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ABSTRACT 

 

The unmet medical need for therapies that treat neurological disorders is in part due to our lack 

of understanding the underlying biological mechanisms and inefficient delivery strategies to 

target the brain. The cerebrovasculature is essential for proper brain function as it tightly 

regulates blood flow and supplies the necessary nutrients. Furthermore, the presence of a blood-

brain barrier (BBB) provides protection to vulnerable neurons but poses a challenge for drug 

delivery. In neurodegeneration, BBB breakdown and vascular impairments are hallmarks that 

precede the onset of disease-specific phenotypes. Efforts to understand the basic biology of cells 

that comprise the cerebrovasculature as well as the changes that occur in disease have made 

significant progress with the advent of single-cell technologies. Here we characterize molecular 

profiles of cell types that comprise the human cerebrovasculature using both ex vivo fresh tissue 

and post mortem in silico sorting of human brain tissue samples. Using single-nucleus RNA-

sequencing (snRNA-seq), we profile cerebrovascular nuclei across 11 subtypes, including 

endothelial cells, mural cells, and perivascular fibroblasts. We uncover human-specific 

expression patterns along the arteriovenous axis and determine previously uncharacterized cell 

type-specific markers. Next, we use these human-specific signatures to study changes in 

cerebrovascular cells from patients with Huntington’s disease (HD), which reveal activation of 

innate immune signaling in vascular and glial cell types and a concomitant reduction in the levels 

of proteins critical for maintenance of blood–brain barrier integrity. Lastly, using a combination 

of an adeno-associated virus (AAV) approach in combination with a cell type-specific promoter 

(CLDN5) towards brain endothelial cells, we develop an AAV vector for effective gene therapy 

delivery to the cerebrovasculature. We demonstrate that a single dose of gene therapy targeting 

the cerebrovasculature to lower levels of huntingtin via a microRNA-mediated mechanism is 

sufficient to delay the progression of Huntington’s disease in vivo. Altogether, this work 

provides both a comprehensive molecular atlas for future studies to study the cerebrovasculature 

in health and disease contexts as well as tool for development of novel therapeutic strategies 

towards neurological disorders.  
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Chapter 1: Background 

The Cerebrovasculature 

 The brain is unique in that despite constituting only ~2% of the total body mass, it 

consumes approximately 20% of the total energy, mostly in the form of oxygen and glucose. 

This is particularly intriguing given that the brain does not have a reservoir of energy. Therefore, 

a constant supply of oxygen and nutrients is needed to meet the high energy demands (Iadecola, 

2017; Lendahl et al., 2019). To accomplish this, the brain contains a vast network of blood 

vessels that tightly regulates cerebral blood flow (CBF). The cerebrovasculature is responsible 

for ensuring proper perfusion of all regions of the brain with an adequate blood supply (cerebral 

autoregulation) as well as responding to metabolic demands posed by the high energy cost of 

neuronal activity (functional hyperemia).  

The cerebrovasculature is also responsible for protecting the particularly vulnerable 

neurons of the brain. At the level of capillaries, where most of nutrient exchange occurs across 

all vascular beds, the cerebrovasculature exhibits highly specialized barrier properties and forms 

what is known as the blood-brain barrier (BBB). The BBB is particularly important for 

restricting passive diffusion of small molecules, removal of pathogens and toxins, and active 

transport of essential nutrients across the cerebrovasculature (Kaplan et al., 2020). As a result, 

the BBB is highly selective in the types of molecules that can enter the brain, and this has posed 

a great challenge in drug development for both the design and delivery of drugs that target the 

central nervous system (CNS). To date, the failure of most clinical trials for pharmaceuticals that 

target the brain are thought to be due to lack of BBB permeability (Banks, 2016; Pardridge, 

2019). 

The specialized characteristics of the cerebrovasculature are essential to maintain proper 

brain function and differentiate it from vascular beds in other organs. However, these properties 
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are not intrinsic to the vasculature itself, but rather, a consequence of the unique interactions 

between the vasculature and the surrounding cells. Neurons, glia, and other perivascular cells 

help shape these specialized properties of the cerebrovasculature, though the precise mechanisms 

for development and maintenance of the cerebrovasculature as well as how neurons and the 

cerebrovasculature communicate (neurovascular coupling, NVC) are still mostly unknown 

(Kaplan et al., 2020). 

 

Development of the cerebrovasculature and blood-brain barrier 

The vascular endothelium comprises the inner wall of all blood vessels, which are 

essential for transporting blood and thereby delivering oxygen and glucose to different organs. 

While the vasculature is continuous throughout the whole body, each organ has a distinct 

vascular bed with specialized characteristics to meet the demands of that specific tissue. 

At its core, all vasculatures are comprised of a single layer of endothelial cells lining the wall of 

blood vessels and exhibit a phenotypic “zonated” organization ranging from arteries/arterioles to 

capillaries to venules/veins, referred to as the arteriovenous axis. The respective zones of the 

arteriovenous axis display distinct functional characteristics: 1) Blood flow is regulated at the 

level of arteries/arterioles and carry oxygenated blood away from the heart, 2) transport and 

exchange mechanisms are regulated at the level of capillaries, and 3) immune surveillance and 

waste clearance are regulated at the level of venules/veins and carry deoxygenated blood towards 

the heart (Aird, 2007a, 2007b).  

 At the molecular level, vascular zones display distinct gene expression programs that 

specify endothelial cell identity (dela Paz & D’Amore, 2009; Wälchli et al., 2023). Endothelial 

specification of arterial versus venous fate occurs during embryonic development as angioblasts 
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originating from the mesoderm migrate to form the dorsal aorta. The notochord and floor plate of 

the neural tube initiate the differentiation cascade by secreting sonic hedgehog which then acts 

on somites adjacent to migrating angioblasts to release vascular endothelial growth factor 

(VEGF) and then bind to the VEGF receptor 2 (VEGFR2) expressed on the surface of 

angioblasts. VEGF signaling leads to activation of the Notch signaling pathway and 

subsequently leads to arterial specification, including expression of arterial-specific genes like 

Efnb2, Bmx, and Hey1. In a subset of angioblasts expressing the transcription factor Nr2f2, 

VEGF and Notch signaling pathways are blocked, and this promotes the specification of venous 

identity, leading to expression of venous-specific markers like Ephb4.  

In the development of the cerebrovasculature, these processes are conserved, but brain 

endothelial cells begin to acquire their specialized properties as they vascularize the 

neuroectoderm through the processes of angiogenesis and barriergenesis (Wälchli et al., 2023). 

After angioblasts have begun to migrate and differentiate, they form a primitive perineural 

vascular plexus around the neural tube and then radially invade to form new blood vessels 

through the process of angiogenesis. Branching and proliferation of vascular sprouts eventually 

anastomose to form the capillary bed (Engelhardt, 2003). As the vasculature of the brain is 

forming, neural progenitor cells secrete important factors to induce the specialized barrier 

properties. Most notably, canonical Wnt signaling has been shown to be essential for 

angiogenesis of the CNS vasculature (Daneman et al., 2009). Wnt7a/b ligands are secreted by 

neural progenitor cells and bind onto Frizzled receptors expressed by endothelial cells. In 

conjunction with co-receptors such as Lrp5/6, Gpr124, and Reck, Wnt signaling stabilizes β-

catenin (Ctnnb1) that then translocates into the nucleus to activate transcription of essential 

barrier components, including the glucose transporter GLUT1 (Slc2a1) and the tight junction 
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protein CLDN5 (Cldn5). The BBB localizes to capillaries and begins restriction of paracellular 

transport through expression of additional junctional and scaffolding proteins such as occludin 

