dysfunction, specifically. ECs are particularly
vulnerable to hyperglycemia’s profound effects on cell signalling and function as they are
perpetually and directly apposed to elevated glucose levels in the circulation*?, These
pathological perturbations can lead to impairments in BBB integrity and contribute to the onset
or progression of microvascular disease?’2273, CMBs are ruptures that occur in small cerebral
blood vessels, including capillaries®?, and are clinically significant in DM since their incidence
is significantly increased in patients relative to the healthy population; furthermore, their
prevalence is positively correlated with cognitive decline?3. Of note, CNS-resident immune cells
and peripheral phagocytic leukocytes have been ascribed roles in modulating microvascular
repair?42>21.275 However, their chronic exposure to hyperglycemic toxicity in DM could have
functional consequences to their capacity to facilitate the resolution of CMBs. In this way, the
misbehaviour of immune cells in DM could contribute to disrupted microvascular repair and

perpetuate cerebrovascular pathology in this disease.

58



1.4.1 Diabetes as a disease of the vasculature

ECs are a primary target for dysfunction in type 1 DM given their frontline situation
along the lumenal aspect of the vasculature. Within ECs signalling changes resulting from
hyperglycemic toxicity result in abnormal protein glycation, perturbed metabolism, and oxidative
stress — all of which contribute to their susceptibility to damage and dysfunction'#?. Considering
these pervasive effects, the prevalence of macro- and micro-vascular disease in DM may not be
surprising. Although the pathological effects of hyperglycemia on general cell signalling and
function were reviewed in depth in Section 1.2.1, it is worth discussing these pathological
changes within the context of ECs specifically. One of the most prevalent changes in ECs that is
associated with hyperglycemia is abnormally glycated proteins, including intracellular AGE
formation, which accumulate rapidly following exposure to elevated glucose concentrations®®’.
Notably, fibroblast growth factor is one of the primary proteins affected by abnormal glycation
in ECs?Y. Additionally, proteins involved in macromolecule endocytosis are also targeted as
AGEs and lead to a hyperglycemia-induced upregulation in endocytosis and increased BBB
permeability3®*. Oxidative stress has been identified specifically by several studies as a key
contributor to vascular complications in DM33, ECs cultured in hyperglycemic conditions
exhibit irregular protein expression and activation of signalling pathways, such as ubiquitous
MAPK, extracellular signal-regulated kinase (ERK)3%387 and PKC activity3®. Notably, changes
to these pathways have implications to EC viability, gene expression, and function.
Angiotensinogen, for example, is a gene involved in the regulation of capillary tone and its

expression is perturbed in type 1 DM?"L,

Along with the damage to cerebral ECs by hyperglycemic toxicity in DM, the integrity of

the BBB as a whole is disrupted and has fundamental implications for the development of
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vascular pathology?’227. One of the earliest recorded, and most ubiquitous, structural
abnormalities of the BBB in DM is increased BM thickness, characterized via electron
microscopy and quantified in many tissues including the CNS microvasculature®®®. BM
thickening was observed in conjunction with increased vesicle-mediated transcytosis®®,
indicative of greater permeability, and pericyte degeneration in multiple brain regions?’#; this
latter point particularly bodes intuitive consequences for vessel function and maintenance.
Expression of TJ proteins, including occludin and zona occludens-1, was decreased following 2
weeks of type 1 DM and associated with increased metalloproteinase-9 and elevated solute
permeability across the BBB33°, Though not generally considered members of the BBB,
microglia may directly contribute to the maintenance of microvasculature in type 1 DM. For
example, increased microglial contacts with blood vessels were observed in the retina of mice
after 4 weeks of DM, even before these cells exhibited a reactive phenotype?’:. At these contact
sites capillaries exhibited prolonged vasoconstriction following exposure to fractalkine; this
phenomenon was observed in both retina and cortex?’*. In the retina, increased microvascular
tone contributed to decreased blood flow and was hypothesised to contribute to early diabetic
retinopathy in these animals?’*. Furthermore, elevated levels of angiotensin Il have been found in
the vitreous and retina of diabetic rodents®®%%, In addition to promoting vasoconstriction,
increased angiotensin Il can prompt the uncoupling of pericytes from ECs, increase vascular

permeability, and facilitate the formation of microaneurisms that can progress to CMBs®*4,

In summary, hyperglycemic toxicity directly alters EC function and viability in type 1
DM, as well as the integrity of the BBB. Perturbations in cell signalling may be augmented by

proliferation of oxidative species and aberrant protein glycation, leading to positive feedback
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loops of inflammation that target the vasculature. The result is a weakened vascular unit which

exhibits greater permeability and susceptibility to rupture, and worsening microvascular disease.

1.4.2 Diabetes and cerebral microbleeds

CMBs are hemorrhages in microvessels (arterioles, venules, and capillaries) that result in
the efflux of blood constituents into the brain parenchyma®® and a disruption of blood flow
which may be temporary, if the vessel is repaired, or permanent if it is not®. These insults can be
visualized as small (<1 mm diameter in rodents), round lesions in post-mortem histology or in
vivo magnetic resonance imaging®®3. CMBs can occur due to physiological processes, such as
vascular remodelling wherein ECs uncouple from one another and migrate to alternate vessel
segments?>3%, They also arise as a product of microvascular disease, a pathology that is
common in various conditions including hypertension, hypoxia, and diabetes*®33%, The basis of
microvascular disease is endothelial dysfunction in small blood vessels®®’. Endothelial
dysfunction broadly describes the shift in properties of the endothelium towards a pro-
inflammatory state, coincident with reduced vasodilation®®. Local inflammation augments
oxidative stress and induces EC apoptosis, leading to the physical degradation of BBB integrity
and the leakage of blood products into the brain®**4%, Enhanced expression of adhesion proteins
by ECs during inflammation may also facilitate leukocyte recruitment to CMBs, which could
explain why these insults are usually associated with macrophages3%6-39:3%°,

The most widely-described aetiologies of CMBs are cerebral amyloid angiopathy and
hypertensive arteriopathy®®. The former is characterized by amyloid-p plaques along the
vasculature, which induces inflammation, and the latter is associated with arteriolosclerosis and
related to vascular risk factors including aging, hypertension, and diabetes®®. The timing of a

CMB insult is unpredictable and their locations vary, making them a challenging phenomenon to
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study. However, some distribution patterns have been observed when comparing different types
of dementia. For example, CMBs resulting from cerebral amyloid angiopathy in AD have been
found predominantly in lobar regions compared to the deep and infratemporal CMBs reported in

401

vascular dementia patients*™*. During chronic mild hypoxia, which produces transient

402 It has been

microvascular leakiness, CMBs are primarily observed in the white matter
proposed that this may be due to the lower vascular density of white matter (~25% of gray matter
vascularization*®®); essentially, minor changes in oxygenation in this region drive stronger
remodelling responses which are subsequently associated with microbleeds when ECs
dissociate*®?. The leakage of blood plasma components, including iron and fibrinogen, into the
sensitive cerebral microenvironment can disrupt local neuronal circuitry and impact brain
function!®>8:404495 Microglia have been identified as important cellular responders, involved in
stemming the release of vascular constituents following CMB by physically enwrapping
damaged microvessels with their motile processes?*%; in essence, they act as a ligature that
patches the ruptured vessel. In a mouse model of type 1 DM, the polarization and extent of these
microglial responses were significantly impaired, resulting in the protraction of BBB disruption
and increasing the exposure of vulnerable neuronal machinery to toxic plasma?.

CMBs are particularly concerning in the context of type 1 DM because patients are
known to experience significantly more CMBs than the healthy population?2. In addition to
increasing the likelihood of CMBs, diabetes may also disrupt the repair of damaged vessels,
leading to a greater probability of vessel loss rather than maintenance. This shift may contribute
to the reduced vascular density reported in DM patients®?. Although an individual CMB may be

asymptomatic, recent studies have found that CMBs compound over time*®®4%". The onset or

progression of cognitive dysfunction could subsequently arise as a consequence of exacerbated
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cerebral hypoperfusion due to cumulative vessel loss. Since the brain is an extraordinarily
energetically demanding organ, and neural cells are poorly-equipped to store glucose, even small
perturbations in blood flow can significantly affect brain function®°13, Notably, >4 coincident
CMBs correlated with cognitive decline® and CMBs were identified in 20% of 90 cases of mild
cognitive impairment*® and in 85% of 86 patients with subcortical vascular dementia®®®,
compared to just 6% of 413 healthy people aged 45-50 years old*°, This may help explain the

increased risk of dementia in type 1 DM patients®3. With this in mind, understanding the cellular

basis of CMB repair in DM is a crucial step towards ameliorating this significant complication.

1.4.3 Inflammation in diabetes: implications for CNS-immune cell interactions

Inflammation is a complex process that involves the activation of the adaptive and/or
innate immune system by inflammatory molecules generated during acute insults or chronic
degenerative conditions**!. As an autoimmune disease, type 1 DM is intrinsically characterized
by the pathological recruitment of the adaptive immune system®-11° In adolescence, these
inflammatory processes lead to the destruction of pancreatic -cells and establish the hallmarks
of this disease®®11°, However, inflammation in type 1 DM is not restricted to the acute period of
early life, but is chronically and incurably perpetuated by extensive hyperglycemic toxicity
(reviewed in Section 1.2.1). Thus, the diabetic body is persistently exposed to elevated levels of
inflammatory molecules (ie. TNFo, IFNy, and various cytokines)?!42¢, and in a constant state of

low-grade inflammation that may compromise healthy CNS-immune cell interactions.

Immune cells, including CNS-resident macrophages, are exquisitely sensitive to
inflammatory cues which serve as important chemotactic signals that are necessary for recruiting
both peripheral and CNS immune cells to sites of injury?224273%8 Notably, since inflammatory

molecules can be transported into the brain across the BBB*!2413, they may have far-reaching
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consequences to immune cell functions. Indeed, disruption of the concentration gradients of
these signals, which are essential for guiding focused cellular responses, may significantly impair
immune cell activity?#?°. In support of this idea, Ibrahim et al. identified phosphorylated ERK1/2
and p38 in microglia from the retinal sections of diabetic rats, implicating the activation of
mitogen-activated ERK kinase 1/2 and mitogen-activated protein kinase kinase 3/6 in these

cells?’

. These MAPK cascades are associated with microglial activation and suggest that

inflammatory molecules infiltrated the retina to trigger this state'?’. Furthermore, the focused
nature of microglial responses to CMBs in the diabetic brain were found to be compromised,;
however, they could be rescued with anti-inflammatory treatments (dexamethasone (DEX) or

neutralizing antibodies for IFNs)?°. This evidence further implicates inflammation in disrupting

immune cell functions in DM, potentially via perturbation of chemotactic gradients.

Chronic inflammation also leads to greater BBB permeability, including elevated
transcytosis of potentially toxic substrates, that may allow pathogens entry into the CNS when
they would normally be excluded'®>!275, These aberrant conditions trigger numerous molecular
mechanisms that increase the propensity for peripheral immune cells breaching the BBB. Indeed,
in response to blood-borne inflammatory molecules, circulating leukocytes become activated and
monocytes/MDMSs have been found to infiltrate the brain parenchyma in various inflammatory
conditions?%+380414 Complimenting these phenotypic changes, inflammation upregulates
adhesion molecules, such as VCAM-1 and ICAM-1, on ECs, thereby facilitating the initiation of
leukocyte transcytosis*'®. NO quenching, which is known to occur in type 1 DM and may
contribute to reduced vascular motility in this disease!4241¢417 also has implications for
leukocyte diapedesis. Specifically, NO activates cyclic guanosine monophosphate which

decreases P-selectin expression by ECs and downregulates its ligand on neutrophils*2. In
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endothelial nitric oxide synthase (eNOS) null mice, 9-10 times more leukocytes were observed
binding to ECs following an inflammatory stimulus*®; other microvascular pathology, such as
vessel stalls from leukocytes plugging the vascular lumen, may also increase in this context.
Additionally, inflammation increases MMP expression, facilitating leukocyte degradation of the
BM and further promoting their infiltration into the CNS*°. TNFa in particular is known to
facilitate the extravasation of mononuclear phagocytes via NFxB activation®*. In concert with
IL-1P secretion by local macrophages, this could increase expression of chemokines CXCL1 and

CCL2, perpetuating the recruitment of circulating leukocytes to CNS ECs'%.

The precedent for immune cell dysfunction in inflammatory disease is extensive?83.264420,
Interestingly, however, investigations of this nature in the context of CMB repair in type 1 DM
are limited?, despite the putative role for immune cell dysfunction in known diabetic

382 Given

neurological complications including cognitive decline®®, CMBs?*?® and neuropathies
that insulin treatment remains ineffective at fully mitigating diabetic pathology!*16130.131
alternative anti-inflammatory regimens are being explored. For example, a clinical trial utilizing
a TNFa antagonist was successful in lowering HbA1c levels and enhancing endogenous insulin
production®'®, and another involving the administration of a Vitamin D analogue, which has
nonspecific anti-inflammatory effects, resulted in the reduction of patients’ required daily insulin
doses*?*. Building on these findings, it may be valuable to consider adjuvant treatments that

target other aspects of the inflammatory phenotype, such as impaired immune cell function, in

the quest to ameliorate the pervasive CNS vascular pathology associated with type 1 DM.

1.4.4 Immune cells in microvascular repair: help or hazard?

The purpose of the vasculature is to transport blood throughout the body, maintaining

interstitial homeostasis; this requires an essentially continuous flow of blood through millions of
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capillaries. In order for blood to flow through any blood vessel, an intact endothelial tube is
required to transport it from one end of the capillary to the other. Thus, an injury such as a CMB,
which results in the physical disruption of endothelial continuity in a microvessel, compromises
blood flow through the capillary and deprives nearby cells of essential metabolic support. To
restore microvascular function, effective reparative mechanisms must be undertaken. Although
there has been increasing appreciation for the clinical significance of CMBs, our understanding

of the cellular and molecular underpinnings of their repair remains in its infancy.

During ischemic neovascularization, endothelial network repair involves the proliferation
of ECs or the differentiation of bone marrow-derived EC progenitors*2, However, in the context
of hemorrhagic insults, CNS microglia and MDMs play a central role in microvascular repair.
Following CMB, both CNS innate immune cells and blood-borne leukocytes localize to the site
of damage, guided by gradients of extracellular ATP?2%427, In healthy mice, microglia envelop
the rupture within an hour and stem the extravasation of blood plasma, restoring the integrity of
the disrupted BBB?*?°, In type 1 DM, microglial motility is suppressed, prolonging BBB
closure®. Perpetuated vascular leakage is also observed when microglia are eliminated, resulting
in astrocyte-vascular uncoupling and decreased expression of TJ proteins?’®. Similar results are
observed with pharmacologic inhibition of purinergic P2Y12 receptors®* or peptide-based
blockade of fibrinogen-Mac1 interactions”. Peripherally-derived phagocytes can access the
brain directly during vascular rupture and aggregate to CMBs in arterioles progressively over
days?. In zebrafish, macrophages extend processes to physically ligate the severed ends of ECs
following laser-induced CMBs?’. Both CNS-resident and blood-borne macrophages demonstrate
the capacity to repair microvessels in the zebrafish brain, but successful repair was dependent on

the adhesion of both endothelial ends to the same cell; in cases involving multiple macrophages
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contacting the damaged ECs, the microvessel was not repaired?’. Microvascular injury induced
in a model of mild traumatic brain injury was also shown to attract anti-inflammatory mM® that
mediated angiogenesis through local production of MMP-2423, Macrophages are also capable of

secreting VEGF, which can serve to stabilize EC fusion and support recanalization®?,

Interestingly, macrophage-independent microvascular repair, via endothelial self-
extension, has also been reported. Endothelial self-extension involves the continuous protraction
of endothelial end cells, a process which depends on the reorganization of microtubules, towards
one-another until they meet and connect?’. This characterization of endothelial self-extension
was performed in a genetic zebrafish model in which macrophages were absent, demonstrating
that these cells were not required for microvascular repair?’. Under physiological conditions, in
which macrophages would be present, endothelial self-extension was observed immediately after
laser-induced CMB, but was blocked by the physical contact of macrophages?’. This suggests
that endothelial self-extension may represent the initial stages of microvascular repair following
CMB, but that immune cell-mediated processes are likely responsible for latent BBB closure and
the restoration of EC continuity under physiological conditions.

Microglia, BAMs, and bone marrow-derived macrophages likely play both
facilitative?*2>27275 and destructive®®2%6425 roles in injury repair. For example, microglia may be
initially protective, facilitating repair processes as described above, but then they could adopt an
activated and destructive phenotype, secreting pro-inflammatory cytokines and proteases and
phagocytosing injured cells?®®27028 Macrophages can also induce apoptosis in target ECs during
developmental vascular remodelling via activation of the canonical WNT pathway, a process
known as macrophage-induced programmed cell death®. Since microglial developmental

programs, such as synapse pruning, can be reactivated under pathological conditions®* it is
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possible that macrophage-induced apoptosis of ECs could also be resurrected outside its typical
developmental window (ie. following hemorrhagic insult or in vascular dementia). Furthermore,
AXL expression by microglia is upregulated in various neurological diseases, suggesting that
enhanced phagocytosis may be involved in these conditions%%42¢, These findings could indicate
that aberrant phagocytosis exacerbates pathology or that it is a compensatory response to cellular
degeneration. On the other hand, Hilla et al. described microglia as “irrelevant” in either
promoting or inhibiting degeneration or repair following an axonal crush injury in the retina®’.
This plurality of behaviours mirrors the fluidity in which CNS and peripheral
macrophages adopt a spectrum of pro- and anti-inflammatory phenotypes and suggests that
factors such as the severity of the injury, comorbid disease, or the prevalence of cytokines,
chemokines, and ROS could determine their activities. In support of this idea, the Brown lab has
previously shown that early microglial responses to CMBs are disturbed in the diabetic mouse
brain, coincident with elevated levels of IFNy, and that these responses were normalized with
anti-inflammatory treatments?. Infiltrating peripheral leukocytes have also been associated with
neuronal loss and microglial activation following reperfusion injury®°, and monocytes infiltrating
the CNS in mice with experimental autoimmune encephalitis exacerbated disease progression?,
Evidently, further investigation is necessary to determine the relationship between these
diverse driving forces and CMB repair, particularly in the context of mechanisms involving
immune cells. Additionally, studies examining microglial- and macrophage-meditated capillary
repair have thus far been limited to the acute period of several hours following injury?42>27:275,
Since microvascular repair is an ongoing process that evolves over days and weeks, the relative
roles of CNS and peripheral immune cells in the long-term functional reintegration of injured

vessels into the cerebral circulation remains to be determined.
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1.5 Project objectives

Type 1 DM is a prevalent metabolic disorder characterized by vascular complications,
including increased risk of CMBs?2. Notably, insulin therapy is not sufficient for mitigating
diabetic pathology'*6130.131 CMBs may lead to microvascular loss and their increasing
incidence is correlated with declining cognitive function’#%°, However, the long-term repair of
vessels following CMB has yet to be characterized, and the cellular mechanisms underlying this
process are poorly understood. Microglia are hypothesized to contribute to CMB repair due to
their key role in restoring BBB integrity after damage???+2°, Peripheral phagocytes and their
derivatives, MDMs, may also modulate CMB repair?”?¢, Given that type 1 DM is characterized
by persistent, low-grade inflammation!?"24-216 ‘immune cell functions, including their putative
reparative roles, may be disrupted. Vessel loss may lead to a decrease in cerebral perfusion that
could precede or trigger cognitive impairment or dementia onset. Evidently, a greater
understanding of the pathophysiological changes that contribute to this condition is impetrative.

Building on this context, the present work sought to improve our understanding of the
vascular complications of type 1 DM by studying the cellular underpinnings of CMB repair.
Whether long-term immune cell responses and microvascular repair functions are impaired in
type 1 DM is unknown, but it is conceivable that a disruption of these processes could contribute

to the prevalence of dementias in this disease. This research tested the general hypothesis that

type 1 DM disrupts microglial/macrophage responses to, and repair of, CMBs in the mouse

cortex. This hypothesis was addressed in 2 primary aims. The first aim characterized long-term
repair of diabetic CMBs, and the second probed the mechanisms underlying this process:
Aim 1: Identify how type 1 DM affects microglial/macrophage responses to, and repair of, CMBs.

Aim 2: Determine cellular mechanisms that modulate repair of CMBs in type 1 DM.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Animals

2- to 3-month-old heterozygous CX3CR1*¢6"P male mice were utilized in all
experiments. These transgenic animals were generated by inserting an enhanced green
fluorescent (eGFP) reporter allele into the DNA locus for the CX3CR1 gene. CX3CRL1 is
involved in leukocyte and macrophage migration; thus, eGFP is expressed in CNS-resident
microglia and BAMs, as well as peripheral phagocytes including monocytes and neutrophils®?’,
It has been previously shown that heterozygosity of the fractalkine allele does not significantly
alter microglial responses to CMBs relative to animals with both alleles intact?®.

