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EPIGRAPH

“Understand this, I mean to arrive at the truth.
The truth, however ugly in itself,

is always curious and beautiful to seekers after it.”

Hercule Poirot
The Murder of Roger Ackroyd
by Agatha Christie
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ABSTRACT OF THE DISSERTATION

Brain vasculature in health and disease

Caterina Pearsall Profaci

Doctor of Philosophy in Neurosciences with a Specialization in Anthropogeny

University of California San Diego, 2022

Professor Richard Daneman, Chair

Throughout the body, the vasculature functions as a delivery system, supplying oxygen and
nutrients crucial for cell activity and survival. Central nervous system (CNS) vasculature plays a second
critical role as a barrier system, limiting brain entry of bloodborne ions, molecules, and cells. Indeed, CNS
blood vessels are endowed with a series of unique properties that allow them to tightly regulate the
extracellular environment of the brain, and together these properties are termed the “blood-brain barrier”
(BBB). The barrier properties of CNS vasculature are critical for proper brain function; BBB dysfunction

during disease or injury can lead to a cascade of consequences resulting in neuronal death. Several questions
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remain regarding how BBB properties are maintained in health and the mechanisms underlying their
dysfunction in neuropathologies.

The brain uses an extraordinary amount of the body’s energy, and without constant blood supply
from the vasculature, its functions quickly deteriorate. Indeed, neuronal activity leads to a temporary
increase in local blood flow to provide neurons with sufficient energy and oxygen, and this phenomenon is
known as neurovascular coupling (NVC). NVC has been shown to involve various cell types and signaling
molecules, but it is still unclear to what extent endothelial cells, the cells that form the innermost walls of
the vasculature, participate in NVC.

This dissertation explores brain vasculature in health and disease. Chapter I focuses on BBB
dysfunction in disease, identifying PDLIM1 as a marker for BBB dysfunction and characterizing its role in
CNS endothelial cells. Chapter II focuses on the neurovascular unit, specifically whether microglia play a
role in maintaining barrier properties in healthy vasculature. Chapter III demonstrates the dynamic nature

of neurovascular cholesterol metabolism and how this metabolic pathway influences NVC.
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INTRODUCTION

PART I: THE BLOOD-BRAIN BARRIER

Blood vessels provide the vital infrastructure for delivery of oxygen and essential nutrients
throughout the body, and the term “blood—brain barrier” (BBB) is used to describe the unique characteristics
of the blood vessels that vascularize the central nervous system (CNS)'**. The BBB is not a single physical
entity but rather the combined function of a series of physiological properties possessed by endothelial cells
that limit vessel permeability. The BBB tightly regulates the movement of ions, molecules, and cells
between the blood and the parenchyma, thus regulating the extracellular environment of the neural tissue.
It is critical for neuronal function and protection. The interaction of endothelial cells with different neural
and immune cells is commonly referred to as the neurovascular unit (NVU) (Fig 0.1A). The complex
properties that define the BBB are often altered in disease states, and BBB dysfunction has been identified

as a critical component in several neurological conditions.

The NVU
Multiple cell-types are juxtaposed at the boundary between the blood vessels and the brain, many
of which play key roles in the development and maintenance of a functional BBB*. The cluster of different

cells that comprise the blood-brain interface is commonly referred to as the neurovascular unit (NVU).

Endothelial cells

Endothelial cells make up the inner-most layer of blood vessels. A cross-section of an artery or
vein might contain dozens of endothelial cells, while in the smallest capillaries, a single endothelial cell
forms the vessel circumference’. In all tissues, adherens junctions, composed of vascular endothelial

cadherin and catenins, comprise the basic cellular adhesions between endothelial cells, supporting the
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Figure 0.1 Cellular and molecular properties of the BBB. A) A schematic comparison of the BBB
capillaries with the continuous non-fenestrated, continuous fenestrated, and discontinuous capillaries found
in peripheral organs. B-F) Schematic of the molecular composition of B) junctional complexes of BBB
endothelial cells, C) endothelial cells in peripheral organs, D) peripheral endothelial fenestra, E) transport
mechanisms in CNS endothelial cells, and F) transport mechanisms in peripheral endothelial cells. G)
Electron micrograph of a mouse brain endothelial cell. H) Electron micrograph of a mouse muscle
endothelial cell, densely packed with vesicles (arrows).



cell adhesion, promoting adherens junction formation®’. CNS endothelial cells are further specialized to

restrict paracellular and transcellular movement of solutes.

Tight junctions (TJs)

TJs are cell adhesions consisting of multiple transmembrane proteins that directly interact via their
extracellular components, linking two cells’ membranes together® (Fig 0.1B). CNS TJs are specialized in
their molecular and structural P-face composition to form a high-resistance electrical barrier, and the
specific combination of TJ proteins at the BBB determines its paracellular permeability. The composition
of claudins, a family of 27 four-pass transmembrane proteins, within a TJ is thought to determine the size
and charge selectivity of paracellular permeability”'!. Claudin 5 (CLDNS) is the most abundant claudin at
the BBB, and Cldn5 knockout mice exhibit size-selective leakage of the BBB and die at birth'>".
Endothelial cells in peripheral vascular beds also express CLDNS5, and thus its expression alone is not
sufficient for barrier formation. Other key components of TJs include claudin 12, occludin, and junctional
adhesion molecules. Cytoplasmic proteins including ZO-1, ZO-2, ZO-3, cingulin, JACOP, MAG1, and
MUPPI aid TJ formation, binding TJs to the cytoskeleton, adherens junctions, and polarity complexes'**®.
It is still unknown why CLDNS and ZO-1 expression does not confer the same low paracellular permeability
in peripheral vessels as in the CNS. Expression data suggest that the answer might lie in the CNS-specific

enrichment of certain cytoplasmic adaptors (e.g., JACOP, MPP7) and tricellular TJ molecules such as LSR

and MARVELD2!"18,

Transcellular permeability

Peripheral endothelial cells possess properties that confer transcellular permeability, including high
rates of caveolin-mediated transcytosis, diaphragm-containing pores termed fenestrae, or large
discontinuities or gaps in the endothelial layer' (Fig 0.1). In contrast, CNS endothelial cells form a

continuous lining that lacks fenestrations and has low levels of transcytosis, properties that greatly limit



transcellular permeability (Fig 0.1). MFSD2A, enriched in CNS endothelial cells, limits caveolin-

dependent transcytosis by regulating endothelial cell lipid composition®*-**

. Plasmalemma vesicle-
associated protein (PLVAP) is important both for vesicle formation and fenestrations in peripheral
endothelial cells. Its down-regulation in CNS endothelial cells, along with up-regulation of MFSD2A,
coincides with BBB formation during embryogenesis, coinciding with a decrease in CNS endothelial

transcytosis™ .

Transporters

Numerous transporters are enriched in brain endothelial cells, which fall into two main categories:
efflux and solute transporters®*?* (Fig 0.1E).

Efflux transporters, concentrated on the luminal side of the membrane, use ATP hydrolysis to
transport a wide range of small molecules up their concentration gradients back into the blood®. MDR1/P-
glycoprotein (PGP) and breast cancer resistance protein are the most abundant BBB efflux proteins and
limit entry of many xenobiotics and endogenous molecules, including steroids such as aldosterone™.

Solute transporters carry specific substrates down their concentration gradients, ensuring barrier
passage to specific nutrients, such as glucose, that are vital for energy and homeostasis®'. Transport of
glucose, lactate, amino acids, and fatty acids occurs via GLUT1 (Slc2al), MCT1 (Slcl6al), LAT1 (Slc7a5),
and MFSD2A, respectively?'****, Other transporters provide receptor-mediated vesicular transport,
including the transferrin receptor (TFR1) and low-density lipoprotein receptors®°. Substrate-specific
solute transporters can also be important for removing molecules from the CNS; lipoprotein receptor-related

protein-1 (LRP1) is a critical transporter for eliminating p-amyloid*"*®.

Leukocyte adhesion molecules

Leukocyte adhesion molecules on endothelial cell surfaces initiate binding of leukocytes, the first
step of their entrance into tissues®. Healthy CNS Endothelial cells exhibit lower leukocyte adhesion

molecule expression compared with peripheral endothelial cells'’, and thus there is minimal leukocyte



crossing of the BBB in health (Fig 0.1E-F; Fig. 0.2A). Instead, CNS immune surveillance by lymphocytes
in health occurs primarily at the blood—CSF interfaces of the meninges and choroid plexus***2. In the
context of disease, CNS endothelial cells upregulate specific leukocyte adhesion molecules such as ICAM1,

E-selectin, and P-selectin primarily at post-capillary venules, thus contributing to neuroinflammation.

Glycocalyx

The luminal surface of the capillary endothelium is covered by the endothelial cell glycocalyx**.

Brain endothelial cells have a denser glycocalyx than peripheral vasculature; average glycocalyx coverage
is 40.1% in brain vessels compared with 15.1% and 3.2% in cardiac and pulmonary vessels, respectively*.
This dense network of luminal glycoproteins prevents larger molecules from interacting with the endothelial
cell. While small dyes such as fluorescein (376 daltons) and Alexa Fluor (643 daltons) permeate the
glycocalyx, dextrans (40—150 kD) penetrate <60% of its volume®’. In disease, glycocalyx degradation is

associated with more severe BBB leakage in models of multiple sclerosis (MS) and cardiac arrest**.

The NVU

The abluminal surface of the endothelial cell is covered by the basal lamina (Fig 0.1A), a structural
matrix of laminins, fibronectin, collagens, tenascin, and proteoglycans. This basement membrane (BM)
surrounds endothelial cells and pericytes, acting as an interface for the binding of molecules and migration
of cells, while also limiting passage of macromolecules®’. The BM consists of two layers: the inner vascular
BM secreted by endothelial cells and mural cells, and the outer glial BM secreted by astrocytes®'. These
BMs are merged surrounding capillaries but separate at post-capillary venules, creating a CSF-drained
perivascular space for immune surveillance®*.

Mural cells—vascular smooth muscle cells (SMCs) and pericytes—are found on the abluminal side
of blood vessels in all tissues. SMCs line all larger vessels but are more abundant on arteries and arterioles,

53-55

forming a complete layer around them’”. SMCs contract or dilate to cause vasoconstriction and

vasodilation, thus regulating blood flow’. Pericytes are embedded in the BM and form an incomplete layer



on the surface of CNS micro-vessels (Fig 0.1A). Pericytes play a key role in the regulation of angiogenesis,
vascular remodeling, vascular tone, and BBB formation®®” ?. Perivascular fibroblasts are found in the walls
of large vessels™; however, their role in cerebrovascular function remains unexplored.

Astrocytes extend cellular processes terminating in endfeet that ensheath synapses, nodes of
Ranvier, and endothelial cells, contacting the BM around parenchymal vessels (Fig. 0.1A). This astrocyte-
endothelial interaction is critical in regulating blood flow®*®'. Additionally, several groups have shown that
CSF flows between the BM and astrocyte endfeet, with arteriole pulsations driving bulk fluid flow through
the parenchyma, although others have argued about the extent of bulk flow**®, This “glymphatic” system

0466 and has been

helps to clear interstitial solutes such as amyloid via paravenous drainage pathways
visualized in human patients via magnetic resonance imaging (MRI)*"*®. Expression of water channel
aquaporin-4 in astrocyte endfeet has been reported to play a critical role in the movement of CSF into the
parenchyma®*66-%,

CNS-associated macrophages include choroid plexus, dural, leptomeningeal, and perivascular
macrophages’®”". Perivascular macrophages are elongated cells residing between the astrocytic endfeet and
parenchymal vessels (primarily arteries and veins). While nonmotile, they extend processes along the
perivascular space, providing the first line of defense by collecting debris’>"*. Microglia, derived from yolk-

sac progenitor cells’*”®

, reside within the CNS parenchyma. They possess a highly ramified morphology
and perform immune surveillance, phagocytosing infectious agents that evade the barrier’”””®. Microglia
have also been shown to regulate BBB resealing following vascular injury and disease’”®’. However,
whether microglia play a role at the healthy BBB is unknown and will be tested as a part of this thesis. In
disease states, leukocytes such as neutrophils and T cells can interact with the BBB, increasing permeability
via release of cytokines, reactive oxygen species, and other mediators of barrier dysfunction®' 3,

Thus, the BBB is a series of structural, transport, and metabolic barriers that together limit CNS
entry of nonspecific molecules while ensuring the delivery of specific nutrients, thereby controlling the

extracellular environment. Several important questions remain. What exactly gets through the barrier, how

much, and by which route(s)? The barrier is not absolute. Small, nonpolar molecules enter unrestricted



through passive diffusion unless they are substrates of efflux transporters. In contrast, large or polar
molecules are greatly restricted in access unless they are substrates of specific nutrient transporters.
However, even large molecules enter the CNS parenchyma at 0.1% of their blood concentration through an
unsaturable mechanism®®, likely via nonspecific transcytosis, which occurs at low rates. Future work fully
characterizing the substrate specificity of BBB transporters and their dynamic response to various stimuli
may enable manipulation of these transporters for CNS drug delivery.

There is heterogeneity of gene expression among different branches of the vascular tree®>%7 It is
thought that this heterogeneity enables capillaries, arterioles, and venules to be specialized for regulation
of solute transport, blood flow, and inflammation, respectively. But what is the relevance of this
arteriovenous zonation in terms of barrier function? How is this phenotypic continuum programmed during
development?

It is also currently unknown whether there is regional heterogeneity of the BBB. Several regions
of the CNS termed circumventricular organs (CVOs) — the area postrema, subfornical organ, pineal gland,
and median eminence of the hypothalamus — have fenestrated capillaries that lack BBB properties®. This
vascular permeability allows for the exchange of sensory or secretory signaling molecules between the
brain and blood, enabling CVO-mediated regulation of body homeostasis. Much less is known about
whether there are region-specific differences among areas with a functional BBB, including the cortex,
hippocampus, cerebellum, and white matter tracks, and whether BBB heterogeneity might contribute to the

specialized function of a particular brain region or render that region more vulnerable to disease.

BBB formation and regulation

How BBB properties are regulated in development and maintained in adulthood remains a
fundamental field of study™. Transplanted CNS tissue is sufficient to induce BBB-like properties in the gut
endothelium in vivo”™, suggesting a role for the neural microenvironment in BBB formation.
Transplantation of astrocytes into nonneural tissues of adult rats induces barrier properties in local

endothelial cells’’, and several astrocyte-secreted proteins are sufficient to induce endothelial cell barrier



properties in vitro and in vivo, including Sonic hedgehog, angiotensin, and basic fibroblast growth factor’*
% However, barrier properties arise during development before astrogliogenesis takes place'®2%3%%
delaying astrocytic contact with endothelial cells does not affect barrier formation®, and laser ablation of
astrocyte endfeet in adult mice does not induce BBB leakage®’. These data suggest that astrocytes are not
necessary for BBB formation, but perhaps provide dynamic BBB regulation in response to specific stimuli.
For instance, reactive astrocytes have been shown to be critical for BBB repair following neurological
disease®®.

Neural progenitor-derived Wnt signaling induces BBB properties during the angiogenic program®”
195 Loss of Wnt signaling disrupts angiogenesis specifically in the CNS, reducing the expression of TJ
proteins and solute transporters while increasing PLVAP?'%! Interestingly, B-catenin activation in the
more permeable CVO vessels is sufficient to induce BBB properties'®*'?”. These data suggest that the same
signal that drives angiogenic invasion of the CNS also induces initial BBB properties within the
endothelium.

Pericytes are also essential in BBB development, and endothelial cell recruitment of pericytes is
concomitant with development of particular barrier properties. The BBB fails to completely seal in mice
lacking CNS pericytes, as they inhibit nonspecific transcytosis and leukocyte adhesion molecule
expression®®®,

Thus, the BBB is regulated by a series of different cellular interactions: BBB “tight” properties are
induced during the angiogenic program by Wnt signaling, “leaky” properties are inhibited by pericytes, and
the overall phenotype of the BBB can be influenced by astrocytes, pericytes, and other cell types throughout
life.

Important questions still remain. How is the induction of different BBB properties coordinated?
Interestingly, Wnt signaling induces endothelial secretion of platelet-derived growth factor B, the key

ligand for pericyte recruitment'®®

, suggesting that induction of different BBB properties is tightly
coordinated via Wnt-mediated pericyte recruitment. Are the same signals required for induction also

responsible for regulating BBB maintenance in adulthood? Although Wnt signaling decreases in endothelial



cells after angiogenesis, this pathway is critical for BBB maintenance; disruption of Wnt signaling in
adulthood leads to cell-autonomous loss of TJ integrity and an increase in PLVAP in the retina and

15 Additionally, pericytes are important for BBB function throughout life*®, suggesting that

cerebellum
similar signals are required for BBB formation and maintenance. Do region-specific differences in signaling
influence BBB heterogeneity? Different Wnt ligands and receptor complexes have been shown to promote
BBB formation in different regions of the CNS**'01%419; however, it is not clear whether this induces
regional heterogeneity or is merely a remnant of dorsal-ventral and rostral-caudal axis specification.