(Ocln) and tight junction protein 1 (Tjp1), thereby preventing most molecules that would 

normally diffuse into the tissue from entering the brain. Instead of relying on traditional diffusion 

mechanisms, the BBB acquires a rich and extensive gene expression pattern of transporters that 

regulate the import (e.g. Slc2a1 and Slc7a5) and export (e.g. Abcb1a and Abcg2) of specific 

molecules (Langen et al., 2019). Recent work has also shown that the docosahexaenoic acid 

transporter (DHA), MFSD2A, is essential for proper development of the BBB by inhibiting 

transcytosis via suppression of caveolae vesicular trafficking. Importantly, Mfsd2a is specifically 

expressed by brain endothelial cells in capillaries and deletion of Mfsd2a in mice has shown to 

cause microcephaly as well as BBB leakage via increased transcytosis (Andreone et al., 2017; 

Ben-Zvi et al., 2014; Wood et al., 2021). Homozygous inactivating mutations of MFSD2A in 

humans cause autosomal recessive primary microcephaly, a neurodevelopmental disorder with 

severe intellectual disability (Guemez-Gamboa et al., 2015; Khuller et al., 2021), likely due to 

inefficient transport of DHA into the brain and improper development of the BBB. The active 

suppression of transcytosis along with the restriction of paracellular transport and specialized 

expression of transporters on brain endothelial cells collectively highlight the unique barrier 

properties of the cerebrovasculature which are acquired during development. 

 

Gene expression patterns of brain endothelial cells 

 Though the functional specialization of brain endothelial cells has been appreciated for 

several decades, the underlying molecular constituents that define these cells at a genome-wide 

level both in development and adulthood had not been fully explored until recently (Hupe et al., 
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2017; Vanlandewijck et al., 2018). Using translating ribosome affinity purification (TRAP) 

(Heiman et al., 2014, 2008) to genetically tag polysomes of all endothelial cells, Hupe et al. 

identified unique molecular signatures of brain endothelial cells compared to other organs across 

multiple stages of mouse embryonic development. While this work demonstrated several brain 

endothelial cell-specific transcription factors to be associated with BBB formation and 

maturation, it lacked the resolution to resolve known heterogeneity of the vasculature. By 

combining a transgenic reporter line for brain endothelial cells with single cell RNA-sequencing 

(scRNA-seq), Vanlandewijck et al. reported for the first time a molecular atlas of the adult 

mouse brain vasculature that captured the functional heterogeneity of endothelial cells as 

described by the arteriovenous hierarchy. Known “zonated” genes such as Bmx, Efnb2, Sema3g 

in arterioles, Mfsd2a in capillaries, and Nr2f2 and Vcam1 in venules were confirmed by scRNA-

seq, but additional highly specific markers were identified not only as specific to zones but also 

specific to brain endothelial cells. Importantly though, this study demonstrated that much like the 

architectural organization of the cerebrovasculature, the transcriptional programs of brain 

endothelial cells exhibit a gradual, continuous shift along the arteriovenous axis.  

 The mouse cerebrovasculature atlas provided a much-needed molecular landscape to 

further our understanding of brain vascular biology. However, species-specific differences even 

across mammals are to be expected and could perhaps account for some of the observed 

differences in drug transport between animal models and humans (Deo et al., 2013; Syvänen et 

al., 2009). Most recently, our work and others have generated molecular atlases of the human 

cerebrovasculature and identified key differences in gene expression patterns between mice and 

humans, as described extensively in subsequent chapters (Garcia et al., 2022; Winkler et al., 
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2022; Yang et al., 2022). These studies provide important insights into what uniquely defines 

human brain vasculature cell types and the relevance to human disease. 

 

Role of mural cells in development and function of the cerebrovasculature 

 Sitting on the basement membrane of endothelial cells are a class of cells known as mural 

cells, which includes both vascular smooth muscle cells (VSMCs) and pericytes. VSMCs are 

located on larger caliber vessels whereas pericytes are located on capillaries. Particularly in 

arteries and arterioles, the abluminal surface of blood vessels is almost completely enwrapped by 

VSMCs; in contrast, venule, vein, and capillary mural cells display distinct morphologies with 

less surface coverage (Lendahl et al., 2019). Functionally, both VSMCs and pericytes display 

contractile properties (Fernández-Klett et al., 2010), though whether pericytes actually regulate 

capillary cerebral blood flow (CBF) remains a controversy. This question is of particular 

importance given that ~85% of the cerebrovasculature is comprised of capillaries (Sweeney, 

Kisler, et al., 2018) and correspondingly, pericytes account for the majority of mural cells in the 

brain. In vivo optical imaging techniques have demonstrated evidence to support both 

hypotheses. On one hand, pericytes, defined by lack of smooth muscle actin, Acta2, expression, 

were shown to not affect microvessel diameter or CBF after optogenetic or whisker stimulation 

at various parts of the capillary bed (Hill et al., 2015). In contrast, similar optogenetic 

experiments as well as ablation experiments of individual pericytes have shown that capillary 

pericytes do regulate CBF though with slower kinetics compared to upstream mural cells 

(Hartmann et al., 2021). It has been suggested that the confounding evidence for the contractile 

properties of pericytes and influence on CBF may be in part due to the subtype of pericyte 

interrogated in the respective experiments (Attwell et al., 2016). Several works have 
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demonstrated that pericytes are morphologically heterogenous along the capillary bed, with 

pericytes proximal to large vessels displaying distinct structures compared to those more distal, 

deep within the capillary network. “Mesh” pericytes display extensive number of processes that 

engulf blood vessels and are localized closer to pre-capillary arterioles and on lower branch order 

capillaries; whereas, “thin-stranded” pericytes have fewer processes, typically along the long 

axis of the blood vessel, and localize on higher branch order capillaries.  

Nevertheless, pericytes are essential for normal cerebrovascular function as they interact 

closely with the endothelium and play important roles in development to establish the BBB. 

Endothelial cells secrete platelet-derived growth factor (PDGF-B) to recruit PDGF receptor-β 

(PDGFR-β)-expressing pericytes onto the basement membrane. While Pdgfb and Pdgfrb null 

mice are perinatally lethal, experiments performed on adult viable, pericyte-deficient mice has 

shown that loss of pericyte coverage leads to increased BBB permeability to many low- and 

high-molecular weight tracers and alters the gene expression profiles of brain endothelial cells 

(Armulik et al., 2010; Hellström et al., 1999). Additional work in neural crest-derived pericytes 

has shown that the transcription factor Foxf2 is required for proper pericyte differentiation and 

development of the BBB via PDGFR-β and transforming growth factor (TGFβ) signaling 

(Reyahi et al., 2015). 

At a molecular level, while anatomically distinguishable, VSMCs and pericytes share 

similar gene expression programs and thus, remain poorly defined. ACTA2 is well-accepted to be 

a marker of VSMCs; however, traditional markers for pericytes like PDGFRβ or CSPG4 are not 

specific enough and are also expressed by VSMCs and oligodendrocyte precursor cells (OPCs), 

respectively. Additional markers described for VSMCs and pericytes include CD13 (ANPEP) 

and CD146 (MCAM) though their precise role in mural cell subtypes has not been extensively 
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explored (Smyth et al., 2018). Work using scRNA-seq has demonstrated that VSMC gene 

expression shows little heterogeneity across different organs in contrast to pericytes, which 

display a greater degree of organotypicity (Muhl et al., 2020). Furthermore, unlike endothelial 

cells, mural cells do not display gradual phenotypic zonation at the gene expression level along 

the arteriovenous axis. In the brain, VSMCs and pericytes exhibit distinct gene expression 

patterns despite having some overlap in functional properties (Garcia et al., 2022; Vanlandewijck 

et al., 2018). This could in part be due to the developmental origin of mural cells since VSMCs 

are derived from the mesoderm whereas, brain pericytes are mostly derived from the neural crest 

(Armulik et al., 2011). 