All animals involved in this work were used and cared for in accordance with approved
guidelines set forward by the University of Victoria’s Animal Care Committee and the Canadian
Council on Animal Care. A 12-hour light/dark cycle was provided, and ventilated housing racks
were located in a temperature- (21°C — 23°C) and humidity-controlled (40% - 50% relative
humidity) environment. Mice were group-housed and given ad libitum access to food and water.
For microglia depletion experiments, PLX5622 diet (1200 ppm; generously provided by
Plexxikon) was substituted for regular irradiated mouse chow. Specifically, for 3 weeks prior to
in vivo imaging mice were given unrestricted access to the PLX5622 diet; animals were

maintained on this regimen throughout the entire experiment?>.

2.2 Craniotomies

Chronic cranial windows or acute thinned-skull craniotomies were utilized for 2-photon
imaging experiments and induction of CMBs, as described previously?®. For both preparations

the initial steps were the same: mice were anesthetized to surgical-depth using gaseous

70



isofluorane (2% for induction and 1.3% for maintenance) in medical air (80% N2, 20% O2) at a
flow rate of 0.7 L/min and then head-fixed to a custom-built surgical stage. Animals’ body
temperature was maintained at 37°C throughout the procedure using a rectal probe thermometer
and a temperature feedback regulator. A 0.03 mL bolus of lidocaine was injected subcutaneously
(s.c.) under the scalp at the surgical site before a lateral dorsoventral incision was made and the
scalp was retracted. Muscle tissue and fascia were scraped from the skull using a Q-tip.

For mice that received chronic cranial windows, an additional 0.03 mL intramuscular
(i.m.) injection of 2% DEX was also given to reduce acute inflammation. A custom metal ring
(outer diameter 11.3 mm, inner diameter 7.0 mm, height 1.5 mm) was adhered to the skull over
the right somatosensory cortex using Krazy Glue. A circular area of the skull, with a diameter of
approximately 4 mm, was thinned in the center of the metal ring using a high-speed dental drill;
cold HEPES-buffered artificial cerebrospinal fluid (ACSF) was regularly applied to the skull to
cool the area. Once the vasculature could be visualized through the thinned skull fine forceps
were used to remove the bone fragment. Gel foam soaked in cold ACSF was used to regularly
moisten the brain and stem any subdural bleeds; the dura was kept intact for this procedure. Mice
recovered under a heat lamp and were monitored regularly before being returned to their home
cage for 5 weeks prior to beginning longitudinal 2-photon imaging experiments.

Thinned-skull preparations were used to generate tissue containing CMBs for
immunofluorescence and confocal imaging. Once the skull was exposed, a square area of 16
mm? was marked over the right somatosensory cortex using a black permanent marker and
thinned using a high-speed dental drill. Cold ACSF was applied to the skull during the drilling
process to cool the area. The skull was deemed sufficiently thin when small meningeal blood

vessels became visible through the skull with the application of ACSF. Anesthesia was reduced
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to 1% isofluorane and the mouse was quickly transferred to a custom-built stage on the 2-photon
microscope for CMB induction (described below). Once complete, the scalp was sutured closed,
Polysporin was applied to the stitches, and the mouse was monitored regularly as it recovered
under a heat lamp. Animals were returned to their home cage for 3 days prior to euthanasia and

processing for immunofluorescence.

2.3 In vivo 2-photon imaging and cerebral microbleed induction

2-photon imaging and CMB induction were performed as per previous publications?.
Mice were lightly anesthetized with gaseous ~1% isofluorane in medical air and fitted to a
custom imaging stage for either thinned skull or cranial window preparations. High resolution
images were acquired using an Olympus FV1000MPE laser scanning microscope fed by a mode-
locked Ti:Sapph laser source (>1.5 W average output at 800 nm, ~80 MHz) and equipped with a
water-dipping 40X objective lens (Olympus, NA=0.8); Olympus’ proprietary software Fluoview
FV10-ASW was utilized for laser scanning and image collection.

Vasculature was visualized with intravenous (i.v.) administration of 0.1mL Rhodamine-B
Dextran (4% in saline or CLR solution for intervention group, Sigma Aldrich) and macrophages
in transgenic animals expressed eGFP under the CX3CR1 promoter (Fig. 10A; optimal
coincident excitation of fluorescence for these entities was achieved at 880nm. eGFP alone was
excited at 850 nm, lipofuscin autofluorescence at 750 nm, and the Cy5 fluorophore in
immunofluorescence-labelled fixed tissue at 900 nm. Emitted light was split by a dichroic filter
(552 nm) before it passed through either a 495-540 nm or 558-706 nm bandpass filter.

Microvessels to be targeted for CMBs were identified as flowing capillaries (3-7 um
width), confirmed by line-scans (Fig. 10A), 50-100 um below the surface of the somatosensory

cortex and were separated by a minimum of 200 um. CMBs were induced by focusing the laser
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to the center of the microvessel and increasing the power output (tuning the laser to 850 nm,
~220 mW at the back aperture) to a circular area with a diameter of 3 um for ~6 s. Macrophage
cell bodies apposed to microvessels were excluded from the circular ablation area. Successful
microvascular ablation was confirmed by the rapid extravasation of intravascular fluorescent
dye, visible upon completion of the CMB induction protocol (Fig 10B).

Imaging stacks with a depth of 45 um were collected and consisted of individual images
obtained at 1.5 pm z-plane intervals; acquired images represented an area of 144x144 pm? across
the x-y planes and a resolution of 1024x1024 pixels. Each image was collected as the product of
an average of 3 images per plane (Kalman= 3 frames). The same imaging area was relocated
week-to-week using local landmarks and reference coordinates attributed to stable surface
vessels. 2-photon imaging was performed on the day of CMB induction (images acquired before

and after ablation; DO) and then 1, 3, 7, and 14 days later (Fig. 11).
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Figure 10. Example of cortical microvessel targeted for CMB and confirmation of ablation.
A. Representative image of a capillary to be targeted for CMB induction (white arrowhead).
Capillaries were visualized by labelling with intravascular Rhodamine-B (Rhod-B) Dextran and
brain macrophages, such as microglia and BAMs, express eGFP in CX3CR1*/¢67 transgenic
mice. Only flowing microvessels were targeted for ablation, determined by i. line-scans of
vessels. i. Line-scans show RBCs as streaks of negative space through fluorescently-labelled
vascular lumen. The inverse slope of RBC streaks approximates RBC velocity since time is
represented on the y-axis of the line-scan and distance along the x-axis. B. Successful CMB
induction was confirmed by rapid extravasation of intravascular dye from the target site (white

arrowhead) following cessation of the ablation protocol. Scale bars represent 20 pum.
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2.4 Induction and treatment of type 1 diabetes mellitus

Mice were randomly assigned to 3 treatment groups: nondiabetic (NDB), diabetic (DB),
and insulin-treated diabetic (INS; Fig. 11). Type 1 DM was induced in transgenic CX3CR1*/¢¢FP
mice, via the widely-utilized multiple low dose Streptozotocin model*?®#%; this strategy has
been utilized extensively by the Brown lab?>*3, This protocol permits tight control of DM onset,
induced insulitis, and elicited reproducible, significant increases in blood glucose levels without
causing weight loss (Fig. 12). Importantly, STZ does not cause toxicity to CNS cells since its
effects targeting pancreatic B-cells are primarily the result of its uptake via GLUT-2%%, which is
negligibly expressed in the brain®®?. Although STZ impacts the viability of hippocampal stem
cells in vitro®®, it does not cause cellular degeneration at high concentrations (140 mg/kg) in

cortical mouse brain slices, evidenced by an absence of Fluoro-Jade C staining in treated tissue.

2.4.1 Streptozotocin treatment

4 weeks prior to in vivo 2-photon imaging, mice assigned to DB or INS cohorts began
STZ treatment to induce type 1 DM (Fig. 11). These animals received 2 consecutive daily doses
of STZ (75 mg/kg) via intraperitoneal (i.p.) injection; animals were fasted for 5 hours prior to
drug administration. STZ was dissolved in 50 mM citrate buffer (pH =4.5). A sucrose solution
(5% in water), substituted for regular water, was provided overnight to mitigate acute
hypoglycemia. Fasting blood glucose levels were monitored weekly using an Aviva™ Accu-
Chek blood glucose meter on blood lanced from the tail vein. Type 1 DM onset was confirmed 1
week following the initial STZ injection (Fig. 12); mice that did not exceed the hyperglycemic
threshold (defined as >15.0 mmol/L)?® were given a single, additional dose of 110 mg/kg STZ.
STZ-treated mice not surpassing the hyperglycemic threshold were included in the NDB group.

NDB mice received equivalent injections of vehicle after 5 hours of food deprivation (Fig. 11).
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Figure 11. General experimental and longitudinal 2-photon imaging timeline.

Transgenic CX3CR1*¢¢F" mice were randomly assigned to either NDB, DB, or INS cohorts. For
longitudinal imaging experiments, chronic cranial windows were implanted over the right
somatosensory cortex 5 weeks prior to beginning 2-photon imaging (D0). DB and INS mice
received injections of STZ 1 week after surgery and NDB mice were given equivalent injections
of vehicle. Mice assigned to receive implants of slow-release insulin pellets were treated 1 week
after confirmation of DM onset; sham procedures were performed on DB and NDB mice.
Longitudinal in vivo 2-photon imaging began on DO with the induction of CMBs. These insults

were relocated and imaged the next day and again 3, 7, and 14 days later.
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Figure 12. STZ induces hyperglycemia in mice without significantly affecting weight.

A. STZ injection induces a model of type 1 DM in mice, eliciting a significant increase in
blood glucose levels 1 week following treatment relative to animals which receive saline.
This hyperglycemia is sensitive to insulin treatment and can be normalized within 1 week
using slow-release s.c. insulin pellets. B. Mice that receive STZ injections do not exhibit
significant changes in weight relative to animals given saline; insulin treatment also does not

affect body weight. Error bars represent +SEM.
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2.4.2 Subcutaneous slow-release insulin administration

A subset of DB mice, which were confirmed to have supra-threshold hyperglycemia
(>15.0 mM) 1 week following induction, were randomly chosen to receive chronic insulin
treatment (Fig. 11). Insulin therapy was provided in the form of s.c. slow-release pellets (0.1U/24
hrs/pellet, LinShin). Using methods established previously?®, insulin pellets were implanted in
mice that were anesthetized until toe-pinch reflexes were lost (1-1.3% isofluorane in medical
air). The hair between the shoulder blades was trimmed with scissors and the area was cleaned
with 70% ethanol and a 0.03 mL bolus of s.c. lidocaine was injected in the shaved area. A small
incision was made in the skin and a hemostat was used to separate the fascia adhering the skin
and muscle, creating a tissue pocket for the insulin pellets. A hemostat was used to insert the
insulin pellets deep into the separated tissue; as per the manufacturer’s instructions, dosing
required 2 pellets per 20g bodyweight plus a supplementary pellet for each additional 5g**. The
incision was sutured shut and stitches were secured with Krazy Glue. The mouse was regularly
monitored as it recovered under a heat lamp before being returned to its home cage. Blood
glucose levels were monitored weekly as described above (Fig. 12). If blood glucose exceeded

15.0 mM this procedure was repeated to insert additional pellets and reinstate normoglycemia.

2.4.3 Drugs

IFN signalling was manipulated in vivo using neutralizing antibodies. IFNy (300ug in
saline, Bio X Cell) or IFNa. (300pg in saline, Bio X Cell) antibodies were injected i.v. twice, 2-3
days apart, during the 5-day period prior to CMB induction. A general anti-inflammatory
intervention was provided by s.c. injection of 2 mg/kg DEX twice daily (12hrs apart) for 5 days
before beginning imaging experiments. IFN and DEX controls received equivalent saline

injections. These treatment schedules have been validated previously by the Brown lab?. To test
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the involvement of peripheral immune cells in CMB repair, circulating phagocytic leukocytes
were depleted using i.v. injections of 50 mg/kg CLR (Liposoma, B.V.). This treatment was
provided 2 days prior to CMB induction, on the day of CMB induction, and 2 days later.

Controls were given equivalent injections of PBS-encapsulated liposomes (Liposoma, B.V.).

2.5 Immunofluorescence and confocal imaging

Mice were euthanized using an approved protocol: i.p. injection of 240 mg/mL sodium
pentobarbital (Euthanyl diluted 1:1 in sterile saline, Bimeda-MTC Animal Health Inc.). When no
toe-pinch reflexes could be elicited, the mouse was transcardially perfused with 10 mL of
phosphate-buffered saline (PBS) followed by 10 mL of 4% paraformaldehyde (PFA) in 0.1M
PBS. Whole brains, liver, and spleen were extracted and fixed overnight in 4% PFA. Brains were
transferred to a 30% sucrose solution (in 0.1 M PBS with 0.2% sodium azide), while livers and
spleens were stored in 0.2% sodium azide (in 0.1 M PBS). Once brains were saturated with the
sucrose solution they were sliced on a freezing microtome (American Optical Corp.) into 40 um
coronal sections, and liver and spleen were sectioned at 50 um with a vibratome (Leica T1000);
slices were stored in 12- or 24-well plates, submerged in 0.2% sodium azide solution.

For immunofluorescent processing, slices were washed with 0.1 M PBS for 10min before
primary antibody incubation (Table 1). Following 3, 5min washes in 0.1 M PBS, incubation of
secondary antibodies (1:400 Cy5 donkey anti-rat, Invitrogen; 1:400 Cy5 goat anti-rabbit,
Invitrogen; 1:500 Cy5 donkey anti-sheep, Sigma Aldrich; 1:500 Alexa 488 goat anti-mouse,
Invitrogen; 1:400 Alexa 568 goat anti-rabbit, Invitrogen) were performed at room temperature
for 4hrs. After another series of washes, sections were stained with Hoescht 33258 (1:1000 in 0.1
M PBS; ThermoScientific), and then washed for 15 min in 0.1 M PBS. Slices were mounted on

gelatin-coated glass slides with Fluoromount-G (Southern Biotech) and coverslipped.
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Antibody | Supplier | Concentration Antigen Incubation Conditions
Retrieval?
Rabbit anti- Abcam 1:1000 No Overnight at room temperature in 0.1 M PBS
TMEM119
Mouse anti- | Millipore 1:1000 No Overnight at 4°C in 0.1 M PBS
Iba-1
Rat anti- Bio-Rad 1:1000 No Overnight at room temperature with 2% BSA and
CD206 0.2% TX-100in 0.1 M PBS
Rat anti- Bio-Rad 1:1000 No Overnight at room temperature with 2% BSA and
CD68 0.2% TX-100in 0.1 M PBS
Rat anti- Cedarlane 1:1000 No Overnight at 4°C in 3% NDS with 0.2% TX-100in 0.1 M
Mac2 PBS
Goat anti- R&D 1:500 Required Overnight at 4°C in 0.1 M PBS with 0.2% TX-100
Axl
Sheep anti- R&D 1:200 Required 2 days at 4°C in 5% NDS with 0.2% TX-100 in
TREM-2

0.1 M PBS

Table 1. Primary antibody concentrations and incubation conditions.

40 pm coronal sections of mouse brain and 50 pm slices of mouse liver and spleen were

incubated with various primary antibodies in either 0.1 M PBS or 2% BSA, 0.2% TX-100,

and/or 3% NDS in 0.1M PBS. To facilitate staining, some primary antibodies required antigen

retrieval involving the incubation of slices in 10 mM sodium citrate buffer (pH=6.0) in a hot

water bath at 75°C for 30 min. BSA: Bovine serum albumin. TX-100: Triton X-100. NDS:

Normal donkey serum.
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Confocal imaging of immunofluorescence-labelled sections was performed on an
Olympus FV1000BX61W1 microscope using either a 20X (Olympus, NA= 0.75) or a 60X
objective (Olympus, NA= 1.35, oil). The proprietary FV10-ASW software was utilized for image
capture and acquisition. The following settings were used for 20X or 60X image acquisition,
respectively: zoom factor of 1.8X, 1024x1024 pixel resolution (0.345 pum/pixel), and 1 pm z-
steps between subsequent sections or zoom factor of 2.0X 1024x1024 pixel resolution (0.103
pm/pixel), and 0.75 pm z-steps. 2 images were averaged per plane (Kalman = 2 frames) in both

imaging contexts to generate an individual image.

2.6 Diff Quik histology

Peripheral leukocytes were identified using a Diff Quik staining kit (Electron Microscopy
Sciences). A 1-3 pL drop of blood, collected by pricking the tail vein of a mouse, was smeared
on a glass slide and allowed to air dry; 5 blood smears were performed for each animal. Slides
were submerged for 1s 8 times in each of the solutions included with the Kit: first the fixative
(Fast Green in methanol), then Solution A (Eosin G in phosphate buffer), and finally Solution B
(Thiazine Dye in phosphate buffer). Between consecutive dips, excess solution was allowed to
drain from the slide. After dipping in Solution B slides were gently rinsed with distilled water
and allowed to air dry on a rack.

Slides were imaged with a brightfield microscope (Olymps BX-51) using a 40X objective
lens (Olympus; NA=0.65). Cells were identified by their morphological features, visualized
using the histological stain: neutrophils contained distinct dark, multi-lobed nuclei, monocytes
had large, dark purple nuclei with pale blue cytoplasm, lymphocytes had dark blue nuclei that
comprised much of the cell area (pale purple cytoplasm was barely discerned around the

predominant nucleus), and red blood cells (RBCs) exhibited a biconcave disc morphology that
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did not react with the counterstain (Fig. 13). Images were acquired in the monolayer of the blood
smear and 20 images were taken per slide, in a tiled manner. The total number of leukocytes and
RBCs counted per slide were averaged across the 5 slides produced per animal to comprise an

individual sample. The RBCs counted in each imaging area were used to standardize the number

of leukocytes quantified.
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Figure 13. Diff Quik histological stain visualized peripheral leukocytes and red blood cells.
Brightfield images obtained from the monolayer of mouse blood smears processed using the Diff
Quick histological stain. Monocytes, neutrophils, lymphocytes, and RBCs were identified and
differentiated by distinct morphological features. Specifically, (left) monocytes exhibited large,
dark nuclei and abundant pale blue cytoplasm, (middle) neutrophils had dark blue multi-lobed
nuclei, (right) lymphocytes were identified by their predominant dark nuclei and thin, barely-
discernable ring of cytoplasm, and RBCs did not react with the counterstain and demonstrated a

stereotypical biconcave shape. Scale bars represent 20 pm.
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2.7 Data analysis

A variety of data pertaining to morphological, molecular, and functional features of cells
and vasculature were extracted from individual images and z-stacks acquired from 2-photon,
confocal, and brightfield microscopy using Olympus FV10-ASW or cellSens software. All data
were stored on a computer for offline analysis. Image processing was performed manually using

Olympus FV10-ASW and ImageJ (V1.52p; Fiji) functions, including automatic cell counting.

2.7.1 Determination of microvascular parameters

Blood flow velocity was calculated as the inverse slope of RBCs, visible as streaks of
negative space in the fluorescent vascular lumen, identified by a line-scan of the target vessel
(Fig. 10A). The vertical axis of a line-scan denotes time, while the position of a cell is plotted
along the horizontal axis. The average velocity of a minimum of 3 RBCs were determined for
each line-scan, and an average of 3 line-scans comprised a single blood flow velocity value.

Olympus FV10-ASW software was used for these RBC velocity calculations.

To determine microvessel width and length, the red and green channels of an acquired
image were split; only images from the red channel were retained for these calculations (Fig.
14A). Vessel width was determined by drawing a line perpendicular to the vessel’s length in a
single image, guided by a 90° angle plotted on the overlay layer (Fig. 14B). Using the “plot
profile” function in Fiji, the half-maximum intensity of pixel grey values was determined (Fig.
14B). The full-width of half-maximum intensity values, generated by the “list values” function,
was then calculated as equivalent to the vessel width (Fig. 14B). The length of a microvessel was
determined by plotting a line along the vessel in 3-dimensions using a z-stack of images from the

red channel (Fig. 14C). The “measure” function in Fiji provided an output of length (Fig. 14C).
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Figure 14. Calculation of microvessel width and length.

A. To calculate microvessel width and length, images were split into red (Rhodamine-B Dextran-
labelled vessels) and green (eGFP-labelled macrophages) channels and only the red one (right)
was used. B. (left) A line (red) perpendicular to the center of the target vessel, identified on the
image in the center of the z-stack, was plotted using a 90° guide (yellow) drawn on the overlay.
(middle) With the “plot profile” function in Fiji, the half-maximum intensity of pixel grey values
was (right) used to determine the full-width of half-maximum values (red selection) plotted via
the “list values” function. The difference of selected x-values provided the vessel width. C.
Vessel length was calculated by tracing the vessel with a line in 3-dimensions using a z-stack of
red channel images. The “measure” function in Fiji yielded the length. In this example, the

process was applied to an individual plane in lieu of a z-stack for this in-text illustration.
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2.7.2 Morphological characterization of cerebral microbleed responses

Morphological features of macrophage responses to CMBs were characterized as the 2-
dimensional area of aggregated eGFP to the target vessel and the percentage of the vessel
covered by eGFP+ processes (Fig. 15). The 2-dimensional area of GFP fluorescence was
determined using the central image of the z-stack, containing the target vessel in-plane. This
image was split into red and green channels (Fig.15A). Both channels were smoothed using a
Gaussian blur (radius =2.00) filter and subjected to a threshold function (“Li”, Fiji) to convert
them into binary images (Fig. 15B). For reference, the signal pixels are in black. The vessel
region of interest (ROI) was selected from the red channel and applied, using an overlay, to the
binarized green channel (Fig. 15B). The “measure” function in Fiji was used to count all the
signal pixels directly apposed to the vessel ROI, and the sum of these pixels was determined to

comprise the 2-dimensional area of eGFP aggregated to the damaged vessel (Fig. 15C).