How dynamic is each BBB property in a healthy CNS? Are properties modulated by neural activity
or environmental stimuli such as exercise and diet? Single-cell sequencing has revealed vascular changes

110

in response to neural activity ", and neuronal activity has been shown to modulate BBB insulin-like growth

1'"", Using chemogenetics and a volitional behavior paradigm, Pulido et al. found a set of brain

factor
endothelial genes that were reciprocally modulated by activating and silencing neural activity. Interestingly,
neural activity regulates a group of BBB efflux transporters''?; the implications of these results for CNS
drug delivery and waste clearance remain unknown. While exercise might help to protect against BBB
dysfunction in aging or disease, solid evidence is still forthcoming'"®. A high-fat diet can increase BBB
permeability''*''®, but the specific BBB properties affected have not been thoroughly characterized. Not
only can diet affect the BBB, but the BBB can in turn dynamically regulate nutrient availability; animals
entering hibernation up-regulate ketone transporters at the BBB to modulate energy utilization during
117

inactivity . How dynamic are BBB properties over the course of 24 hours, and how might these

fluctuations influence brain microenvironment and waste clearance? PGP expression levels follow a diurnal

HZHEIY “and a circadian clock in glial cells of the Drosophila melanogaster BBB regulates

pattern
xenobiotic efflux "**'*! but the extent and functional implications of circadian oscillations at the BBB
remain unclear.

Are there differences in the BBB across individuals? Are there sex differences in BBB properties?

There is evidence for variation in male and female patient CSF/serum albumin ratio'*?, and BBB sexual



dimorphism has been proposed to underlie differences in response to traumatic brain injury and infection
: L : : 123-125
and in proclivity to autoimmune disease .

How do BBB properties change in age? Several studies have reported age-related decline in BBB

126-131 127

function . Age-related pericyte dysfunction contributes to BBB permeability ', and endothelial

VCAM1 upregulation leads to age-related cognitive deficits and increased inflammatory tone'**

. Yang and
colleagues elegantly demonstrated an age-related decrease in receptor-mediated transport and increase in

caveolin-mediated non-specific transcytosis across the BBB, coinciding with loss of pericyte coverage''.

It is likely that these deficits in BBB function contribute to age-related neurodegeneration.

BBB dysfunction

BBB dysfunction occurs in a number of neuropathologies, including MS, epilepsy, stroke, and
traumatic brain injury (TBI). In these conditions, BBB dysfunction is a central element of the pathology,
whereas in others, such as Alzheimer’s disease (AD), the incidence and extent of breakdown are more
controversial and an area of burgeoning research. BBB disruption causes ion dysregulation, edema, and
neuroinflammation, which can lead to neuronal dysfunction, increased intracranial pressure, and neuronal
degeneration (Fig 0.2A-B). However, the mechanisms underlying BBB dysfunction and its role in the onset
and progression of disease or recovery are not fully understood.

The phrase “BBB breakdown” conjures images of the destruction of a physical wall, allowing an
unabated flow of molecules from the blood into the brain. However, the BBB is not a wall but a series of
physiological properties, and a change in just one property (transcytosis, transport) can significantly alter
the neural environment (Fig 0.2). For instance, dysfunction of GLUT1 glucose transport, LAT1 amino acid
transport, and MCTS thyroid hormone transport across the BBB leads to seizure, autism spectrum, and
psychomotor retardation syndromes, respectively'** '3,

Importantly, leakage of nonspecific molecules is distinct from leukocyte extravasation, which occurs via

an active trafficking process. Single-cell sequencing has identified many subsets of immune cells with

distinct roles in neuroinflammation that likely interact with the BBB in disease’"'*>"37, Parenchymal
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endothelial cells upregulate leukocyte adhesion molecules, thus increasing leukocyte trafficking. P-selectin
and E-selectin mediate the rolling of leukocytes along the endothelium, ICAM1 and VCAMI1 mediate firm
adhesion, and proteins like PLVAP—also upregulated in disease—aid in transmigration across endothelial
cells**'**. Leukocyte extravasation across the BBB can be either transcellular or paracellular'*'*°. Levels
of ICAM1 and PECAM1 can influence T cell diapedesis route'*'*2, and specific subsets of T cells prefer

different routes'*’.

Thus, the BBB is not an on—off switch, and it is critical to understand the specificities and

consequences underlying each instance of dysfunction.

Multiple sclerosis

BBB dysfunction is a central feature of MS, and the time course of leakage has been studied with
dynamic contrast-enhanced MRI'**'¥’ (Fig 0.2 G). While barrier leakage is almost always present in new

lesions, it is rarely observed in older lesions'**'*’

. Interestingly, MRI evidence suggests that BBB
permeability is the initial event in the formation of a subset of lesions, but in others, lesion formation occurs
before barrier dysfunction'*.

CNS immune infiltration is a critical step in MS pathophysiology, and the dynamics of this process
have been primarily studied in experimental autoimmune encephalomyelitis (EAE), a rodent model of MS
(Fig 0.2C-D). The primary sites of CNS immune surveillance in health are the blood—CSF barriers of the
choroid plexus and meninges, and both are important sites of initial lymphocyte activation in EAE'?"!45-153,
Leukocyte-derived cytokines activate CNS parenchymal blood vessels, inducing expression of leukocyte

adhesion molecules!?>!134153

, which leads to massive parenchymal infiltration of immune cells. These
immune cells first enter the perivascular space surrounding postcapillary venules'>® and gain parenchymal
access after breaking down the BM'*"'*¥, Limiting immune cell trafficking across the BBB has proven

effective in treating MS. Natalizumab, which targets the a4 integrin on immune cells, preventing their

interaction with endothelial VCAM1, greatly reduces new lesion formation'*’.
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Figure 0.2 Dysfunction of the BBB in disease. (A-B) Schematic representation of the neurovascular unit
in health and disease. (A) In health, CNS ECs exhibit tight junctions, low rates of transcytosis, and low
expression of leukocyte adhesion molecules. Pericytes embedded in the BM help to maintain the barrier,
and astrocyte endfeet contact the BM. (B) In disease, tight junctions are internalized or downregulated,
rates of transcytosis increase, increased leukocyte adhesion molecule expression leads to increased
leukocyte extravasation, the BM degrades, and pericytes and astrocytes less tightly cover the ECs. Made
with BioRender. (C-F) Blood-brain barrier disruption in models of multiple sclerosis, traumatic brain
injury, and stroke. Sections showing blood-brain barrier leakage to a sulfo-NHS biotin tracer (green) in
three disease models. (C-D) A section of spinal cord from a healthy mouse (C) and from the EAE model
of multiple sclerosis (D). (E-F) The contralateral (E) and ipsilateral (F) hemispheres in a coronal section of
the middle-cerebral artery occlusion model (MCAO) of ischemic stroke. (G-I) Blood-brain barrier leakage
and edema in human cases of multiple sclerosis, stroke, and epilepsy. T-1 weighted MRI images with
gadolinium enhancement to show blood-brain barrier leakage in (G) multiple sclerosis lesions and (H)
stroke infarct. (I) T-1 weighted and FLAIR MRI images showing edema in epilepsy. Images courtesy of
Dr. John Hesselink, University of California, San Diego.
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CNS immune infiltration is a critical step in MS pathophysiology, and the dynamics of this process
have been primarily studied in experimental autoimmune encephalomyelitis (EAE), a rodent model of MS
(Fig 0.2C-D). The primary sites of CNS immune surveillance in health are the blood—CSF barriers of the
choroid plexus and meninges, and both are important sites of initial lymphocyte activation in EAE'?"!45-153,
Leukocyte-derived cytokines activate CNS parenchymal blood vessels, inducing expression of leukocyte

adhesion molecules!?>!134153

, which leads to massive parenchymal infiltration of immune cells. These
immune cells first enter the perivascular space surrounding postcapillary venules'*® and gain parenchymal
access after breaking down the BM'*"'*¥, Limiting immune cell trafficking across the BBB has proven
effective in treating MS. Natalizumab, which targets the a4 integrin on immune cells, preventing their
interaction with endothelial VCAM1, greatly reduces new lesion formation'*’.

It is critical to note that while leukocyte invasion is often assumed to be detrimental, leukocyte
trafficking is required at low levels in order to limit infections. Of great interest is the identification of
leukocyte adhesion molecules that facilitate the extravasation of only certain subsets of immune cells'®.
This could enable targeting pathological inflammation without rendering patients more vulnerable to
infection. Indeed, ninjurinl (NINJ1; monocytes), activated leukocyte cell adhesion molecule (ALCAM;
CD4+ T cells, monocytes), junction adhesion molecule-like (JAML; monocytes, CD8+ T cells), and
melanoma cell adhesion molecule (MCAM; CD8, T helper cell 17) regulate the entry of specific immune
cell populations into the CNS'®''%*_ It will be necessary to ensure that targeting these molecules does not
produce secondary effects; Alcam knockout mice develop more severe EAE as ALCAM also enforces TJ
integrity'®.

Many questions remain unanswered. How much of MS pathophysiology directly results from BBB
dysfunction? Is there a subset of lesions caused by leakage while others have a different etiology? If these

lesion subsets exist, do they vary with respect to severity and repair processes? Does the BBB interact with

the lymphatic system to regulate leukocyte efflux during remission?

Ischemia/stroke
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BBB dysfunction during stroke follows a biphasic time course. Leakage is evident within hours of
the primary insult, is subsequently reduced, and then reappears the day after'®”-'*® (Fig 0.2E-F; 0.2H). An
increase in transcytosis of nonspecific molecules is the first stage of dysfunction, followed by structural

169

alteration of TJs™. Questions still remain regarding the importance of leukocyte infiltration in

pathogenesis. Several reports have shown that leukocyte adhesion molecule knockouts or antibodies

170-172

directed against leukocyte adhesion molecules minimize infarct volume , whereas others have not been

able to replicate this effect'”.

Much of the cell death that leads to neurological deficits occurs in the days following a stroke; thus,
the second phase of BBB leakage may be an important therapeutic target. Major outstanding questions in
stroke research surround the relevance of this biphasic BBB dysfunction. It is unknown whether the first

and second openings are mechanistically different; perhaps the first opening is due to dynamic signaling

while the second results from changes in BBB gene expression.

Epilepsy
There is a clear association between epilepsy and BBB dysfunction. BBB leakage in epilepsy
patients is visible with contrast-enhanced MRI'7*'"® (Fig 0.2I), and analysis of brain tissue from epileptic

177,178

patients shows increased parenchymal albumin , implicating blood-to-brain extravasation of large

molecules. Furthermore, patient samples exhibit regional reduction in GLUT1'”, and positron emission
tomography scans demonstrate decreased glucose uptake and metabolism in seizure foci'”"'*,

BBB dysfunction itself may be epileptogenic or may help propagate seizures. Experimental
disruption of the BBB with osmotic shock leads to seizures in patients'®', and diseases in which the BBB
is compromised such as infection, inflammation, stroke, and traumatic brain injury can lead to seizures and
epilepsy'®'*3. Furthermore, neuroinflammation has been hypothesized to be involved in seizure etiology;
blockage of leukocyte-vascular interactions either pharmacologically or by genetic knockout inhibits both

induction and recurrence of seizures'®. Interestingly, patients with a BBB-GLUT1 deficiency develop

epilepsy'®*'*¢, demonstrating a critical role for BBB transport in normal brain function.
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Traumatic brain injury

As in stroke, BBB dysfunction in TBI is biphasic, with leakage in rodent models starting and
peaking in the hours following insult, improving by 24 hours, but then worsening again in the first days
after injury'®”'®. Some have suggested that BBB permeability persists into a chronic stage in human
patients; there is evidence of increased fibrinogen and immunoglobulin G years after injury'®. As with
stroke, a key outstanding question in TBI research is the importance of the biphasic BBB opening. It is still
unclear how long the second opening lasts and to what extent it contributes to inflammation and chronic
symptoms.

Another major outstanding question is whether mild head trauma, such as concussion, also leads to
BBB dysfunction and how this may play a role in the progression of neurological symptoms. Several studies
suggest that there is indeed leakage following activity-related concussions. BBB abnormalities were

identified in 40% of football players analyzed with contrast-enhanced MRI'"

, and single photon emission
computed tomography showed BBB leakage in 75% of patients with post-concussion syndrome'"'.
Elevated serum S100B levels have been used to identify BBB dysfunction and have been shown to correlate
with MRI abnormalities and cognitive changes in football players who have sustained head injuries during
games'”>. While BBB dysfunction is generally associated with harmful molecules penetrating the
parenchyma, the leakage of CNS proteins into the blood might also be a cause for concern. It has been
proposed that after TBI, S100B in the blood spurs the creation of auto-antibodies that increase

inflammation'®?

. Ultimately, it will be essential to identify novel serum markers of BBB dysfunction and/or
noninvasive imaging techniques that allow for rapid determination of whether a head injury has damaged

the neurovasculature, and how this affects the prognosis for downstream sequelae.

Looking forward

Several important questions remain regarding the BBB in the context of disease. How is each BBB

property altered in neurological diseases, and how do these changes affect the extracellular environment of
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the CNS? One problem is that different studies in humans or mouse models often use a single modality to
detect BBB breakdown, whether sampling postmortem tissue, measuring markers in the CSF or blood,
quantifying leakage of an exogenous tracer, or performing live imaging with a contrast agent. The BBB is
not a single entity that is “open” or “shut,” and moving forward, it is imperative to understand exactly how
the complex physiology of the BBB changes in each disease. It is especially important to consider whether
alterations are induced by the same or different signals across neurological conditions. If mechanistic
similarities exist, it might be possible to design a therapeutic strategy applicable to a wide range of
disorders'. Indeed, several molecular factors regulate BBB dysfunction in multiple diseases, including

195,196

vascular endothelial growth factor , inflammatory cytokines (tumor necrosis factor a'*’, interleukins 1

201-203

and 6'%2%), reactive oxygen species , and matrix metalloproteinases’****’. However, there is also

evidence that barrier dysfunction is due not only to “breakdown signals” but also to disrupted maintenance
signals. Disruption of Wnt signaling can lead to vascular permeability and worse disease outcomes'***;
thus, increasing CNS endothelial cell Wnt signaling might have therapeutic potential.

Can subtle changes in different BBB properties cause specific neurological symptoms?

Dysfunction in several BBB transporters causes specific developmental disorders'**'**

, and there may be
more undiscovered instances of this pattern. It is possible that regional heterogeneity at the BBB renders
particular brain regions vulnerable to certain disease pathologies. For instance, if the BBB is indeed
specialized to cater to the distinct nutrient and signaling needs of individual brain regions, loss of one of
those BBB specializations might lead to deficits in local circuit function.

It is also important to also think beyond endothelial cells. Disruption of pericyte coverage leads to
an increase in endothelial cell nonspecific transcytosis and leukocyte adhesion molecules expression, and
it is unclear to what extent this drives neurological disease. Furthermore, disruption of astrocyte endfeet at
the NVU would decrease glymphatic clearance, potentially contributing to pathological accumulation of

proteins including Ap. Future work analyzing how each cell type of the NVU, and the glycocalyx and BMs,

is altered will be critical to understand the pathophysiology of different neurological diseases.
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Another fundamental question is how the BBB is repaired. While the BBB becomes less permeable
to molecular tracers at chronic phases of disease models, it is unclear whether there are functional or
structural compromises made in the process of reversing leakiness. More work is needed to fully
characterize the repaired BBB at the levels of physical integrity and transcriptomics. It is also unknown
what endogenous signals induce BBB repair, and whether repair occurs cell-autonomously within
endothelial cells or with mediation from other cell types. Interestingly, both microglia and reactive
astrocytes regulate repair of the BBB in response to injury, highlighting the importance of the interactions

of cells within the NVU"*3%%,

Concluding remarks

The BBB is not a single entity, but rather a complex series of physiological properties allowing
CNS endothelial cells to tightly regulate the extracellular environment of the parenchyma. These properties
are vital for proper neural function, and dysfunction of the BBB can lead to critical pathology in many
neurological diseases. However, more work is needed to understand exactly what crosses the healthy BBB,
the degree to which the BBB dynamically responds to environmental stimuli, the extent of its regional
heterogeneity, and the signaling mechanisms underlying its maintenance, disruption, and repair. As future
research answers these questions and further reveals the cellular and molecular intricacies underlying the
BBB, the clinical advantages will be twofold: a deeper knowledge of the BBB will provide therapeutic
targets for BBB repair in a range of neurological conditions and will also enable more effective strategies

for delivering drugs to the CNS.
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PART II: ENDOTHELIAL CELLS IN NEUROVASCULAR COUPLING

Proper brain function is dependent on a continuous supply of bloodborne oxygen and nutrients,
such that a brief lapse in cerebral blood supply can have catastrophic consequences for brain health. While
specific transporters are important for delivery of nutrients across the BBB, blood flow dynamics regulate
how much of these nutrients are available for transport by altering the volume of blood traveling through
the brain. Because neurons require a greater supply of oxygen and nutrients when active, there is increased
local blood flow immediately following neuronal activity. This phenomenon is termed “neurovascular
coupling” (NVC). The first indication that brain activity modulates blood flow came in the late 1800s*°”
299 n 1882, studying humans with skull defects, Mosso described an increase in brain volume upon certain
mental and emotional stimuli, and he attributed this volume increase to blood flow dynamicszog’zog. In 1890,
Roy and Sherrington observed cerebral expansion in dogs, cats, and rabbits in response to the stimulation
of different nerves and application of various drugs. They surmised, “These facts seem to us to indicate the
existence of an automatic mechanism by which the blood-supply of any part of the cerebral tissue is varied
in accordance with the activity of the chemical changes which underlie the functional action of that part.
Bearing in mind that strong evidence exists of localisation of function in the brain, we are of opinion that
an automatic mechanism, of the kind just referred to, is well fitted to provide for a local variation of the
blood-supply in accordance with local variations of the functional activity.”?*” More than a century later,
there is much known — and still much unknown — about the cellular and molecular mechanisms underlying
NVC*%2'2, Studies have implicated several vasoactive ions and molecules in NVC, including potassium
ions (K"), nitric oxide, prostaglandin, neuropeptide Y, and vasoactive intestinal peptide, and both neurons
and astrocytes are involved in initiating NVC signaling®”?"'. Smooth muscle cells (SMCs) are generally
considered the primary target of these factors. SMCs line arteries and arterioles, forming a complete layer
around them, and constriction or dilation of SMCs causes vasoconstriction or vasodilation in the underlying
vessel. More recently, it has been suggested that pericytes on capillaries also help to regulate blood

ﬂ0W61,213
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Endothelial cells were long considered passive players in the processes driving NVC, yet evidence
now points to their having an active and important role in driving blood flow changes***'”. Our
understanding of endothelial contributions to functional hyperemia is likely still in its infant stages. It
appears as if different parts of the vascular tree possess distinct mechanisms for sensing and responding to
neural activity, yet it remains unclear exactly how these various mechanisms work in concert in the context
of functional hyperemia. In resistance arteries, activation of endothelial TRPV4 channels causes local Ca**
“sparklets” which activate intermediate-conductance (IK) and small-conductance (SK) Ca*'-dependent K*
channels®'®. The resulting K* influx hyperpolarizes endothelial cells and ultimately leads to vasodilation,
likely via endothelial-SMC signaling and SMC relaxation.