 

Astrocytes in blood-brain barrier maintenance and neurovascular coupling 

 While endothelial cells and mural cells form the core cellular components of all blood 

vessels, it is clear that the specialized properties of the cerebrovasculature originate in part due to 

the interaction with brain cell types, as previously described. The majority of cells in the brain 

are glia, which includes astrocytes, oligodendrocytes, OPCs, and microglia. Astrocytes are 

particularly important in the context of cerebrovascular biology given that they directly interact 

both with the vasculature through extension of their end-feet and with neurons at the level of the 

synapse (“tri-partite synapse”) (Abbott et al., 2006).  

In the context of the BBB, astrocytes mature and tile the cerebrovasculature postnatally 

with their end-feet. Therefore, they are not necessary for induction of BBB properties, but 

numerous studies have shown that they are essential for maintenance in the adult. BBB damage 

from astrocyte ablation causes downregulation of tight junction proteins and leads to leakage of 

small molecules and large plasma proteins, like fibrinogen (Heithoff et al., 2021). In addition, 
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astrocytes serve as the major regulator of water homeostasis through their contact with the 

vasculature and the polarized expression of aquaporin-4 (AQP4), the predominant water channel 

in the brain, at end-feet (Vandebroek & Yasui, 2020). This role has drawn considerable attention 

after the discovery of the “glymphatic” system which describes the clearance of brain interstitial 

fluid along paravascular routes formed by astrocytic end-feet and mediated in part through the 

action of AQP4 channels (Iliff et al., 2012). 

Most notably, though, astrocytes have been studied as mediators of NVC. During brain 

activity, neurons release neurotransmitters and K+ into the extracellular space in close proximity 

to astrocyte processes which induces an intracellular astrocytic Ca+2 signal partially mediated by 

activation of astrocyte metabotropic glutamate receptors. The Ca+2 signal propagates down end-

feet on arterioles and activates Ca+2-sensitive large conductance K+ channels, including 

KCNMA1, to locally release K+ in the vicinity of VSMCs and consequently, modulate vascular 

tone (Filosa et al., 2006; Girouard et al., 2010). The degree and polarity of these astrocytic Ca+2 

signals have been shown to modulate the levels of perivascular K+ release, and thus modulate the 

vasoactive response of VSMCs, both dilatory and constrictive. Importantly, astrocytes can also 

release ATP that acts on purinergic receptors, P2Y1, expressed on mural and endothelial cells to 

exert vasoactive effects via activation of endothelial nitric oxide synthetase (eNOS) (Toth et al., 

2015). Interestingly, NVC in the barrel cortex has also been shown to be partially mediated by 

arteriolar caveolae and is independent of eNOS signaling. In particular, ectopic expression of 

MFSD2A in arteriolar endothelial cells partially attenuates NVC by inhibiting formation of 

caveolae (Chow et al., 2020). At a gene expression level, a recent study utilized chemogenetics 

and RNA-sequencing to demonstrate that glutamatergic neuronal activity modulates BBB efflux 

transporter, including p-glcyoprotein (Abcb1a), Mrp4 (Abcc4), Abca3, and Abcd4, and circadian 
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clock, including Dbp, Tef, and Hlf, gene expression and function (Pulido et al., 2020). The 

observation of circadian gene regulation is of particular interest given the diurnal rhythms in 

waste clearance and the role of astrocytes in the aforementioned glymphatic system. 

 

Central nervous system fibroblasts are distinct brain cell types along the cerebrovasculature 

 Single-cell technologies have enabled unbiased profiling of CNS cell types to uncover 

cell type-specific transcriptional programs and define specialized populations of cells (Saunders 

et al., 2018; Zeisel et al., 2018). These studies along with others have demonstrated the presence 

of distinct fibroblast populations both in the meninges and perivascular spaces within the brain 

parenchyma, but only until recently have studies emerged to begin understanding the 

physiological role of these cell types in the brain (DeSisto et al., 2020; Vanlandewijck et al., 

2018). The small amount of work on CNS fibroblasts have implicated them in fibrotic scarring 

during injury (Dorrier et al., 2021; Månberg et al., 2021) and also as playing important roles in 

the production of essential extracellular matrix (ECM) proteins (Farbehi et al., 2019). 

 The meninges is comprised of three protective membranes that surround the brain: the 

dura, arachnoid, and pia maters. Distinct populations of meningeal fibroblasts with specific gene 

markers have been identified in each of the layers during development. For example, pial 

fibroblasts differ from arachnoid and dural fibroblasts by their expression of markers like S100a6 

and Ngfr (DeSisto et al., 2020; Dorrier et al., 2022). These fibroblasts in particular are localized 

on non-fenestrated blood vessels within the pia and continue to be present even as pial arteries 

invade into the brain parenchymal space. Using two-photon live imaging with Col1a1-GFP mice 

to label fibroblasts in vivo, studies have shown that meningeal and perivascular fibroblasts have 

similar morphology even as the pial vessels enter the brain parenchyma, though whether the 
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function and gene expression profiles of meningeal versus perivascular fibroblasts are distinct, 

remains unknown. It has been proposed that CNS fibroblasts can also play a role in glymphatic 

clearance, though further work is needed to elucidate precise functions of these recently 

described cell populations (Mastorakos & McGavern, 2019; Rasmussen et al., 2022). 

 

Emerging studies on cerebrovascular interactions with glial cell types 

 Advances in sequencing and imaging technologies have enabled the dissection of cellular 

and molecular mechanisms at higher resolution. Furthermore, the increased recognition of 

cerebrovascular interactions in normal health and disease and the importance of understanding 

the contributions of distinct cell populations has prompted many avenues of research to 

understand cerebrovascular biology at a cell type-specific level. This has extended beyond the 

traditional scope of cell types involved in BBB formation and maintenance (mural cells and 

astrocytes) and neurovascular coupling (astrocytes and neurons) into lesser studied cell types in 

the context of the cerebrovasculature, including microglia, oligodendrocytes, and OPCs.  

 Microglia are the resident immune cell type of the brain, originating from the embryonic 

yolk sac, which then migrate into the neuroepithelium by crossing the pial surface during 

development and populate the brain. As an immune cell, much of what is known about microglia 

has been studied in the context of diseased states rather than normal physiological function (Li & 

Barres, 2018; Salter & Stevens, 2017). Less is known about the homeostatic roles of microglia, 

though recent works has shown microglia play essential roles in synaptic pruning during 

development (Stevens & Schafer, 2018). In the context of the cerebrovasculature, only a handful 

of studies have directly addressed the direct interactions between microglia and the 

cerebrovasculature (Knopp et al., 2022). Juxtavascular microglia, defined as having 30% or more 
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of their soma associated with blood vessels, were found to be closely associated with the 

cerebrovasculature in the first week of mouse postnatal development. This work demonstrated 

that microglia migrate along blood vessels during development and occupy spaces devoid of 

astrocytic end-feet. Interestingly, the decrease in migratory behavior of microglia coincided with 

the maturation of astrocytic end-feet, suggesting perhaps that microglia may play a yet to be 

identified role in the development of the BBB (Mondo et al., 2020). The precise signaling 

mechanisms by which microglia interact with the vasculature are still mostly unknown; however, 

another recent study demonstrated that P2RY12+ microglia communicate with brain endothelial 

cells in part via pannexin 1, PANX1, channels. Importantly, elimination of microglia lead to 

capillary dilation and CBF increase, which was recapitulated in both P2RY12-/-
 and PANX1-/- 

mice, demonstrating the functional role of cerebrovasculature-associated microglia (Bisht et al., 

2021). The observation that microglia modulate CBF during NVC has also been observed in the 

context of microglia depletion and pharmacological interventions (Császár et al., 2022). 