To determine the percentage of vessel coverage by eGFP+ processes, only the central
plane of the z-stack was used. This image was split into its red and green channel components,
filtered, and a threshold applied as described above for the calculation of the 2-dimensional area
of eGFP aggregate (Fig. 16A, B). In the red channel, the left and right ablumenal aspects of the
vessel were traced, their length determined using the Fiji “measure” function, and saved as ROIs
(Fig. 16B). These ROIs were added to the green channel overlay and the total length intersecting
with black pixels was determined to yield the percentage of eGFP coverage: (sum of intersecting

black pixels) / (total length of vessel ROIs) x 100 (Fig. 16B, C).
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Figure 15. Calculation of 2-dimensional area of eGFP aggregate at damaged microvessel.
A. Only the central plane of a z-stack, including the target vessel in-plane (white arrow), was
used for these calculations. The image was split into its red (Rhodamine-B Dextran-labelled
vessels) and green (eGFP-labelled macrophages) channel components. B. Individual channels
were smoothed using a Gaussian blur filter and the “Li” function in Fiji was used to apply a
threshold and convert the images into binary, where black pixels represented signal in the
original image. The vessel ROI was selected in the red channel and overlaid on the binarized
green channel. C. Using the “measure” function in Fiji, all signal pixels directly apposed to the
vessel ROI, relating to the target vessel, were selected. The sum of these signal pixels comprised

the 2-dimensional area of eGFP aggregate.
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Figure 16. Calculation of percentage of vessel coverage by eGFP+ processes.

A. The central plane of a z-stack containing a target vessel (white arrow) was used for this
calculation. This image was split into its red (Rhodamine-B Dextran-labelled vessels) and green
(eGFP-labelled macrophages) channel components. B. Individual channels were processed using
a Gaussian filter and converted to binary with the “Li” function in Fiji. Black pixels represented
signal. The left and right ablumenal aspects of the vessel were traced in the red channel and their
length determined with the “measure” function. The lines were saved as ROIs and transferred to
an overlay (blue) in the green channel. The length of the overlaid lines that intersected with black
pixels (orange) was quantified using the “measure” function. C. The sum of the length of
overlaid lines intersecting with black pixels was divided by the total length of the vessel ROIs to

determine the percentage of vessel coverage by eGFP+ processes.
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2.7.3 Cell counting

Cells were counted in 3 contexts: immunofluorescence-labelled coronal sections with and
without CMBs, and peripheral leukocytes visualized with the Diff Quik histological stain. In
brain sections that did not contain CMBs, cells were counted plane-by-plane by scrolling through
the z-stack. A cell was counted if the soma was fully contained within the acquired z-stack; that
is, the cell body was not bisected by the edges of the imaging area and no part of it extended
beyond the top or bottom of the stack. A cell was determined to be localized to the meninges if
its soma was directly apposed to the autofluorescent aggregate along the cortical surface of a
coronal section. If a cell soma was within the bounds of a penetrating arteriole, identified by the
dense, dorsal-ventral arrangement of Hoechst 33342—labelled endothelial soma, it was qualified
as being associated with a vessel. In the event that neither of these criteria were met, the cell was

determined to be parenchymal.

In coronal sections containing CMBs, these insults were localized to layers 1-2 of the
right somatosensory cortex. The eGFP+ aggregate associated with the CMBs was used to define
the edges of the cellular milieu. Specifically, the eGFP signal was converted to a binary image
using the “Li” function in Fiji and saved as an ROI. The ROI was then overlaid on individual
images in the z-stack and cell somas that were fully contained within the area were counted. To
assess the colocalization of immunofluorescent markers for Mac-2 and TMEM119 in CMBs,
single planes from acquired z-stacks were split into individual channels and smoothed with a
Gaussian blur filter (radius =1.00). These images were converted to binary using the “Li”
threshold function in Fiji and ROIs containing signal pixels from the channel representing
TMEM119 were measured, saved, and overlaid on the channel containing signal pertaining to

Mac-2. The area of signal pixels within the overlaid ROIs was quantified and this process was
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repeated for each plane containing portions of the contiguous eGFP+ aggregate. The total area of
TMEM119 ROIs and the sum of Mac-2 pixels contained within the overlaid ROIs were
calculated; the latter was divided by the former and converted to a percent, thus yielding the

proportal colocalization of these markers in a CMB.

Finally, to count peripheral leukocytes individual images acquired using Olympus
cellSens software were converted to binary using the “Triangle” threshold function in Fiji. Since
most images contained hundreds of cells, the vast majority of which were round RBCs, the total
cells contained in an image were counted automatically. Using the “Analyze Particles” function,
cells (defined as having an area of 20-200 pixels) were counted, excluding those bisected by the
edges of the image. Individual leukocytes were identified and differentiated manually and
subtracted from the total cells, thereby also yielding the number of RBCs. 20 images were
acquired in the monolayer of each blood smear, and the sum of cells in these images was

calculated. The average of sums across 5 blood smears per animal yielded an individual sample.

2.7.4 Particle analysis in vivo and immunostained cortical sections

Particle analysis was performed in vivo to assess lipofuscin content at the site of a CMB
and in situ for immunofluorescence-labelled coronal slices with markers for CD68, AxI, and
TREM2. Firstly, to determine the colocalization of lipofuscin autofluorescence with CX3CR1+
cells, an image containing eGFP+ aggregate contiguous with the ablation site was split into
individual red (autofluorescent lipofuscin particles) and green (eGFP-labelled macrophages)
channels. Images were smoothed with a Gaussian blur filter (radius =1.00) and binarized using
the “Li” threshold in Fiji. ROI selections of the relevant eGFP signal were made in the binary
green channel, saved, and overlaid on the binary red channel. The area of signal pixels from the
latter channel, contained within overlaid ROIls, was determined and the sum of these areas over
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all planes in the z-stack containing the cellular milieu of the CMB was calculated. This process
yielded both the percent area of lipofuscin colocalized with eGFP, as well as the number of
lipofuscin particles in the CMB; particles <1.0 um? were excluded. Using this process, the
colocalization of lipofuscin with CD68, CD68 with eGFP, and Axl or TREM2 with Iba-1 were

also assessed; a required minimum area of 1.0 um? was applied for counting CD68 particles.

2.8 Data analysis and statistics

Data were analyzed and graphed using Graphpad Prism (Version 8.2.0). Statistical
analyses included: unpaired Student’s t-tests when comparing two groups, Chi-squared analyses
to assess whether microvessel elimination rates differed, one-way ANOVAs for comparing 3 or
more groups, and two-way mixed effects model ANOVAs to assess group differences over time.
Significant main effects from ANOVAs were followed-up with post-hoc Tukey’s multiple
comparisons tests. p<0.05 was accepted as statistically significant. Experimental values are

presented as mean =SEM.
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CHAPTER 3: TYPE 1 DIABETES MELLITUS MARS
MICROVASCULAR REPAIR FOLLOWING CEREBRAL
MICROBLEED
3.1 Abstract

Wound healing is significantly impaired in patients with Type 1 DM, and whether this
diminished regenerative capacity is also translated to the vasculature in the context of CMB
recovery is unknown. If microvessels fail to repair following CMB, they may be eliminated from
the circulation, reducing vascular density and, consequently, cerebral perfusion. Microglia have
been identified as key players in the restoration of BBB integrity and may play a facilitative role
in the context of CMB repair. Notably, the vigorous responses that these cells exhibit following
vascular injury are significantly blunted in type 1 DM but could be rescued with anti-
inflammatory treatments. However, microvascular repair is an ongoing process, and it may take
days or weeks before a damaged capillary is functionally reintegrated into the circulation. Since
microglial responses to CMBs have thus far been characterized only in the acute (~1 hour)
period after injury, their long-term contributions to vascular repair have yet to be determined.

Using longitudinal in vivo 2-photon imaging, microvascular repair following CMB was
characterized in a mouse model of type 1 DM. A significant proportion (20%) of injured
capillaries were found to be eliminated within 3 days following CMB induction; this
phenomenon was not ameliorated by chronic insulin treatment. In contrast, all injured
microvessels from healthy animals reliably repaired and were functionally reintegrated into the
cerebral circulation. A robust, kinetic CX3CR1+ cellular response to induced microbleeds was
observed in all treatment groups, and morphological features of this aggregate were
characterized over a 14-day period. The 2-dimensional area of accumulated CX3CR1+ cells was

greatest the first day after injury and gradually declined over the imaging period; similarly, a
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significant increase in eGFP+ processes contacting the targeted microvessel was observed
following the injury, peaking 1 day post-CMB and subsiding progressively thereafter. These
characteristics did not differ significantly between groups and failed to predict microvascular
fate. Anti-inflammatory interventions including blocking IFNy and IFNa signalling, as well as
global suppression via DEX treatment, failed to ameliorate microvascular elimination in diabetic
animals. Extensive elimination of CNS CX3CR1+ cells via CSF1R inhibition revealed that their
responses to CMBs were not necessary for vascular recanalization since injured microvessels
without any eGFP+ aggregate reliably reintegrated into the circulation. These results show that
type 1 DM significantly mars microvascular repair following CMB and underscore the
complexity of the repair process given that treatments which effectively ameliorate other
complications of the diabetic condition failed to mitigate this pathology. Additionally, the fact
that innate CNS macrophages were nonessential to microvascular repair indicates that a better
understanding of the cellular mechanisms underlying this process is required since modulation of

microglial responses has been a central strategy in efforts to improve CMB healing thus far.

3.2 Introduction

Type 1 DM is a significant risk factor for a variety of vascular pathologies, including
cerebral microbleeds?2. Although these ruptures occur in small vessels in the brain, their
compounding incidence is positively correlated with poorer cognitive scores’81°, These
neurological symptoms may manifest due to the leakage of toxins, such as fibrinogen and iron,
from the damaged vasculature into the brain parenchyma where they may induce demyelination
and neuronal degeneration!®8-2087.92  An alternative mechanism that could also explain how
CMBs contribute to declining cognitive function is through reduced cerebral perfusion: a

decrease in vascular density resulting from failed microvascular repair deprives neurons of
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crucial nutrients and as local blood flow is lost, cognitive function declines. In the context of
type 1 DM, which is known to slow wound healing and could impact vascular repair**>4% either
of these mechanisms could help explain the prevalence of dementias in this disease.

Microglia, the resident immune cells of the brain parenchyma, exhibit rapid, kinetic
responses to CMBs and the extent of their physical association with injured vessels has been
shown to mitigate secondary hemorrhage and reduce vascular leakage resulting from the
damage®*?. This evidence indicates that they play an important role in restoring BBB integrity.
With this in mind, a key question is: how does type 1 DM affect microglial responses to CMBs?
Microglial responses to microbleeds have been characterized in the healthy?* and diabetic
brain?®, as well as the diabetic retina'?’, over the time-scale of several hours following injury;
however, the ultimate fate of the damaged vessel (whether it is reintegrated into the circulation or
not) was not determined. Therefore, it remains an integral goal to characterize the evolving
nature of these responses over days and weeks following the insult. Microglial responses to
tissue damage, including CMBs, crucially depend on gradients of inflammatory molecules, such
as IFNs and ATP released from lysed cells?>?32!, These necessary chemotactic signals may be
disrupted in diabetes since it is characterized by persistent systemic inflammation?4-2%.
Essentially, the fine gradients of cytokines required to accurately guide microglial responses to
sites of injury could be blunted in an environment where these cells are persistently surrounded
by elevated levels of inflammatory molecules. In support of this idea, it has been shown that type
1 DM impairs microglial responses to CMBs during the early stages after injury (<1 hour), but
this deficit was normalized with treatment by DEX as well as specific blocking antibodies for
IFNy?. The lasting success of these treatments at reinvigorating diabetic microglial responses

and facilitating vascular repair has yet to be determined, however.
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The results of the present study reveal that type 1 DM induces the pathological
elimination of damaged microvessels following CMB, a phenomenon that was never observed in
healthy animals. In the nondiabetic brain, damaged microvessels reliably recanalized and were
reintegrated into the cerebral circulation over a 2-week period. However, 20% of capillaries
targeted with CMBs were eliminated from the diabetic cortex within 3 days and insulin did not
ameliorate this microvascular loss. Morphological features of the CX3CR1+ cellular response to
CMBs, including the 2-dimensional area of cellular aggregate and the extent of vessel coverage
by CX3CR1+ cell processes, did not differ between groups and failed to predict vessel fate.
Treatment of diabetic animals with blocking antibodies for IFNs y or a, or general anti-
inflammatory therapy via DEX injection, failed to prevent microvascular loss following CMB
although they modulated aspects of the cellular response to these insults. Furthermore, although
microglia exhibit a key capacity to mitigate vascular leakage following CMB, CNS macrophage
responses to injury were ultimately unnecessary for recanalization and functional repair. These
data underscore the pervasive nature of vascular pathology in type 1 DM and highlight the
challenges of ameliorating microvascular loss associated with CMBs, particularly given the

current, limited understanding of the cellular mechanisms involved in their repair.

3.3 Results

I would like to express my sincere gratitude to Emily White for performing the majority
of the chronic cranial window surgeries for the mice used in the imaging experiments described
in this section. Furthermore, 1 would also like to acknowledge Stephanie Taylor who carried out
the longitudinal 2-photon imaging of 12 nondiabetic, 10 diabetic, and 7 insulin-treated mice at

the outset of this project.
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3.3.1 Type 1 diabetes mellitus disrupts microvascular repair following

microbleed in the mouse cortex

To determine the effect of type 1 DM on microvascular repair in the cortex, CMBs were
induced in 3 groups of mice: nondiabetic (NDB), mice with uncontrolled diabetes (DB), and
diabetic animals receiving chronic insulin treatment (INS). Subsequently, the long-term
reintegration of damaged microvessels into the cerebral circulation was characterized over 14
days (Fig. 17). CMB induction reliably elicited an aggregation of CX3CR1+ cells to the site of
the injury within 1 day; since both innate CNS macrophages and circulating phagocytes express
CX3CR1, it was not possible to determine the specific identity of the cells comprising the
aggregate in this context (Fig. 17). Diabetes induced a significant loss of microvessels (20%,
Chi-squared test: NDB versus DB, p=0.0020) following CMB that was not mitigated by chronic
insulin treatment (18%, Chi-squared test: NDB versus INS, p=0.0041; Figs. 17, 18A). Notably,
microvascular loss was never observed in healthy mice and all targeted capillaries were reliably
recanalized (Figs. 17, 18A-B). These significant differences in microvascular repair rates
between groups were evident if events from all animals within a group were pooled (Fig. 18A) or
if the proportion of repaired vessels per animal was averaged across a group (Kruskal-Wallis
test, p=0.0026; NDB versus DB: p=0.0367, NDB versus INS: p=0.0045; Fig. 18B). In cases
where microvessels in DB and INS animals were eliminated, microvascular regression was
evident within 1-3 days post-CMB (Fig. 18C). These group differences in microvascular repair
could not be simply explained by the innate properties of the targeted vessels since there were no
significant group differences in their blood flow velocity (One-way ANOVA, p=0.0824),

diameter (One-way ANOVA, p=0.0523), or length (One-way ANOVA, p=0.5658; Fig. 19A-C).
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Figure 17. Capillaries are repaired following cerebral microbleed in the healthy cortex, but

eliminated in the diabetic condition.

Montages of 2-photon images showing the evolving CX3CR1+ cellular response to CMBs
(induction site indicated by white arrows) over 14 days in vessels that were repaired from
nondiabetic, diabetic, and insulin-treated diabetic mice as well as vessels that were ultimately
eliminated (dashed white lines track original vessel lumen at D14) in diabetic and insulin-treated
conditions. CX3CR1+ cells express eGFP and microvessels were visualized via intravenous
injection of Rhodamine B Dextran. Inlays show line-scans of blood flow in a vessel that was not

flowing at D1 post-CMB and in recanalized vessels 14 days after insult. Scale bars represent 20

pm.
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Figure 18. Diabetes results in a significant loss of microvessels following microbleed that is

not rescued by insulin treatment.

A. Bar graph summarizing the proportion of targeted microvessels that were repaired or
eliminated following induction of 1-5 CMBs per animal in NDB (n=17 mice), DB (n=14 mice),
and INS (n=9 mice) groups. The number of targeted microvessels is indicated on respective
columns. B. Bar graph showing the average percentage of microvessels targeted with CMBs that
were repaired in individual animals. 1-5 CMBs were induced per animal, data points represent
individual mice and animal numbers are provided on columns. C. Pie charts indicate the
proportion of eliminated vessels in DB (left) and INS groups (bottom) that were lost 1 or 3 days
after CMB induction. Analyses performed in panels A. and B. assessed vessel repair at 14 days
post-CMB. Data were analyzed using a Chi-squared test to compare ratios of repaired
microvessels between groups and a non-parametric Kruskal-Wallis test with post-hoc Dunn’s
multiple comparisons test to determine differences in the percentage of vessels repaired between

groups. Error bars represent meant SEM
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Figure 19. Microvascular parameters of targeted capillaries did not differ across groups.

A. Summary bar graph illustrating that there were no significant differences in blood flow
velocity prior to CMB induction in targeted microvessels across treatment groups. B. Summary
bar graph demonstrating that the average diameter of targeted microvessels did not vary
significantly between experimental groups. C. Summary bar graph showing that the average
length of targeted microvessels did not vary significantly between NDB, DB, and INS groups.
All data points represent individual vessels in NDB (n=17 mice), DB (n=14 mice), and INS
(n=9 mice) groups. Analyses were performed using images of vessels acquired prior to CMB
induction (D0). One-way ANOVAs were used to assess group differences. Error bars represent

mean+ SEM.
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3.3.2 Morphological characteristics of microbleed responses do not predict

microvascular loss

Microglial aggregation to sites of microvascular injury has been associated with the
restoration of BBB integrity, and blunted responses are known to contribute to prolonged
vascular leakiness®*%. Furthermore, microglia inhibit the infiltration of the CNS by aggressive
circulating leukocytes, which have been linked to the exacerbation of CNS injury?®4%, Since
acute (<1 hour post-injury) microglial responses to CMBs are specifically impaired in type 1
DM, it is conceivable that the perpetuation of this phenotype may be linked to the significant
disruption in microvascular repair identified in this study.

To assess this possibility, the 2-dimensional area of eGFP+ aggregate at the site of the
CMB and the percentage of the damaged vessel covered by eGFP+ processes were determined
(Fig. 20A). This analysis revealed that all groups showed the greatest aggregation of CX3CR1+
cells to the lesion 1 day following the insult, and that this response gradually subsided over the
14-day imaging period (Two-way mixed effects model ANOVA, main effect of time: F1.754, 171.4)
=18.07, p<0.0001; main effect of treatment: F, 114y = 0.3255, p=0.7228; Fig. 20B). Although the
extent of vessel coverage by eGFP-expressing processes prior to CMB induction was
significantly higher in NDB animals relative to their diabetic counterparts, this difference did not
hold after the injury. Specifically, vessel coverage increased significantly 1 day after CMB when
it reached its maximum in all groups (NDB: 53.461 + 3.579%, n=41; DB: 56.490 + 3.698%,
n=44; DB+INS: 58.647 + 4.694%, n=23), and then declined over the 14-day imaging period
(Two-way mixed effects model ANOVA, main effect of time: F3.165288) = 126.6, main effect of
treatment: F (2, 109) = 0.06862, p=0.9337, Fig. 20D). To determine whether either of these

parameters was associated with vessel repair or elimination, the average area of eGFP aggregate
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on D1 and D3 and the average percentage of vessel coverage at these time-points were compared
in vessels that were repaired or eliminated across groups (Fig. 20E-F). Interestingly, neither the
area of eGFP-expressing cells aggregated to the CMB (One-way ANOVA, p=0.8209; Fig. 20E)
nor the percentage of the vessel covered by their processes (One-way ANOVA, p=0.0883; Fig.
20F) were predictive of microvascular fate. Since the velocity of blood flow in a microvessel
prior to ablation could conceivably influence recanalization after injury, this metric was
compared across groups (Fig. 20F). This analysis showed that intrinsic blood flow velocity also
failed to predict microvessel fate following CMB (One-way ANOVA. p=0.1352; Fig. 20G).
Given that DM can affect gene transcription through a variety of disruptions in signalling
pathways!®"158.187.188.190 and that IR activation specifically modulates transcription factorst’:18,
it is possible that eGFP expression may be altered in DB and INS mice. In this way, CX3CR1+
cells that have downregulated transcription of the transgenic eGFP gene may exist in these
groups and would be undetectable with 2-photon imaging. Therefore, to confirm that there were
no significant differences in microglial density prior to CMB induction, fixed coronal slices from
DB, INS, and NDB groups were labelled with the microglia-specific marker TMEM119 (Fig.
20H)%? This data showed that TMEM119+ cells reliably co-expressed eGFP in all groups, and
that there were no significant differences in microglial density (One-way ANOVA, p=0.6012;
Fig. 201). Labelling CMB:s in fixed coronal slices with Hoechst 33342 also indicated that there
were no significant differences in the number of cells responding to these injuries between
groups (One-way ANOVA, p=0.1712; Fig 20J-K). These findings further support the idea that

the morphological characteristics of the CMB response do not effectively predict vessel fates.
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Figure 20. Morphological characteristics of microbleed responses do not predict vessel fate.