While penetrating arterioles control blood flow to an expansive web of downstream capillary
beds?", these larger, sparser vessels are not necessarily in the best position to quickly sense local neural
activity. Capillaries, on the other hand, form a dense network throughout the brain such that an active
neuron is never far from the nearest capillary. Thus, it makes sense that capillaries would somehow signal
to upstream vessels and their associated SMCs to increase local blood flow. While there is some controversy
in the field regarding at what branching point an “arteriole” becomes a “capillary”, it is clear that smaller
vessels dilate before penetrating arterioles™ and that neural activity causes hyperpolarization in capillaries,
an electric signal that travels upstream to cause arteriolar dilation?'***'. In an elegant study, Longden and
Dabertrand et al. showed that extracellular K™ applied directly to capillaries causes hyperpolarization via
activation of the endothelial inward-rectifying K channel Kir2.1. This hyperpolarization propagates
upstream via endothelial gap junctions and causes dilation of upstream arterioles, likely through the
relaxation of associated SMCs?'%*?2, Prostaglandin E; (PGE;) or TRPA1 agonist application to capillaries
also causes upstream arteriole dilation, albeit with a slower onset and time-to-peak dilation compared to K*
stimulation?"*,

Not only is the field still uncovering the extent of an active role for endothelial cells in NVC, but
the mechanisms regulating this endothelial signaling are largely unknown. Interestingly, high

concentrations (>25 mM) of K" applied to capillaries do not cause arteriole dilation?'®, suggesting a
pp p gg g
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regulatory mechanism is in place to prevent excessive arteriole dilation in case of pathologically high levels
of neural activity, for instance during seizures. Indeed, activation of Gq protein-coupled receptor (GGPCR)
channels by several ligands leads to the decay of K'-mediated currents in endothelial cells through the
depletion of phosphatidylinositol 4,5-biphosphate (PIP,)***, shedding light on one such internal regulatory

mechanism.

225-228 229-231

NVC is compromised in age and in people with small vessel disease (SVD) and
Alzheimer’s disease (AD)***, such that neural activity elicits a weaker blood flow response. NVC deficits
have also been observed in mouse models of SVD**** and AD*%**. As NVC is critically important for
supporting neuronal activity, NVC deficits can contribute to cognitive impairment*"'. Thus, gaining a more

thorough understanding of NVC will help inform therapeutic strategies for rescuing cognitive dysfunction

in AD and other neurodegenerative diseases.

This thesis explores the cellular and molecular characteristics of brain endothelial function and
dysfunction. The first chapter identifies a marker for BBB dysfunction during disease, characterizes its
expression pattern throughout several disease models, and explores its function. The second chapter
assesses BBB structure, function, and transcriptome in the absence of microglia, the brain’s resident
immune cell. The third chapter describes a novel function for cholesterol in regulating neurovascular

coupling in endothelial cells.
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CHAPTER I

Pdlim1 is a marker of blood-brain barrier dysfunction in neurological disease and injury

Abstract

The blood-brain barrier (BBB), a series of unique properties possessed by central nervous system
(CNS) endothelial cells, is crucial for tightly regulating the extracellular environment of the parenchyma.
A series of neuropathologies, including traumatic brain injury, seizures, stroke, and multiple sclerosis,
involve disruption of the BBB. BBB dysfunction can lead to ionic dysregulation, edema, and immune cell
extravasation, which in turn can cause neuronal injury and death. As BBB dysfunction occurs early in
disease and injury progression, it is possible that treating BBB dysfunction could help reduce clinical
symptoms in a number of neurological conditions. However, many of the molecular mechanisms of BBB
disruption and repair remain unknown. Here we identify a novel marker of BBB dysfunction: PDLIMI.
PDLIMI1 is upregulated in CNS endothelial cells specifically in areas of BBB leakage during disease and
injury. Overexpressing PDLIMI in endothelial cells increases expression of several junctional adhesion
molecules, suggesting that PDLIM1 is upregulated as a protective mechanism in disease. In a mouse model
of multiple sclerosis, mice overexpressing PDLIM1 in endothelial cells trended towards having delayed

and less severe paralysis, supporting the idea that PDLIM1 is protective at the BBB in disease.

Introduction

The endothelial cells that make up blood vessel walls in the central nervous system (CNS) exhibit
unique physiological properties that greatly limit vessel permeability to the vast majority of blood-borne
entities. These properties are referred to as the “blood-brain barrier” (BBB). While peripheral vessels allow
high levels of trans- and paracellular movement of molecules and ions between the blood and tissue, CNS
vessels exert tighter regulation over what enters the parenchyma. This stringent control is essential for
ensuring a toxin-free neural environment and for maintaining precise extracellular ion concentrations for

proper neuronal function. Physiological properties that contribute to low BBB permeability include tight

42



junctions (TJs), low levels of transcytosis, efflux transporters, selective nutrient transporters, and fewer
leukocyte adhesion molecules. Together, this set of properties allows CNS endothelial cells to tightly
regulate the movement of ions, molecules, and cells between the blood and the CNS, thus controlling the
extracellular environment of the neural tissue (reviewed in ). These properties are sometimes compromised
in disease, and the term “BBB dysfunction” can refer to any changes in these molecular components leading
to increased vascular permeability or altered transport.

While many of the cellular and molecular mechanisms underlying initiation and maintenance of
the barrier have been identified, less is understood about what drives BBB dysfunction, particularly whether
dysfunction is caused by molecular cues that induce disruption, a loss of maintenance cues, or both.
Disruption of the BBB is a critical event in many neurological conditions including multiple sclerosis (MS),
stroke, epilepsy, and traumatic brain injury (TBI). While in most cases BBB damage is not the trigger of
disease, the resulting influx of bloodborne molecules, disruption of ionic homeostasis, and increase in
immune cell extravasation contribute to the dysfunction, damage, and even degeneration of neurons,
ultimately potentiating clinical symptoms. Furthermore, increased immune cell presence after BBB
disruption is particularly detrimental in MS and other autoimmune diseases in which leukocytes are driving
pathology. While there is much still unknown about the mechanisms driving BBB disruption, perhaps even
less is known about the mechanisms underlying BBB repair. Identifying molecular drivers of BBB
dysfunction and repair could point towards a therapeutic target for decreasing vascular permeability, tissue
damage, and clinical progression in a wide range of neurological diseases.

To identify the molecular mechanisms of BBB dysfunction and repair, our group performed RNA
sequencing on CNS endothelial cells at four different timepoints in four different disease models with
known BBB leakage®. We identified that PDZ and LIM domain protein 1 (PDLIM1) is upregulated in
endothelial cells in all four disease models. The gene encodes a ~36 kDA cytoplasmic protein thought to
associate with the cytoskeleton and important for actin stress fiber formation®*. Since its identification,
PDLIMI1 has been implicated in several different cancer subtypes and is thought to play tissue-specific

roles’. PDLIMI has been shown to limit metastasis in colorectal cancer and hepatocellular carcinoma by
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stabilizing the E-cadherin/B-catenin complex and by activating Hippo signaling, respectively®’. In contrast,
PDLIMI1 has been reported to promote cell migration and invasion in breast cancer, glioma, and chronic
myelogenous leukemia through its interactions with o-actinin, the p75 neurotrophin receptor, and Wnt/p3-
catenin signaling, respectively®'®. Furthermore, PDLIM1 has been shown to limit pro-inflammatory
response in immune cells, in some cases via inhibition of NF-xB signaling''"*. PDLIM1’s ability to inhibit
Wnt or NF-xB signaling could be particularly relevant to BBB dysfunction during disease. Wnt induces TJ
formation, increases expression of solute transporters, and reduces vesicle transport as part of the unique

CNS angiogenic program'*'¢

, and Wnt signaling is also important for maintenance of the BBB throughout
life'”?'. Thus, inhibition of Wnt signaling by PDLIM1 could drive BBB disruption. On the other hand, NF-
kB is a major pro-inflammatory pathway, so PDLIMI-mediated inhibition of NF-xB could limit
inflammatory endothelial activation and help mitigate disease severity. Because of PDLIM1’s associations
with these two important signaling pathways, we chose to further investigate its role in CNS endothelial
cells.

Here, using a previously published dataset’, we characterize PDLIM1 expression in various
endothelial beds in healthy adult mice, finding that PDLIMI1 is highly expressed in heart, lung, and liver
endothelial cells but not in brain or spinal cord endothelial cells. We further find that PDLIMI is
upregulated in endothelial cells in four disease and injury models and is expressed specifically in areas of
BBB leakage. Thus, we identify PDLIMI1 as a new histological marker for BBB dysfunction. PDLIM1
overexpression leads to an upregulation of several cell adhesion molecules, suggesting a role for PDLIM 1
in mitigating BBB damage during neuropathological conditions. Mice overexpressing PDLIM1 trended

towards exhibiting less severe clinical symptoms in a mouse model of multiple sclerosis, further supporting

the idea of PDLIM1 as protective against BBB dysfunction.

Methods

Animals
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All original disease model experiments were performed on Rosa-tdTomato; VE-Cadherin-Cre™® ™
mice as described in Munji and Soung et al.>. Tie2-tTA; TRE-PdlimI-IRES-GFP (“EC-PDLIM1”)
transgenic mice were generated via pronuclear injection by the UCSD Transgenic Core and back-crossed
at least six generations into the C57BL6 background. Pdlim1”~ mice were purchased from the Texas A&M
Institute for Genomic Medicine. All experiments were performed under Institutional Animal Care and Use

committee approval at the University of California, San Diego.

Endothelial cell enrichment

Animals were anesthetized with a ketamine/xylazine mix. Mice were decapitated, brains were
dissected, and cerebellum and olfactory bulbs were removed and discarded. Brains were rolled on filter
paper to remove meninges. Remaining meninges and choroid plexus were removed with fine forceps. Brain
tissue was diced using a #10 scalpel blade. Tissue was enzymatically digested with the Papain Dissociation
System kit (Worthington, LK003176), using 1 vial (>100 units) per 10 mL EBSS (Sigma, E7510) solution
also containing 0.36% D(+)-Glucose, 26 mM NaHCO3, 0.5 mM EDTA, and 62.5 units/mL. DNase
(Worthington, LS002007) at 35°C for 90 minutes with 95% O,, 5% CO. continuously passed over the
solution. Tissue chunks were washed with a “low-ovomucoid” EBSS solution containing 225 pg/mL
ovomucoid (Worthington, LS003089), 225 ug/mL BSA (Sigma A8806), 0.36% D(+)-Glucose, 26 mM
NaHCO3, and 55.5 units/mL DNase. Samples were triturated 4 x 10x with 10 mL, 5 mL, and P1000 pipette
tips. Cells were spun into “high-ovomucoid” solution containing 450 pg/mL ovomucoid, 450 pg/mL BSA,
0.36% D(+)-Glucose, 26 mM NaHCO3, and 62.5 units/ml. DNase. Cells were resuspended in a
collagenase/dispase solution of 1 mg/mL collagenase type II (Worthington, L.S004176) and 0.4 mg/mL
neutral protease (Worthington LS02104) in an EBSS solution containing 0.36% D(+)-Glucose, 26 mM
NaHCO3, 0.5 mM EDTA, and 62.5 units/mL DNase. Cells were incubated for 30 min at 35°C with 95%
02, 5% CO; continuously passed over the solution. After incubation, cells were spun into high-ovomucoid

solution and resuspended in a 0.5% BSA (Sigma, A4161) solution with myelin removal beads (Miltenyi
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Biotec, 130-096-433). After a 15 min bead incubation, 30 micron pre-separation columns (Miltenyi Biotec,
130-041-407) and LS columns (Miltenyi Biotec, 130-042-401) were used for myelin removal. Cells were
blocked with rat IgG in 0.5% BSA solution on ice for 20 min. Cells were stained with AF647-conjugated
anti-CD31 (Molecular Probes A14716), Pacific Blue-conjugated lineage cocktail (BioLegend 76724),
BV421-conjugated anti-CD13 (BD Biosciences 564354), and DAPI. Cells positive for AF647 and negative
for Pacific Blue/BV421/DAPI were sorted into trizol at the UCSD Flow Cytometry Research Core Facility.

RNA isolation was performed with the RNeasy Micro kit (Qiagen 74004).

RNA Sequencing

V2 non-stranded mRNA library prep and bulk sequencing were carried out by the UCSD Institute
of Genomic Medicine Core. EC-PDLIM1 samples were sequenced using single-read, 75 bp reads. HISAT2
was used for alignment to the GRCm38 genome, htseq-count was used to generate count tables, and
differential expression was analyzed using DeSeq2. All analysis programs were run through the Galaxy
open-source platform. The NIH’s DAVID Functional Annotation Tool was used to identify biological

processes associated with differentially expressed genes.

Immunostaining

Mice were transcardially perfused with DPBS followed by 4% paraformaldehyde in PBS. Tissue
was cryopreserved in 30% sucrose, frozen in 2:1 30% sucrose:OCT and sectioned at 10 pm thickness.
Sections were blocked with 10% normal goat serum and 0.2% triton-x-100 in PBS. Primary antibodies
against PDLIM1 (Abcam ab64971; ab199626) and CD31 (BD Biosciences 553370) were used at 1:1000
and incubated overnight at 4°C. Fluorescent conjugated secondary antibodies (Life Technologies) were
used at 1:1000 and incubated for 2 hours at room temperature. Slides were coverslipped using DAPI-

Fluoromount-G (SouthernBiothech, 0100-20) and imaged with a Zeiss Axio Imager.D2.
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Quantification of PDLIM 1+ vascular length

PDLIM1 and CD31 were visualized via immunostaining. The ImageJ line tool was used to trace
vasculature, excluding meninges. To determine the percent of PDLIM1+ vasculature, the total length of

PDLIM1+ vessels was divided by the total length of CD31+ vessels and multiplied by 100.

Luminescence assays

HEK?293 cells were plated in 96-well plates in growth medium containing 2mM L-glutamine (Life
Technologies 25030081), 1 mM sodium pyruvate (Life Technologies 11360070), MEM non-essential
amino acids (Life Technologoes 11140050), Pen Strep (Life Technologies, 15070063), and 10% fetal
bovine serum in DMEM. For Wnt assays, cells were transfected with Firefly luciferase under TCF/LEF
control and Renilla luciferase (BPS Bioscience 60500), Wnt7a, Fzd4, Reck, GPR124, and either Pdlim1 or
a control vector in Opti-MEM (Life Technologies 31985062) using the Lipofectamine 3000 Transfection
Kit (Invitrogen L3000-015). For NF-kB assays, cells were transfected with Firefly luciferase under NF-xB
control and Renilla luciferase (BPS Bioscience 60614), and Pdlim1 or a control vector. After 24 hours, cells
were treated with TNFa (20 ng/mL) or vehicle (0.1% BSA). 24 hours after Wnt pathway transfection or
Tnfo treatment, the Pierce Renilla-Firefly Luciferase Dual Assay Kit (Life Technologies 16186) was used
to produce luminescent signal. Firefly and Renilla luminescence were quantified using a Tecan Infinite 200
plate reader. Wells without cells were used as a background control. The average background luminescence
was subtracted from that of all experimental wells, and the Firefly signal was divided by the Renilla signal.

This ratio was used as a proxy for Wnt or NF-xB signaling.