 Much like microglia, oligodendrocyte lineage cells, which include oligodendrocytes and 

OPCs, have been extensively studied outside the context of the cerebrovasculature, though more 

recent studies have begun to highlight these interactions. OPCs serve as the major reservoir for 

oligodendrocytes, which are the main source of myelination in the CNS. In the developing 

mouse brain, OPCs populate the brain in three consecutive waves from separate origins: 1) the 

medial ganglionic eminence (MGE) and anterior entopenduncular area (AEP), 2) the lateral and 

caudal ganglionic eminence (LGE and CGE), and 3) the postnatal cortex (Kessaris et al., 2006). 

Recent works have shown that the cerebrovasculature plays an essential role in the population of 

OPCs and consequently, the differentiation into mature oligodendrocytes. In particular, OPCs, 

which only emerge after the establishment of the perineural vascular plexus, have been shown to 
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utilize the cerebrovasculature as a scaffold for migration during development, in part mediated 

by Wnt-Cxcr4 signaling (Tsai et al., 2016). Furthermore, the regulation of OPC migration 

termination and thereby initiation of OPC differentiation into oligodendrocytes, has been shown 

to occur via the displacement of OPCs by astrocyte end-feet. Astrocyte-derived semaphorins 3a 

and 6a act as repellent cues for OPCs to detach from the vasculature and begin differentiation 

(Su et al., 2023).  

In this context, oligodendrocyte lineage cell interactions with the cerebrovasculature are 

essential for proper development; however, the role of these interactions in the adult brain has 

been less explored. While the majority of energy consumption occurs at synapses in the grey 

matter, electrical signals must propagate along myelinated axons in the white matter and require 

a modulated amount of oxygen and glucose (Weber, 2002). Oligodendrocyte myelination 

demarcates the regions of white matter in the brain, and as such, could potentially mediate 

communication between the cerebrovasculature and axons. An “axo-vascular” coupling 

mechanism has been suggested, whereby oligodendrocytes act as sensors of neuronal activity 

and initiate a signaling cascade in white matter regions to induce vessel dilation via astrocytes 

(Restrepo et al., 2022).  

 

Cerebrovascular dysfunction in disease 

 As previously described, cerebrovascular structure and function depend on processes that 

rely on the close interactions between numerous cell types.  The importance of the 

cerebrovasculature extends across lifespan and as such, is greatly involved in numerous neuro-

developmental, -psychiatric, and -degenerative diseases (Guey et al., 2021; Pollak et al., 2018; 

Sweeney, Kisler, et al., 2018; Sweeney et al., 2019). Furthermore, cerebrovascular diseases, 
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including strokes, aneurysms, small vessel diseases (SVDs), and vascular malformations 

(AVMs), are a great burden worldwide being the second leading cause of death, with strokes 

accounting for a large percentage in both men and women (Tong et al., 2019).  

 Strokes, including both ischemic (reduction of blood flow) and hemorrhagic (bleeding), 

are associated with a number of factors including SVDs. Approximately 1.5% of SVDs are 

hereditary, caused by single-gene mutations (Guey et al., 2021). The most common of the 

hereditary SVDs is CADASIL (cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy), caused by mutations in the NOTCH3 gene (Joutel et al., 

1996). NOTCH3 mutations lead to protein aggregation along the vasculature (granular 

osmiophilic materials) and consequently, ischemic white matter lesions, lacunar infarcts, 

cognitive decline, and dementia. Interestingly, NOTCH3 is predominantly expressed in VSMCs 

and pericytes, highlighting the primary origin of the disease in the cerebrovasculature. Several 

mouse transgenic lines have been generated based on the most common mutations, though none 

of them recapitulate the full spectrum of phenotypes observed in humans (Ayata, 2010). 

Furthermore, works in induced pluripotent stem cell (iPSC) – derived models have shown a 

failure in mural cells carrying the NOTCH3 mutation to stabilize capillary structure (Kelleher et 

al., 2019). In contrast to CADASIL, CARASIL, the recessive form of the disease, is caused by 

biallelic missense mutations in the HTRA1 gene (Hara et al., 2009; Zhang et al., 2022). HTRA1 is 

predominantly expressed in astrocytes, so perhaps the mechanisms underlying CARASIL depend 

on differential roles of astrocytes in relation to the cerebrovasculature (e.g. inflammatory 

response or glymphatic clearance) as opposed to mural cell dysfunction (J. Chen et al., 2018). 

Cerebral amyloid angiopathy (CAA) is another form of SVD and closely linked with 

Alzheimer’s disease (AD) (Biffi & Greenberg, 2011; Lendahl et al., 2019), discussed in further 
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detail below. CAA is characterized by amyloid-β (Aβ) deposits along vessel walls, though not in 

all cases does Aβ induce pathology. Hereditary forms of CAA have been found in Dutch, Iowa, 

Arctic, Flemish, and Italian families carrying either duplication or missense autosomal dominant 

mutation in the APP gene (Cabrejo et al., 2006; Sellal et al., 2017). Clinical manifestations 

include recurrent lobar intracerebral hemorrhaging, seizures secondary to cortical lesions, and 

premature cognitive impairments (Guey et al., 2021). 

 Little is known about the role of the cerebrovasculature and BBB in neuropsychiatric 

disorders. The evidence for BBB impairment has mostly come from cerebrospinal fluid 

(CSF)/blood measurements or post-mortem human studies in schizophrenic individuals. The 

leading hypothesis for the interaction between BBB function and schizophrenia implicates 

immune dysfunction. Genome-wide association studies (GWAS) of schizophrenia have 

identified several immune-related genetic loci (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014) that support the role of microglia and neuroinflammation in the 

pathophysiology of the disease. Furthermore, elevated levels of reactive oxygen species and 

cytokines, including interleukins-1α, -1β, -6, and tumor necrosis factor α, have been found in 

blood samples of individuals with schizophrenia. Coupled with the increased CSF:blood ratio of 

albumin, these studies collectively implicate BBB permeability as a potential contributor to the 

progression of the disease. In addition, more than 1000 single nucleotide polymorphisms (SNPs) 

have been identified that could potentially alter the substrate specificity of p-glycoprotein, the 

predominant efflux transporter expressed on the cerebrovasculature. Given that many 

antipsychotics, including risperidone, aripiprazole, and paliperidone, are potent substrates of p-

glycoprotein whereas clozapine and quetiapine act as inhibitors, the role of the 

cerebrovasculature in schizophrenia and other psychiatric disorders may be of great importance 
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for the development of suitable therapies. However, much is still unclear about the exact roles 

the cerebrovasculature plays. For example, unlike cerebrovascular and neurodegenerative 

diseases, it is unclear whether BBB dysfunction precedes psychosis or if the degree of BBB 

dysfunction affects the disease progression (Pollak et al., 2018). However, given the growing 

evidence for the important roles the cerebrovasculature plays in other neurological diseases, it is 

likely that more attention will be given into studying these interactions in the context of 

neuropsychiatric disorders.  

The next section provides a thorough review on the role of the cerebrovasculature in 

neurodegenerative diseases, which has provided a framework for rethinking approaches for not 

only studying these diseases but also approaches for developing interventions. 

 

The Cerebrovasculature in Neurodegeneration 

An interesting phenomenon across the neurodegenerative diseases is that specific 

populations of neurons in particular brain regions are preferentially affected, often referred to as 

enhanced or selective vulnerability (Fu et al., 2018). For example, in Alzheimer’s disease (AD), 

pyramidal neurons of the entorhinal cortex and hippocampus are more vulnerable, whereas, in 

Parkinson’s disease (PD) and Huntington’s disease (HD) it is the dopaminergic neurons of the 

substantia nigra and medium spiny neurons (MSNs) of the striatum, respectively. Accumulation 

of a pathological protein (Aβ and tau in AD, α-synuclein in PD, and mutant huntingtin in HD) in 

these vulnerable neurons is often a hallmark of the disease that leads to cytotoxicity, cell death, 

and progression of degeneration. Interestingly, the expression of these toxic proteins is not 

restricted to the vulnerable neuronal populations and in fact, is present across many different 
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neuronal and non-neuronal cell types. The exact mechanisms of how these toxic proteins lead to 

selective degeneration of specific neurons are still being understood. 