A. Representative 2-photon image of CX3CR1+ cellular response to damaged microvessel 3
days post-CMB illustrating the in-plane 2-dimensional area of fluorescence (purple outline) and
vessel coverage by eGFP-expressing processes (dashed white line) that comprise the data
represented in panels B-D. Scale bar represents 20 um. B. Summary of changes in the area of
CX3CR1+ cells aggregated at the site of the CMB over 14 days after induction in NDB, DB, and
INS groups. C. Summary bar graph illustrating the extent of vessel coverage by eGFP-
expressing processes prior to CMB in NDB, DB, and INS mice. D. Summary of the evolution of
vessel coverage by eGFP-expressing processes before, and up to 14 days following, CMB in
NDB, DB, and INS groups E. Summary bar graph showing the average area of CX3CR1+ cells
aggregated to a vessel post-CMB in instances where it was ultimately repaired or eliminated. The
average of data from D1 and D3 comprise each point. F. Summary bar graph describing the
average extent of vessel coverage by eGFP-expressing processes in instances where vessels were
repaired or eliminated. The average of data from D1 and D3 comprise each point. G. Summary
bar graph illustrating the average blood flow velocity at DO, prior to CMB, in instances where
vessels were repaired or eliminated. H. (left) Representative maximum intensity projection of a
confocal image of microglial density in coronal slice of NDB cortex immunostained for
TMEM119 with cell nuclei labelled by Hoechst 33342. Acquired at 20X magnification. Scale
bar represents 50 um. (i) Maximum intensity projection of a high resolution confocal image,
acquired at 60X magnification, showing fine processes of microglial cells labelled by TMEM119
immunostaining. Scale bar represents 10 um. I. Summary bar graph highlighting no significant
group differences in the average density of microglial cells in the cortex. Animal numbers are
indicated on the graph and data from 4-6 slices were averaged per animal to comprise an

individual data point. J. High magnification confocal image of a representative CMB in fixed
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tissue acquired from a transgenic CX3CR1*¢¢F" mouse. Cell nuclei were labelled with Hoechst
33342. Scale bar represents 40 um. K. Summary bar graph quantifying the average number of
Hoechst 33342-labelled nuclei within the eGFP+ aggregate in CMBs from NDB and DB mice.
Each data point represents a vessel and the number of CMBs analyzed per group is indicated on
the graph. Data for panels B.-F. were collected from n=17 NDB, n=14 DB, and n=9 INS mice.
Two-way mixed effects model ANOVASs were used to determine that there were no differences
in 2-dimensional area of eGFP+ aggregate or vessel coverage by eGFP-expressing processes
between groups over time. One-way ANOVAs were used to compare group differences in vessel
coverage by CX3CR1+ processes at DO and microglial density, followed by Tukey’s multiple
comparisons tests as appropriate. An unpaired Student’s t-test was used to compare the average

number of cells within a NDB and DB CMB. Error bars represent mean+ SEM.
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3.3.3 Anti-inflammatory treatment with dexamethasone or blockade of

interferon signalling fails to rescue microvascular loss

It has been shown previously that the early stages of microglial responses to CMBs (<1
hour post-injury) are disrupted in type 1 DM?. These deficits were recovered by blocking IFNy
signalling and by treating diabetic animals with the broad-spectrum anti-inflammatory drug,
DEX?. Given this precedent, the restoration of these acute responses could contribute to lasting
microvascular repair and may rescue the vessel loss identified in type 1 DM.

To pursue this opportunity, NDB and DB animals were treated with IFNa/y neutralizing
antibodies to dampen these respective signalling pathways. IFNa and IFNy constitute type I and
type 1l IFNs, respectively, and are both released by various leukocytes to activate macrophages
and initiate an innate immune response*®43°, Since leukocytes in circulation are persistently
exposed to hyperglycemic toxicity, the upregulated release of these cytokines could conceivably
contribute to impaired microglial function in type 1 DM. Treatment with DEX was also used to
induce a general anti-inflammatory state. Since microvessels to be eliminated regressed within 3
days following injury, the timeline of in-vivo 2-photon imaging was shortened to 7 days instead
of 2 weeks (imaging time-points at DO, D1, D3, and D7).

As characterized in Section 3.3.1, CX3CR1+ cells aggregated to the site of CMB within 1
day following the insult and a proportion of injured microvessels from DB mice treated with
IFNa, IFNy, or DEX were found to repair while others were eliminated (Fig. 21). Remarkably,
blocking IFNy signalling resulted in microvascular loss in NDB animals — a phenomenon which
was not observed previously in untreated healthy animals (Fig. 22A, Table 2). Furthermore,
treatment of DB animals with IFNy or IFNa blocking antibodies or DEX failed to significantly

improve repair rates (Chi-squared test: DB versus IFNy DB: p=0.7958; DB versus IFNa DB:
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p=0.1213; DB versus DEX DB: p>0.9999; Fig. 22A). Indeed, none of the interventions
attempted in DB mice were successful in rescuing microvascular repair rates to within
comparable levels of those characterized in healthy animals (Chi-squared test: NDB versus IFNy
DB: p=0.0048; NDB versus IFNa DB: p<0.0001; NDB versus DEX DB: p=0.0026; Fig. 22A).
Interestingly, DB mice treated with DEX or IFNa showed faster blood flow velocity
when compared to their untreated counterparts, but these values did not vary significantly
relative to untreated NDB animals (One-way ANOVA, p<0.0001; DB versus IFNa DB: p=
0.0018; DB versus DEX: p=0.0005; NDB versus IFNa DB: p=0.1663; NDB versus DEX:
p=0.1018; Fig. 22B). As described previously in DB and NDB untreated animals, the greatest
extent of vessel coverage by eGFP+ processes was observed 1 day following CMB for most
intervention groups (IFNa NDB: 86.202 + 18.821%, n=10; IFNa DB: 63.164 + 6.896%, n=12;
IFNy DB: 74.402 + 5.245%, n=23; DEX: 60.86 £ 7.029%, n=15; Fig. 22C); however, an
exception were NDB animals treated with IFNy. In this latter group, vessel coverage by eGFP+
processes continued to increase during the imaging period and peaked at the final D7 time-point
(TFNy NDB: 90.221 + 4.101%, n=10; Fig. 22C). A significant main effect of treatment was
determined pertaining to the percentage of vessel coverage by eGFP+ processes, but post-hoc
analyses did not reveal any specific group differences (Two-way mixed-effects model ANOVA,
main effect of treatment: F, 150)= 2.493, p=0.0250; interaction: Fs, 373= 3.816, p<0.0001; Fig.
22C). The greatest amount of CX3CR1+ cells aggregated to the CMB was observed 1 day after
induction, and this response subsided over the course of a week (Two-way mixed-effects model
ANOVA, main effect of time: F(1.618,202.2)= 48.20, p<0.0001; Fig. 22D). Perhaps unsurprisingly,
the 2-dimensional area of the eGFP+ aggregate at the site of the CMB did not differ significantly

between groups and, although a substantial collection of CX3CR1+ cells were observed in IFNy-
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treated DB animals following CMB (Figs. 21, 22D), this observation was not complimented by
statistical significance (Two-way mixed-effects model ANOVA, main effect of treatment:
F,150=, 1.969, p=0.0735; Fig. 22D). A summary of the proportion of targeted microvessels that
repaired in each animal from all groups characterized in this section is provided in Table 2.
Given that DEX treatment failed to rescue microvascular loss in DB animals that received this

intervention, control experiments in a NDB cohort were not pursued.
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Figure 21. Anti-inflammatory treatment did not rescue microvascular loss following

microbleed in the diabetic cortex.

Montages of 2-photon images illustrating the representative aggregation of CX3CR1+ cells to
the site of CMBs (site of induction indicated by white arrows) in untreated diabetic mice and
diabetic animals that received IFNy or IFNa blocking antibodies, or DEX. The evolution of these
responses is characterized over a period of 7 days and each group showed both elimination
(dashed white lines indicate previous vessel) and repair (inlays show line-scans of blood flow in
recanalized vessels 14 days post-CMB) of injured vessels. A particularly extensive aggregation
of CX3CR1+ cells was noted in diabetic animals treated with IFNy neutralizing antibodies.
CX3CR1+ cells express eGFP and microvessels were visualized with intravascular injection of

Rhodamine B Dextran. Scale bars represent 20 pm.
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Figure 22. Anti-inflammatory treatments modulate microvessel fates following microbleed,

but do not significantly affect microbleed response characteristics.

A. Summary bar graph highlighting the proportion of targeted microvessels that were repaired or
eliminated, assessed 7 days post-CMB, following the induction of 1-5 CMBs per animal in NDB
and DB mice that were untreated or received IFNy or IFNa blocking antibodies or DEX. B.
Summary bar graph depicting the average blood flow velocity in each treatment group at DO,
prior to CMB induction. Each data point represents an individual vessel; total vessel numbers
indicated to the right of the graph. C. Summary of changes in the extent of vessel coverage by
eGFP processes over 7 days after CMB in NDB and DB controls and each treatment group.
Individual data points represent the average of vessels from all animals in each group. Vessel
numbers indicated to the left of the graph. D. Summary of the evolution of the 2-dimensional
area of eGFP-expressing cellular aggregate associated with the CMB over 7 days following
insult in NDB and DB controls and each treatment group. Individual data points represent the
average of vessels from all animals in each group. Vessel numbers are indicated to the right of
the graph. All data presented was collected from n=43 NDB, n=45 DB, n=10 IFNy NDB, n=23
IFNy DB, n=10 IFNa NDB, n=12 IFNa DB, and n=15 DEX DB mice. Chi-squared tests were
used to compare ratios of repaired microvessels between groups. One-way ANOVA was utilized
to compared blood flow velocities, followed by post-hoc Tukey’s multiple comparison test to
determine specific group differences. Two-way mixed effects model ANOVAs determined
differences in 2-dimensional area and extent of vessel coverage by eGFP processes between
groups over time; significant main effects were analyzed with a multiple comparisons tests to
determine specific differences. Comparisons were performed between all relevant groups, but

only significant results are depicted on graphs. Error bars represent meant SEM.
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# Vessels Repaired/ Total Vessels Targeted

Animal# | NDB DB IFNy NDB IFNyDB | IFNa NDB | IFNa DB | DEX DB
1 1/1 5/5 5/5 4/5 5/5 213 5/5
2 3/3 3/4 1/5 3/6 5/5 213 3/5
3 3/3 4/6 4/4 3/6 4/5
4 1/1 2/3 4/4
5 3/3 1/1 4/4
6 3/3 1/2
7 212 0/1
8 212 2/3
9 212 4/4
10 212 3/3
11 1/1 212
12 4/4 1/1
13 1/1 4/5
14 3/3 4/5
15 3/3
16 4/4
17 5/5

Table 2. Summary of the proportion of microvessels repaired following microbleed in

individual experimental animals.

Each animal received 1-5 CMBs, and groups contained 2-17 subjects. The proportion of targeted

microvessels that repaired is expressed as a fraction of the total CMBs induced in each animal.

Table rows indicate individual subjects, as outlined by the left-hand column. Since DEX failed to

rescue microvascular loss in DB mice, treatment of a healthy control group was not pursued.
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3.3.4 Brain macrophage responses are not necessary for long-term microbleed
repair

Having identified a negligible relationship between characteristics of the CX3CR1+
cellular response to CMBs and the ultimate fate of damaged vessels, it is possible that brain
macrophages are not necessary for microvascular repair and lasting recanalization. Other studies
have identified microglia as key players in microvascular repair, but have considered the acute
restoration of BBB integrity, rather than long-term reperfusion, as the definition of vessel
repair?»?®, Indeed, macrophage-independent repair of injured capillaries has been previously
described in zebrafish?’. To answer the question of whether brain macrophages are required for
functional microvascular repair following CMB, these cells were depleted in the cortex using
PLX5622 treatment. The activity of this CSF1R inhibitor leads to brain macrophage elimination
because signalling through this receptor is necessary for the survival of these cells in the adult
brain®40441 As expected, over 3 weeks PLX5622 treatment resulted in a progressive, significant
decrease in brain macrophage density in both healthy (87.368+1.604%, n=19) and diabetic
(84.781+1.329%, n=32) mice (Two-way mixed effects model ANOVA, main effect of time:

F(1.6254224)= 172.6, p<0.0001, main effect of treatment: F1, 49) = 0.4135, p= 0.7449; Fig. 23A-B).
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Figure 23. PLX5622 treatment significantly reduces cortical brain macrophage density.
A. Representative 2-photon images characterizing the depletion of macrophages in the same
imaging area over weeks following PLX5622 treatment in the NDB mouse brain. Inlay (i) is a
magnified depiction of a remaining CX3CR1+ cell, highlighting its numerous, ramified
processes. Scale bar represents 50 um in main image and 20 um in (i). B. Summary graph
quantifying the significant reduction in macrophage density relative to pre-treatment baseline
over weeks with PLX5622 diet in NDB (n=6) and DB (n=6) animals. Individual data points
represent the average density across all imaging areas (indicated on the graph) examined per

group. Two-way mixed effects model ANOVA was used to confirm depletion over time. Error
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Following 3 weeks of macrophage depletion, CMBs were induced in NDB and DB mice
and resulted in microvascular elimination rates in both groups (27% and 18%, respectively)
comparable to those observed in untreated DB (20%) mice (Fig. 24A-C). The significant effect
of PLX5622 treatment on microvascular repair in healthy animals was significant if considered
across the whole group (Chi-squared test, p=0.0071; Fig. 24B), but not when analyzed as a
proportion of vessels eliminated per animal (Kruskal-Wallis test, p=0.0015; NDB versus NDB
PLX5622: p=0.0714; Fig. 24C). At first, this discovery of microvascular elimination following
CMB in healthy mice appears to indicate that CNS macrophages are necessary for microvascular
repair. However, when the data was parsed further this was not the case. Surprisingly, the small
population of remaining CSF1R-resistant CX3CR1+ cells in the CNS exhibited remarkable
migratory capacity and the majority of CMBs induced in PLX5622-treated mice exhibited an
aggregation of eGFP-expressing cells (68/75 total CMBs) despite extensive brain macrophage
depletion (Fig. 24A, D-E). Indeed, although ~20% of damaged microvessels with eGFP-
associated responses were lost after CMB, remarkably, all vessels without this aggregate were
successfully repaired and were functionally reintegrated into the cerebral circulation (Fig. 24D-
E). These findings suggest that pathological changes to the CX3CR1+ cellular response may
drive microvascular elimination and, in absentia, injured vessels may engage in reparative
processes unhindered. Interestingly, although injured vessels regained flow without macrophage
responses, they exhibited obvious secondary hemorrhages and vessel leakage (Fig. 24E). These
observations, indicative of poor BBB integrity, recapitulate previous findings that microglial

aggregation to sites of vascular rupture is crucial for restoring the damaged BBB?*25,
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Figure 24. PLX5622 depletion reveals CNS macrophages are not required for vessel repair.

A. Representative 2-photon images of microvessels in the PLX5622-treated NDB brain before
CMB (white arrow) that (left) recanalized within 3 days (inlay line-scan confirms blood flow
return) or (right) were eliminated 3 days after CMB (white dashed lines trace lost vessel). Scale
bars represent 20 um. B. Summary bar graph indicating the fates of ablated vessels following
CMB in NDB (n=17) and DB (n=14) untreated mice, and NDB and DB PLX5622-treated (n=6
and n=6, respectively) animals; outcomes assessed 7 days post-CMB. Number of vessels are
indicated on respective columns. C. Summary bar graph of the average percentage of vessels that
repaired per animal in NDB and DB untreated, and NDB and DB PLX5622-treated groups.
Number of animals represented on respective bars; each animal received 1-5 CMBs. D.
Summary bar graph highlights that all blood vessels without eGFP visible near the CMB in
PLX5622-treated animals repaired. 33 vessels from NDB PLX5622-treated (n=6) mice and 33
vessels from their DB (n=6 mice) counterparts were pooled for this data; vessel numbers
indicated on columns. E. (left) 2-photon images before, and 3 days after, CMB (white arrow).
Latent aneurisms visible along the vessel, but no eGFP+ response noted at the CMB. Inlay line-
scan shows streaking RBCs in the repaired vessel. (right) Representative 2-photon images of a
microvessel with CX3CR1+ cells aggregated at the CMB. No intravascular fluorescence was
identified 3 days post-CMB, confirming the vessel was eliminated (white dashed lines). Images
acquired in PLX5622-treated NDB mice. Scale bars represent 20 um. A Chi-squared test
compared ratios of repaired microvessels between groups and a Kruskal-Wallis test with post-
hoc Dunn’s multiple comparisons qualified group differences in vessel repair rates. Comparisons
were performed between all relevant groups, but only significant results are depicted on graphs.

Error bars represent mean+ SEM.
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3.4 Discussion

Type 1 DM is a known risk factor for vascular pathology, and patients with this condition
experience significantly more CMBs compared to healthy controls?2. The present study provides
further evidence that the reparative processes associated with these insults are compromised in
DM, leading to the elimination of damaged microvessels from the cerebral circulation.
Specifically, following CMB, 20% of ruptured capillaries were eliminated in the diabetic group,
a phenomenon which was not observed in healthy animals; all damaged microvessels recanalized
in the latter condition and their lasting reintegration into the cerebral circulation was recorded.
Although CMBs also occur spontaneously in the healthy brain*®#42 these data suggest that
capillaries generally recanalize under homeostatic conditions. Of note, insulin treatment did not
mitigate microvascular elimination in diabetic mice and 18% of damaged capillaries were lost
within 3 days following the injury. This observation builds on existing literature which describes
how, although insulin treatment is crucial for controlling hyperglycemia, it is ineffective at
ameliorating type 1 DM comorbidities* 26130131 Taken together, these data provide a rationale
for the prevalence of cognitive decline and dementias in patients with diabetes. Essentially, as
microvascular loss compounds over time it could contribute to the progressive reduction in
microvascular density observed in aging patients with type 1 DM, resulting in concomitant
cortical hypoperfusion that may compromise cognitive function as neurons are deprived of
essential metabolic substrates.

Microglia responding to CMBs form a dense matrix of processes surrounding the lesion,
necessary for the rapid closure of the BBB after insult?#%°. In the context of CMB repair, these
innate CNS macrophages prevent infiltration of blood-borne leukocytes into the exposed brain

parenchyma?®343 or they may be required to physically ligate the severed endothelial cells of a
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ruptured vessel?’. Furthermore, the Brown lab has shown previously that the extent of CX3CR1+
cellular aggregation to the site of a CMB is impaired in diabetic animals, particularly with
regards to cell polarization to, and accumulation at, the site of damage?®®. Therefore, the
morphological features of the evolving, long-term macrophage response to CMBs were
characterized on the basis that they may be altered in the diabetic condition and could predict
microvascular elimination. Although these evolving eGFP+ responses are evidently 3-
dimensional in nature, with processes enwrapping the circumference of the vessel and extending
above and below the plane of ablation, given the limitations of 2-photon microscopy in z-plane
resolution, analyses was restricted to in-plane eGFP fluorescence. This work revealed that the
CX3CR1+ eGFP-expressing cellular aggregate responding to CMBs peaked 1 day following
injury, in terms of both the extent of vessel coverage by eGFP+ processes as well as the 2-
dimensional area of the milieu, before it gradually regressed over the course of the 14-day
imaging period. Notably, no significant differences were noted between microbleed responses in
healthy and diabetic animals and these characteristics did not correlate with microvascular fate.
These findings compliment the results of CMB induction in PLX5622-treated animals
showing that CNS macrophage responses to CMBs are not necessary for lasting vessel repair.
Indeed, others have also shown that endothelial repair can occur in the absence of
macrophages?’. Rather than directly repairing the endothelium, BAMs and microglia may play a
supportive role and augment the process via the release of trophic factors or the provision of
mechanical support?”423424 Furthermore, microglial responses likely protect vulnerable neuronal
circuitry from toxic substances in the circulation, such as iron and fibrinogen, by rapidly sealing
off the damaged BBB, essentially acting as a ligature to prevent plasma extravasation6-18-208792,

This latter hypothesis is supported by the present findings that in the absence of CX3CR1+ cell
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responses to CMBs, even in cases where the vessels ultimately recanalized, capillaries exhibited
lasting vascular leakage and major secondary hemorrhages. Additionally, in consideration of the
recent characterization of changes in microglial phenotypes following PLX5622 treatment, it is
possible that some of the CSF1R-resisistent cells that persisted in this condition constitute a

443 |t is conceivable that these

Mac2+ population with monocyte-like gene expression profiles
proliferative macrophages may respond differently to CMBs compared to homeostatic microglia
and could shift microvascular fate towards elimination instead of repair. Given their upregulation
of genes such TREM2, these Mac2+ cells resemble DAM and could promote microvascular
degradation via enhanced phagocytic activity?%®44%, Taken together, these results show that
microglial responses to CMBs alone are insufficient for ensuring vessel repair and imply that
more nuanced cellular mechanisms likely drive microvascular elimination in diabetes.