NF kB assay in primary cultured endothelial cells

Animals were euthanized with CO,. Brains were dissected and rolled on filter paper to remove
meninges. Cerebellum and olfactory bulbs were removed and discarded, and remaining meninges and

choroid plexus were removed using fine forceps. Brains were chopped using a #10 scalpel blade and
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triturated 25 times with a 5 mL pipette. Tissue was then enzymatically digested in a solution of 1 mg/mL
collagenase, type Il (Worthington, LS004176), 0.1 mg/mL BSA, and DNase in high glucose DMEM for 1
hour at 37°C shaking at 350 rpm. To remove myelin, cells were triturated 40x with a 5 mL pipette in 20%
w/v BSA (Sigma A7906) in high glucose DMEM and spun for 20 minutes at 4°C, and myelin was
vacuumed off the top. Cells were resuspended in 1 mg/mL collagenase/dispase (Roche 10269638001) and
DNase in high-glucose DMEM. After enzymatic digestion, cells were spun into a Percoll (GE Healthcare
17-0891-01) gradient and the fraction containing endothelial cells was washed with high-glucose DMEM.
Cells were plated on coverslips coated with collagen type IV (Sigma C5533) and fibronectin (Sigma
F1141). Culture media was Neurobasal medium (Life Technologies 21103049) with 2 mM L-glutamine
(Life Technologies 25030081), B-27 (Life Technologies 17504044), Pen Strep (Life Technologies
15070063), bFGF (Invitrogen 13256-029) and puromycin (Sigma P7255). After three days, media was
removed and replaced with media without puromycin and containing either TNFa. (20 ng/mL, eBioscience)
or vehicle (0.1% BSA in PBS). After 24 hours treatment, cells were fixed with 4% PFA, blocked with 10%
goat serum and 0.2% Triton-X-100 in PBS, and incubated with primary antibody against p65 (Cell
Signaling D14E12) 1:1000 in PBS at 4°C overnight. Cells were incubated with secondary antibody 1:1000
in PBS at room temperature for 1 hour. Coverslips were mounted with DAPI-Fluoromount-G
(SouthernBiothech 0100-20) and images were taken with a Zeiss Axio Imager.D2. Nuclear and cytoplasmic
ROIs were created using ImagelJ, and nuclear mean fluorescence was divided by cytoplasmic mean
fluorescence to obtain the nuclear:cytoplasmic fluorescence ratio. This ratio was used to represent p65

nuclear translocation.

Experimental autoimmune encephalomyelitis (EAE)

EAE Induction kits from Hooke Laboratories (EK-2110) were used for disease induction. At 10-
15 weeks of age, male and female EC-PDLIM1 mice and littermate controls were given an s.c. injection of

myelin oligodendrocyte glycoprotein 33-55 (MOGss.35) emulsion under the skin on the upper back. They
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were also given an i.p. injection of pertussis toxin in glycerol buffer. Approximately 22-26 hours later, a
second injection of pertussis toxin was given. For 4 weeks after disease induction, mice were scored daily
according to the following scale: O0=asymptomatic; 0.5=partially limp tail; 1=fully limp tail; 1.5=loss of
digit reflexes; 2=slow to recover from prone position; 2.5=altered gate; 3=inability to lift abdomen

3.5=partial hindlimb paralysis; 4=full hindlimb paralysis; 4.5=moribund; 5=death.

Results

PDLIMI expression is correlated to vascular permeability in health and disease

We recently found that Pdliml is among a cassette of genes whose mRNA is upregulated in
endothelial cells during different instances of BBB dysfunction®. Specifically, Pdlim! mRNA expression
was significantly increased at “acute” and “subacute” timepoints in mouse models of MS, stroke, seizures,
and TBI — timepoints associated with BBB leakage? (Fig 1.1A). These timepoints varied by disease model
and were chosen to represent the onset and peak of BBB leakage. For stroke and TBI models, the acute and
subacute timepoints were 24 and 72 hours after induction of the hypoxia/injury, respectively. In the seizure
model, the acute and subacute timepoints were 3 and 48 hours after kainic acid administration, respectively.
In the M'S model, the acute and subacute timepoints were at the onset and peak of symptoms, respectively.
In all cases, the chronic timepoint was 30 days after induction of the model. The strongest upregulation of
Pdlim] occurred at the peak of EAE when mRNA expression was more than 9x upregulated in spinal cord
endothelial cells (Fig 1.1A). Furthermore, we found that Pdlim I mRNA is robustly expressed in heart, lung,
and liver endothelial cells, but not in brain or spinal cord endothelial cells (Fig 1.1B). We validated these
data by quantifying the percentage of PDLIM 1+ vascular length in control CNS tissue and in areas of BBB
leakage to a biotin tracer. We found that PDLIM 1+ vasculature was 2-9% and 18% of total vascular length
in healthy brain and spinal cord, respectively. In areas of BBB leakage, however, the percentage of
PDLIM 1+ vascular length dramatically increased to 88-99% (Fig 1.1C-D). Thus, in both health and disease,

endothelial PDLIM1 expression seems to be correlated to BBB permeability.
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PDLIMI failed to inhibit Wnt signaling, and inhibited NF-«B signaling in HEK293 cells but not primary

endothelial cells

Based on our expression data, our first hypothesis was that PDLIM1 drives BBB permeability in
disease. PDLIMI has been shown to inhibit nuclear translocation of B-catenin in colorectal cancer cells®.
This was of particular interest to us because nuclear translocation of -catenin is an important step in the
Wnt signaling pathway, which is known to initiate and maintain BBB integrity'*'”. To test whether
PDLIMI1 inhibits Wnt signaling, we performed a luciferase assay using HEK293 cells (Fig 1.2A). Briefly,
cells were transfected with a construct containing Firefly luciferase under control of the TCF/LEF promoter,
which is known to be turned on by Wnt signaling. A Renilla luciferase construct was included as a
transfection control. In addition to luciferase constructs, cells were also transfected with Wnt pathway
proteins and Pdlim1 or a control vector. PDLIM1 had no inhibitory effect on luminescence, indicating that
it does not inhibit Wnt signaling (Fig 1.2A).

It is also possible that PDLIM1 could be upregulated in disease as a protective mechanism.
PDLIM1 has been shown to inhibit nuclear translocation of p65, an essential component of the NF-kB
pathway'?. NF-«B is a major inflammatory signaling pathway, thus we hypothesized that PDLIM1 might
inhibit inflammatory activation of endothelial cells, thereby protecting endothelial cells in the context of
disease. To confirm that PDLIMI inhibits NF-kB signaling, we transfected HEK293 cells with Firefly
luciferase under the control of NF-kB, again using a Renilla luciferase construct as a transfection control.
Cells were also transfected with PdlimI or a control vector. Cells were then treated with TNFa to induce
inflammatory signaling. We found that PDLIM1 indeed inhibited NF-kB signaling, both under control
conditions (p=0.0235) and with inflammatory stimulation by TNFa (p<0.0001) (Fig 1.2B).

PDLIMI1 is known to have varying effects on different cell types, thus results from HEK cells may
not translate to endothelial cells. To determine whether PDLIMI1 is also able to inhibit NF-kB signaling in
endothelial cells, we cultured primary endothelial cells from EC-PDLIM1 mice and littermate controls.

Cultured cells were treated with TNFa to induce inflammatory signaling, fixed, and stained for p65. The
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ratio of nuclear to cytoplasmic p65 fluorescence was used as a measurement of p65 nuclear translocation
(Fig 1.2C). Nuclear translocation of p65 is the final step in the NF-xB pathway, and PDLIM1 had been
shown to inhibit this step by sequestering p65 in the cytoplasm'>. We therefore hypothesized that
endothelial cells from EC-PDLIM1 mice would exhibit reduced nuclear p65 concentration in response to
TNFa. However, we found no significant inhibitory effect of PDLIM1 overexpression on p65 nuclear

translocation (Fig 1.2C), suggesting that PDLIM1 may have an alternative role in endothelial cells.

Endothelial PDLIM1 overexpression affects cell adhesion and protein phosphorylation

We next took an unbiased approach to understanding the role of PDLIM1 at the BBB. We created
a mouse line that overexpresses PDLIMI1 in endothelial cells. Specifically, we created a transgene with the
tetracycline-controlled transactivator (tTA) under the Tie2 promoter to express tTA in endothelial cells. We
also created a transgene with Pdlim I and GFP under the tetracycline response element (TRE). Thus, double
transgenic mice (7ie2-tTA;, TRE-Pdliml-IRES-GFP, or “EC-PDLIM1”) overexpress PDLIMI in
endothelial cells, the transgene-expressing cells can be visualized with GFP, and overexpression can be
turned off with the administration of doxycycline (Fig 1.3A). To understand how CNS endothelial cells are
altered by overexpression of PDLIMI1, we acutely isolated brain endothelial cells from adult double
transgenic EC-PDLIM1 mice and single transgenic or wildtype littermate controls. We used a series of
enzymatic digestions and triturations to break up the tissue and then used immunofluorescent staining and
fluorescently activated cell sorting (FACS) to purify endothelial cells. Endothelial cells isolated from EC-
PDLIM1 mice were further sorted into GFP+ and GFP- pools. We performed bulk RNA sequencing on
three cell populations: endothelial cells from littermate control mice, GFP+ endothelial cells from EC-
PDLIM1 mice, and GFP- endothelial cells from EC-PDLIM1 mice. We found that, as expected, Pdlim1
mRNA was highly upregulated in the GFP+ population from EC-PDLIM1 mice compared to the control

and EC-PDLIM1 GFP- populations (Fig 1.3B).

51



We used DAVID bioinformatics to analyze specific biological processes that were up- or
downregulated in the EC-PDLIM1 GFP+ population compared to the control population (Fig 1.3C-D).
Interestingly, one of the most significantly upregulated processes was cell adhesion (Fig 1.3C), suggesting
that endothelial cells might upregulate PDLIM1 as a protective mechanism in disease and injury. These cell
adhesion-related genes upregulated by PDLIM1 overexpression included Frem2, Firt2, ltga4, Npnt, Nidl,
and Pcdhi2 (Fig 1.3E). Protein phosphorylation was among the processes both up- and downregulated (Fig
1.3C-D), suggesting PDLIM1 expression also causes overall shifts in post-translational processing. One of
the most significantly downregulated genes was Reck (Fig 1.3F). RECK is an important co-factor in the
Wnt7a/7b signaling pathway in the CNS'®. However, 4xin2 mRNA expression — commonly used as a
readout of Wnt signaling — was not affected by PDLIMI1 overexpression (Fig 1.3F). Other endothelial
effectors of Wnt signaling such as Tcf7, Lefl, Tcf711, and Tcf712 also did not exhibit significantly altered

mRNA expression (data not shown).

Endothelial PDLIM1 overexpression in a model of multiple sclerosis

PDLIM1 was upregulated in mouse models of TBI, seizures, stroke, and MS, and it was most
strongly upregulated in the EAE model of MS (Fig 1.1A). We therefore used the EAE model to test the
effects of modulating PDLIM1 during disease. To characterize whether PDLIM1 drives BBB dysfunction
or is protective, we induced EAE in EC-PDLIMI1 mice and littermate controls. If PDLIM1 protects BBB
integrity by increasing endothelial cell adhesion, we would expect to see that EC-PDLIM1 mice have
delayed and/or less severe clinical manifestations in EAE. Conversely, if PDLIM1 drives BBB dysfunction,
we would expect mice to exhibit more rapid and/or severe paralysis. Although there was no significant
difference in clinical score between EC-PDLIM]1 mice and littermate controls, EC-PDLIM1 mice trended
towards having a slower and less severe disease course (Fig 1.4). Importantly, these data demonstrate that
constitutively upregulating PDLIM1 expression in endothelial cells prior to and during disease does not
increase disease severity, suggesting that PDLIM1 is not a primary driver of BBB permeability. Although

the effect did not reach statistical significance, the EC-PDLIMI1 group had a consistently lower average
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clinical score from 8-21 days post immunization, suggesting that PDLIM1 may indeed protect the BBB in

contexts of neurological disease.
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Figure 1.1 Endothelial PDLIM1 expression correlates with vascular permeability in health and
disease. A-C) Pediatric controlled cortical impact (CCI), kainic acid (KA), permanent middle cerebral
artery occlusion (MCAO), and experimental autoimmune myoencephalitis (EAE) were used to model
traumatic brain injury (TBI), seizures, stroke, and multiple sclerosis (MS), respectively. A) RNA
sequencing was performed on isolated endothelial cells from the affected region at four different timepoints
for each disease. Pdliml expression was upregulated in each disease at both the acute and subacute
timepoints. B) Mice were perfused with NHS-sulfo-biotin to visualize BBB leakage (green). Sections were
also stained for CD31 (blue) and PDLIMI1 (red). C) Vascular length positive for PDLIM1 was quantified
within leakage and control regions in each disease model. PDLIM1+ vascular length was dramatically
increased in regions of BBB leakage. D) RNA sequencing was performed on endothelial cells isolated from
brain, heart, lung and liver, as well as on whole brain homogenate. Pdlim1 is expressed in peripheral, but
not CNS, endothelial cells.
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Figure 1.2 PDLIM1 failed to inhibit Wnt signaling, and inhibited NF-kB signaling in HEK293 cells
but not primary endothelial cells. A) HEK293 cells were transfected with firefly and Renilla luciferase,
as well as Wnt7a, Fzd4, Gpri24, Reck, and Pdliml or a control vector. Firefly luciferase was under the
TCF/LEF promoter such that firefly luminescence was a proxy for Wnt signaling, and Renilla luciferase
acted as a transfection control. Pdl/iml transfection did not significantly alter the firefly:Renilla
luminescence ratio. B) HEK293 cells were transfected with firefly and Renilla luciferases as well as Pdlim1
or a control vector. Firefly luciferase was expressed under control of NF-kB such that luminescence was a
proxy for NF-kB signaling, and Renilla was used as a transfection control. Cells were then treated with
vehicle or TNFa. Pdliml transfection significantly inhibited firefly:renilla luminescence ratio in both
vehicle and TNFa conditions (p=0.0235; p<0.0001). C) Primary endothelial cells were isolated from
control or EC-PDLIM1 mice and cultured. They were treated with vehicle or TNFa (20 ng/mL) for 24
hours, then fixed and stained for p65. p65 fluorescence was quantified in endothelial nuclei and cytoplasms,
with the average ratio per cell signifying nuclear translocation of p65. TNFa treatment increased p65
nuclear translocation (p<0.0001), but PDLIM1 overexpression did not inhibit this increase.

55



Figure 1.3 PDLIM1 overexpression increases cell adhesion molecules and alters post-translational
modification. A) Tie2-tTA mice were mated to TRE-Pdlim1-IRES-GFP mice to create “EC-PDLIM1” mice
which overexpress PDLIMI1 in endothelial cells. B-F) Brains from EC-PDLIM double transgenic and
littermate control mice were dissected and dissociated, and endothelial cells were isolated by FACS for
RNA sequencing. Three populations were taken from each pair of mice: endothelial cells from the control
mice, GFP+ endothelial cells from EC-PDLIM1 mice, and GFP- endothelial cells from the same EC-
PDLIM1 mice. B) PDLIM1 expression was highly upregulated from control levels in GFP+ but not GFP-
endothelial cells from EC-PDLIM1 mice. C-D) DAVID was used for biological processes analysis
comparing control and EC-PDLIM1 GFP+ endothelial cells. Enriched pathways in GFP+ endothelial cells
included cell adhesion. Genes associated with protein phosphorylation were both up- and downregulated.
E) Expression levels of six cell-adhesion related genes significantly upregulated in EC-PDLIM1 GFP+
endothelial cells. F) Reck expression was downregulated in EC-PDLIM1 GFP+ endothelial cells, but Axin2
levels did not change.
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Figure 1.4 PDLIM1 overexpression in a model of multiple sclerosis. EAE was induced in 10-15-week-
old male and female EC-PDLIM1 mice (green) and littermate controls (black). Mice were observed each
day and scored based on levels of paralysis, with a score of 0 indicating no symptoms and a score of 4
indicating full hindlimb paralysis. There were no significant differences in clinical score at any day of the
disease course as assessed by two-tailed Student’s t-test.
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Discussion

BBB disruption occurs in neuropathologies with vastly diverse etiologies. For instance, MS, stroke,
TBI, and seizures are driven by inflammation, hypoxia, physical impact, and neuronal hyperactivity, and
yet all lead to increased BBB permeability. Munji and Soung et al. found that, at acute timepoints after
disease onset, transcriptomic changes in CNS endothelial cells varied among diseases®. However, by the
subacute timepoint — the point at which BBB leakage is the most severe — the disease-related endothelial
gene profiles were more similar across diseases, suggesting the existence of a BBB dysfunction gene
cassette that is common across various neuropathologies®. This information is incredibly promising, as it
increases the likelihood that a drug could be targeted to help prevent BBB leakage not in just one disease
but in a wide range of neurological conditions. In trying to identify novel targets to modulate BBB function
in disease, we found that PDLIM1 — a protein not previously studied in the context of the BBB — was
upregulated in endothelial cells in all four disease models. We became most excited about PDLIM1 when
we assessed its spatial expression in the CNS during disease. PDLIM1 was largely absent from healthy
vasculature but, quite strikingly, was expressed throughout the vasculature specifically within regions of
biotin leakage. This was exciting to us because, to our knowledge, there is no other endogenous protein
whose expression so specifically distinguishes areas of BBB permeability without use of a tracer.