Despite the selective vulnerability of neurons, a common feature across the 

neurodegenerative diseases is cerebrovascular dysfunction. CBF alterations, impaired 

cerebrovascular reactivity, and impaired neurovascular coupling have been shown in AD but 

recent research has begun to show that this is also present in PD, HD, amyotrophic lateral 

sclerosis (ALS), and multiple sclerosis (MS) (Sweeney, Kisler, et al., 2018; Sweeney et al., 

2019). Interestingly, these changes to the cerebrovasculature occur at early stages in disease 

progression and often precede the onset of disease-specific phenotypes. Whether these changes 

contribute significantly or is causal to the disease progression, however, remains an open 

question. 

At the cellular and molecular level, BBB breakdown is a shared characteristic and 

follows similar trends across the neurodegenerative diseases. This includes dysregulation of 

essential genes for BBB integrity like tight junction proteins and transporters, including CLDN5, 

p-glycoprotein, and GLUT1, which consequently leads to corresponding functional 

consequences including, impaired barrier function, reduced waste clearance, and decreased 

transport function of essential nutrients. Importantly, the impaired barrier function allows for 

extravasation of inflammatory signals, such as cytokines and chemokines, to promote further 

breakdown and degeneration. Most recently, research in AD and normal aging has shown that 

BBB breakdown involves not only the paracellular route, which includes tight junction proteins, 

but also the transcellular route. In particular, increased rates of transcytosis and a decrease in the 

caveolae-inhibiting transporter, MFSD2A, have been shown to occur during normal aging (Yang 

et al., 2020). Overall, with the increasing number of profiling studies both in humans and in 
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animal models of neurodegeneration, the precise mechanisms of cerebrovascular and BBB 

dysfunction are being better understood and will provide key insights into new approaches for 

development of therapeutic interventions (Garcia et al., 2022; Yang et al., 2022). 

 

Cerebrovascular dysfunction in vascular dementia, Alzheimer’s disease, and normal aging 

 There is a longstanding recognition that vascular dementia and AD share a lot of the 

hallmark pathologies, and refinement of the terminology that delineates the two has considerably 

evolved over the past several years (Bir et al., 2021; Iadecola, 2013; O’Brien & Thomas, 2015). 

Though vascular dementia is considered the second leading cause of dementia after AD, the 

terminology itself is controversial given that vascular pathologies are heterogenous in nature and 

cover a broad spectrum of insults that can cause cognitive impairments to different degrees. In 

fact, DSM-V modifications have now removed the necessity of memory impairment as a 

criterion for dementia, and correspondingly, the nomenclature “vascular cognitive impairment” 

(VCI) has been proposed as a more unifying term to encompass the different contributors of the 

disease.  

  As previously discussed, in the context of hereditary cerebrovascular diseases (i.e. 

CADASIL, CARASIL, and familial CAA), the contributions of the cerebrovasculature to 

vascular dementia are more clear (Ayata, 2010; Cabrejo et al., 2006; Hara et al., 2009). In 

addition, infarctions to large vessels are more indicative of a primary vascular pathology and 

thus, a clear diagnosis of VCI. However, the contribution of small vessel insults to cognitive 

impairment are more heterogenous and the presence in both VCI and AD has made differential 

diagnoses more challenging. This is particularly true in early stages of disease where dysfunction 

of the cerebrovasculature presents itself as subtle leaks that can be detected through the usage of  
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dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) with gadolinium tracers 

(Barisano et al., 2022; Montagne et al., 2015; Nation et al., 2019). Genetic studies have provided 

key insights into the risk factors associated with both VCI and AD. For example, the APOE ε4 

allele is well-established as an increased susceptibility gene for AD but not for sporadic VCI 

(Verghese et al., 2011). Nevertheless, many of the top GWAS hits for AD have been shown to 

exhibit high levels of expression in the cerebrovasculature, highlighting the potential 

contributions of the cerebrovasculature in driving disease (Yang et al., 2022). 

 At the cellular and molecular level, many lines of evidence highlight the early changes of 

the cerebrovasculature, particularly in AD. Neuroimaging studies have revealed that both 

diminished glucose transport (as shown by fluorodeoxyglucose-PET) and p-glycoprotein 

function (as shown by verapamil-PET) in the hippocampus are observed in early and mild forms 

of AD, respectively. The decrease in glucose transport could be in part due to the observed 

reduction in GLUT1 levels using human post mortem tissue analyses. This methodology has also 

shown reduced levels of tight junction proteins and alterations to the capillary basement 

membrane as well as loss of pericyte coverage and numbers in the cortex and hippocampus 

(Sweeney, Sagare, et al., 2018). Most recently, a human atlas of the cerebrovasculature in AD 

has implicated ECM-maintaining pericytes as selectively vulnerable and suggests an 

evolutionary transfer of AD risk genes from microglia to cerebrovascular cell types (Yang et al., 

2022). Furthermore, iPSC-derived models of the BBB have dissected potential mechanisms of 

dysfunction in APOE ε4 carriers. In particular, inhibition of calcineurin-NFAT signaling was 

shown to reduce the CAA pathology recapitulated in vitro. In addition, in vivo administration of 

cyclosporine A, an inhibitor of calcineurin/NFAT signaling, into APOE ε4 mice demonstrated 

reduced APOE expression and vascular amyloid. Given that both APOE and NFAT are highly 
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expressed in pericytes, collectively these studies implicate pericytes as both potential drivers of 

disease pathology and therapeutic targets. 

 

Cerebrovascular dysfunction in Parkinson’s disease, ALS, and multiple sclerosis 

 PD is the second most common neurodegenerative disease after AD, and as mentioned 

previously, preferentially affects the dopaminergic (DA) neurons of the substantia nigra pars 

compacta (SNpc) in the midbrain. In particular, DA neurons projecting to the basal ganglia and 

involved in locomotion display a high degree of vulnerability and degenerate preferentially. 

Familial forms of the disease have been linked to autosomal dominant mutations in SNCA, 

LRRK2, ATXN2, ATXN3, MAPT, GCH1, DCTN1 and VPS35 (Houlden & Singleton, 2012). In 

the context of the cerebrovasculature, several neuroimaging and post-mortem studies have 

demonstrated alterations in the affected brain regions of PD. For example, diminished p-

glycoprotein function detected by verapamil-PET imaging has been observed in the mid-brain of 

PD individuals as well as increased leakage of gadolinium tracer by DCE-MRI in the basal 

ganglia. Furthermore, increased endothelial cell number in the SNpc and increased endothelial 

integrin αvβ3 expression in the SNpc, locus coeruleus, and putamen have been observed in post 

mortem human tissue (Sweeney, Sagare, et al., 2018). 

 Similarly, cerebrovascular dysfunction has been observed in the affected regions of ALS 

and multiple sclerosis (MS). ALS, which preferentially affects motor neurons of the spinal cord 

and motor cortex, exhibits reduced pericyte coverage in the cervical spinal cord as well as 

enlarged perivascular spaces in the medulla, cervical and lumbar spinal cord (Sweeney, Sagare, 

et al., 2018). Most recently, the enlargement in perivascular spaces has been linked with 

dysfunction of perivascular fibroblasts in pre-symptomatic stages of both humans with sporadic 
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ALS and mouse models. In particular, marker proteins of perivascular fibroblasts, SPP1 and 

COL6A1, were found to accumulate in perivascular spaces and associated changes to vascular 

gene expression preceded even the early microglial response (Månberg et al., 2021). In contrast, 

MS, which is an autoimmune demyelinating disease and thus, affects predominantly white matter 

regions, also displays enlarged perivascular spaces, but these changes may be due more to 

observed increases in leukocyte infiltration and degradation of tight junction proteins in these 

regions. Indeed, immune cells have been found in these enlarged perivascular spaces within MS 

patients (Lendahl et al., 2019; Sweeney, Sagare, et al., 2018).  