Type 1 DM is associated with persistent inflammation as a product of chronic
hyperglycemic toxicity, and various clinical trials are investigating the efficacy of anti-
inflammatory treatments in mitigating disease pathology?'42>42- this research is further
motivated by the aforementioned limitations associated with insulin therapy!*16-130.131,
Furthermore, blunted microglial responses to CMBs in the diabetic brain were found to be
reinvigorated by blocking IFNy signalling and with corticosteroid treatment (DEX)®. IFNs a
and y are both released by circulating leukocytes to mount an innate immune response*3®4% and,
since these cells are chronically exposed to the toxic effects of hyperglycemia in type 1 DM, it
was worth considering whether blocking these signalling pathways could improve long-term
microvascular repair in the diabetic cortex. Interestingly, systemic inhibition of IFNy signalling

produced a markedly increased aggregation of CX3CR1+ cells to the site of CMBs in both DB

and NDB animals. This effect did not correspond with improved microvascular repair in DB
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mice, however. Indeed, dampening IFNy signalling and DEX treatment both proved ineffective
at ameliorating pathological vessel loss in type 1 DM; inhibiting IFNy activity actually induced
microvessel elimination in NDB controls. These data further support the idea that the physical
association of CX3CR1+ cells with a damaged microvessel and the acute restoration of BBB
integrity does not correspond to the lasting functional repair of CMBs. Moreover, given the
minute gradients of cytokines required for directing focused macrophage responses?>2*281 it is
likely that a “Goldilocks Zone” of sensitivity is necessary for effective function . Essentially,
excessive suppression of these pathways may lead to impairments in macrophage function that
may also be induced by the global overexpression of inflammatory molecules

Lastly, although the present study was limited to the investigation of neocortical CMBSs,
due to the important impact that they may have on cognitive function, it would be valuable to
consider the state of microbleed repair in other regions of the diabetic CNS. For example,
leveraging microglial-based repair functions has been posited as a means of improving retinal
microbleed outcomes to combat diabetic retinopathy?®. Clinical studies have also shown that
various risk factors for cerebrovascular disease increase the prevalence of microbleeds
differentially across brain regions. For example, while hypertension was associated with
microbleeds in deep grey matter and in the brainstem, cerebral amyloid angiopathy was
correlated with CMBs and microbleeds in the lobar regions**444, Similarly, Schager and Brown
recently demonstrated that ischemic capillary loss is heterogeneous across brain regions, with
areas such as the white matter and cortical grey matter being especially vulnerable to reductions
in microvascular density with aging®. This solicits consideration of whether a similar trend may

be observed with hemorrhagic microvascular elimination, especially given the diverse immune

cell populations that comprise different brain regions36:260.261446-449,
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CHAPTER 4: MAC2+ MACROPHAGES OF PERIPHERAL
ORIGIN ARE ASSOICATED WITH MICROVASCULAR
ELIMINATION IN TYPE 1 DIABETES MELLITUS

4.1 Abstract

Microglia, resident immune cells of the CNS parenchyma, exhibit rapid, extensive

morphological and functional changes in response to tissue damage or microvascular rupture.
Other innate CNS macrophages, BAMs, may also respond to tissue injury and could contribute
to vascular repair. Circulating phagocytic leukocytes are generally excluded from the immune-
privileged CNS under homeostatic conditions but can gain access to this region in chronic
inflammatory diseases and during acute disruptions of BBB integrity. Although these diverse
immune cells are ideally suited to resolve microvascular insults, their relative contributions to the
lasting recanalization of CMBs have yet to be fully described. A better understanding of the
cellular mechanisms underlying CMB resolution is particularly key in conditions such type 1
DM, wherein these insults occur more frequently, and ineffective repair could lead to decreased

microvascular density and the onset and progression of cognitive decline.

Using in vivo 2-photon microscopy and confocal imaging, a robust CX3CR1+ cellular response
to CMBs was characterized in a mouse model of type 1 DM and a novel Mac2+/TMEM119-
population of cells, distinct from homeostatic TMEM119+ microglia, was discovered in the
CMB milieu. Of note, CMBs induced in healthy, nondiabetic mice repaired without exception
and Mac2+/TMEM119- cells were not observed in the associated CX3CR1+ cellular aggregate.
Treatment of diabetic mice with CLR to deplete circulating phagocytic leukocytes prevented the
association of Mac2+/TMEM119- cells with CMBs and rescued capillary repair. The efficacy of

CLR in excluding Mac2+/TMEM119- cells from CMB responses, combined with its thorough
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eradication of monocytes from circulation, suggests that these cells originate in the periphery and
may represent MDMs. CD206+ BAMs were not found in the CMB response of any group, and
likely do not contribute to vascular repair in this context. Interestingly, Mac2+/TMEM119- cells
were observed in the uninjured cortical parenchyma of diabetic and PLX5622-treated mice but
not in healthy, untreated animals. These cells could represent MDMs that engrafted in the brain
following CMB resolution or a phenotype of DAM-like cells that arises in these conditions. In
vivo 2-photon imaging further revealed significant increases in lipofuscin content in CX3CR1+
cells at the site of diabetic CMBs; other phagocytic markers including CD68 and TREM2 were
also upregulated, suggesting that changes in phagocytosis could be associated with pathological
vessel loss. Mac2+/TMEM119- cells specifically exhibited greater lipofuscin content relative to
homeostatic Mac2-/TMEM119+ microglia. Taken together, these data uncover a unique
Mac2+/TMEM119- macrophage phenotype in diabetic CMBs that was strongly associated with
pathological microvascular elimination, potentially via upregulated phagocytic activity. The
findings of this study highlight the diversity of immune cell responses to CNS injury and

underscore the complexity of the dynamic cellular mechanisms that modulate capillary pruning.

4.2 Introduction

The immune system is comprised of a heterogeneous population of cells including bone
marrow-derived circulating myeloid and lymphoid leukocytes, as well as long-lived tissue
resident macrophages. In response to injury or during chronic disease conditions, myeloid
monocytes can infiltrate tissues and transform into MDMs with unique properties that are shaped
by local environmental cues?8377450 Al of these cells are exquisitely sensitive to inflammatory
molecules and mount robust responses to tissue injury or pathogen invasion?-242738 | addition

to their immune roles, the contributions of phagocytic leukocytes (monocytes, neutrophils,
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MDMs, and tissue-resident macrophages) have been highlighted in the context of vascular
pathology. In type 1 DM, high levels of blood glucose result in a global increase in the

generation of inflammatory compounds including cytokines?#-

, Which may affect the function
of circulating immune cells that are perpetually inundated in a toxic hyperglycemic environment;
furthermore, since cytokines can be transported across the BBB*2413, the resident immune cells
of the CNS are also chronically exposed to this inflammatory environment.

Microglial involvement in the restoration of BBB integrity after injury is well-
described?#2%2" and their anti-inflammatory phenotype has been associated with better
outcomes in AD*’. Furthermore, BAMs including pvM® and mM® could facilitate
microvascular repair. Although the range of their functions has yet to be fully characterized,
pvM® are known to modulate BBB permissiveness to solutes and circulating immune cells?%42%,
engage in phagocytosis®*24%!, and respond to central and peripheral inflammation®!2 and mM®
have been shown to support microvascular repair following mild traumatic brain injury*?3. Under
homeostatic conditions, the specialized structure of the BBB hinders transmigration of
circulating phagocytic leukocytes into the CNS. However, following instances of BBB
disruption during acute trauma or prolonged disease states, circulating immune cells including
monocytes, neutrophils, T-cells and B-cells may infiltrate the brain?®-3%26°, The local production
of inflammatory molecules including TNF-a, IL-1B, and CXCL-8 attract immune cells to the
CNS and stimulates the expression of adhesion molecules by endothelial cells to facilitate
leukocyte diapedesis into the brain®%. Once in the CNS proper, monocytes may transform into
MDMs which have been characterized in both beneficial and detrimental roles in the context of

CNS injury repair®. For example, MDMs have been identified as important mediators of

microvascular repair in zebrafish, physically reconnecting the severed ends of damaged
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endothelial cells and facilitating their ligation?’. Furthermore, since these cells exhibit a higher
phagocytic capacity than brain-resident microglia they have been demonstrated to clear amyloid-
B more effectively in AD*%?, mitigating disease progression. Conversely, the increased load of
phagocytic material renders MDMs prone to apoptotic and necrotic cell death and could

exacerbate local inflammation26°270,

Given the putative effects of type 1 DM on immune cell function, the present work
sought to investigate the cellular mechanisms of CMB repair in the diabetic brain and to
disentangle the relative contributions of brain-resident and peripheral immune cells in this
process. These investigations revealed a unique population of Mac2+/TMEM119- cells that were
strongly associated with the pathological elimination of microvessels following CMB in the
diabetic neocortex. Interestingly, Mac2+/TMEM119- macrophages were also found in the brain
parenchyma of diabetic and PLX5622-treated mice, even in the absence of injury. Of note, these
cells were never identified in the cellular milieu of nondiabetic CMBs and were not found in the
uninjured brain parenchyma of healthy animals. Treatment with CLR, an anti-inflammatory drug
which eradicates peripheral phagocytes, prevented the aggregation of Mac2+/TMEM119-
constituents to CMBs and rescued microvascular repair in diabetic mice, suggesting that these
cells were of peripheral origin. Increased expression of phagocytic markers including lipofuscin,
CD68, and TREM2 were also observed in the diabetic CMB relative to the healthy condition and
were particularly enriched in Mac2+/TMEM119- cells compared to homeostatic microglia. CLR
treatment effectively normalized the upregulation of phagocytic markers in the diabetic CMB. In
summary, these data highlight the complexity of cellular responses to CMBs and identify a novel
population of phagocytic Mac2+/TMEMZ119- macrophages in the brain, which appear to play a

key role in the pathological elimination of microvessels in the diabetic cortex.
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4.3 Results

With gratitude 1 would like to acknowledge Emily White, who performed most of the

chronic cranial window surgeries for the mice used in the imaging experiments in this section

4.3.1 Mac2+/TMEM119- macrophages are associated with microbleed

responses in the diabetic cortex

Building on the previous findings of this work which demonstrate that microglial
responses to CMBs are not necessary for lasting vascular recanalization, this section endeavours
to further advance our understanding of the cellular mechanisms contributing to pathological
microvascular elimination. Indeed, various circulating and tissue-resident immune cells besides
microglia are attracted to CMBs and may contribute to the cellular response to insult?”28:265452,
Since these phagocytes are all CX3CR1+, and thus indistinguishable with 2-photon imaging
alone given their ubiquitous eGFP expression in the present transgenic model*?’, a more rigorous
assessment of the cellular phenotypes comprising the CMB response was required.

Since mM® and pvM® have been ascribed roles in microvascular repair?’84423 it is
conceivable that they may breach the brain parenchyma and migrate towards a distant CMB. To
consider this possibility, immunostaining for CD206, a popular marker for differentiating BAMs
from microglia, was examined®*. As expected, CD206+ eGFP-expressing cells were identified
along penetrating arterioles and the meninges along the cortical surface of fixed brain slices (Fig.
25A). PLX5622 treatment significantly reduced the density of CD206+ macrophages along
relevant CNS interfaces relative to healthy and diabetic mice that did not receive PLX5622 (One-
way ANOVA, p= 0.0332; NDB versus PLX5622 NDB; DB versus PLX5622 NDB, p= 0.0086;
Fig. 24B). Since BAMs require constitutive CSF1R activity for survival in the adult brain, it is
perhaps not surprising that its blockade with PLX5622 would eliminate these cells.
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Figure 25. CD206-expressing macrophages do not comprise the microbleed response.

A. Representative maximum intensity confocal images of nondiabetic somatosensory cortex
showing CD206-expressing cells situated on the pial surface and along a large penetrating blood
vessel (arrows). Some, but not all, CD206+ cells were CX3CR1+ and expressed eGFP (white
arrowheads and grey arrows, respectively). (i) A magnified image highlighting the
colocalization of CD206 and eGFP in a CD206+ CX3CR1+ macrophage (white arrow). A
CD206+ cell that does not co-express CX3CRL1 is also visible (grey arrow). Scale bars represent
20 um. B. Bar graph quantifying the average density of CD206+/CX3CR1+ eGFP-expressing
cells along the meninges and vessels of NDB (n=4 mice), DB (n=4 mice), and PLX5622-treated
NDB (n=4 mice) cortices. Each data point represents the average of 4-6 areas per animal. C.
Representative confocal images showing that CX3CR1+ eGFP-expressing, but not CD206+
cells, aggregate to the site of CMBs induced via thinned skull preparations in DB and NDB mice.
Tissue was collected 3 days post-CMB. Scale bars represent 20 um. D. Bar graph highlighting
the absence of CD206+ cells in NDB (n=5 mice) and DB (n=4 mice) CMBs from tissue
harvested 3 days post-ablation. Data points represent individual CMBs. One-way ANOVA
compared the density of CD206+/eGFP+ cells between groups and was followed with a post-hoc

Tukey’s multiple comparison’s test. Error bars represent mean+ SEM.
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In the context of CMBs specifically, no CD206+ cells were observed in the cellular
responses to injury, characterized 3 days post-CMB, in either NDB or DB groups (Fig. 25C-D).
Therefore, although BAMs do not generally appear to respond to CMBs, the discovery of cells
with monocyte-like gene expression profiles that are Mac2+ (also known as Gal3) in the
PLX5622-treated brain by Zhan et al.*** provided another target phenotype that could contribute
to the differential microvascular repair rates that this treatment induced in healthy animals. Mac2
is a B-galactoside binding protein involved in macrophage activation and adhesion that is
expressed by cells of myeloid lineage and would, therefore, not generally be expected to be
expressed by homeostatic microglia*4%3, Indeed, since these cells showed upregulated TREM2
activity, it is possible that their responses to CMBs could disrupt microvascular repair by
augmenting phagocytic processes**. Immunostaining of fixed coronal slices from PLX5622-
treated and control animals revealed the presence of 2 phenotypes of Mac2+ cells:
TMEM119+/Mac2+ and TMEM119-/Mac2+ variants (Fig. 26A). TMEM119 is widely
considered to be a microglia-specific marker®?’. Both of these phenotypes were CX3CR1+
eGFP-expressing cells, and exhibited a branched phenotype that made them morphologically
indistinguishable from neighbouring TMEM119+/Mac2- homeostatic microglia. In agreement
with the findings of Zhan et al., PLX5622 treatment increased the proportional representation of
Mac2+ cells in the remaining parenchymal CX3CR1+ population (Fig. 26B). This persistence
suggests that Mac2+ cells exhibit greater resistance to CSF1R inhibition compared to most
TMEM119+, which were significantly eliminated by PLX5622 (Student’s t-test, TMEM119:
Control versus PLX5622, p<0.0001; Fig. 26B).

To more rigorously characterize these Mac2+ cells, the density of both TMEM119- and

TMEM119+ variants were quantified in the uninjured DB and NDB cortex. Although

130



macrophages in both DB and NDB brains without PLX56822 treatment expressed homeostatic
microglial gene signatures (TMEM119+/Mac2-), half of the Mac2+ cells in the diabetic
parenchyma were TMEM119- and, notably, these cells were not observed in the brain
parenchyma of healthy mice (Figs. 27A-B). Furthermore, although PLX5622 treatment depleted
Mac2+/TMEM119- cell density in the meninges (One-way ANOVA, p= 0.0326; DB versus
PLX5622, p=0.0423; Fig. 27C), the concentration of these cells did not vary between groups in
terms of their localization to vessels or the parenchyma (Vessels: One-way ANOVA, p= 0.1555;
Parenchyma: One-way ANOVA, p= 0.6919). However, DB and PLX5622-treated animals both
exhibited significantly greater densities of Mac2+/TMEM119- cells in the uninjured brain
parenchyma compared to NDB animals that did not receive PLX5622 (One-way ANOVA, p=;
NDB versus DB, p=0.0130; NDB versus PLX5622, p= 0.0256; Fig. 27D) With this in mind, it
is possible that the Mac2+/TMEM119- population represents a type of DAM or an engrafted
macrophage from the periphery. In either context, if these cells are sentinel in the uninjured brain
parenchyma and are capable of influencing vessel fate, then their prevalence in non-homeostatic
and disease conditions could help explain associated microvascular loss, given that this

phenomenon was not observed in healthy animals which are devoid of Mac2+/TMEM119- cells.
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Figure 26. Mac2+ cells are more resistant to CSF1R inhibition via PLX5622 treatment than

homeostatic TMEM119-expressing cells.

A. Maximum intensity projections of confocal images from uninjured somatosensory cortex showing
eGFP, TMEM119, and Mac2 expression in untreated and PLX5622-treated nondiabetic groups.
TMEM119-/Mac2+/eGFP+ cells (white arrowheads), TMEM119+/Mac2-/eGFP+ cells (grey
arrows), and TMEM119+/Mac2+/eGFP+ cells (grey arrowheads) are indicated. Scale bars represent
20 pum. B. Graph showing the proportion of CX3CR1+ eGFP-expressing cells that were also labelled
by TMEM119 (purple) or Mac2 (cyan) in the uninjured parenchyma of untreated (white bar) and
PLX5622-treated (shaded bars) mice relative to pre-treatment density. Cell counts acquired from
images of 24 coronal sections from 8 control mice (4 NDB and 4 DB) and 12 sections from 4 (2
NDB and 2 DB) PLX5622-treated mice comprise this data set. C. Pie charts illustrate that PLX5622-
treated mice exhibit a non-homeostatic, large proportion of Mac2+ cells comprising the remaining
CX3CR1+ eGFP-expressing cells relative to controls (32.8% vs 5.6%, respectively). Unpaired
Student’s t-tests were used to compare differences in cell counts between control and PLX5622

treated animals. Error bars represent mean SEM.
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Figure 27. Mac2+/TMEM119- cells are present in the brain parenchyma of untreated
diabetic and PLX5622-treated brains in the absence of injury.

A. Summary bar graph quantifying the proportion of total cells identified as Mac2-/TMEM119+
microglia, Mac2-/TMEM119- cells, and Mac2+ cells in the uninjured parenchyma of NDB, DB
and PLX5622-treated cortices. B. Pie charts showing the proportion of Mac2+ cells that co-
express the homeostatic microglial marker TMEM119 (grey) or those that do not (blue;
macrophages). Data comprising this figure were collected by confocal imaging of 4-6 coronal
sections from 6 animals in each group. C. Summary bar graph showing the average density of
Mac2+/TMEM119+ microglia quantified in the meninges, along penetrating arterioles, and in
the brain parenchyma of NDB, DB, and PLX5622-treated animals. D. Summary bar graph
highlighting that, although there were no significant differences in the average density of
Mac2+/TMEM119- macrophages in the meninges or along the penetrating arterioles of NDB,
DB, and PLX5622-treated cortices, these cells were identified in the uninjured brain parenchyma
of DB and PLX5622-treated mice. Individual data points represent the average of data collected
from 4-6 coronal sections per animal. In all figures, 6 animals were used per group; 3 NDB and 3
DB mice received PLX5622 treatment. One-way ANOVASs were used to compare group
differences and followed with post-hoc Tukey’s multiple comparisons tests as appropriate. Error

bars represent meant SEM.
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To investigate the possibility that Mac2+ cells could be associated with microvascular
elimination, CMBs were induced in DB and NDB mice via a chronic cranial window, with
injuries staggered dorsoventrally (Fig. 28A). After determining the fate of the CMBs 3 days post-
insult (Fig. 28B), brains were serially sectioned and the relative coordinates of the induced
microbleeds were used to relocate them in situ (Fig. 28B). Confocal imaging of these coronal
slices, immunostained for the microglial marker TMEM119 and the peripheral immune cell label
Mac2, revealed a diverse collection of cells in the microbleed milieu that were indistinguishable
from one another using 2-photon microscopy alone (Figs. 28B-C). In addition to homeostatic
Mac2-/TMEM119+ microglia, Mac2-/TMEM119- cells that were CX3CR1+ were identified
along with 2 subsets of Mac2+ cells: a group that co-expressed TMEM119 and another that did
not (Fig. 28C). Although both eliminated and repaired microvessels were associated with every
cell type, only Mac2+/TMEM119- cell were significantly increased at the site of CMBs which
resulted in vessel loss (Unpaired Student’s t-test, p=0.0006; Fig. 28C-D).

Furthermore, by quantifying Mac2 expression area as a function of TMEM119, it was
evident that of Mac2+/TMEMZ119- cells were significantly more common at the site of
microvessels that were eliminated than at those that repaired (Unpaired Student’s t-test,
p<0.0001; Fig. 28D). Furthermore, when the colocalization of Mac2+/TMEM119- cells in the
CMB cellular response was binarized (present versus absent), it was evident that the majority of
eliminated vessels (83%) were associated with these cells (Fig. 28F). By contrast, capillaries that
ultimately recanalized following CMB were rarely associated with Mac2+/TMEM119- cell
(11.11%; Fig. 28F). These results identify a population of Mac2+/TMEM119- cells that are
particularly resilient to CSF1R inhibition when compared to Mac2-/TMEM119+ microglia, and

are strongly associated with failed microvascular repair following CMB.
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Figure 28. TMEM119-/Mac2+ cells are associated with eliminated microvessels in the
diabetic cortex.