A protein upregulated during disease might be contributing to dysfunction or helping to protect
against damage. PDLIMI has been shown to perform a myriad of roles in different cell types and organ
systems. It has been mostly studied in cancer, where it promotes metastasis in some cancers and prevents
it in others. PDLIMI is a cytoplasmic protein that associates with the actin cytoskeleton. It is thus in a
perfect position to anchor signaling molecules to the cytoskeleton, preventing nuclear translocation and
downstream signaling. For instance, PDLIM1 has been shown to prevent B-catenin and p65 nuclear
translocation, thus inhibiting epithelial-mesenchymal transition and NF-kB signaling, respectively®'>. We
hypothesized that PDLIM1 might drive BBB disruption by inhibiting Wnt signaling (which relies on 3-

catenin nuclear translocation) or might reduce inflammation by decreasing NF-kB signaling. However, we
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were unable to show that PDLIM1 inhibited either of these processes in endothelial cells in vitro. It is still
possible that PDLIM1 plays one or both of these roles in vivo. Intriguingly, we found that RECK, a co-
factor for the CNS endothelial cell Wnt7a/7b receptor, FZD4'® was downregulated by overexpression of
PDLIMI1 (Fig 1.3F). Perhaps more interestingly, it was downregulated not only in the GFP+ cell population
but also the GFP- cell population from EC-PDLIM1 mice. We hypothesized that perhaps PDLIM1 was
inhibiting Wnt signaling in endothelial cells and that, in response, more Wnt7a/7b was being produced in
the brain as a compensatory mechanism, leading to the downregulation of RECK in a negative feedback
loop. We tested this hypothesis by performing a qPCR for Wnt7a and 7b in whole brain homogenate. We
did not find any differences in brain production of Wnt 7a/b in EC-PDLIM1 mice compared to littermate
controls (data not shown). Thus, the reason for or effect of RECK downregulation by PDLIMI1
overexpression remains unclear.

In analyzing how PDLIM1 overexpression alters the brain endothelial transcriptome, we found that
PDLIM1 overexpression induced upregulation of a handful of cell adhesion molecules (Fig 1.3C, E). These
genes do not fall into a specific category. Frem?2 and [tga4 are BBB-enriched compared to peripheral
endothelial cells, while Nidl and Pcdhl?2 are periphery-enriched’. FREM2 and NID1 are extracellular
matrix proteins, while FLRT2, ITGA4, and PCDH12 are membrane proteins. Their common denominator
is arole in cell adhesion. The fact that PDLIM1 overexpression promotes cell adhesion in a general fashion
suggests that it might be playing a protective role in disease. However, especially since most of these cell-
adhesion molecules are expressed not only in the GFP+ but also the GFP- populations from EC-PDLIM1
mice, like the downregulation of RECK, it is possible these cell adhesion molecules were upregulated as a
defense mechanism against PDLIM1-driven BBB disruption. Importantly, in the EAE model of MS,
overexpression of PDLIMI1 did not exacerbate disease severity and instead trended towards delaying and
slowing disease progression. These data support the notion of PDLIM1 as a protective rather than harmful
at the BBB (NYY).

Future directions include inducing disease models in Pdlim1” and littermate controls to assess how

preventing PDLIM1 upregulation alters disease course and the transcriptome of brain or spinal cord
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endothelial cells. This unbiased approach will allow us to further examine how PDLIM1 contributes to or

prevents BBB dysfunction during disease.
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CHAPTER 11

Microglia are not necessary for blood-brain barrier properties in healthy brain vasculature

Abstract

Microglia are resident immune cells of the central nervous system, yet their functions expand far
beyond those related to pathology. From pruning neural synapses during development to preventing
excessive neural activity throughout life, microglia are intimately involved in the brain’s most basic
processes. While studies have reported both helpful and harmful roles for microglia at the blood-brain
barrier (BBB) in the context of pathology, much less work has been done to understand microglia-
endothelial cell interactions in the healthy brain. Here, to probe the role of microglia at the healthy BBB,
we used the colony-stimulating factor 1 receptor (CSF1R) inhibitor PLX5622 to deplete microglia. We then
analyzed blood-brain barrier structure, permeability to tracers, and transcriptome. We found that microglia
are not necessary for endothelial barrier function in the healthy brain. However, this does not preclude a

meaningful microglial-endothelial cell interaction in contexts aside from barrier function.

Introduction

Microglia were first clearly visualized in 1919 by Pio del Rio-Hortega, and in 1924 became widely
recognized as a distinct cell-type'. In the century since, research has shed light on the complex roles of
microglia in countless brain processes throughout life. We now know that microglia are incredibly dynamic
cells, constantly moving their ramified processes to survey their environment®*. Studies have described the
different “personalities” microglia can adopt in different situations, acting as patrollers, circuit sculptors,
protectors, or villains depending on the context. Indeed, while many researchers have distinguished between
polarized pro- and anti- inflammatory states by referring to them as M1 and M2 microglia, respectively,
others have argued that this terminology oversimplifies the range of microglial phenotypes®.

While perivascular, meningeal, and choroid plexus macrophages occupy different niches within the

central nervous system (CNS), microglia are the only CNS parenchymal macrophages. They arise from
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yolk sac progenitors, traveling to the brain at approximately embryonic day 9.5 (E9.5) in the developing
mouse’. From the early days of their residency in the brain, microglia are intimately involved in refining
neural circuits via synaptic pruning®®. Their interaction with CNS vasculature also begins early.
Juxtavascular microglia migrate along blood vessels as they colonize the developing brain’, and microglia
interact with endothelial tip cells to promote vascular anastomosis'’. In the adult brain, approximately 20-
30% of microglia make somatic contacts with vasculature”'". Interestingly, this interaction is even higher
in the first week of postnatal development in mice and at gestational weeks 18-24 in humans’, although the
functional reason for this peak is still undefined. In addition to somatic contacts with vasculature, microglia
often contact vasculature with their dynamic processes, reaching between astrocyte endfeet to touch the
endothelial basement membrane'.

Despite the physical interaction between microglia and endothelial cells in the healthy CNS,
research on this interaction has primarily focused on how microglia impact the blood-brain barrier (BBB)
in disease states. Several groups have shown that microglia can actively help repair the BBB after injury.
Fernandez-Lopez and colleagues found that, after neonatal stroke, microglial depletion increased
hemorrhage in the injured region'®. Lou and colleagues demonstrated that, upon two-photon laser injury of
a single capillary, microglia immediately extend processes towards injury and help to reseal the BBB'*. In
zebrafish, Liu and colleagues captured videos of microglia adhering to two ends of an injured vessel, using
mechanical forces to pull the endothelial cells back together'>. However, there is also evidence that
microglia might accelerate BBB dysfunction in some cases, likely in more extreme cases of
neuroinflammation. For instance, microglia can be observed forming perivascular clusters in EAE, a mouse
model of MS. At the peak of EAE, these clustered microglia produce increased levels of reactive oxygen
species'®, known mediators of BBB disruption. It is likely that microglia can be both harmful and protective
at the BBB in the context of disease, even playing dual roles within the time course of a single disease. For
example, microglia were shown to be initially protective but eventually harmful to BBB integrity during

systemic inflammation'’.
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Despite a demonstrated — albeit dual — functional role for microglia at the BBB in pathological
states, there is no clear understanding of whether microglia regulate the individual properties of the BBB
(tight junctions, limited transcytosis, efflux, nutrient transport, limited leukocyte adhesion molecules).
While Elmore et al. reported no BBB breakdown upon microglial depletion'®, they assessed the BBB by
imaging the intact brain to detect parenchymal extravasation of Evans Blue dye, a method that would likely
only reveal severe BBB disruption. Delaney et al. suggest that reduced CSFIR signaling can cause
remodeling of BBB tight junctions in vitro, and they show evidence of vascular pathology in post-mortem
samples from people with a CSFIR mutation'®. However, any direct link between CSF1R signaling and
BBB dysfunction has yet to be clearly demonstrated in vivo.

In this study, we probed the effect of microglial depletion on BBB structure, permeability, and
transcriptome. We used a selective CSF1R inhibitor, PLX5622, to deplete microglia, reaching about 95%
elimination. After one month of depletion, we assessed BBB structure via transmission electron microscopy
(TEM). We used two different fluorescent tracers, sodium fluorescein and rhodamine 123, to probe barrier
permeability. Finally, we acutely purified endothelial cells from control and microglia-deficient mice and
performed RNA sequencing to determine the effects of microglial depletion on the endothelial
transcriptome. We found that microglial depletion does not affect BBB structure or function and does not

alter expression of genes associated with barrier properties.

Methods
Animals

Experiments were performed on 8-15-week-old male C57BL/6 mice purchased from Charles River
Laboratories. PLX5622 was provided by Plexxikon, Inc. and incorporated into the AIN-76A rodent diet
(D100011) at 1200 mg/kg (D111004041) by Research Diets, Inc. AIN-76A diet was used as a control. Both
diets were irradiated prior to use. All experiments were performed one month after diet onset. All

experiments were approved by the Institutional Animal Care and Use Committee at UCSD.
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Transmission electron microscopy (TEM)

Mice were transcardially perfused with DPBS followed by 15 mL of 2% paraformaldehyde and
2.5% glutaraldehyde in 0.15M sodium cacodylate buffer. Brains were dissected and post-fixed in the same
solution overnight at 4°C. Small cubes were cut from cortex and processed by the CMM Electron
Microscopy Facility. Ultrathin sections were cut on a Leica microtome with a diamond knife and stained
with uranyl acetate and lead. Images were captured on a JEOL 1400plus TEM at 80 kV with a Gatan 4kx4k

camera. At least 20 individual vessel cross-sections were imaged per animal.

Tight junction and transcytosis analysis

The length of tight junctions across all TEM images was measured using the ImageJ line tool and
converted to nanometers using the image scale bar. Sum length of all tight junctions was divided by the
number of tight junctions to determine average tight junction length. Invaginating vesicles were counted
across all images for each mouse. The total number of invaginating vesicles was divided by the number of

vessel cross-sections analyzed.

Sodium fluorescein

Mice were injected (i.p.) with 25 mg/kg sodium fluorescein salt (Sigma F6377), 2 mg/mL in PBS.
After 90 minutes, blood samples were taken from the right ventricle and transferred to an EDTA-coated
tube on a rotator. Mice were perfused with DPBS. Brains were dissected, meninges were removed, and
cortex and hippocampus were flash frozen. Plasma was collected from blood samples and flash frozen.
Samples were stored at -80°C until further processing. Tissue was homogenized in PBS, plasma was diluted
in PBS, and 2% TCA was added to each to extract sodium fluorescein overnight. Samples were spun, and
supernatant was collected and diluted with borate buffer. A Tecan Infinite 200 plate reader was used to
measure fluorescence (excitation 480, emission 538). Wells of 0.5% TCA, 50% borate buffer, and 25%

PBS were used as a background control. Average of background signal was subtracted from that of each
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experimental well. Brain fluorescence was divided by blood fluorescence within each sample to determine

the amount of parenchymal extravasation.

Rhodamine 123

Mice were injected with 2 mg/mL rhodamine 123 (1:4 DMSO:sterile saline) at a dose of 25 mg/kg.
Mice were perfused with DPBS. Brains were dissected, meninges were removed, and cortex and
hippocampus together were flash frozen. Plasma was collected from blood samples and flash frozen.
Samples were stored at -80°C until processing. Tissue was homogenized in PBS, plasma was diluted in
PBS. Rhodaminel23 was extracted by vortexing and incubating overnight with butanol. A Tecan Infinite
200 plate reader was used to measure fluorescence (excitation 505, emission 560). Wells of butanol were
used as a background control. Average of background signal was subtracted from that of each experimental
well. Brain fluorescence was divided by blood fluorescence within each sample to determine the amount

of parenchymal extravasation.

Endothelial enrichment

Endothelial enrichment was performed as described in Chapter 1. Cells were stained with AF647-
conjugated anti-CD31 (Molecular Probes A14716), FITC-conjugated anti-CD13 (BD Biosciences 558744),
FITC-conjugated anti-CD45 (eBioscience 11-0451-85), FITC-conjugated anti-CD11b (eBioscience), and
DAPI. Cells positive for 647 and negative for FITC and DAPI were sorted into trizol at the UCSD Flow
Cytometry Research Core Facility. RNA isolation was performed with the Qiagen RNeasy Micro kit

(74004).

RNA sequencing and bioinformatics

RNA sequencing and bioinformatics were performed as described in Chapter 1.
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Results

Microglial depletion does not affect tight junctions or transcytosis at the BBB

To determine whether microglial depletion affects BBB structure, adult wildtype mice were fed
control chow or chow containing 1200 mg/kg of the colony stimulating factor 1 receptor (CSF1R) inhibitor
PLX5622 for one month. At this time point, mice fed PLX5622 chow exhibited 95% microglial depletion
(Fig 2.1A-B). TEM was used to image cross-sections of blood vessels in cortical tissue from control and
microglia-depleted mice. Twenty vessels per mouse were analyzed for BBB structural abnormalities.
ImageJ was used to quantify tight junction length, and the number of invaginating vesicles in each vessel
was counted (Fig 2.2A). Tight junctions from control mice were an average length of 385.0 = 49.38 nm,
and tight junctions from microglia-depleted mice were 480.9 = 93.58 nm, a non-significant difference
(p=0.416) (Fig 2.2B). Furthermore, control and microglia-depleted mice had 0.3 + 0.15 and 0.3 £+ 0.12
actively invaginating vesicles per vessel cross-section, respectively (p>0.999) (Fig 2.2B). Together, these

data suggest that microglia do not regulate tight junction length or transcytosis at the healthy BBB.

Microglial depletion does not alter BBB permeability

To determine whether microglial depletion alters BBB permeability, adult wildtype mice were fed
control or PLX5622 diet for one month. Mice were then injected with either sodium fluorescein or
rhodamine 123 to detect BBB permeability. Sodium fluorescein is a small, hydrophilic molecule, and its
detection in the brain parenchyma might signify disrupted tight junctions between neighboring endothelial
cells. Rhodamine 123, in contrast, is a hydrophobic PGP substrate, and its increased presence in the brain
parenchyma could be evidence of dysfunctional efflux transport at the BBB. Each tracer was injected i.p.
and allowed to circulate for 1.5 hours. Prior to perfusion with DPBS, a sample of blood was taken from the
right ventricle of the heart. After perfusion, the cortex and hippocampus were dissected and homogenized,
and the tracer was extracted. Fluorescence of brain and blood samples was quantified using a plate reader,
and permeability was measured as the ratio of brain:blood fluorescence (“permeability ratio”), with higher

ratios being indicative of greater BBB permeability. Microglial depletion did not significantly alter the
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permeability ratio of either sodium fluorescein or rhodamine 123. Control and PLX5622-treated mice
exhibited permeability ratios of 0.084 £+ 0.007 and 0.073 + 0.005, respectively (p=0.183) in the sodium
fluorescein assay (Fig 2.2C). In the rhodamine 123 assay, control and PLX5622-treated mice exhibited
permeability ratios of 0.014 + 0.001 and 0.011 £ 0.001, respectively (p=0.150) (Fig 2.2C). Together, these
data suggest that microglia do not regulate BBB permeability to small hydrophilic or hydrophobic

molecules.

Microglial depletion does not alter expression of BBB genes

Finally, to explore whether microglia depletion affects the expression of BBB-related genes, mice
were fed control or PLX5622 chow for one month. Forebrain endothelial cells were acutely isolated with a
series of enzymatic digestions and mechanical dissociations. Cells were stained for markers of endothelial
cells, pericytes, microglia and dead cells. Fluorescently activated cell sorting (FACS) was used to
negatively sort for dead cells, pericytes, and microglia and to positively sort for endothelial cells.
Endothelial cell RNA was then isolated for bulk RNA sequencing. We compared mRNA expression levels
of genes coding for tight junction proteins, efflux transporters, nutrient transporters, regulators of
transcytosis, and leukocyte adhesion molecules. There were no significant differences in the expression of
this module of BBB genes (Fig 2.3), suggesting that microglial are not necessary for the expression of BBB
properties. We did, however, find that PLX5622 treatment increased endothelial expression of cholesterol

synthesis enzymes and uptake receptor. This surprising finding will be discussed in Chapter I11.
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Figure 2.1. One month of PLX5622 diet significantly depletes microglia. Adult wildtype mice were fed
control or PLX5622 (1200 mg/kg) diet for one month. A) Representative images of 10um sections stained
with IBA1 demonstrate that PLX5622 diet significantly depletes microglia. B) Microglial cell bodies in the
cortex were counted in five 20x images per mouse. Each image came from a distinct 10pum section. Data
are represented as a percentage of microglia normalized to the average control value. Each data point
represents one mouse (n=3; p<<0.0001)
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Figure 2.2. Microglial depletion does not affect BBB structure or function. Adult wildtype mice were
fed control or PLX5622 (1200 mg/kg) diet for one month to deplete microglia. A) Mice were perfusion-
fixed with glutaraldehyde and pieces of cortex were prepared for TEM. Images show examples of tight
junctions (left) and invaginating vesicles (right). B) Quantification of TEM images. Length of tight
junctions were measured using ImageJ (left; n=3; p=0.416) and the number of invaginating vesicles were
counted (right, n=3, p>0.999) across vessel cross-sections. Each data point represents one mouse, and error
bars represent SEM. Tight junction length is an average of all tight junctions found across cross-sections
per mouse. Invaginating vesicles is the average number of invaginating vesicles found per cross-section for
each mouse. C) Mice were injected with sodium fluorescein or rhodamine 123. 90 minutes later, a blood
sample was taken from the right ventricle and mice were perfused with DPBS. Brains were dissected and
homogenized, and tracers were extracted from both plasma and brain homogenate. Fluorescence in brain
and blood were measured, and permeability was quantified as a ratio of brain:blood fluorescence. There
were no group differences in permeability to sodium fluorescein (left; n=9-12; p=0.183) or rhodamine 123
(right; n=12; p=0.150). Error bars represent SEM.
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Figure 2.3 Microglial depletion does not alter expression of genes associated with BBB properties.
Adult wildtype mice were put on control or PLX5622 (1200 mg/kg) diet for one month. Brains were
dissected and dissociated in a series of enzymatic digestions and mechanical triturations. Endothelial cells
were isolated by FACS and bulk RNA sequencing was performed on isolated mRNA. Expression is
presented in counts per million (n=3 per group); error bars represent SEM. There were no significant
differences among any genes associated with classic BBB properties (p-adj > 0.05 for all genes).
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Discussion

The neurovascular unit includes endothelial cells, the pericytes and smooth muscle cells that lie
across the endothelial basement membrane, and the astrocytes that ensheath the vasculature with their
endfeet. The neurovascular unit can also include perivascular macrophages and perivascular fibroblasts,
although these cell types are associated with larger vessels rather than capillaries. Diagrams of the
neurovascular unit are sometimes void of microglia, and in other cases microglia are depicted floating off
to the side in the parenchymal space. However, a subset of microglia intimately associates with blood
vessels in the healthy brain; either their somas contact the vasculature, or they stick one of their dynamic
processes in between astrocyte endfeet to touch the endothelial basement membrane. There is still much to
understand about the functional relevance of these contacts.