 

Cerebrovascular dysfunction in Huntington’s disease 

Across the neurodegenerative diseases, vascular changes are often confounded with other 

disease-related characteristics. For example, AD has a heterogeneous etiology and is often 

confounded with VCI and CAA; additionally, MS has a known autoimmune component that is 

known to affect the vasculature. Unlike these diseases which have multiple disease associated 

genetic risk factors, HD is caused by a mutation in the huntingtin (HTT) gene and follows an 

autosomal dominant inheritance pattern (Macdonald, 1993). The mutation arises as an expanded 

CAG tract in exon 1 of the gene which leads to translation of a toxic mutated huntingtin (mHTT) 

protein. The trinucleotide repeat sequence has been well established to be inversely correlated 

with age-of-onset (Andrew et al., 1993). In humans, the normal CAG repeat length ranges from 

10-35 repeats, whereas in HD patients, repeat length can range from 36-121 or more repeats. 

Individuals in the 27-35 range are not considered at risk to developing symptoms. However, due 

to the somatic instability in the repeat sequence, individuals in this range are at risk of having 

children with an expanded sequence within the disease-causing range. Furthermore, individuals 
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in the 36-39 range are considered to have reduced penetrance of the disease and may or may not 

develop symptoms (Kay et al., 2017). Somatic instability in HD has been shown in both humans 

and mouse models to be associated with the mismatch repair pathway, including MSH3 and 

MSH2 which are highly expressed in neurons and correlates well with evidence demonstrating 

that the instability is greater in neurons compared to glia (Gonitel et al., 2008; Shelbourne et al., 

2007). The link between somatic instability and selective vulnerability of striatal neurons is of 

particular interest given recent human genetic and transcriptomic studies which identified age-of-

onset modifiers in loci close to mismatch repair genes, including MSH3, MSH2, and FAN1 

(Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium, 2019), and demonstrated 

that the DNA mismatch repair pathway is upregulated in both direct- and indirect-pathway spiny 

projection neurons (dSPNs and iSPNs) (H. Lee et al., 2020). 

As previously mentioned, HTT is ubiquitiously expressed but preferentially affects the 

MSNs (also referred to as SPNs) that reside in the basal ganglia, primarily the neostriatum. Both 

the caudate nucleus and putamen are considerably affected at early stages, though cortical 

atrophy is also observed at late stages of the disease. Neuropathological severity is classified on a 

grading scale ranging from 0-4 with grade 1 and 4 exhibiting 50% and 95% loss of striatal 

neurons, respectively. Furthermore, astrogliosis is another neuropathological characteristic that 

arises later in the disease progression (Vonsattel et al., 1985). The precise mechanisms by which 

mHTT leads to degeneration are not well understood, though studies have demonstrated both 

gain-of-function toxicity and loss-of-function effects and that iSPNs display a higher 

vulnerability compared to dSPNs (Reiner et al., 1988). Most recently, a genome-wide in vivo 

synthetic lethality screen identified modifiers of mHTT toxicity and validated Nme1 as a 

suppressor that can ameliorate HD phenotypes in vivo when overexpressed (Wertz et al., 2020). 
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Furthermore, human and mouse model transcriptional studies utilizing TRAP and snRNA-seq 

have revealed that early gene expression changes in the vulnerable SPNs implicate mitochondrial 

dysfunction in the activation of innate immune signaling (H. Lee et al., 2020). 

In the cerebrovasculature, basal ganglia perfusion deficits and other neurovascular 

abnormalities have been documented in both pre-symptomatic and symptomatic patients with 

HD since the 1980s and 1990s (Garnett et al., 1984; Harris et al., 1999; Lin et al., 2013; Vis et 

al., 1998). Similar findings have also been shown in both human and mouse models of HD with 

more recent advanced imaging approaches (Cepeda-Prado et al., 2012; J. J. Chen et al., 2012; 

Franciosi et al., 2012; Hua et al., 2014; Wolf et al., 2011). However, only until recently has 

attention been given into understanding the underlying cellular and molecular mechanisms of 

cerebrovascular dysfunction in HD and its contributions to both the pathogenesis and progression 

of the disease. Studies have shown that BBB breakdown in the striatum is marked by a decrease 

in tight junction proteins, similar to other neurodegenerative disorders, as well as an increase in 

small vessel density and reduced vessel diameter (Di Pardo et al., 2017; Drouin-Ouellet et al., 

2015; Liu et al., 2021). In addition, increased pericyte number and activation marked by 

expression of RGS5 and NG2 were found to occur in early stages of disease progression within 

the R6/2 mouse model of HD (Padel et al., 2018). Importantly, these vascular changes in animal 

models preceded the onset of both behavioral abnormalities and neuronal dysfunction. Most 

recently and discussed in further detail in Chapter 3, our own single-cell study in human HD 

patients has characterized gene expression changes in endothelial, mural, and fibroblast cell 

populations associated with innate immune activation and BBB dysfunction (Garcia et al., 2022). 
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Advances in Next-Generation Sequencing Technologies and Cell Type-Specific Tools 

 Differential roles of distinct cell populations in normal brain function as well as the 

previously described selective vulnerability in disease has made the disentanglement of cell type-

specific mechanisms an important consideration in studying the brain. The advancement of next-

generation sequencing (NGS) platforms, in particular single-cell technologies (Macosko et al., 

2015), and novel genetic tools (Chan et al., 2017; Ravindra Kumar et al., 2020) for labeling 

specific populations has allowed for the dissection of these mechanisms at higher resolutions 

than previously done. Furthermore, the extension of these approaches across animal models and 

into humans is facilitating the identification of species-specific differences (Hodge et al., 2019) 

as well as the development of novel therapeutic approaches for numerous brain diseases and 

disorders. 

 

Bulk RNA sequencing and translating ribosome affinity purification 

 Methods for DNA/RNA sequencing have rapidly evolved in the past decade, with 

increasing number of methodologies being developed for specific purposes. The founding 

method, Sanger sequencing, developed in 1977 is still employed in modern research, though to a 

limited extent given the low throughput compared to current NGS technologies. The bulk of 

modern sequencing strategies rely on Illumina platforms, first developed by Solexa and Lynx 

Therapeutics. These platforms support many types of protocols including whole genome 

sequencing, chromatin immunoprecipitation (CHIP) sequencing, RNA sequencing, and others 

(Slatko et al., 2018). 

 RNA sequencing has become an indispensable tool for studying differential gene 

expression patterns and has recently evolved to study various aspects of biology, including cell 
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type-specific translatome profiling, single cell gene expression, spatial transcriptomics, etc. The 

advent of more sophisticated technologies in RNA sequencing has been particularly important in 

studying the brain given the complex cellular composition (Stark et al., 2019). Bulk RNA 

sequencing approaches in vivo or with post mortem tissue are difficult to interpret due to the lack 

of cell type-specific resolution. Discerning the origin of important molecular signatures becomes 

incredibly difficult and oftentimes the key differential changes can be masked by irrelevant 

contributions from unaffected cell types. Furthermore, given the lack of high throughput 

proteomic approaches, transcriptional profiling is often used as a proxy for predicting protein 

composition, though in reality, RNA and protein levels do not necessarily have a one-to-one 

correspondence and a large fraction of total RNA includes non-coding transcripts. Recent 

approaches to address these two issues in vivo have employed the usage of mouse transgenic 

reporter lines to fluorescently tag actively translating ribosomes for immunoprecipitation in 

specific cell populations. This translating ribosome affinity purification (TRAP) methodology 

developed by Heiman et al., 2014, 2008, was developed to study the translatome of specific CNS 

cell types. Since then, many further studies have employed the TRAP methodology to study gene 

expression patterns in other brain cell types and in the context of disease (Doyle et al., 2009; H. 