A. lllustration demonstrating the staggering of 2 representative imaging areas where CMBs were
induced through a chronic cranial window in the right somatosensory cortices mice. Following
confirmation of repair or elimination of damaged microvessels by D3, the same imaging areas were
found in fixed slices via their imaging coordinates and distinct locations. B. 2-photon and maximum
intensity projections of confocal images showing the localization of CMBs induced in diabetic mice
in vivo that were relocated in fixed slices and immunostained with TMEM119 and Mac2. Nuclei
were labelled by Hoechst 33342. Scale bars indicate 20 pum. (i) 2-photon image of a repaired vessel at
D3 (white arrow indicates site of CMB induction); inlay line-scan confirming blood flow. Post-
mortem immunofluorescence of the CMB showed TMEM119+/eGFP+ microglia aggregated and no
Mac2+ signal. (ii) 2-photon image of an eliminated microvessel (dashed white lines show original
vessel path) at D3 (white arrow indicates site of CMB induction). Immunofluorescent labelling of the
CMB in fixed tissue revealed that it contained TMEM119-/Mac2+/CX3CR1+ cells. C. Summary bar
graph comparing the number of TMEM119+/Mac2+, TMEM119+/Mac2-, TMEM119-/Mac2+, and
TMEM119-/Mac2- cells in CMBs from eliminated or repaired microvessels, as confirmed by
longitudinal in vivo 2-photon imaging. D. Bar graph summarizing the average area of Mac2+
immunostaining that did not co-express TMEM119 in CMBs that were either repaired or eliminated.
E. Pie charts visualizing the proportion of repaired (left) or eliminated (right) microvessels that were
associated with TMEM119-/Mac2+ cells. Data for these analyses were generated from 5 DB (23
vessels) and 4 NDB (15 vessels) mice; 2-5 CMBs were induced per animal. Unpaired Student’s t-
tests were used to assess differences between groups and to compare the proportional area of

lipofuscin associated with vessels that were repaired. Error bars represent meanz SEM.
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4.3.2 Elimination of peripheral phagocytic leukocytes rescues pathological

microvascular elimination in diabetes

Since the Mac2+/TMEM119- cells observed at the site of eliminated microvessels could
be of peripheral origin, given that cells of myeloid lineage express Mac2414%3 and others have
shown that MDMs arising from the periphery may play a role in pruning CNS capillaries?’, it
was necessary to investigate the source of these cells. Furthermore, sporadic observations of
eGFP-expressing leukocytes stalled in diabetic vessels or near CMBs provided impetus to
consider the involvement of these cells in injury repair (Fig. 29A-D). Therefore, to investigate
the contributions of circulating leukocytes, peripheral phagocytes were depleted via i.v. injection
of CLR. Mechanistically, when cells phagocytose CLR the liposomes are degraded within

phagolysosomes, releasing encapsulated clodronate and initiating apoptosis in target cells*>44%,

Using the Diff Quik histology stain, it was determined that CLR significantly depleted
circulating monocytes (One-way ANOVA: F3, 16) = 4.865, p=0.0136; NDB versus CLR,
p=0.0236; DB versus CLR, p=0.0128; Fig. 30A) without affecting lymphocytes (One-way
ANOVA: F, 16) = 0.07202, p=0.9741; Fig. 30A) or RBCs (One-way ANOVA: F, 16) = 1.816,
p=0.1849; Fig. 30B); neutrophil numbers were also decreased by CLR, although not
significantly (One-way ANOVA: F, 16) = 2.696, p=0.0807; Fig. 30A). Of note, PLX5622
treatment did not deplete circulating phagocytes (Monocytes: One-way ANOVA: Fs, 16) = 4.865,
p=0.0136; NDB versus PLX5622, p=0.8826; DB versus PLX5622 , p=0.6355; Neutrophils:

One-way ANOVA: F, 16) = 2.696, p=0.0807; Fig. 30A).
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Rhodamine B Dextran eGFP

Figure 29. CX3CR1+ eGFP-expressing leukocytes stall in diabetic microvessels and near
microbleed responses.

Examples of 2-photon images depicting eGFP-expressing CX3CR1+ cells (white arrowheads)
stalled in A. a diabetic microvessel prior to CMB and near microbleed responses in B. IFNa
blocking antibody-treated DB, C. PLX5622-treated, and D. INS mice. The vascular lumen is

labelled with Rhodamine B dextran. Scale bars are 10 um in A., C., and D. and 20 um in B.
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Figure 30. CLR depletes monocytes but not neutrophils, lymphocytes, or red blood cells.

A. Summary bar graphs illustrating that CLR significantly depletes monocytes but circulating
neutrophils and lymphocytes do not vary significantly between any groups. Averages are
normalized to the NDB group. Leukocyte counts for each imaging area were normalized to the
corresponding number of RBCs present. Animal numbers per group are represented to the right
of the graph. B. Summary bar graph showing no significant differences in the average number of
RBCs quantified in each blood smear in NDB, DB, PLX5622-treated, or CLR-treated animals.
The number of mice comprising each group is indicated to the left of the graph. The total number
of blood cells in 10 regions of the monolayer of a blood smear were averaged across 5 blood
smears per animal to comprise a single data point in A. and B. The PLX5622-treated and CLR-
treated groups each contained 2 DB and 2 NDB mice for a total of 4 animals. One-way
ANOVA:s followed by post-hoc Tukey’s multiple comparisons tests, as appropriate, were
utilized to assess group differences in leukocyte and RBC numbers. All relevant comparisons

were performed, but only significant results are shown on the graph. Error bars represent meant

SEM.
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In the spleen, Mac2+ resident macrophages were significantly depleted by CLR but not
PLX5622 (One-way ANOVA: F(2,34)=10.41, p=0.0003; VEH versus CLR, p=0.0043; VEH versus
PLX5622, p= 0.6969; CLR versus PLX5622, p= 0.0004; Fig. 31A-B). Importantly, however, CLR
treatment did not impact cortical microglial density, a finding which has been similarly replicated by

others in various rodent models (One-way ANOVA: F,9) = 0.6762, p=0.5164; Fig. 31C-D)84574%8,

Having confirmed that CLR effectively depletes circulating phagocytic cells but not
CNS-resident microglia, CMBs were induced in diabetic mice treated with CLR (intervention
provided 2 days prior to the insult, DO, and 2 days post-CMB). It is worth noting that CLR
treatment could impact levels of circulating inflammatory factors by eliminating the phagocytes
that secrete them, thereby potentially influencing vessel fates in a manner independent of the
physical aggregation of target cells to injury sites. By following the resolution of these CMBs
over 14 days, a significant increase in microvascular repair rates was noted in diabetic mice
treated with CLR (94.87%) relative to untreated diabetic mice (80.00%; Chi-squared test: DB
versus CLR DB, p=0.0439; Fig. 32A-B). Although most diabetic animals treated with CLR
exhibited repair of all targeted vessels, an individual mouse lost 2/5 of damaged vessels,
potentially indicating an ineffective administration of the drug (Fig. 32C). This possibility could
have been tested by quantifying the depletion of Mac2+ macrophages in the liver or spleen, but
those tissues were not harvested at the time of euthanasia. However, even when the proportion of
vessels repaired per animal were considered, as opposed to the average repair rate across groups
as a whole, CLR still significantly improved vessel repair relative to untreated DB mice

(Kruskal-Wallis Test, p<0.001; DB versus CLR DB, p=0.0128; Fig. 32C).
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Figure 31.CLR treatment effectively deplete tissue-resident macrophages of the spleen but
not the brain parenchyma.

A. Maximum intensity projections of confocal images of coronal sections of spleen, labelled
with immunofluorescent markers for Mac2, showing the profound depletion of
CX3CR1+/Mac2+ macrophages following i.v. administration of CLR in a nondiabetic mouse.
Mac2+ expression in the spleen of a nondiabetic PLX5622-treated mice was not significantly
different from untreated healthy animals that received vehicle (VEH) injections. Scale bars
indicate 200 um. B. Summary bar graph showing the significant decrease in integrated optical
density of Mac2 fluorescence in spleens of NDB mice treated with CLR compared to their NDB
PLX5622-treated or NDB VEH counterparts. Animal numbers are reflected on respective
columns; 3-4 images were acquired from each spleen. C. Representative maximum intensity
projections of confocal images of uninjured somatosensory cortex, collected with a 20X
objective and labelled with immunofluorescent markers for TMEM119, from NDB mice that
received vehicle or CLR. (center) Maximum intensity projections of high-resolution images,
acquired at 60X magnification, show TMEM119-labelled microglia at comparable densities in
both (i) vehicle-treated NDB and (ii) CLR-treated NDB coronal sections. Scale bars represent 50
um for 20X images and 20 pm for (i) and (ii). D. Summary bar graph showing no significant
differences in microglial density between vehicle-treated NDB and DB, and NDB CLR-treated
groups. Animal numbers are indicated above the graph; each data point is the average of images
from 4-6 slices per animal. One-way ANOVAs with post-hoc Tukey’s multiple comparisons
tests, as appropriate were used to assess group differences. All appropriate comparisons were
performed, but only significant results are shown on the graph. Error bars represent mean+ SEM.

Mg: microglia.
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Figure 32. Depletion of peripheral phagocytes via clodronate treatment rescues diabetic

microvessel loss following microbleed.

A. Montage of 2-photon images chronicling the CX3CR1+ eGFP-expressing macrophage
response to CMB (site indicated by white arrowhead) in a diabetic mouse that received CLR
treatment (CLR DB). The long-term vessel repair and recanalization is highlighted by the line-
scan at D7 showing streaking RBCs (inlay). B. Summary bar graph demonstrating a significant
reduction in the proportion of eliminated microvessels in DB (n=14) mice when treated with
CLR (n=8). Repair rates in diabetic mice treated with CLR did not differ significantly from
NDB (n=17) mice. The number of vessels comprising each group is indicated on relevant
columns. C. Summary bar graph describing the average percentage of vessels repaired per
animal in NDB, DB, and CLR DB mice. Animal numbers are indicated on columns; each mouse
received 1-5 CMBs. Vessel outcomes were assessed at 7 days post-CMB. A Chi-squared test
compared ratios of repaired microvessels between groups and a non-parametric Kruskal-Wallis
test with post-hoc Dunn’s multiple comparisons determined group differences in repair rates.

Bars represent meant+ SEM.
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Next, to determine whether these changes in microvascular fate were associated with
alterations in the cellular milieu of the CMB aggregate, CMBs were induced via thin skull
craniotomies, animals were euthanized 3 days post-CMB induction, and then injuries were
relocated using confocal imaging. By immunostaining cortical sections for Mac2 and
TMEM119, Mac2+/TMEM119- cells were discovered at the site of diabetic CMBs but could not
be found in the NDB microbleed response (Figs. 33A-B). Notably, CLR significantly reduced
the number of Mac2+/TMEM119- cells in diabetic CMBs, rendering them generally
morphologically and phenotypically indistinguishable from NDB CMBs (One-way ANOVA: F,
g7) = 14.48, p<0.0001; DB versus CLR DB, p=0.0344; Figs. 33A-B). Interestingly, the presence
of Mac2+/TMEM119+ cells was not affected by CLR (One-way ANOVA: F, g7y = 0.7862,
p=0.7862; Fig. 33B). This suggests that the Mac2+/TMEM119+ population may represent a
subtype of microglia resident to the CNS, corresponding to the Mac2+ cells identified by Zhan et
al., while Mac2+/TMEM119- cells likely arise from the periphery. The area of Mac2+
immunostaining in each CMB that did not co-express TMEM119 was also normalized in
diabetic mice treated with CLR (One-way ANOVA: F(2, 62) = 45.49, p<0.0001; DB versus CLR
DB, p<0.0001; Fig. 33C). Taken together, these data suggest that Mac2+/TMEMZ119- cells in the
diabetic CMB milieu arise from the periphery and that their aggregation to microvascular insults

is associated with an outcome shift that favours loss rather than repair.
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Figure 33. Clodronate treatment prevents aggregation of Mac2+/TMEM119- cells to

diabetic microbleeds.

A. Maximum intensity projections of confocal images of immunofluorescent staining for Mac2
and TMEM119 in microbleeds, induced in the somatosensory cortex via thin skull preparations
with animals euthanized 3 days post-injury, from NDB, DB, and CLR DB mice. Hoechst 33342
was used to label cell nuclei. Scale bars indicate 20 um. B. Summary bar graph describing the
average number of TMEM119+/Mac+, TMEM119+/ Mac-, TMEM119-/ Mac+, and TMEM119-
/ Mac- cells in CMBs in NDB, DB, and DB CLR cortices. 2-5 CMBs were used from each
animal. C. Bar graph summarizing the proportion of Mac2+ immunostaining that does not
colocalize with TMEM119 immunostaining in NDB, DB, and CLR DB mice. Averages are
normalized to NDB values. Data comprising these figures were collected from n=8 NDB, n=10
DB, and n=6 CLR DB mice One-way ANOVAs with post-hoc Tukey’s multiple comparisons
tests were used to compare group differences. All relevant comparisons were performed, but

only significant results are shown on graphs. Error bars represent mean+ SEM.
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4.3.3 Markers for phagocytosis are enhanced in the diabetic microbleed

response, particularly in Mac2+/TMEM119- macrophages

Phagocytosis is a primary facet of microglial and macrophage function. Since
dysregulation of this process has been connected with these cells’ pathological roles in aberrant
synapse pruning3%°3% or depletion of myelin**®, it may also contribute to microvascular
elimination in diabetes. That is, hyperglycemic toxicity in type 1 DM, and the resulting
inflammatory environment, may enhance phagocytic activity in macrophages and facilitate their
degradation of tissue rather than supporting anti-inflammatory phenotypes that could augment
repair. Furthermore, since the morphological features of microbleed responses could not reliably
predict microvessel fate following CMB, phagocytosis was investigated as an alternative,
functional mechanism that may more effectively predict microvascular elimination.

To probe phagocytic activity associated with CMBs in vivo, lipofuscin was used as an
indirect marker of this process in CX3CR1+ cells because it is indicative of the accumulation of
lipid particles within lysosomal compartments*°. Firstly, to confirm that the autofluorescent
signal of putative lipofuscin particles that could be visualized with 2-photon microscopy actually
correspond to these entities, CD68 immunostaining was used to label lysosomal
compartments*®462 in fixed coronal sections and then these specimens were imaged with the 2-
photon microscope. Penetrating arterioles were ablated in vivo, prompting a robust CX3CR1+
macrophage response, extensive tissue damage, and increased phagocytic activity, and then mice
were euthanized 1 day later and brain tissue was collected and processed for immunostaining. A
Cy5 secondary antibody was used to visualize CD68 immunostaining and excitation of this
fluorophore was achieved by tuning the 2-photon laser to 900nm, generating a signal that could

be easily separated from that of lipofuscin (excited at 750nm; Fig. 34A). The majority of
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quantified CD68 immunostaining (72.86%) was localized to eGFP-expressing CX3CR1+ cells
and, notably, all observed lipofuscin autofluorescence colocalized with CD68 immunostaining
(Fig. 34A-C). Furthermore, a greater area of CD68 immunostaining was observed in comparison
to the area of lipofuscin autofluorescence (Figs. 34A-C). Although all lipofuscin signal was
observed within CD68+ particles, 64.34% of quantified CD68 immunostaining did not also
exhibit lipofuscin autofluorescence (Fig. 34C). These findings indicate lipofuscin signal assessed
with 2-photon imaging is reliably associated with lysosomal compartments and may
underrepresent the degree of lysosomal activity given the extent of CD68 immunostaining that
did not also exhibit lipofuscin autofluorescence.

Having confirmed that the lipofuscin signal acquired using 2-photon imaging corresponds
with CD68+ lysosomes, it was then permissible to assess the lipofuscin content of CX3CR1+
cells responding to CMBs. By quantifying the percent area of lipofuscin puncta contained in the
CX3CR1+ CMB aggregate, a significant increase in lipofuscin 1 day after CMB was quantified
in all groups (Two-way mixed effects model ANOVA, main effect of time: F(.166, 326.9) = 31.41,
p<0.0001; DO versus D1: p<0.0001; Fig. 35A-B). Notably, in DB mice the increase in the
proportional area of lipofuscin that co-localized with eGFP expression was significantly greater
than that of the NDB group (Two-way mixed effects model ANOVA, main effect of treatment:
F(2,123) = 7.708, p=0.0005; NDB versus DB, , p<0.0001; Fig. 35A-B). Furthermore, CLR
treatment effectively normalized this increase in lipofuscin in diabetic CMBs to NDB levels
regardless of whether its effects were considered chronically (Two-way mixed effects model
ANOVA, main effect of treatment: F,123) = 7.708, p=0.0005; NDB versus DB, p=0.0007; Fig.
35B) or at the D1 peak in lipofuscin (One-way ANOVA: F(2, 101) = 4.313, p=0.0155; NDB versus

CLR DB, p=0.0366; DB versus CLR DB, p=0.0322; Fig. 35C). To confirm that these changes in
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lipofuscin content related specifically to cells responding to a CMB, the lipofuscin content of
other CX3CR1+ cells distal to the CMB (>40um) was also examined (Grey lines, Fig. 35B).
Small lipofuscin puncta were identified in these cells and, although a slight increase in lipofuscin
content was observed after D1, it did not differ significantly between groups (Two-way mixed
effects model ANOVA, main effect of treatment: F gs) = 1.449, p= 0.2321, main effect of time:
F(2.838,210.7) = 2.869, p=0.0403; Fig. 35B). This supports the notion that changes in lipofuscin
content are a property of the CX3CR1+ cells near CMBs specifically, and that microbleeds in
DB mice are associated with greater phagocytic activity than their NDB counterparts. In relation
to microvascular fate following CMB, a significantly greater percent area of lipofuscin at D1 was
recorded in CX3CR1+ cells associated with microvessels that were ultimately eliminated
compared to those that repaired (Unpaired Student’s t-test, p<0.0001; Fig. 35D).

To extend the investigation of lipofuscin content in CMBSs to the context of
Mac2+/TMEM119- cells specifically, these cells, as well as Mac2+/TMEM119+ and Mac2-
/ITMEM119+ microglia, were identified via confocal imaging of immunofluorescence-labelled
diabetic brain slices. Then, the same cells were relocated using 2-photon microscopy to
determine their relative lipofuscin content (Fig. 36A-B). Although the percent area of lipofuscin
did not vary significantly between the Mac2+ cell phenotypes, Mac2+/TMEM119- macrophages
exhibited significantly greater lipofuscin content than Mac2-/TMEM119+ cells (One-way
ANOVA: F, 42) = 3.627, p=0.0352; Mac2+/TMEM119- versus Mac2-/TMEM119+, p=0.0345,
Fig. 36B). Taken together, these findings suggest that the elevated lipofuscin content of
Mac2+/TMEM119- cells specifically may contribute to the enhanced lipofuscin signal identified
at the site of eliminated diabetic microvessels. Furthermore, the normalization of lipofuscin

content by CLR may support this notion since it excludes Mac2+/TMEM119- cells from CMBs.
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Figure 34. Lipofuscin autofluorescence reliably co-localizes with CD68 immunolabelling in

CX3CR1+ cells.

A. Maximum intensity projections of 2-photon images of brain slices from a nondiabetic mouse,
fixed 1 day after the ablation of an arteriole, and labelled with immunofluorescent markers for
CD68. Lipofuscin autofluorescence (LF) was imaged at 750nm and CD68 immunofluorescence
was visualized at 900nm for excitation of a Cy5-conjugated secondary antibody. Colocalization
of LF with CD68 immunofluorescence is indicated by white arrowheads. Scale bar indicates 20
pum. B. Summary bar graph describes the average area of CD68 fluorescence and LF in fixed
brain slices imaged using 2-photon microscopy. Slices, relevant numbers indicated on the graph,
were collected from n=2 NDB mice. C. Illustration describes co-localization of LF with CD68+
lysosomes/endosomes of CX3CR1+ macrophages. (left) Pie chart summarizes the finding that
there is a greater proportion of CD68+ particles that do not colocalize with LF, but that there is
a substantial amount CD68 immunostaining that does contain LF. (right) Pie chart highlights
the observation that all LF autofluorescence was identified in CD68+ particles within CX3CR1+

macrophages. Error bars indicate meant SEM.
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Figure 35. Clodronate treatment normalizes pathologically elevated lipofuscin content in

CX3CR1+ macrophages associated with microbleeds.