While pericytes have recognized functional roles in generating and maintaining BBB properties, it
was unknown whether microglia might influence barrier properties. Elmore et al. reported that microglial
depletion does not disrupt the BBB'®, but their methodology — dye injection and imaging of the whole brain
from above — was likely not sensitive enough to detect small changes in vascular permeability. Furthermore,
the BBB is not simply “open” or “closed”. There are a series of BBB properties that might be altered without
increasing permeability to non-specific molecules. For instance, a change in specialized transport of
particular ions or nutrients would not lead to increased extravasation of injected tracers but would still alter
the extracellular environment of the CNS.

Thus, to answer the question of whether microglia play a functional role at the healthy BBB, we
depleted microglia and assessed BBB structure, permeability, and expression of genes associated with BBB
properties. We found no significant differences in tight junction length, rates of transcytosis, permeability
to different types of molecules, or expression of genes associate with junctional proteins, efflux transporters,
specialized nutrient transporters, or leukocyte adhesion molecules. The two tracers used to measure BBB
permeability were chosen because of their different polarities. Sodium fluorescein is a small, hydrophilic
molecule that would likely cross the BBB paracellularly or via vesicle transport. Rhodamine 123, in

contrast, is a small, hydrophobic molecule that is able to diffuse across the endothelial cell membrane.
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However, it is a substrate for the efflux transporter PGP and thus is pumped back into the bloodstream.
These tracers therefore test two different types of permeability functions of endothelial cells, both of which
seem to be intact in microglia-depleted mice.

Lastly, we found no differences in the expression of genes associated with BBB properties, helping
to confirm our structural and functional data. It is important to note that while we found no functional role
for microglia in maintaining the healthy BBB, this does not mean that microglia do not have other functional
roles at the vasculature. For example, two recent studies suggest that microglial P2RY12 signaling is

11,20

involved in neurovascular coupling *~. More work is needed to fully explore microglia-vascular

interactions in the healthy CNS.
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CHAPTER 111

Dynamic, activity-dependent regulation of vascular cholesterol metabolism in the healthy brain

Abstract

Current dogma considers brain and systemic cholesterol to be different pools, with brain cholesterol
synthesized de novo primarily by astrocytes and oligodendrocytes. Brain endothelial cells — which sit at the
border of these two separate pools — are not considered to be significant producers or transporters of
cholesterol, and thus not much is known about the regulation or function of brain endothelial cholesterol
metabolism. To our surprise, we found that treatment with PLX5622, a CSF1R inhibitor widely used to
deplete microglia, causes brain endothelial cells to upregulate cholesterol synthesis enzymes and the
cholesterol uptake receptor, low-density lipoprotein receptor (LDLR). This effect was restricted to CNS
endothelial cells, occurred throughout the vascular tree, and was independent of microglial depletion. Here
we show that brain endothelial cholesterol metabolism is bi-directionally regulated by neuronal activity:
neuronal activity increases expression of endothelial cholesterol synthesis and uptake machinery, and
neuronal silencing has the opposite effect. Furthermore, brain endothelial cholesterol inhibits arteriole
dilation in response to capillary K* stimulation, suggesting that brain endothelial cholesterol synthesis and

uptake act as a negative feedback mechanism for the processes of neurovascular coupling.

Introduction

The endothelial cells that comprise the inner walls of CNS blood vessels lie at the interface between
two rapidly changing environments. On the luminal side, endothelial cells are exposed to the blood and its
milieu of proteins, lipids, small molecules, red blood cells, and leukocytes. On the abluminal side,
endothelial cells interact with the CNS parenchyma and its intricate circuits of electrical and chemical
communication. CNS endothelial cells are tasked with the role of protecting CNS cells from any bloodborne
menaces, but they also play an essential role in making sure that neurons and other active brain cells have

the energy and nutrients needed for proper function. Many of these crucial molecules must be transported
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from the bloodstream through the blood vessel walls. Compared to peripheral endothelial cells, CNS
endothelial cells possess unique properties that allow them to create a protective barrier as well as
selectively transport specific molecules across it.

While CNS endothelial cells’ barrier properties have been studied in depth, the field is just
beginning to shed light on another important role for CNS endothelial cells in maintaining proper brain
function. It was over a century ago that scientists found the first pieces of experimental evidence suggesting
neural activity stimulates changes in blood flow dynamics'?. The field has since come to appreciate that
there is increased local blood flow following neuronal activity, thus ensuring that active neurons have
sufficient oxygen and energy. This phenomenon is called “neurovascular coupling” (NVC). NVC is
executed by constriction and dilation of smooth muscle cells (SMCs), causing constriction or dilation of
underlying blood vessels. It was long thought that endothelial cells play only a passive role in this process,
but recent work has uncovered that endothelial cells are indeed active NVC participants*®. There is likely
much more to understand about endothelial participation in and regulation of NVC.

Many factors released from several cell types contribute to NVC. These factors include ionic
byproducts of neuronal activity itself, such as potassium ions (K'). Neuronal activity increases the
extracellular K* concentration, which activates abluminal Kiz2.1 channels on endothelial cells and SMCs”.
Capillary K activation causes endothelial cell hyperpolarization, and this current travels upstream — likely
via endothelial gap junctions’ — leading to upstream arteriole dilation due to endothelial-SMC signaling and
SMC relaxation’. On the other hand, luminal Kir channels as well as calcium-sensitive K" (Kca) channels
help arteries sense and respond to changes in shear stress and blood pressure not only in the brain but
throughout the body®”.

A collection of studies has identified lipids as mediators of Kir activity. Depletion of
phosphatidylinositol 4,5-biphosphate (PIP,), a minor phospholipid component of cell membranes, has been
shown to reduce endothelial Kir current, inhibiting capillary K" stimulation-mediated hyperemia'® and
rendering resistance arteries less sensitive to laminar flow''. Cholesterol has also been shown to mediate

Kir current in various cell lines; an increase in cellular cholesterol dampens Kir current, while depleting
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cholesterol or replacing it with an optical isomer increases current''". Furthermore, endothelial Kir
dysfunction underlies deficits in flow-induced vasodilation in obese mice and humans'.

As Kir channels play a crucial role in NVC, and as dysfunctional NVC can lead to cognitive
deficits'"®, Kir activity in brain vasculature is likely tightly regulated. We recently found that increasing
neuronal activity upregulates brain endothelial expression of cholesterol synthesis enzymes, cholesterol
synthesis regulators, and the cholesterol uptake receptor low-density lipoprotein receptor (LDLR).
Conversely, silencing neuronal activity has the opposite effect, decreasing expression of these cholesterol-
related genes in brain endothelial cells'® (Fig 3.10A). The current dogma is that peripheral and brain
cholesterol are largely separate pools, and the brain synthesizes its own cholesterol, with most synthesis
occurring in astrocytes and oligodendrocytes'’""’. Here we identify a new role for CNS endothelial cell
cholesterol production and uptake. We show that brain endothelial cells dynamically regulate cholesterol
synthesis and uptake in vivo, and that endothelial cholesterol can act as a negative feedback mechanism to

suppress K'-induced arteriole dilation.

Methods
Animals

Adult C57BL/6 mice were ordered from Charles River Laboratories or Jackson Labs. In diet
experiments, mice were between 8-15 weeks of age except for long-term PLX5622 administration. For
long-term administration, mice were put on diet at 2 months of age and tissue was collected 17.5 months
of age. Special diets were manufactured by Research Diets, Inc. and included: AIN-76A control diet
(D100011), PLX5622 diet at 1200 mg/kg (D11100404i), high-fat diet with 60% kcal fat (D12492i), and
high-fat diet with PLX5622 added at 1200 mg/kg (D151113011). PLX5622 was provided by Plexxikon,
Inc. or purchased from MedChem Express. All diets were irradiated prior to use. For acute PLX5622
timepoints <24 hours, onset of diet occurred at 6pm at the beginning of the mice’s dark (waking) cycle.
Male mice were used for sequencing experiments and most histology analysis, but the phenotype was

confirmed in female mice. A mix of male and female mice were used for lipidomics, the capillary-
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parenchymal arteriole preparations, and neuronal silencing experiments. All experiments were approved by
the Institutional Animal Care and Use Committee at UCSD.

For astrocyte mRNA isolation, RiboTag mice (Rpl22"™!'***"/SjJ)—which contain a ribosomal
protein (Rpl22) with a floxed C-terminal exon followed by an identical exon tagged with hemagglutinin
(HA) were mated to mice in which Cre-recombinase is driven by GFAP (B6.Cg-Tg(Gfap-cre)73.12Mvs/J).
Both mouse lines were purchased from Jackson Labs (#029977; #012886).

CamKlIla-tTA mice® were crossed to TRE-M4Di mice*' (hM4Di-Silencing) to generate a tool to
silence glutamatergic neurons. Littermates not expressing the DREADDs were used as controls. [P injection
of 1.0 mg/kg CNO strongly attenuated gamma LFP power and largely did not affect locomotor activity'®.

Tissue from adult P2ry12-CreER™; Csf1rf/ mice was kindly provided by Dr. Tom Arnold. Mice
were given eight days of tamoxifen treatment to deplete microglia prior to tissue collection on the ninth
day. Tissue from P20 Csf7r”" mice was kindly provided by Dr. Chris Bennett. Control samples for Csf1r""

mice were wildtype and heterozygous littermates of knockouts.

Endothelial enrichment

Endothelial cells were enriched as described in Chapter I. Cells were stained with AF647-
conjugated anti-CD31 (Molecular Probes A14716), FITC-conjugated anti-CD13 (BD Biosciences 558744),
FITC-conjugated anti-CD45 (eBioscience 11-0451-85), FITC-conjugated anti-CD11b (eBioscience),
BV421-conjugated anti-PDGFRa (BD Horizons 562774), and DAPI. Cells positive for 647 and negative
for FITC, BV421, and DAPI were sorted into trizol at the UCSD Flow Cytometry Research Core Facility.

For single-cell sequencing, cells were sorted into 0.04% BSA in PBS instead of trizol.

Glial enrichment

GFAP-Cre mice (control and PLX5622 groups) were euthanized with CO», a half forebrain from

each mouse was dissected and homogenized in RNase-free water with 1% NP-40, 0.1M KCI, 50 mM Tris,
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and 12 mM MgCl, supplemented with 0.1 mg/mL cycloheximide, protease inhibitors, 1 mg/mL heparin,
RNAsin, and 1mM DTT. Homogenized tissue was spun down and supernatant was incubated with anti-HA
(CST 3724) at 1:160 for four hours at 4°C. Magnetic IgG beads (Pierce 88847) were added and incubated
overnight. Beads were washed 3 times with high salt buffer (RNase-free water with 0.3 M KCl, 1% NP-40,
50 mM Tris, 12 mM MgCl,, 0.1 mg/mL cycloheximide, and 0.5 mM DTT) using a magnetic stand. RLT
lysis buffer + 1% PME was added to beads and vortexed. Supernatant was collected and mRNA was

purified by Qiagen RNAeasy Micro kit (74004).

Bulk RNA sequencing and bioinformatics

Bulk RNA sequencing and bioinformatics were performed as described in Chapter 1. The log, (fold
change) of each sample compared to the average of control samples was used to create heat map

visualizations.

Single-cell sequencing and bioinformatics

Gene counts were obtained by aligning reads to the mm10 genome (refdata-gex-mm10-2020-A)
using CellRanger software (v.6.0.1 — 10X Genomics). Using Seurat (v.4.0), quality control was performed
using the following: 1) outliers with a high ratio of mitochondrial RNAs (>5%, <200 features) relative to
endogenous RNAs and homotypic doublets (>5000 features) were removed in Seurat; 2) after scTransform
normalization and integration, doublets and multiplets were removed using DoubletFinder; 3) cells were
manually inspected using known cell-type specific marker genes, cells expressing more than one cell-type
specific marker were removed.

In Seurat (v.4.0), gene counts were first normalized using scTransform, then Integration function
was used to align data with default settings. Genes were projected into principal component (PC) space
using the principal component analysis function RunPCA. The first 30 dimensions were used as inputs into

Seurat’s FindNeighbors and FindClusters functions. Then, RunUMAP function with default settings was
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used to calculate 2-dimensional UMAP coordinates and search for distinct cell populations. Distinct cell
types were determined using known cell-type specific markers. Differential gene expression of genes
comparing PLX to control samples was performed with the FindMarkers function, specifically utilizing the

Wilcoxon Rank Sum test.

Immunohistochemistry

Mice were transcardially perfused with DPBS followed by 4% paraformaldehyde in PBS. Tissue
was cryopreserved in 30% sucrose, frozen in 2:1 OCT:30% sucrose and sectioned at 10 pum thickness.
Sections for LDLR staining were further fixed in ice-cold methanol for 10 minutes. Sections for IBAI
staining were further fixed with 5 minutes of 4% PFA. All slides were blocked with 10% donkey serum,
0.2% triton-x-100 in PBS. Primary antibodies against LDLR (R&D Systems AF2255), IBA1 (Wako 019-
19741; Novus Bio NB100-1028) and CD31 (BD Biosciences 553370) were used at 1:1000 (LDLR, CD31,
Wako anti-IBA1) or 1:500 (Novus Bio anti-IBA1) with 10% blocking solution in PBS and incubated
overnight at 4°C. Fluorescently conjugated secondary antibodies (Life Technologies) were used at 1:1000

and incubated for 1.5 hours at room temperature. Slides were coverslipped using DAPI-Fluoromount-G

(SouthernBiothech 0100-20) and imaged with a Zeiss Axio Imager.D2.

Analysis of LDLR+ vascular length

To quantify LDLR+ vascular length, sections were stained for LDLR and CD31. LDLR signal was
traced using the ImageJ line tool, with each segment saved as an ROI. ROIs were then opened on the CD31
channel, and any ROI not corresponding to CD31+ vasculature was deleted. The remaining ROIs were
measured, and the sum of their lengths was used as the length of LDLR+ vasculature. The rest of the LDLR-
/CD31+ vascular segments were then traced in the same way, and the ROIs measured. The sum total length
of all segments was used as the vascular length. Percent vascular length was calculated as (LDLR+ vessel

length)/(total vessel length)*100.
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Microglial repopulation

For standard repopulation experiment, mice were kept on AIN-76A or PLX5622 diet for three
weeks. After three weeks, the PLX5622 diet group was switched back to AIN-76A control diet for two
weeks before tissue collection. For acute repopulation experiments, mice were kept on AIN-76A or
PLX5622 diet for two weeks. After two weeks, at 6pm, mice in the repopulation group were switched back

to AIN-76A control diet, and tissue was collected 24 or 48 hours later.

Lipidomics

Mice were anesthetized with a ketamine/xylazine mix. A blood sample was collected from the right
ventricle and allowed to coagulate at room temperature for serum collection. Mice were transcardially
perfused with DPBS. A lobe of liver and the brain were dissected. Cerebellum, olfactory bulbs, and
meninges were removed. Tissue and serum were flash-frozen. Sterol isolation, saponification, and LC-MS
analysis were performed by the UCSD LIPID MAPS Lipidomics core. Samples were run on a Sciex6500

Qtrap mass spectrometer. Phenomenex Kinetics C18 2.1x150mm 1.7um columns were used.

Neuronal silencing

CamKllo-tTA; TRE-hM4Di (hM4Di-Silencing) mice were given an i.p. injection of PLX5622 (50
mg/kg) or vehicle at 6 PM at the start of their waking cycle. All mice were also injected i.p. with clozapine-
N-oxide (Img/kg) (Enzo Life Sciences BML-NS105-0005) at this time, and again at 10 PM and 2 AM. At

6 AM, mice were transcardially perfused for immunostaining and analysis of LDLR+ vascular length.

Capillary-parenchymal arteriole preparation and stimulation

Capillary-parenchymal arteriole preparation, potassium stimulation, and dilation analysis were

performed as described in Longden and Dabertrand et al.”. Vessel preparations were treated with SmM
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methyl-beta cyclodextrin (MBCD) (Cayman Chemicals 21633) for 30 minutes to deplete membrane

cholesterol.

RTK inhibition
Mice were given an i.p. injection of PZ-1 (30 mg/kg) (MedChem Express HY-U00437) or vehicle
(10% DMSO, 90% corn oil). 12 hours after injection, mice were transcardially perfused for immunostaining

and analysis of LDLR+ vascular length.