Lee et al., 2020). 

 

Single cell RNA-sequencing and spatial transcriptomics 

 TRAP-seq and other similar approaches (Sanz et al., 2009) for cell type-specific 

translatome profiling allow for high resolution interrogation of gene expression programs. 

However, the necessity of transgenic lines to interrogate specific cell populations is time-

intensive and low throughput. Furthermore, only one cell type can be interrogated at a time, and 
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thus, information about other cells that are likely to have impact on the gene expression profiles 

is lost. The advent of single cell (Macosko et al., 2015) and single nucleus RNA-sequencing 

(Habib et al., 2017) approaches allowed for a high throughput approach to interrogate the 

transcriptional programs of thousands of cells from an individual sample. In particular, snRNA-

seq has been heavily employed in the context of human studies due to the compatibility with 

frozen human post mortem tissue, allowing for not only the generation of high resolution 

molecular atlases, but also the dissection of cell type-specific mechanisms across multiple 

neurodegenerative diseases (Al-Dalahmah et al., 2020; Garcia et al., 2022; Kamath et al., 2022; 

H. Lee et al., 2020; Mathys et al., 2019; Yang et al., 2022).  

 The utility of single-cell transcriptomics has expanded beyond neuroscience and has now 

become a workhorse in all subfields of molecular and cellular biology. The commercialization of 

these approaches into companies, most notably 10x Genomics, has allowed for standardization of 

protocols and accessibility of reagents for labs all over the world. Even so, in complex tissue 

organs, understanding the organization of cells can provide important insights into cell-cell 

interactions and the layout of molecules in situ, which is lost with traditional RNA- and scRNA-

seq approaches. Inspired by lower throughput spatial localization of transcripts using in situ 

hybridization (ISH), many recent spatial transcriptomic technologies have recently been 

developed to scale up the coverage of the genome that can be interrogated on fixed tissue that 

preserves the anatomical structure. Notably, seqFISH, MERFISH, and 10x Genomics’ Visium 

technology all provide approaches for visualizing the spatial distribution of transcripts in various 

types of tissue samples (K. H. Chen et al., 2015; Lubeck et al., 2014; Ståhl et al., 2016). 
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Non-invasive viral tools for cell type-specific CNS transduction 

 Recent advances in single-cell and transcriptome profiling technologies has greatly 

enriched the types of data that can be collected from biological experiments, particularly in the 

brain and in disease contexts. These protocols have yielded an abundance of molecular resources 

for further understanding biological mechanisms. Correspondingly, improvements in the 

development of genetic tools for targeting the CNS has allowed for the testing of promising 

hypotheses. In particular, directed evolution of adeno-associated viruses (AAVs) that have 

improved transduction efficiency in the CNS and can be administered non-invasively has 

enabled for effective forms of in vivo gene transfer and gene therapies. Novel viral serotypes 

derived from the AAV9 capsid, named PHP.eB and PHP.S, have shown to exhibit increased 

transduction efficiency of neurons in both the brain and spinal cord, respectively (Chan et al., 

2017). These AAVs can bypass the BBB and thus, are non-invasive, as they can be administered 

intravenously at a sufficient dose in a single injection. Furthermore, compared to traditional 

AAVs which often require high titers, these derivatives are able to achieve high transduction 

efficiencies at significantly lower doses. When coupled with cell type-specific promoters and 

enhancers, these tools provide a fast, targeted approach for selectively perturbing distinct cell 

populations in the CNS of both transgenic and non-transgenic animals. Importantly, recent work 

using the same directed evolution approach has now resulted in the development of an additional 

class of AAVs that can effectively transduce neuronal populations in non-human primates 

(NHPs) (X. Chen et al., 2022), demonstrating the translatability of these tools across species and 

the promise it holds for future gene therapy approaches to treat neurological disorders. 
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Summary and Thesis Aims 

 In this thesis I aim to bridge knowledge gaps in cerebrovasculature structure and function 

by creating a transcriptomic profile of the human cerebrovasculature in health and 

neurodegeneration. Using single-nucleus RNA-sequencing (snRNA-seq) and a developed blood 

vessel enrichment (BVE) protocol, I profile cell types of the human cerebrovasculature from 

freshly-resected ex vivo tissue and in silico sorting from frozen post mortem tissue samples. 

Furthermore, I use the same methodology to profile the human cerebrovasculature of patients 

with Huntington’s Disease (HD) using post mortem tissue. Finally, I aim to understand cell type-

specific mechanisms of cerebrovasculature dysfunction in HD using non-invasive genetic 

perturbation experiments in HD mouse models.  

In the second chapter, I develop a protocol for enriching blood vessels from human and 

mouse brain tissue and subsequently isolate nuclei to profile cerebrovasculature cell types using 

snRNA-seq. Freshly-resected ex vivo tissue is obtained from epileptic patients undergoing 

surgical resection through a collaboration with Dr. Mustafa Sahin’s laboratory at Boston 

Children’s Hospital (BCH). Similarly, previously sequenced post mortem samples from the 

Religious Order Study and Memory and Aging Project (ROSMAP) in collaboration with 

Professor David Bennett at Rush University and Professor Li-Huei Tsai at MIT are used as an 

independent, complementary dataset to the ex vivo samples. Datasets are analyzed in 

collaboration with Professor Manolis Kellis’ laboratory at MIT’s Computer Science and 

Artificial Intelligence Laboratory (CSAIL). Finally, validation of key marker genes is performed 

via immunofluorescence on frozen brain tissue sections followed by pathway analysis to 

interrogate functional roles of profiled cell types.  
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In the third chapter, I utilize the same experimental and analysis paradigms to profile 

cerebrovasculature cell-types from post mortem tissue of HD patients (Grades 1-4) and age-

matched controls acquired from the NIH NeuroBioBank and University of Alabama at 

Birmingham. I perform snRNA-seq and differential gene expression analysis to determine 

transcriptionally dysregulated genes and pathways in HD, focusing on cell types comprising the 

cerebrovasculature, namely endothelial cells, mural cells, and fibroblasts.  

Finally, in the fourth chapter, I develop and characterize a viral construct capable of 

brain-wide transduction of endothelial cells in vivo after a single intravenous injection. I use this 

adeno-associated virus (AAV) to test casual mechanisms underlying cerebrovasculature 

dysfunction in HD. Specifically, I utilize this AAV approach to specifically lower levels of HTT 

in brain endothelial cells via a microRNA-mediated mechanism. Following AAV administration 

into two distinct mouse models of HD (zQ175 and R6/2), I conduct behavioral testing to assess 

motor phenotypes followed by molecular studies to assess overall therapeutic benefit of this 

intervention. I demonstrate that a gene therapy strategy targeting the cerebrovasculature and 

administered at pre-symptomatic stages of the disease is sufficient to delay the disease 

progression in vivo.  

In the fifth chapter, I present preliminary data on several on-going projects as future 

directions. Namely, I discuss the translatability of brain vasculature-targeting AAVs in different 

disease contexts as well as to uncover basic molecular mechanisms of cerebrovascular-coupling. 

In particular, I demonstrate the presence of subpopulations of vasculature-coupled cell types in 

the mouse and human brain and propose strategies for interrogating their distinct transcriptional, 

structural, and functional programs. Lastly, I demonstrate the feasibility of studying region-

specific properties of the brain vasculature through the redesign of the developed viral construct 
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to target specific brain endothelial organelles, including the mitochondria for proteomics and the 

ribosome for translatome profiling.  
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Chapter 2: Molecular Profiling of the Human Cerebrovasculature in Health 

 

The following text and figures have been adapted from previously published work by Francisco 

J. Garcia and co-authors. For original article, see [Garcia, Francisco J., et al. "Single-cell 

dissection of the human brain vasculature." Nature 603.7903 (2022): 893-899.] 