A. Representative 2-photon imaging areas of NDB repaired and DB eliminated microvessels 1
day following CMB induction. Autofluorescent lipofuscin particles (white arrowheads) are
yellow puncta in the eGFP-expressing aggregate of CX3CR1+ cells responding to the CMB.
Scale bars represent 20 um. Inlays show enlarged binarized and pseudo-coloured images of
autofluorescent lipofuscin particles (white arrowheads) visible in the red channel during 2-
photon imaging. Scale bars represent 10 um. B. Graph summarizing changes in the proportional
content of lipofuscin autofluorescence within eGFP-expressing cellular aggregate, over the 14-
day imaging period, at the site of CMB (coloured lines) and in distant CX3CR1+ cell bodies
(grey lines). C. Summary bar graph demonstrates that CLR returns lipofuscin content in diabetic
CMBs to NDB levels when quantified 1 day post-CMB. D. Summary bar graph highlighting the
significant increase in the proportional area of lipofuscin autofluorescence in the eGFP-
expressing aggregate associated with eliminated microvessels relative to recanalized vessels. 1-5
CMBs were quantified in each animal; n=17 NDB, n=14 DB, and n=8 DB CLR mice were used
for B. and C. and vessels from n=17 NDB and n=14 DB were pooled to constituted D. Unpaired
Student’s t-tests assessed differences between 2 groups and one-way ANOVAs determined
differences between 3 or more groups; post-hoc Tukey’s multiple comparisons test was used to
identify specific group differences. Two-way mixed-effects model ANOVA was used to qualify
changes in lipofuscin content in CX3CR1+ cells between groups over time. All relevant
comparisons were made, but only significant results are shown on the graphs. Error bars

represent meant SEM.
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Figure 36. Lipofuscin content is significantly elevated in Mac2+/TMEM119- cells compared

to homeostatic Mac2-/TMEM119+ cells.

A. Maximum intensity projection of a confocal image acquired in uninjured diabetic
somatosensory cortex with examples of Mac2+/TMEM119-, Mac2+/TMEM119+, and Mac2-
ITMEM119+ cells, visualized using immunofluorescent labelling. Scale bar represents 50 um.
(1) Mac2+/TMEM119-, (ii) Mac2+/TMEM119+, and (iii) Mac2-/TMEM119+ cells were
identified using confocal microscopy and then located in situ with 2-photon imaging. eGFP
fluorescence was excited by tuning the 2-photon laser to 900nm and a lipofuscin signal (white
puncta) was elicited with an excitation wavelength of 750nm. Scale bars represent 20 um. C.
Summary bar graph depicting the average percent area of eGFP that also contained lipofuscin
signal in Mac2+/TMEM119-, Mac2+/TMEM119+, and Mac2-/TMEM119+ cells. Data was
acquired from 16 areas in 7 diabetic mice; 2-3 areas were averaged per animal to comprise an
individual data point. One-way ANOVA with post-hoc Tukey’s multiple comparison’s test was
used to compare the amount of lipofuscin observed in different cell types. Error bars represent

mean+ SEM.

158



To further explore the potential role of phagocytosis in microvascular elimination,
changes in other relevant signalling pathways, TREM2 and AxI, were investigated. TREM2 has

483 and is a characteristic marker of DAM337:460,

been implicated in microglial synaptic pruning
while AXL has been shown to act via an independent pathway to mediate phagocytosis of
apoptotic neurons®®. This extension beyond consideration of lipofuscin alone as an assessment
of phagocytosis was necessary given that lipofuscin is, at best, an indirect gauge of this process.
Using NDB, DB, and CLR DB mice, CMBs were induced through thin skull windows, brains

were harvested 3 days post-CMB, and coronal slices of cortex containing CMBs were

immunostained with various markers for phagocytosis prior to confocal imaging.

Analysis of the extent of CD68 immunostaining in CMBs confirmed the results of the
lipofuscin analysis, showing a significant increase in DB CMBs relative to NDBs; CLR also
effectively normalized diabetic CD68 expression (One-way ANOVA: F, 51y = 5.857, p=0.0051;
NDB versus DB, p=0.0222; DB versus CLR DB, p=0.0078; Figs. 37A-B). Interestingly,
although they were generally larger in the DB condition, the number of CD68-labelled particles
did not vary significantly between groups. (One-way ANOVA: F(, 51y = 0.4932, p=0.6135; Fig.
37A-B). This suggests that either it was not possible to resolve individual lysosomes/endosomes
or that the number of these structures was not altered by DM. TREM2 expression was
significantly elevated in diabetic CMBs relative to both NDB and CLR DB groups, indicating
that increased phagocytosis may result from pathological activity of this receptor in response to
inflammation during diabetes (One-way ANOVA: F, 51y = 7.112, p=0.0019; NDB versus DB,
p=0.0058; DB versus CLR DB, p=0.0051; Fig. 37C-D). Axl immunostaining, however, was
only weakly or negligibly expressed in CMBs from all groups and no significant differences

were discernable (One-way ANOVA: F(, 33) = 1.407, p=0.2592; Fig. 37E-F).
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Figure 37. CD68 and TREM2 immunostaining are significantly increased in diabetic

microbleeds and normalized with clodronate.

A. Representative maximum intensity projections of confocal images of CMBs in the
somatosensory cortices of NDB, DB, and DB CLR mice; tissue was harvested 3 days post-CMB.
Slices were immunolabelled for CD68 and cell nuclei were stained with Hoechst 33342. B.
Summary bar graphs of (top) the average percent area of eGFP that also expressed CD68 in
CMBs and (bottom) the average number of CD68 particles counted in the CX3CR1+ eGFP-
expressing CMB cellular response. CMBs from NDB (n=6), DB (n=6), and CLR DB (n=6)
mice were used. C. Representative maximum intensity projections of CMBs imaged in the
somatosensory cortex of NDB, DB, and CLR DB mice; tissue was harvested 3 days post-CMB.
Slices were immunolabelled for TREM2 and Iba-1, and cell nuclei were identified with Hoechst
33342. D. Summary bar graph highlighting a significant increase in the proportional amount of
TREM2 immunostaining in CMBs from DB mice relative to those from either NDB or DB CLR
groups. Mice from NDB (n=6), DB (n=6), and CLR DB (n=6) groups were used to generate this
data. E. Representative maximum intensity projections of confocal images of CMBs in the
somatosensory cortices of NDB, DB, and CLR DB mice; tissue was harvested 3 days post-CMB.
Slices were immunolabelled for Axl and Iba-1, and cell nuclei were labelled with Hoechst
33342. F. Summary bar graph indicating trace amounts of Axl immunostaining in CMBs that did
not vary significantly between NDB (n=5 mice), DB (n=5 mice), and CLR DB (n=4 mice)
groups. In all experiments, 2-3 CMBs were analyzed from each mouse and data points represent
individual CMBs. Scale bars are 20 um. One-way ANOVAs with post-hoc Tukey’s multiple
comparison’s tests were used to assess group differences. All relevant comparisons were

performed, but only significant results are indicated on graphs. Error bars represent meant SEM.
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4.4 Discussion

The present work sought to improve our understanding of the cellular mechanisms
contributing to microvascular repair in the diabetic brain and uncovered a unique population of
Mac2+/TMEM119- cells that were strongly associated with pathological capillary regression.
Furthermore, although chronic insulin therapy failed to ameliorate microvascular loss, providing
CLR as an intervention effectively rescued CMB repair in diabetics, likely by depleting
infiltrative Mac2+/TMEM119- cells from the circulation. In addition to depleting peripheral
macrophages, CLR, a bisphosphate commonly prescribed for rheumatic patients**4%5, reduces
circulating levels of cytokines such as ILs 1 and 6, TNFa, and prostaglandins; these properties
underlie its profound anti-inflammatory effects*®44%, The efficacy of CLR in mitigating vascular
pathology supports the direction of recent clinical studies which have sought to target
inflammation in type 1 DM in efforts to ameliorate pervasive complications of the disease that
are incurable with insulin therapy alone?4215421  Although other anti-inflammatory treatments
including DEX and blocking IFN signalling facilitated the acute recovery of BBB integrity
following CMB?®, the fact that these drugs did not support the lasting repair of damaged
microvessels underscores the putative role of peripherally-derived immune cells in this process.

The heterogeneity of microglia and BAM phenotypes under homeostatic and disease
conditions has been increasingly highlighted3®-38261:414449 ‘Indeed, the present study is not the
first to identify Mac2-expressing cells in the brain. A comprehensive characterization of
microglial heterogeneity under CSF1R inhibition by Zhan et al. highlighted a population of
Mac2+ microglia, present in the healthy CNS, that survived PLX5622 treatment**®. These
Mac2+ cells were highly proliferative, and following removal of PLX5622 the proportional

contribution of these cells to the repopulated microglial pool increased significantly*4®. Others

162



have identified the key role that Mac2, also known as Galectin3, plays in regulating microglial

activation and proliferation in stroke*®’

and in transforming the microglial phenotype into its
amoeboid, phagocytic form*®, The present study bolsters these findings and further characterizes
2 phenotypes of Mac2+ cells: Mac2+/TMEM119+ cells observed in both healthy and diseased
conditions and Mac2+/TMEM119- cells which act as key modulators of microvascular fate in
diabetes, potentially through enhanced phagocytic activity. Since Mac2 is a secreted galactoside
binding protein that is highly expressed on myeloid cells”>"*, whether these Mac2+ cells arise
from peripherally-derived monocytes is an important question. Using lineage tracing**® and a
transgenic chimeric animal model*®’, it has been suggested that Mac2+ cells in the homeostatic
and PLX5622-treated brain represent a subpopulation of intrinsic microglia rather than
infiltrating leukocytes. In the present study, Mac2+/TMEM119- cells were prevented from
aggregating to diabetic CMBs by CLR, coincident with the significant depletion of circulating
monocytes, but Mac2+/TMEM119+ cells were unaffected by this treatment. Given that MDMs
are known to migrate to sites of cerebrovascular trauma?’-2846470 jn combination with the CLR
data, this implies that the unique population of Mac2+/TMEMZ119- cells responding to CMBs
may arise from a bone marrow-derived myeloid lineage. However, it is likely that the
Mac2+/TMEM119+ cells which were found in the healthy parenchyma, identified at CMBs in
all groups, and which exhibited no response to CLR may represent a subtype microglia that are
present under homeostatic conditions and exhibit a monocyte-like gene expression profile.

Given the hemorrhagic nature of CMBs, which invariably produce substantial cellular
debris, and the fact that microglia, BAMs, and MDMs are professional phagocytes, assessment
of phagocytosis pathways was a clear target for further understanding the extensive pruning

of diabetic vessels. Indeed, studies of ischemic retinopathy highlighted the presence of
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macrophages at the sites of regressing vessels*’*

. Macrophages have also been observed to
phagocytose EC membrane particles even before obvious vascular regression*’2473, and elevated
phagocytic activity by CX3CR1+/CD11b+ macrophages in the diabetic rat retina is thought to
precede the development of retinopathy®>#°2, Lipofuscin has been used as an indirect marker of
phagocytosis because it represents the autofluorescent signal arising from the excitation of lipid
particles encapsulated in lysosomal compartments*’4#'6, Building on the finding that lipofuscin
content was elevated in diabetic CMBs and normalized with CLR, it was not surprising
to observe similar results with CD68 immunostaining, given the prior confirmation of the
overlap between these markers. Support for this conjecture is further evidenced by results from
stroke models indicating that the vasculature of the penumbra is phagocytosed by microglia,
coincident with increased CD68 expression, even if vessels were still perfused*?®. AXL and
TREMZ2 expression were also probed to expand the mechanistic scope of this analysis given their
roles in independent phagocytic pathways, as well as the fact that they are both expressed by
brain-resident macrophages as well as peripheral myeloid cells. Interestingly, although TREM2
expression increased at the site of diabetic CMBs, AXL immunostaining was negligible in the
CX3CR1+ cellular aggregate at CMBs in all groups. Since Mac? itself can mediate phagocytosis
through the activation of phosphoinositide 3-kinase (PI3K), a pathway that is linked to TREM2
but not AXL,307:459.468477-481 these findings may indicate that upregulated phagocytosis in
diabetic CMBs could occur in Mac2-expressing cells largely through the activity of TREM2.

In summary, these findings underscore the heterogeneity of the cellular constituents of
CMBs and identify a novel cellular target, peripherally-derived Mac2+/TMEM119-
macrophages, that exhibits upregulated phagocytic activity and is strongly associated with the

pathological elimination of microvasculature in type 1 DM.
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CHAPTER 5: GENERAL DISCUSSION

5.1 Summary

Micro- and macrovascular pathology is a common complication associated with type 1
DM?23, CMBs are unpredictable microvascular hemorrhages that occur more frequently in the
diabetic brain and their compounding incidence has been correlated with declining cognitive
function”®1°, Furthermore, since tissue repair is compromised by type 1 DM*, a key question
arises: how does this disease affect the resolution of microvascular insults in the cortex?
Specifically, does the increased prevalence of vascular disease in type 1 DM combine with
compromised repair mechanisms to exacerbate pathology, or are microvascular insults repaired
effectively despite their elevated incidence? Furthermore, since various immune cells,
particularly microglia, have been implicated as key players in healing the damaged vasculature
2224252128 it s also crucial to understand whether these functions are perturbed in chronic
inflammatory diseases such as type 1 DM. Indeed, even in the healthy brain our understanding of
the cellular mechanisms involved in the repair of CMBs is limited. The present work sought to
answer these pressing questions through the identification and completion of 2 aims: 1) identify
how type 1 DM affects microglial/macrophage responses to, and repair of, CMBs and 2)

determine the cellular mechanisms that modulate repair of CMBs in type 1 DM.

In aim 1, in vivo 2-photon longitudinal imaging of CMBs in a mouse model of type 1 DM
revealed the diminished repair of microvessels in the diabetic brain. Indeed, 20% of vessels
targeted with CMBs were eliminated from the cerebral circulation of diabetic mice within 3 days
following the insult, while these injuries were always repaired in the healthy context (Fig. 38).
Furthermore, the limitations of chronic insulin therapy in ameliorating diabetic complications

were underscored by the fact that diabetic animals receiving this treatment still lost ~18% of
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damaged vessels (Fig. 38). Building on previous work showing that anti-inflammatory
treatments reinvigorate acute microglial responses to CMBs in type 1 DM, these regimens were
replicated in an effort to improve long-term microvascular repair in this disease. Although these
treatments modulated CX3CR1+ cellular responses to CMBs, they proved ineffective in
restoring microvascular repair in diabetic animals. Notably, morphological characteristics of the
CX3CR1+ cellular response to CMBs failed to predict microvascular fate, and elimination of
brain-resident macrophages via PLX5622 treatment further supported the idea that the responses
of innate CNS immune cells was not necessary for vascular repair since damaged vessels with no
CX3CR1+ cellular aggregate reliably regained blood flow. However, the fact that microvessels
without these responses exhibited lasting vascular leakage and aneurisms supports previous work

highlighting the role of microglia in restoring BBB integrity?*2.

By combining parallel approaches of longitudinal in vivo 2-photon imaging and confocal
imaging of immunohistochemically-labelled cortical tissue in Aim 2, a unique population of
Mac2+/TMEM119- cells were discovered in diabetic CMBs. The presence of these macrophages
strongly associated with microvascular elimination and they were never identified in the CMB
milieu of healthy animals (Fig. 38). Interestingly, these cells were also found in the uninjured
parenchyma of diabetic and PLX5622-treated mice, but not in the nondiabetic brain (Fig. 38). Of
note, CMBs in all groups, even healthy animals, were associated with heterogenous CX3CR1+
cell phenotypes including Mac2+/TMEM119+, Mac2-/TMEM119+, and Mac2-/TMEM119-
variants (Fig. 38). CD206+ BAMs were not identified in the cellular responses to CMBs in any
group, suggesting that these sentinel cells did not generally contribute to the resolution of these
insults. Mac2 is expressed by peripheral immune cells'#*# but, since others have identified

diverse DAM phenotypes337469483 and Mac2+ cells in the brain have been hypothesized to be of
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microglial lineage**, an investigation of their origin was necessary. Using CLR to deplete
circulating phagocytic leukocytes, Mac2+/TMEM119- cells were reliably excluded from diabetic
CMB responses but Mac2+/TMEM119+ cells were unaffected (Fig. 38). This dichotomous
response suggests that the former phenotype may be bone marrow-derived MDMs, while the
latter may constitute a previously described proliferative microglial subtype**. Phagocytosis was
also investigated as a putative target for dysregulation in type 1 DM that may result in
macrophage-induced vessel loss. Indeed, both lipofuscin and CD68 expression were enhanced in
diabetic CMBs and the extent of lipofuscin autofluorescence specifically correlated with
microvascular elimination (Fig. 38). MDMs may exhibit enhanced phagocytic capacity relative
to homeostatic microglia?®®270%%2: this is in line with the present finding that Mac2+/TMEM119-
cells contain significantly more lipofuscin than their Mac2-/TMEMZ119+ counterparts (Fig. 38).
TREMZ2 expression, which has been identified as a common marker of DAM337460483 '\yas also
increased in the diabetic CMB aggregate. CLR treatment normalized these phagocytic markers in
diabetic mice, coincident with the normalization of microvascular repair (Fig. 38). These
findings provide further evidence that the infiltration of the diabetic CMB milieu by phagocytic,

peripherally-derived macrophages, may contribute to microvascular elimination.

Taken together, these data reveal that type 1 DM compromises microvascular repair in
the neocortex and implicate a peripherally-derived, phagocytic Mac2+/TMEM119- macrophage
in this phenomenon. Furthermore, this dissertation highlights the diverse immune cell response
to CMBs and advances our understanding of the cellular mechanisms involved in pathological
capillary pruning. These discoveries may have clinical implications for patients with type 1 DM
as they improve our understanding of its associated microangiopathy and provide impetus for the

use of adjuvant therapies, such as CLR, to ameliorate this insidious complication.
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Figure 38. Summary model of the effects of type 1 diabetes mellitus on cerebral microbleed
repair.

Illustration comparing microbleed repair in the neocortex of healthy and type 1 DM mice. (left)
In the NDB parenchyma, Mac2-/ TMEM119+/CX3CR1+ homeostatic and proliferative
Mac2+/TMEM119+/CX3CR1+ microglia are present in the absence of injury, but Mac2-
ITMEM119-/CX3CR1+ peripheral phagocytes are excluded from the CNS by the BBB. After a
CMB, brain-resident microglia migrate towards the injury and circulating leukocytes may enter
the brain via the physical disruption of the BBB and contribute to the CMB response. Some
phagocytic activity occurs in the CMB milieu, indicated by lipofuscin content or CD68
expression, but 100% of CMBs induced in healthy, NDB (green text) mice are repaired. (right)
In the diabetic cortex, Mac2-/TMEM119+/CX3CR1+ and Mac2+/TMEM119+/CX3CR1+
microglia can be found, as well as Mac2+/TMEM119-/CX3CR1+ macrophages, in the absence
of injury. Hyperglycemic toxicity reduces TJ protein expression, coincident with an upregulation
of endothelial AMs, and may facilitate the transmigration of leukocytes into the CNS; these cells
transform into MDMs and could contribute to the parenchymal population of
Mac2+/TMEM119-/CX3CR1+ cells. In response to a CMB, brain-resident microglia, putative
engrafted MDMs, and circulating Mac2-/TMEM119-/CX3CR1+ phagocytic leukocytes infiltrate
the microbleed milieu. Increased AM expression may further facilitate MDM binding near the
bleed site. High phagocytic activity in MDMs, mediated by increased TREM2 expression and
evidenced by elevated CD68/lipofuscin content, compromises microvascular repair and leads to
elimination of 20% and 18% of injured vessels in untreated DB (red text) and DB mice receiving
chronic insulin therapy (dark blue text), respectively. Treatment of DB mice with CLR (light
blue text) rescues microvascular repair rates to 95% by reducing local phagocytic activity

through the exclusion of MDMs from the CMB response. AM: Adhesion molecule.
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5.2 Type 1 diabetes mellitus disrupts repair of cerebral microbleeds with

implications for impaired cognitive function

The prevalence of microvascular disease throughout the body is well-described in type 1
DM and contributes to the manifestation of numerous complications including neuropathy,
retinopathy, and CMBs?127:209210.271 'y rthermore, diabetes impairs wound healing which, in the
periphery, is hypothesized to arise, at least in part, as a product of chronic cytokine production
and reduced blood flow due to microangiopathy*®43%, Since CMBs occur with greater frequency
in diabetic patients?3, the combination of an increased propensity for vascular insults and
impaired resolution of pathology could progressively reduce microvascular density in the CNS.
Bolstering these concerns are converging pieces of evidence that characterize diminished
microvascular density in the brains of diabetic patients®® and the prevalence of cognitive decline
and dementia in this population®2. Furthermore, although mechanisms of vascular dysregulation
have been characterized in the development of diabetic retinopathy??"1, studies examining the
resolution of known vascular pathology, microbleeds, in vivo in the cortex are lacking.

The present work highlights a significant disruption in the repair of injured microvessels
after CMB, leading to the penultimate elimination of impacted vessels from the cerebral
circulation, in a mouse model of type 1 DM. Most patients with type 1 DM use chronic insulin
treatment to manage their hyperglycemia; however, in the present study, normalizing murine
blood glucose in this way failed to prevent microvascular loss. These findings are in line with
various clinical studies that outline how insulin therapy is ineffective in mitigating the vascular
risk factors associated with type 1 DM*161%_Capillaries are responsible for the delivery of
metabolic substrates to the CNS and the removal of waste products, thereby playing a crucial

role in sustaining neuronal activity**>***; remarkably, although they comprise >90% of the CNS
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vascular length®®,the loss of even a few vessels can result in consequences for brain function’.
Indeed, elimination of the microvascular arbour associated with a single penetrating arteriole is
sufficient to induce behavioural deficits in rodents’ and just 4 CMBs is correlated with impaired
cognitive function in humans®. Although CMBs are known to occur spontaneously in the healthy
brain, the fact that injured microvessels reliably repaired in nondiabetic animals in the present
study suggests that they generally recanalize under nonpathological conditions. Taken together,
these data provide a putative explanation for the manifestation of cognitive decline and dementia
in patients with type 1 DM: compounding CMBs result in progressive microvascular loss that
contributes to the reduced microvascular density observed in diabetic patients, and consequent
cortical hypoperfusion compromises cognitive function.