Results

PLX5622 treatment causes upregulation of brain endothelial cholesterol genes

To study the role of microglia at the blood-brain barrier, we treated adult wildtype mice with
PLX5622 (1200 mg/kg chow), a CSF1R inhibitor used to deplete microglia, for one month and then acutely
isolated brain endothelial cells for RNA sequencing. Microglial depletion did not alter brain endothelial
expression of genes associated with BBB properties (Fig 2.3, 3.1A). Surprisingly, however, we found that
PLX5622 treatment increased brain endothelial expression of a series of cholesterol synthesis enzymes
including the rate-limiting enzyme Hmgcri. PLX5622 also upregulated the cholesterol synthesis regulators
Insigl and Srebf2, as well as the cholesterol uptake receptor Ld/r. Conversely, the main cholesterol efflux
receptor, Abcal, was downregulated in PLX5622-treated mice (Fig 3.1A). To validate this phenotype, we
quantified vascular length positive for LDLR in control and PLX5622-treated mice (Fig 3.1B-C). We found
that the percentage of LDLR+ vascular length increased from 14.63% + 1.66 to 73.4% + 5.56 (Fig 3.1C).
Furthermore, vascular LDLR returned to baseline after microglial repopulation (Fig 3.1C).

To understand whether the expression of cholesterol-associated genes was upregulated throughout
the vascular tree, we also performed single-cell RNA sequencing on brain endothelial cells isolated from
mice after one month on control or PLX5622 diet. As expected, cells clustered according to their identity

as arterial, venous, or capillary endothelial cells (Fig 3.2A). After PLX5622 treatment, a vast majority of
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genes coding for cholesterol synthesis enzymes, synthesis regulators, and uptake receptor were expressed
both in more cells and at a higher level per cell in all three endothelial cell populations (Fig 3.2B-C). These
data suggest that PLX5622 affects endothelial cholesterol metabolism throughout the vascular tree.

To determine whether this endothelial response to PLX5622 was specific to brain endothelial cells,
we fed adult wildtype mice control or PLX5622 diet for one week and examined tissue from the thymus,
muscle, kidney, spinal cord, and eye. We found that PLX5622 increased vascular LDLR in the brain, spinal
cord and retina, but not in the muscle, kidney, or the non-CNS choroidal vasculature of the eye (Fig 3.3A-
B), suggesting that the effect is specific to CNS vasculature. To further confirm this finding, we fed adult
wildtype mice control or PLX5622 diet for one month, acutely isolated liver endothelial cells, and
performed RNA sequencing. As expected, liver endothelial cells expressed low levels of BBB-enriched
genes and high levels of genes enriched in peripheral endothelial cells (Fig 3.3.C). PLX5622 did not induce
significant changes in the expression of cholesterol genes in liver endothelial cells (Fig 3.3D). Together,
these data suggest that PLX5622 increases cholesterol synthesis and uptake specifically in CNS endothelial
cells.

To understand whether this effect is stable throughout time or whether endothelial cells adapt to
PLX5622 treatment, we kept adult wildtype mice on control or PLX5622 diet for more than 15 months.
Mice were 8 weeks old at the time of diet onset and 17.5 months old at the time of tissue collection.
Remarkably, the expression of cholesterol-related genes was largely unaffected by aging in control mice,
and the PLX5622-induced increase in expression of these genes was almost identical between mice on
PLX5622 diet 1 month and >15 months (Fig 3.4). These data suggest that the effect of PLX5622 on CNS

endothelial cholesterol metabolism is extremely stable throughout time.

The effect of PLX5622 on cholesterol metabolism is specific to endothelial cells

To understand whether PLX5622 affects cholesterol metabolism in other cell types throughout the
brain, we put adult wildtype mice on control or PLX5622 diet for one month and performed RNA

sequencing on acutely purified mRNA from a mixed population of astrocytes, oligodendrocytes, and
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neurons (Fig 3.5A). We found no significant differences in expression of cholesterol genes between mice
on control and PLX5622 diet (Fig 3.5B). These data suggest that PLX5622 alters cholesterol metabolism
specifically in brain endothelial cells.

Microglia express low levels of cholesterol synthesis genes, yet cholesterol is one of a few factors
they need to survive, and they likely rely on astrocytes for cholesterol synthesis**. As microglia are
cholesterol consumers, we thought it was possible that loss of microglia might alter overall brain levels of
cholesterol, thus causing endothelial cells to respond by altering their own production. To test this, we
isolated forebrain, liver, and serum samples from adult wildtype mice fed control or PLX5622 diet for one
month and performed lipidomics analysis via mass spectrometry. There were no significant differences in
cholesterol concentration in forebrain, liver, or serum samples from male or female mice (Fig 3.6A-C),
although there was a trend towards decreased cholesterol in the serum of PLX5622-treated mice of both
sexes (Fig 3.6C). These data suggest that microglial depletion does not alter overall cholesterol content in
the brain. Instead, these results suggest that either microglia regulate brain endothelial cholesterol

metabolism or that PLX5622 influences endothelial cholesterol independent of microglial depletion.

Upregulation of endothelial cholesterol machinery is independent of microglial depletion

Our first hypothesis was that microglia regulate vascular cholesterol synthesis and uptake, however
follow-up experiments suggested that the effect might be independent of microglia. First, to understand the
time course of the cholesterol phenotype, we analyzed brain tissue sections from mice on PLX5622 diet for
6, 12, 24, 48, and 72 hours. Surprisingly, vascular LDLR was significantly increased as early as 12 hours
after diet onset (Fig 3.7A). At this timepoint, there was not yet a significant reduction in microglia (Fig
3.7B), suggesting that PLX5622 acts directly on endothelial cells. However, microglial morphology is
clearly affected just 6 hours after diet onset, with microglia appearing less ramified and with increased
IBA1 signal (Fig 3.7C), thus we reasoned that microglia — while not yet dead — might lose some of their

homeostatic roles in the first few hours of PLX5622 treatment.
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To further test whether the cholesterol phenotype was microglia-mediated, we first fully depleted
microglia by treating adult wildtype mice with PLX5622 or control diet for two weeks, then switched the
PLX5622 group back to control diet and subsequently quantified vascular LDLR at acute timepoints of
microglial repopulation. At 24 hours post PLX5622 removal, there was a large variation in vascular LDLR,
with some mice still expressing high vascular LDLR levels and others already showing a large decrease
(Fig 3.7D). At 48 hours after PLX5622 removal, levels of vascular LDLR had returned to control levels
(Fig 3.7D). At this time point of 48 hours, microglia density varies but is still approximately 20% of control
microglial density (Fig 3.7E), suggesting the LDLR phenotype is not dependent on microglia. Indeed, at
both 24- and 48-hour time points, there was no significant linear relationship between microglial density
and vascular LDLR expression (Fig 3.7F). Together, the acute depletion and repopulation experiments
suggest that the effect of PLX5622 on brain endothelial cholesterol metabolism is not mediated through
microglia: vascular LDLR is upregulated before microglia are eliminated and is back to control levels
before microglia levels reach even a quarter of their previous density.

To confirm that microglia do not regulate vascular cholesterol metabolism, we quantified vascular
LDLR in genetic microglial depletion models. We first looked at adult P2ry12-CreER™,; Csf1¥’ mice, in
which Csflr is excised from microglia, leading to their death. The conditional knockouts had varying levels
of microglial depletion but none had high levels of vascular LDLR (Fig 3.8A). While there was bright
LDLR signal in some mice, it was localized to dying microglia rather than endothelial cells (Fig 3.8A). We
also tested CsfIr”" mice, which do not have any microglia and die before adulthood. Microglia were
completely absent from P19-21 Csf1r” mice (Fig 3.8B) and while overall there was more extensive
neuronal LDLR in both wildtype and knockout young mice compared to adults, there was no increase in
vascular LDLR in the knockout compared to control (Fig 3.8C). These data further confirm that the
observed effects of PLX5622 on endothelial cholesterol metabolism are independent of microglial

depletion.

Dietary cholesterol does not regulate brain endothelial cholesterol metabolism
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As brain endothelial cells lie at the interface between the brain and blood stream, we wanted to
understand whether changes in peripheral cholesterol could regulate brain endothelial cholesterol
metabolism. To answer this question, we put adult wildtype mice on control, high fat, PLX5622, or high
fat + PLX5622 diet for one month. We then acutely isolated brain endothelial cells and performed RNA
sequencing. Interestingly, high fat diet did not affect brain endothelial expression of cholesterol-related
genes, and high fat diet did not interact with PLX5622 to alter the effect of PLX5622 (Fig 3.9). These data

demonstrate that brain endothelial cholesterol metabolism is not regulated by dietary cholesterol.

Neuronal activity regulates brain endothelial cholesterol metabolism

We next set out to understand whether brain endothelial cholesterol metabolism is dynamically
regulated by brain factors. We queried a published dataset of brain endothelial gene expression under
conditions of normal, activated, and silenced neuronal activity'®. Remarkably, we found that the cassette of
cholesterol genes is bidirectionally modulated by neuronal activity: activating glutamatergic neurons
upregulates brain endothelial expression of genes involved in cholesterol synthesis, synthesis regulation,
and uptake, while silencing neural activity has the opposite effect (Fig 3.10A). As with PLX5622
administration, in response to neuronal activity modulation, the cholesterol efflux transporter Abcal
changed in the opposite direction from the other cholesterol-related genes. These data suggest that neuronal
activity upregulates brain endothelial cholesterol synthesis and uptake in vivo.

2324 we wanted to address whether

As microglia have been shown to regulate neuronal activity
PLX5622 might be affecting endothelial cholesterol metabolism indirectly by increasing neuronal activity.
We thought this unlikely, as our data point to a microglia-independent mechanism (Figs 3.7-3.8). We looked
at the effect of PLX5622 on the 53 endothelial genes most strongly bidirectionally regulated by neuronal
activity'®. Only a handful were significantly altered by PLX5622, and the strongest PLX5622-mediated
change by far was Sgle, the only cholesterol synthesis gene on the list (Fig 3.10B). Thus, it seems as if

PLX5622 is directly affecting cholesterol metabolism rather than influencing endothelial cholesterol

metabolism by increasing neuronal activity.

90



To understand how PLX5622 treatment and neuronal activity interact in the context of vascular
cholesterol metabolism, we combined PLX5622 treatment (which increases cholesterol gene expression)
and silencing neuronal activity (which decreases cholesterol gene expression). Specifically, CamKIIo-tTA;
TRE-hM4Di (hM4Di-Silencing) mice and littermate controls were injected with PLX5622 (50 mg/kg) or
vehicle at the beginning of the dark cycle (awake period). They were also injected with clozapine-N-oxide
at the onset and every four hours throughout the 12-hour dark cycle. At the end of the dark period, mice
were perfused, and their brains were analyzed for vascular LDLR. PLX5622 had a stronger effect on
vascular LDLR than neuronal activity did: vehicle-control vs PLX-control and vehicle-silencing vs PLX-
silencing were the most significantly different group comparisons (3.10C; p<0.0001). While silencing alone
or with PLX did not have significant effect on vascular LDLR, there was a clear trend towards lower
vascular LDLR in the silencing compared to control groups, with silencing activity decreasing vascular
LDLR by ~10% compared to control (Fig 3.10C; p=0.067 and p=0.097). These data suggest that, while
PLX5622 has a stronger effect on endothelial cholesterol than that of neuronal activity, the manipulations

are additive in the context of vascular LDLR.

PLX5622-induced increase in vascular cholesterol inhibits K -mediated hyperemia

As neuronal activity regulates brain endothelial cholesterol synthesis, we hypothesized that
endothelial cholesterol might be dynamically regulated as a part of neurovascular coupling. Longden,
Dabertrand, and colleagues showed that neuronal activity-generated extracellular K' can activate capillary
Kir2.1, causing a hyperpolarizing current that travels upstream, leading to arteriole dilation and increased

1213 we tested whether

blood flow’. As cellular cholesterol has been shown to modulate Kir channel activity
PLX5622-induced increases in cholesterol synthesis and uptake would affect Kir function. Specifically,
mice were fed control or PLX5622 diet for at least a month. We then used the ex vivo capillary-parenchymal

>23 to measure arteriole dilation in response to capillary K*-stimulation. This

arteriole (CaPA) preparation
ex vivo preparation (which contains just vascular cell types) was particularly ideal in that it removed any

confounding factors of microglial depletion or changes in baseline neuronal activity. Remarkably,
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PLX5622 abolished arteriole dilation in response to capillary K* stimulation (Fig 3.11A-B). Direct arteriole
stimulation with K” still generated a dilation response (Fig 3.11A-B), demonstrating that the arteriole itself
was still capable of dilation, likely through SMC Kir channels. These results show that PLX5622 causes a
physiological change in brain vasculature independent of changes in baseline neuronal activity or presence
of microglia. They further suggest that this vascular phenotype might contribute to NVC deficits previously
reported in mice fed PLX3397, a similar, less specific CSFIR inhibitor®.

We hypothesized that PLX5622 abolishes retrograde hyperpolarization because higher levels of
endothelial cholesterol act to silence endothelial Kir channels. We therefore tested whether depleting
cholesterol from PLX5622 vessels would rescue arteriole dilation response. We used methyl-beta-
cyclodextrin (MBCD) to deplete membrane cholesterol from PLX5622 vessels, and cholesterol depletion
almost completely restored arteriole dilation in response to capillary K* stimulation (Fig 3.11B-C). These
results suggest that increased endothelial cholesterol underlies PLX5622-induced deficits in retrograde
hyperpolarization. Together, these data lead us to hypothesize that neuronal activity increases endothelial
cell cholesterol synthesis and uptake, and this cholesterol acts to inhibit activity-induced vasodilation,

acting as a negative feedback mechanism for hyperemia (Fig 3.13).

PLX5622 inhibits other tyrosine receptor kinases

We found that PLX5622 treatment upregulates the expression of vascular cholesterol synthesis
enzymes and uptake receptor, and we showed that this phenotype was independent of microglia depletion.

Further, CSF1R expression is largely restricted to microglia®”%

, and we found Csflr expression in less than
0.01% of endothelial cells (Fig 3.12A), suggesting the drug is working through a different target — likely
another receptor tyrosine kinase (RTK) — on endothelial cells or another cell type. What receptor is
PLX5622 acting on? PLX5622 is reported to have an ICso of 0.016 uM, 0.39 uM, 0.86 uM, 1.0 uM, and
1.1 uM against CSF1R, FLT3, KIT, AURKC, and KDR, respectively, and an ICso of “>1uM” for a panel

of over 200 other RTKs*, but the exact ICs values are not reported. Spangenberg and colleagues reported
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that mice fed PLX5622 chow at a dose of 1200mg/kg (the same used in the current study) had a PLX5622
concentration of 22 pM and 6.04 pM in their blood, and brain parenchyma, respectively’. Thus, it is not
unreasonable that such a high concentration of PLX5622 might have a significant inhibitory effect on
another RTK.