An alternative mechanism by which CMBs could contribute to cognitive decline in type 1
DM is by releasing toxins from the circulation into the vulnerable brain parenchyma, resulting in
damage to local neuronal circuits'®4®448 (alternatively, see Rosidi et al. who showed that CMBs
induced transient dendritic retraction but not lasting neuronal degeneration“®). Specifically, the
expulsion of fibrinogen during vascular rupture and the presence of iron released by lysed RBCs
has been shown to contribute to neuronal degeneration and demyelination!6:18208792 |ncreased
microvascular insults in type 1 DM could propagate this damage and, given the poorer tissue
healing prognosis in diabetes*3>4%, |ead to lasting cognitive impairments if neuronal components
are not repaired. Microglial responses to CMBs are well-known to exhibit robust, rapid
responses to vessel rupture and quickly stem the leakage of vascular constituents??242528 [ikely
protecting nearby neuronal circuitry from damage. The present data involving the
characterization of microvascular repair in PLX5622-treated animals further underscores the

important role that CX3CR1+ cells play in mitigating vascular leakage, since capillaries without
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cellular responses exhibited prolonged leakage and hemorrhage. Moreover, the Brown lab has
shown previously that the immediate microglial responses to CMBs are compromised in type 1
DM, leading to lasting extravasation of plasma from damaged vessels?®. This observation
supports the idea that impaired neuronal function arising from the leakage of toxins into the
parenchyma could be exacerbated in diabetes due to a combination of increased CMB incidence
and stunted microglial responses, thereby contributing to cognitive decline. Of course, it is
conceivable that a combination of these mechanisms (hypoperfusion due to microvascular loss
and neuronal damage arising from greater vascular leakage) could compound to trigger and/or
exacerbate symptoms of dementia in type 1 DM. Future investigations may determine the
relative contributions of these models to changes in cognitive function and behaviour.

It is worth considering as well that the increased permeability of the BBB, both in terms

390 associated

of compromised TJ protein expression®°*°! and elevated endothelial transcytosis
with type 1 DM could contribute to the chronic diffusion of toxins into the brain even in the
absence of vascular rupture. In this context, cognitive decline may reflect BBB permeability and
the extent of neuronal circuit exposure to plasma constituents. Since BBB disruption could also
increase the risk of microbleeds, a greater prevalence of CMBs could correlate with cognitive
decline without being its cause. Finally, whether the prevalence of spontaneous CMBs is
increased in the STZ model of type 1 DM was not investigated in the present study due to their
unpredictable nature, in terms of their incidence and localization, and the subsequent challenges
associated with their accurate identification in situ. Therefore, although it was not possible to
replicate clinical findings of increased CMB incidence in type 1 DM?4%, this study represents an

important characterization of comorbid deficits in microvascular repair that could, at least in

part, explain the prevalence of cognitive decline in this disease.
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5.3 Heterogenous immune cell phenotypes respond to cerebral microbleeds

The heterogeneity and dynamic nature of microglial phenotypes in the CNS has become
increasingly appreciated as studies utilizing single-cell RNA sequencing and fate mapping
techniques probe the diversity of this population with greater fidelity?’53%3%_ The present study
underscores the plurality of microglial phenotypes in healthy and disease conditions, and in the
context of acute CNS injury. Furthermore, the discovery of a bone marrow-derived
Mac2+/TMEM119-/CX3CR1+ macrophage that is strongly associated with the pathological
elimination of microvasculature following CMB highlights the functional differences between
peripheral and brain-resident immune cells in the resolution of cerebrovascular insults.

Homeostatic microglia are classically identified by their expression of P2RY 1, and
TMEM119%27328: Mac2, however, is particularly expressed by circulating myeloid cells®®°,
Despite its general attribution to peripheral leukocytes, Mac2+ cells have been identified
previously in the brain and presumed to represent a type of microglia. Specifically, Zhan et al.
described a Mac2-expressing microglial subpopulation, with progenitor-like gene signatures, that
was present in the brain under homeostatic conditions*®. These findings were replicated by the
present work which characterized Mac2+/TMEM119+/CX3CR1+ microglia in the nondiabetic
parenchyma in the absence of injury. Interestingly, another population of myeloid-like cells with
DAM gene signatures has also been discovered in the choroid plexus epithelium of healthy mice;
although these cells were of embryonic lineage, like most BAMs, they were otherwise unique
from cpM®3%’. The work of this dissertation also led to the discovery of Mac2+/TMEM119-
/CX3CR1+ cells in the uninjured brain parenchyma of diabetic and PLX5622-treated mice;
notably, this population was not found in the nondiabetic context. Given their lack of TMEM119

expression, a key question was: do these Mac2+/TMEM119-/CX3CR1+ cells actually represent
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brain-resident microglia, or are they engrafted or infiltrative bone marrow-derived macrophages?
Using a transgenic lineage tracing strategy, Zhan et al. found that most Mac2-expressing cells in
the brain were long-lived and suggested that they were likely a subtype of microglia which
retains their progenitor-like gene signatures*®®. However, Zhan et al. did not parse Mac2+ cells
into TMEM119-expressing variants*®, so it is conceivable that the Mac2+/TMEM119+
population identified in all treatment groups corresponds to this microglial phenotype while the
Mac2+/TMEM119- cells found only in the diabetic and PLX5622-treated brain may have
disparate origins. Strong evidence for the peripheral origins of Mac2+/TMEM119- cells is
provided by the fact that CLR effectively eliminated these cells from diabetic CMBs, coincident
with the profound depletion of bone marrow-derived monocytes. Furthermore, since CLR did not
affect the presence of Mac2+/TMEM119+ cells in CMBs from any groups, it is likely that this
population represents a subtype of brain-resident microglia.

Although the Mac2+/TMEM119- cells found in diabetic CMBs and those identified in
the uninjured parenchyma of diabetic and PLX5622-treated mice expressed similar protein
signatures, they may not necessarily represent constituents of the same population. However, it is
worth considering that old microbleeds are identified epidemiologically by the presence of iron-
enriched macrophages that demarcate the location of a latent CMB33348748 Therefore, it is
possible that, in the absence of induced CMBs, Mac2+/TMEM119- cells found in the
parenchyma are examples of these engrafted macrophages: sentinel cells remaining at the
original site of an insult that may have initially derived from infiltrating monocytes.
Furthermore, once in the CNS, MDMs rapidly acquire microglial gene signatures and
morphology upon exposure to environmental cues and become nearly indistinguishable from

resident cells*®8, The fact that Mac2+/TMEM119- cells were not found in nondiabetic CMBs
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could further explain why they were not observed in the brain parenchyma of these animals. In
the context of PLX5622 treatment, microglial depletion could permit the chronic infiltration of
peripheral leukocytes into the CNS since microglia have been shown to inhibit their

transmigration*3’

. Therefore, peripherally-derived MDMs could be identified in the brain
parenchyma in this context, even in the absence of injury, and could coexist with brain-resident
Mac2+/TMEM119- cells. It is worth considering that in disease states or during acute CNS
injury microglia may downregulate homeostatic markers, such as TMEM11938:261.489490 Thys,
although Mac2+/TMEM119- cells found in the CMB milieu likely represent bone marrow-
derived cells, as they were depleted by CLR, their parenchymal correlates could be microglia
which dampened TMEM119 expression. Interestingly, Mac2-/TMEM119-/CX3CR1+ cells also
responded to CMBs in all groups and could represent infiltrating immune cells or brain-resident
microglia that have downregulated TMEM119 expression. Since the presence of these cells was
not significantly impacted by CLR treatment though, they were likely CNS-derived.

There is evidence that unique microglial phenotypes and MDMs differ functionally from
homeostatic microglia?6226:329381 For example, Zhan and colleagues noted that the Mac2-
expressing population was resistant to CSF1R inhibition and persisted during PLX5622-
treatment*®®. During the clonal expansion phase of microglial re-establishment following
removal of PLX5622, this led to a greater proportion of Mac2+ cells in the resulting population
compared to control conditions*®®. These observations are in line with the present study which
found that PLX5622 treatment eliminated most Mac2-/TMEM119+/CX3CR1+ cells without
significantly affecting Mac2+ cells; in fact, this latter phenotype comprised the majority of

remaining parenchymal CX3CR1+ cells. Furthermore, both Mac2+/TMEM119- and

Mac2+/TMEM119+ cell types were resilient to CSF1R inhibition and were not significantly
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depleted by PLX5622 treatment. Interestingly, Mac2+/TMEM119- cells contained more
lipofuscin than TMEM119+ microglia, suggesting that their phagocytic capacities may differ and
contribute to meaningful changes in function. In support of this idea, since Mac2+/TMEM119-
cells were reliably associated with microvascular elimination following CMB in diabetes, it is
possible that the prevalence of these cells in the PLX5622-treated brain was connected to the
induction of vessel loss in nondiabetic mice that received PLX5622. Specifically, given their
significant representation in the remaining CX3CR1+ population, it is conceivable that these
cells may have been as likely to respond to CMBs as any remaining homeostatic microglia and
could have associated with microvascular elimination as observed in the diabetic condition.
Taken together, the present study identified heterogenous CX3CR1+ cell populations in
the uninjured parenchyma of healthy, diabetic, and PLX5622-treated mice. Although the
Mac2+/TMEM119+/CX3CR1+ cells observed in these groups are likely a subtype of microglia,
further research will be required to confirm the origins of the Mac2+/TMEM119-/CX3CR1+
cells characterized under non-homeostatic conditions. Notably, this work also discovered
Mac2+/TMEM119-/CX3CR1+ cells in the CX3CR1+ aggregate at diabetic CMBs that were
sensitive to CLR treatment, therefore likely bone marrow-derived, and strongly correlated with
pathological microvascular elimination. Other Mac2+/TMEM119+/CX3CR1+ and Mac2-
ITMEM119-/CX3CR1+ cells found in the heterogenous CMB milieu of all treatment groups
were unaffected by CLR treatment and likely represent proliferative microglia and microglia that
downregulated homeostatic TMEMZ119 expression, respectively. These data highlight the diverse
phenotypes of immune cells implicated in responses to CMBs and underscore the importance of
ongoing studies to characterize functional differences between cell types, particularly in the

context of pathological conditions and CNS injury repair.
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5.4 Phagocytic markers are upregulated in cells associated with microvascular
elimination

Aberrant phagocytic activity by brain-resident microglia has been implicated in a host of
disease conditions?3%%%:3% and phagocytosis by MDMs has been touted as detrimental2471472 or
supportive?®2392 jn different contexts. Since hemorrhagic insults, including CMBs, produce
cellular debris which must be cleared by phagocytosis to restore interstitial homeostasis and
protect tissue integrity?®%2% the dysregulation of this process was a strong candidate amongst the
factors that could contribute to microvascular elimination. The present study correlated increased
phagocytic activity, indirectly evidenced by elevated lipofuscin content in CX3CR1+ cells
responding to a CMB, to microvascular elimination in the diabetic brain. CD68 and TREM2
expression were also increased in the cellular aggregate of diabetic CMBs and normalized to
nondiabetic levels by CLR. Lipofuscin content in Mac2+/TMEM119-/CX3CR1+ cells
specifically was enriched relative to homeostatic microglia, suggesting that upregulated
phagocytosis by these MDMs could contribute to pathological microvascular elimination.

The quantification of lipofuscin content within CX3CR1+ cells responding to CMBs
permitted the in vivo investigation of the relationship between phagocytosis and microvascular
fate. Although lipofuscin is an indirect indicator of phagocytosis, its utility in this context
provided some insight into the dynamic changes in this process over a 14-day period following a
CMB. Specifically, lipofuscin content in CX3CR1+ cells responding to CMBs peaked 1 day
after the insult and was greatest in diabetic CMBs, but normalized to nondiabetic levels by CLR.
Moreover, elevated lipofuscin content was predictive of microvascular elimination. The fact that
CD68 immunostaining was increased in diabetic CMBs and normalized by CLR, coincident with

the effective colocalization of CD68 with lipofuscin that was characterized, compliments these
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findings. Since lipofuscin and CD68 are both markers that reflect lysosomal activity and are not
causally linked to molecular pathways that regulate phagocytosis*®%462, TREM2 and AxI were
investigated as independent mechanisms that regulate this process. Both of these targets are
expressed by microglia as well as peripheral myeloid cells, particularly monocyte-derived DCs
and MDMs*1-4% TREM2 signalling contributes to microglial pruning of synapses during

478 and is characteristic of DAM which are

development*®3, clearance of apoptotic neurons
crucial for plaque clearance in AD33"4%0 Ax| has also been attributed to microglial phagocytosis
of apoptotic neurons*®® and, in MS, to myelin degradation**°. Specifically, while TREM2
functions through the adapter protein DAP12 and activates numerous pathways including
tyrosine protein kinase SYK, PI3K, PKB, and PLCB*"84794%  AxI and other members of the
TYRO3/AXL/MERTK family contribute to phagocytosis through Gas6 and require activation of
Rac and Vav*%48 Notably, Mac2 itself is also involved in the regulation of phagocytosis via
upregulation of PI3K and activation of K-Ras-GTP*8477,

In the present work, TREM2 immunostaining was significantly increased in diabetic
CMBs and normalized by CLR treatment, potentially via the exclusion of highly phagocytic
Mac2+/TMEM119-/CX3CR1+ cells from the CMB response. On the other hand, AxI
immunostaining was negligible in CMBs from all treatment groups. Despite its known
connection to phagocytosis pathways, others have also described an insignificant role for Axl in
regulating phagocytosis during neurological disease conditions*®”. For example, AxI did not play
a major role in the phagocytosis of apoptotic neurons in an animal of AD but another TAM
receptor tyrosine kinase, Mertk, was essential for this process**”. Building on this precedent, the

dichotomous immunostaining observed for Axl and TREM2 might be explained by the fact that

increased TREM2 activity in Mac2-expressing cells may result in their converging activation of
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PI3K to mediate phagocytosis and, in this way, Mac2 and TREM2 could act through a common
pathway that excludes AxI and effectively upregulates phagocytic activity.

It is worth highlighting the fact that the increased expression of phagocytic markers at the
site of an eliminated vessel following CMB does not indicate whether upregulated phagocytosis
caused the vessel loss or whether it reflects a post-hoc response to a vessel that is already
regressing for another reason. For example, if Mac2+/TMEMZ119- macrophages induced cell
death in target ECs, potentially via activation of WNT signalling as during development3®?, then
the clearance of apoptotic cells would require increased phagocytosis but the vessel elimination
itself was caused by another process. Conversely, macrophages are known to phagocytose EC
membrane particles in the stroke penumbra prior to obvious vessel regression, suggesting that
phagocytosis could indeed drive vascular elimination. Although increased lipofuscin was
quantified in Mac2+/TMEM119- cells relative to homeostatic microglia, potentially reaffirming
the elevated phagocytic capacity of MDMs that has been described previously,?%%27 this may not
directly correlate with increased TREM2 activity in this population. That is, greater lipofuscin
content in Mac2+/TMEM119- cells does not necessarily equate to elevated TREM2 activity in
these cells specifically, even if TREM2 expression increased in the general CMB milieu. Indeed,
MDMs can manipulate the phagocytic activity of juxtaposed microglia?’®4%4%  so increased
TREMZ2 immunostaining in the CMB aggregate as a whole could actually reflect changes in
microglial phagocytosis induced by Mac2+/TMEMZ119- macrophages. Ultimately, the details of
these findings regarding elevated phagocytic activity in diabetic CMBs and Mac2+/TMEM119-
cells will require further, detailed characterization. Future studies with transgenic animals may
overcome methodological limitations associated with antibody compatibility and could permit

the direct investigation of key phagocytic mediators in Mac2-expressing cells.
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5.5 Limitations and Future Directions

As this dissertation approaches its conclusion, several key limitations of the work are
worth highlighting alongside opportunities for future investigations. Firstly, and perhaps most
obviously, the present work was limited to the study of microvascular repair in male mice. This
experimental design was reflective of the field of cerebrovascular research in general at that
time, with female mice excluded on the basis of the estrous cycle having fluctuating protective or
detrimental effects on vascular outcomes which would generate data that was too variable to
interpret meaningfully®®. Fortunately, this unfounded reasoning is being overturned and it is
now being appreciated that males can have similar degrees of hormonal fluctuations that would
similarly affect microvascular repair. In particular, group-housed male mice establish hierarchies
that lead to significantly higher levels of testosterone in dominant males than in subordinate
individuals®. Future studies replicating the long-term in vivo characterizations of microbleed
resolution in female mice would be informative, as would the investigation of the cellular
composition of CMB responses in these animals. Fortunately, in terms of the heterogeneity of the
microglial population, there seem to be only minor sex differences in gene expression signatures
during development and homeostasis as revealed by single-cell RNA sequencing®3.

Furthermore, in terms of considering whether 1) compounding microvascular loss and
resultant hypoperfusion or 2) damage to neuronal circuitry near CMBSs is the major contributor to
cognitive degeneration in diabetes, several strategies could be employed to probe this clinically-
relevant question. Cognitive function could be assessed using a battery of behavioural tasks
(Barnes maze, novel object recognition, etc.) and changes in calcium activity in synaptic boutons
near a CMB could be quantified directly in a transgenic mouse expressing a GCaMP reporter in

neurons. In this mouse model, the fate of a targeted microvessel could still be determined via
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longitudinal in vivo imaging and intravascular labelling with a fluorescent dye, so the relative
contributions of compounding vessel loss or changes in synaptic activity could be assessed in
combination with cognitive function. Additionally, although DEX treatment and interventions
blocking IFN signalling did not rescue microvascular elimination, since they modulated the
aggregation of CX3CR1+ cells to the site of CMBs, it would be possible to consider whether
these responses had a protective effect on neuronal integrity. Furthermore, the Brown lab has
shown that age-related vessel loss and angiogenesis can occur at varying rates in different brain
regions®®. An important question, then, is: can pathological microvascular loss following CMB in
diabetes be compensated for by angiogenesis? Although the present work followed the resolution
of CMBs for several weeks, it is possible that local hypoperfusion resulting from vessel loss
eventually prompts angiogenesis after further weeks or months. Extending the imaging timeline
and increasing the sampling area could augment the power of this investigation.

Lastly, a crucial limitation of other studies which the present work addresses, but is also
limited by, is the use of the transgenic CX3CR1*/¢6"" mouse to study brain macrophages. Indeed,
a key contribution of this dissertation is its identification of heterogenous cell types within the
CMB milieu, a discovery made possible by the combination of immunohistochemistry and in
vivo imaging. However, the constraints of available antibodies limited the dimensions in which
these cells could be characterized, preventing the discrimination of additional cell phenotypes.
Single-cell RNA sequencing will be a fundamental tool to assess the diversity of the cellular
constituents of CMB responses with greater fidelity. Moreover, the replication of these studies in
other transgenic models (TMEM119, Hexb, Mac2, etc.) could provide insight into the dynamic
expression of TMEM119 in CMBs, the bone marrow-derived origins of Mac2+/TMEM119-

cells, and the histological analysis of other relevant targets such as P2RY 1,.

181



5.6 Significance

Diabetes has become a world-wide epidemic and is commonly associated with a host of
vascular complications, including CMBs?2. Importantly, chronic insulin treatment is not a cure
for type 1 DM and does not abrogate its vascular comorbiditiest* 6130131 |n order to develop
more effective treatments, it is imperative to understand the cellular and molecular changes that
occur in this disease. Furthermore, various immune cells including brain-resident microglia, CNS
BAMs, and circulating phagocytic leukocytes have been implicated CMB repair?42527423 put
their relative contributions to the resolution of these insults has not been well described. It was
therefore crucial to understand these interactions in more detail, particular in the context of a
chronic inflammatory disease such as type 1 DM, given the opportunity that harnessing these
cellular mechanisms may present for preventing the progression of microvascular disease.

The present work is significant because it describes the pathological elimination of
microvessels following CMB in type 1 DM for the first time, and uncovers a peripherally-
derived macrophage phenotype characterized by Mac2+/TMEMZ119- expression that is strongly
associated with this vessel regression. Notably, it also identifies an effective intervention that
rescues this pathology: CLR. A preliminary mechanistic explanation for these effects is also
outlined, wherein depletion of circulating phagocytes excludes Mac2+/TMEM119- cells from
the CMB milieu and reduces local TREM2-mediated phagocytic activity to rescue microvascular
repair. This work addresses crucial gaps in our understanding of the cellular mechanisms
underlying type 1 DM complications and, using powerful 2-photon microscopy, demonstrated
the resolution of this pathology in vivo. Given the limitations of insulin treatment, these findings
may have clinical implications for patients with type 1 DM as they provide further evidence for

the use of adjuvant treatments, such as CLR, to mitigate cerebrovascular pathology
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