Because PLX5622 affects CNS but not peripheral endothelial cells (Fig 3.3), we compared brain
and liver endothelial expression of cell surface receptor tyrosine kinases. Based on brain specificity, level
of expression, and dynamic modulation in response to neuronal activity, we focused our attention on insulin
growth factor 1 receptor (IGF1R), rearranged during transfection (RET), and kinase insert domain receptor
(KDR). We tested a panel of inhibitors against these receptors and found that PZ-1, a potent inhibitor of
RET and KDR, upregulates vascular LDLR (Fig 3.12B), suggesting that endothelial cholesterol metabolism
is regulated by RET or KDR, also known as VEGFR2. Future directions include specifying which of these

receptors regulates vascular LDLR and determining which cell types are involved in this signaling pathway.
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Figure 3.1 PLX5622 treatment increases brain endothelial expression of cholesterol-related genes. A)
Adult wildtype mice were fed control or PLX5622 (1200 mg/kg) diet for one month. Brains were dissected
and dissociated, and endothelial cells were isolated by FACS for RNA sequencing. Gene expression is
presented as the log(FC) from the average of control expression in counts per million, with pink
representing an increase in expression and blue representing a decrease in expression. PLX5622 causes
endothelial upregulation of genes coding for cholesterol synthesis enzymes and uptake receptor, and
downregulation of the gene coding for the primary cholesterol efflux transporter. B) Representative images
of cortex after one month control or PLX5622 diet. 10um images were stained with antibodies against CD31
(green, endothelial cells) and LDLR (magenta). PLX5622 diet causes a visible increase in vascular LDLR
expression. C) Top: quantification of data shown in B). PLX5622 increases percent vascular length that is
LDLR+ (p<0.0001; n=5). Bottom: Adult mice were fed control or PLX5622 diet for 3 weeks. PLX5622-
fed mice were then switched to control diet for two weeks. Percent vascular length LDLR+ was not
significantly different from control after two weeks microglial repopulation (p=0.527; n=3).
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Figure 3.2 PLX5622 increases the expression of cholesterol-related genes throughout the vascular
tree. Adult wildtype mice were fed control or PLX5622 diet for one month. Brains were dissected and
dissociated, and endothelial cells were isolated by FACS for single-cell RNA sequencing. For each diet
condition, cells were obtained from three brains across two samples A) Three main clusters as visualized
by a UMAP plot were identified by expression profile as arterial (blue), capillary (red), or venous (green)
endothelial cells. B) For each cholesterol-related gene, the size of the dot represents the percentage of
endothelial cells expressing that gene, and the color of the dot represents average expression on a log scale,
with darker purple signifying higher expression. In all three clusters, the expression of cholesterol synthesis
enzymes, synthesis regulators, and uptake receptor were increased. The expression of the cholesterol efflux
transporter was decreased. C) UMAP plots in which cells are colored based on their expression of LDLR,
with darker purple signifying higher expression. PLX5622 treatment increased the percentage of endothelial
cells expressing LDLR as well as the level of LDLR expression.
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Figure 3.3 PLX5622 increases expression of cholesterol-related genes in CNS, but not non-CNS,
vasculature. A) Adult wildtype mice were fed control or PLX5622 diet for one week. Thymus, muscle,
and kidney tissue were dissected, sectioned, and analyzed for LDLR expression. PLX5622 did not increase
vascular LDLR in these organs. B) Adult wildtype mice were fed control or PLX5622 for one month. Eyes
were dissected, sectioned, and analyzed for LDLR expression. PLX5622 treatment increased vascular
LDLR expression in the retina (yellow arrowheads) but not in the non-CNS choroidal vessels (white
arrowheads). C-D) Adult wildtype mice were fed control or PLX5622 diet for one month. Livers were
dissected and dissociated, and endothelial cells were isolated with FACS for RNA sequencing. Expression
of pan-endothelial, as well as BBB- and periphery-enriched genes were assessed to confirm the identity of
liver endothelial cells. As expected, liver endothelial cells highly expressed both pan-endothelial and
periphery-enriched, but not BBB-enriched, genes. D) Expression of cholesterol related genes in liver
endothelial cells, expressed as log2(FC) from the average expression in control mice. PLX5622 treatment
did not increase expression of cholesterol-related genes in liver endothelial cells.
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Figure 3.4 Long-term PLX5622 treatment causes upregulation of endothelial cholesterol cassette
Adult wildtype mice were put on control or PLX5622 diet for one month or 15.5 months. Brains were
dissected and dissociated, and endothelial cells were isolated by FACS for RNA sequencing. Gene
expression is represented as log»(FC) compared to the average of the control, with pink representing
increased expression and blue representing decreased expression. Aging did not affect the cholesterol
cassette, and long- and short-term PLX5622 treatments had nearly identical effects, increasing expression
genes involved in cholesterol synthesis and uptake and decreasing expression of the cholesterol efflux
transporter.
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Figure 3.5 PLX5622 treatment does not increase cholesterol-related gene expression in a mixed glial
population. Adult GFAP-ribotag mice were fed control or PLX5622 diet for one month. Brains were
homogenized, and HA-tagged mRNA was isolated using magnetic beads. RNA sequencing was performed
on isolated mRNA. A) Analyzing expression of different cell type markers showed that mRNA was from
not only astrocytes but also oligodendrocytes, with some neuronal contamination as well. There was very
little expression of endothelial, pericyte, or microglial markers. B) Assessment of cholesterol-related gene
expression, with expression represented as log>(FC) from the average of controls. Pink signifies increased
expression and blue signifies decreased expression. PLX5622 treatment did not affect cholesterol-related
gene expression in the astrocyte-oligodendrocyte population.
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Figure 3.6 PLX5622 treatment does not cause global changes in lipid signatures in brain, liver, or
serum. Adult wildtype mice were fed control or PLX5622 diet for one month. Mass spectrometry was used
to analyze lipid concentrations in brain, liver, and serum. Samples from male and female mice (n=3 per sex
per condition) were submitted in separate batches and thus are analyzed separately. A) There were no
significant differences in any analyzed lipid in male forebrain (left). In female forebrain, PLX5622
treatment increased concentration of DHL (p=0.0467) and lanosterol (p=0.00569), and decreased
concentration of zymosterol (p=0.0479) (right). There were no significant changes in cholesterol
concentration in male or female forebrain. B) PLX5622 treatment increased the concentration of
campesterol (p=0.0148), cholestanol (p=0.0211), and DHL (p=0.0208) in male liver (left) but did not
significantly alter lipid concentration in female liver (right). There were no significant changes in liver
cholesterol in male or female mice after PLX5622 treatment. C) PLX5622 treatment had no effect on lipid
concentrations in male serum (left). In female serum, PLX5622 treatment increased 7,25-dOHC
concentration (p=0.0113) and decreased 7a-OH-ONE concentration (p=0.0220) (right). PLX5622 treatment
did not alter cholesterol concentration in male or female serum samples.
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Figure 3.7 Upregulation of endothelial cholesterol machinery is independent of microglial depletion.
A-C) Adult wildtype mice were put on control or PLX5622 diet for 6, 12, 24, 48, or 72 hours. For 6- and
12-hour timepoints, diet onset coincided with the onset of the dark (waking) cycle. A) Percent vascular
length positive for LDLR was significantly increased in the PLX5622 group by 12 hours after diet onset
(p=0.00009; n=5) and plateaued at 24 hours. B) Microglia were quantified at acute depletion timepoints.
Microglial density is presented as percent of average microglial density normalized to control samples at a
given timepoint. Microglia were not significantly depleted until 24 hours post PLX5622 diet onset
(p=0.013; n=5). C) Despite not being significantly depleted at the 6- and 12-hour PLX5622 timepoints,
microglia had visibly more retracted processes. D-F) Adult wildtype mice were fed control or PLX5622
diet for two weeks to achieve full microglial depletion. At the onset of the dark (waking) cycle, the
PLX5622 group was switched back to control diet. Brain samples were collected at 24 and 48 hours post
diet switch. D) 24 hours after PLX5622 removal, percent LDLR+ vascular length was already decreased
(p=0.0032) but still higher than in control mice (p=0.0038). By 48 hours after PLX5622 removal, percent
LDLR+ vascular length was not significantly different from control levels (p=0.999). E) At 24 and 48 hours
after PLX5622 removal, there was no significant microglial repopulation (p=0.978; p=0.183). Microglial
density is presented as percentage of control density. F) A simple linear regression was performed to assess
the relationship between percent LDLR+ vascular length and microglial density. There was not a significant
linear relationship between these measurements at either 24 hours (p=0.103) or 48 hours (p=0.780) after
PLX5622 removal.
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Figure 3.8 Genetic depletion of microglia does not increase expression of cholesterol uptake receptor
in endothelial cells. A) Adult P2ry12-CreER™, CsfIrf! mice were treated with tamoxifen for 8 days and
tissue was collected on the 9™ day. 10 pm brain sections were stained for microglia (anti-IBA1, gray),
LDLR (magenta), and endothelial cells (anti-CD31, green). Efficiency of microglial depletion varied among
knockout mice, but there was no increase in LDLR+ vasculature. B-C) Csf1r-/- mice and littermate controls
were perfused at P20. B) 10 um sections were stained for microglia (anti-IBA1). Knockout mice had no
visible microglia. C) 10 um brain sections were stained for LDLR (magenta) and endothelial cells (anti-
CD31, green). There was no increase in vascular LDLR.
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Figure 3.9 High fat diet does not alter brain endothelial cholesterol metabolism. Adult wildtype mice
were fed control, high fat diet, PLX5622, or high fat diet + PLX5622 for one month. Brains were dissected
and dissociated, and endothelial cells were isolate with FACS for RNA sequencing. Gene expression is
presented as log>(FC) from the average of control samples. High fat diet did not alter endothelial
cholesterol-related gene expression and did not interact with PLX5622 to alter the PLX5622-mediated
cholesterol phenotype.
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Figure 3.10 Neuronal activity regulates brain endothelial cholesterol metabolism. A) After
chemogenetic activation or silencing of neuronal activity, brains were dissected and dissociated, and
endothelial cells were isolated with FACS for RNA sequencing'®. Gene expression is presented as log>(FC)
from the average of each condition’s respective controls. Neuronal activation increased expression of the
cholesterol cassette, while silencing neuronal activity decreased expression of the cassette. Asterisks signify
genes for which expression in the silencing vs activating conditions was significantly different, with each
expression value normalized to the average of the expression in respective littermate control samples
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). B) The genes most strongly bidirectionally regulated by
neuronal activity are listed on the y-axis. Their expression level was assessed in PLX5622-fed mice.
Expression is presented as log>(FC) from the average of each condition’s respective controls. PLX5622 did
not phenocopy neuronal activation. C) hM4Di-Silencing mice or littermate controls were injected with
either vehicle or PLX5622 (50 mg/kg) at the onset of the dark (waking) cycle (time=0). All mice were
injected with clozapine-n-oxide at times 0, 4, and 8 hours to maintain neuronal silencing, and tissue was
harvested at 12 hours. PLX5622 has a stronger effect on vascular LDLR than neuronal activity. There was
a trend towards decreased vascular LDLR (~10%) in the silencing conditions.
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Figure 3.11 Increased vascular cholesterol induced by PLX5622 treatment inhibits retrograde
hyperpolarization in response to K*. Adult wildtype mice were fed control or PLX5622 diet for at least
one month. Intact vascular segments were removed from the cortex and bathed in artificial CSF, and
arterioles were cannulated. A) K" ions were ejected next to capillaries (left, yellow) or the arteriole (right,
purple). B) Representative trace of arteriole dilation across time in response to capillary or arteriole K*
stimulation. PLX5622 treatment inhibited arteriole dilation in response to capillary K" stimulation, while
response to arteriole stimulation remained intact. Response to capillary stimulation was rescued in vessels
from PLX5622-treated mice when membrane cholesterol was depleted with MBCD. C) Quantification of
arteriole dilation in response to capillary K' stimulation. PLX5622 diet inhibited retrograde
hyperpolarization, but treatment with MBCD partially rescued this effect.
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Figure 3.12 PLX5622 acts on another receptor tyrosine kinase to increase endothelial cholesterol
metabolism. A) Adult wildtype mice were fed control or PLX5622 diet for one month. Brains were
dissected and dissociated, and endothelial cells were isolated by FACS for single-cell RNA sequencing.
For each diet condition, cells were obtained from three brains across two samples. Endothelial cells formed
three main clusters which were identified as arterial, capillary, and venous endothelial cells. For Csf1r, the
size of the dot represents the percentage of endothelial cells expressing Csf7r, and the color of the dot
represents average expression on a log scale, with darker purple signifying higher expression. CsfIr is
expressed by an extremely low percentage of endothelial cells. B) Adult wildtype mice were injected with
vehicle (10% DMSO, 90% corn oil) or PZ-1, an inhibitor of RET and KDR, at a dose of 30 mg/kg. Brains
were collected from perfusion-fixed mice 12 hours after injection. 10um sections were stained for LDLR

and CD31, and the percent vascular length positive for LDLR was calculated. PZ-1 significantly increased
vascular LDLR expression (p=0.030; n=3).
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Figure 3.13 Model: endothelial cholesterol as a negative feedback mechanism in neurovascular
coupling Neural activity increases extracellular potassium, which acts on capillary Kir channels to cause
retrograde hyperpolarization and upstream arteriole dilation’. We think we have discovered a negative
feedback mechanism in which neurovascular production of cholesterol is increased. As cholesterol is
known to inhibit Kir channels, cholesterol thus reduces retrograde hyperpolarization and arteriole dilation.
We think that PLX5622 is acting on this pathway, through inhibition of a receptor tyrosine kinase (RTK)
related to CSF1R. Created with BioRender.
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Discussion

Here we find that CNS endothelial cholesterol metabolism is dynamically regulated by neuronal
activity, with neuronal activation leading to increases in endothelial cholesterol synthesis and uptake. We
show that constitutive upregulation of endothelial cholesterol synthesis — as achieved by PLX5622 —
inhibits retrograde hyperpolarization and arteriole dilation in response to capillary K™ stimulation. This
deficit in K'-mediated arteriole dilation is rescued by depletion of membrane cholesterol. Together, these
data suggest that increases in endothelial cholesterol act as a negative feedback mechanism in neurovascular
coupling.

12,13,31-33’ and

While several studies provide evidence that Kir channels are cholesterol-sensitive
while we show that endothelial response to K is inhibited by cholesterol, we cannot say whether cholesterol
inhibits endothelial retrograde signaling solely by affecting Kir channels. Cholesterol can have a myriad of
effects on cell signaling processes in the cell. For instance, membrane cholesterol has been shown to alter
the function of PIEZO1, a mechanoreceptor important for sensation of blood pressure**3. In the future it
will be important to understand the range of functional effects of increased endothelial cholesterol content.

Functional hyperemia occurs in a matter of seconds after neuronal activity and is transient in nature.
What we have captured in our transcriptional data is an endothelial response to sustained neuronal activity
lasting over an hour!%, and we also see an increase in cholesterol-related gene expression three hours after
kainic acid-induced seizures*®. From these data, it seems evident that sustained neuronal activity leads to
transcriptional changes in a cholesterol-related gene cassette. However, it remains unclear whether cellular
cholesterol stores or cholesterol uptake are utilized on much shorter timescale to help vasodilation return to
baseline following hyperemia. Alternatively, it may be that endothelial cholesterol metabolism provides
negative feedback to NVC processes specifically in cases of sustained or pathological neuronal
hyperactivity.

This study began as an inquiry into a role for microglia at the healthy BBB and thus with the use

of PLX5622, a CSFIR inhibitor. PLX5622 is touted as very specific for CSFIR and has a ten-fold lower
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affinity for related kinases compared to PLX3397, another CSF1R inhibitor used in the field to deplete
microglia®’. However, it is reported — albeit deep in supplementary information — that the standard high
dose of 1200 mg/kg PLX5622 in rodent chow leads to a concentration of 22 uM and 6.04 uM in blood and
brain parenchyma, respectively’. These concentrations are both far above PLX5622’s reported ICs values
for FLT3, KIT, AURKC, and KDR*. So while PLX5622 might be far more specific than PL.X3397, the
PLX5622 dose often used for microglial depletion is likely inhibiting other RTKs and altering biological
function in cell types aside from microglia. While many microglial depletion studies have validated their
findings using genetic models and alternative methods to link their phenotypes to microglia, others may
have erroneously connected their results to microglial depletion. Thus, the data in the present study warrant
re-visiting other studies using PLX3397 or PLX5622.

Interestingly, although we found our cholesterol phenotype to be independent of microglial
depletion, a couple recent papers have suggested a link between microglial depletion and neurovascular
coupling. Bisht et al. show that PLX3397 treatment increases baseline cerebral blood flow (CBF) and
capillary diameter, and that PLX3397-treated mice have a lower percent increase in CBF in response to
CO.. These effects were phenocopied in P2ryl2”" and Panx” mice, and the authors thus suggest that
microglial-vascular purinergic signaling is involved in neurovascular coupling®®. Cs4szér et al. similarly
find that PLX5622 treatment, pharmacological P2ZRY 12 inhibition, and P2RY 12 knockout increase baseline
CBF and decrease CBF response to a variety of manipulations, including whisker stimulation and
hypercapnia®®. While in both cases these studies replicate their CSFIR inhibition results with P2RY12
inhibition or knockout, these data do not conclusively show that microglia in particular directly regulate
NVC. As we have shown, PLX5622 causes vascular changes independent of microglial depletion. And
P2RY 12, while highly expressed in microglia, is also expressed by activated platelets and leukocyte
subtypes®®. Of particular interest, some have also found P2RY 12 to be expressed in SMCs and play a direct
role in vasodilation and constriction*’. Thus, while microglia may indeed be involved in NVC, use of the

P2RY 12 global knockout is not sufficient to claim a specific role for microglia in NVC. A conditional

111



P2RY 12 knockout restricted to microglia would be more informative. It is also worth noting that, in both
studies described above, CBF analyses were performed in anesthetized mice. As anesthesia can change
CBF dynamics, it would be valuable to see these studies repeated in awake mice.

While we have focused on dynamic regulation of endothelial cholesterol metabolism in healthy
adult mice, the regulation of endothelial cholesterol and its effects on vascular function are also pertinent
to several neuropathologies and cardiovascular diseases. Atherosclerosis is characterized by the buildup of
fats — including cholesterol — on the inner walls of blood vessels, causing obstruction of blood flow. As the
general dogma is that blood and brain cholesterol are separate pools, there has not been much focus on how
this cholesterol might be taken up into brain endothelial cells and alter abluminal endothelial signaling. In
light of the current study, it is possible that endothelial LDLR facilitates uptake of plaque-associated
cholesterol, and that this uptake contributes to NVC dysfunction and cognitive deficits. Membrane
cholesterol also affects processing of amyloid precursor protein, increasing amyloid-beta (A) production

41-44 Vascular AP plaques, termed cerebral amyloid angiopathy (CAA), are present in up to 98% of

Alzheimer’s disease (AD) patients and can also occur in the absence of AD*. CAA can cause stroke,

dementia, inflammation, cortical microbleeds, and hernol’rh.':lge46’47

. Despite its serious -clinical
ramifications, it remains unclear why plaques develop in vascular walls. One possibility is aberrant
production of AP by endothelial cells. Interestingly, long-term PLX5622 treatment inhibited the formation
of parenchymal plaques in a mouse model of AD, but Spangenberg et al. observed clear vascular plaques
in PLX5622-treated mice®®. This could be a result of dysfunctional AP clearance, but it could also arise
from endothelial AP production resulting from PLX5622-mediated increases in endothelial cholesterol.
There is still much to uncover about dynamic cholesterol metabolism in the context of disease.

The current study identifies neuronal activity as a modulator of CNS endothelial cholesterol
metabolism and suggests a role for endothelial cholesterol in negatively regulating NVC processes. These

data add to our understanding of the active role of endothelial cells in NVC and raise new questions

regarding the role of endothelial cholesterol metabolism in health and disease.
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