 

 

The cerebrovasculature exhibits specialized barrier properties that regulate the transport 

of biomolecules and maintain brain homeostasis. Structural imaging and molecular studies have 

yielded important insights into the mouse cerebrovasculature (Sabbagh et al., 2018; Saunders et 

al., 2018; Vanlandewijck et al., 2018). However, human brains exhibit increased complexity and 

energetic needs, likely accompanied by human-specific adaptations, which remain 

uncharacterized. Moreover, cerebrovascular dysfunction and blood-brain barrier (BBB) 

breakdown are hypothesized to play important roles not only in aging (Montagne et al., 2015) 

but also in neurodegenerative diseases (Sweeney, Kisler, et al., 2018; Sweeney et al., 2019). 

Thus, understanding the human cerebrovasculature, both in physiologic and pathological 

conditions, is a pressing need for scientific and clinical reasons.  

Here, we address this challenge by reporting the first comprehensive single-cell 

molecular atlas of human cerebrovasculature cells, across ~17,000 nuclei from ex vivo freshly-

resected surgical human brain tissue using a cerebrovascular cell enrichment protocol, and an in 

silico cell sorting method from post mortem human brain tissue. We computationally integrate 

these datasets to characterize 11 subtypes of cells, including endothelial, mural, and perivascular 

fibroblast cell subtypes. Our studies reveal unique human-specific transcriptomic signatures 

along the arteriovenous axis and elucidate transcriptional changes in cerebrovasculature cell 

types in Huntington’s disease (HD). Our study highlights the unique cell type-specific and 

species-specific characteristics in humans and provides a framework for mechanistic dissection 

of pathological state dysfunctions. 
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Ex vivo and in silico vasculature enrichment 

Owing to low abundance in the brain and poor capture efficiency with droplet-based 

sequencing methodologies, cerebrovasculature cells have been challenging to characterize at 

single-cell resolution. Previous studies in mice have used transgenic reporter lines and 

fluorescence-activated cell sorting to enrich for cerebrovasculature cells, but these methods are 

Fig. 1 snRNA-seq profiling of the human cerebrovasculature. a. Experimental schematic. b, 

Global uniform manifold approximation and projection (UMAP) of 84,350 profiled nuclei from 

ex vivo human temporal cortex. OPC, oligodendrocyte precursor cell. c, UMAP of 4,992 

profiled vascular nuclei from the cluster highlighted in b. d, UMAP of 11,689 in silico-sorted 

vascular nuclei from post mortem human brains. e, f, Genes expressed at high levels in the 

subclusters in c and d, respectively. Fib., fibroblast. g, Validation of expression of the markers 

VEGFC, GRM8 and TRPM3 (highlighted in pink in e) by indirect immunofluorescence staining 

(each in green pseudocolour). Representative images shown from n = 3 independent biological 

replicates for each marker. Brightness and contrast enhanced for visualization. DAPI, 4′,6-

diamidino-2-phenylindole. Scale bars, 20 μm. 
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incompatible with human studies (Vanlandewijck et al., 2018). To address this challenge, we 

developed a blood vessel enrichment (BVE) protocol (Fig. 1a, top) to enrich for human vascular 

cell types from fresh and frozen brain tissue for single-cell applications by dextran-based density 

ultracentrifugation (Y.-K. Lee et al., 2019), and used the resulting microvessel-enriched pellet as 

input for single-nucleus RNA-seq (snRNA-seq) profiling (Mathys et al., 2019). We validated our 

protocol using mouse cortical samples, showing enrichment for markers of endothelial and mural 

cells (Extended Data Fig. 1a), and no enrichment for other cell types. However, we found that 

our purification captured astrocytic endfeet (Y.-K. Lee et al., 2019), as they remain attached to 

the vasculature post-enrichment (Extended Data Fig. 1b). 

 

We applied our BVE protocol to ex vivo fresh-frozen tissue from 17 temporal lobe 

surgical resections of patients with intractable epilepsy, selecting only healthy tissue distal to 

epileptic foci (Supplementary Table 1), thus providing samples free from hypoxia and death-

Extended Data Fig. 1. Validation of Blood Vessel Enrichment (BVE) protocol. a. qPCR of 

canonical cell type markers for endothelial Cldn5 (p < 0.0001), Abcb1a (p = 0.0002), 

Mfsd2a (p = 0.9556), mural Pdgfrb (p = 0.0388), Acta2 (p < 0.0001), Myh11 (p < 0.0001), 

astrocytes Aqp4 (p >0.9999), Aldh1l1 (p >0.9999), oligodendrocytes Mog (p > 0.9999), 

neurons Rbfox3 (p >0.9999), and microglia Aif1 (p > 0.9999) from mouse cortex, ordinary one-

way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001, n.s. = not significant. Error 

bars denote standard deviation of the mean from n = 3 independent biological replicates. b. 

Representative immunofluorescence of blood vessels enriched from mouse cortex using the BVE 

protocol. n = 3 independent biological replicates for immunostaining. Brightness and contrast 

enhanced for visualization. Scale bar, 20 μm. 
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induced effects, and avoiding the decreased RNA quality associated with long post mortem 

intervals. For seven samples, we used standard snRNA-seq (H. Lee et al., 2020) to confirm the 

absence of BVE-induced biases (Extended Data Fig. 2a, b). We next complemented our BVE-

captured dataset with in silico sorting of data from post mortem samples across seven different 

brain regions from control individuals without neurological pathology as part of the Religious 

Orders Study and Rush Memory and Aging Project (ROSMAP) cohort and reported here 

(Bennett et al., 2018). We used a combination of canonical vasculature markers and whole-

transcriptome cellular signatures, separately from our BVE protocol, to ensure independence 

(Fig. 1a, bottom, Methods). 

After quality control, from the ex vivo samples, we obtained 84,350 single nuclei (Fig. 1b 

and Extended Data Fig. 2c–e), including 16 subtypes of excitatory neurons, 6 subtypes of 

inhibitory neurons, oligodendrocytes, oligodendrocyte precursor cells, astrocytes and microglia. 

From the ex vivo samples, we also profiled 4,992 vascular cells, a 13.7-fold enrichment from 

previous studies (Mathys et al., 2019) (5.48% versus ≈0.4%), and complemented this with 

11,689 cells sorted in silico. We distinguished 11 subtypes of vascular cells (Fig. 1c, d), 

including (ex vivo/in silico): 3 subtypes of endothelial cells (n = 2,217/4,345); 5 subtypes of 

mural cells (n = 1,982/3,980), including 1,564/3,358 pericytes and 418/622 smooth muscle cells 

(SMCs); and 3 subtypes of perivascular fibroblasts (n = 793/3,364). Most cerebrovascular 

subtypes in the ex vivo BVE dataset were also found in our post mortem in silico-sorted dataset, 

validating the consistency of cell types across experimental platforms and sample cohorts. 

Pericytes exhibited greater heterogeneity in the in silico-sorted dataset (3 versus 2 subtypes), 

although this may be due to a larger number of profiled cells compared to the ex vivo dataset. 
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Genes and pathways defining cell types 

We next created an atlas of human cerebrovascular cells and revealed their defining 

molecular characteristics by combining our experimental and computational enrichment 

strategies. We found robust expression of 17,212 genes (each in 50+ cells), including 3,164 

differentially expressed genes among cell types (ctDEGs) in ex vivo and 3,470 ctDEGs in post 

mortem datasets, which expanded the previously known set of canonical markers for each cell 

type and enabled us to infer candidate functional roles for each cell type. We confirmed robust 

differential expression for known marker genes in endothelial (CLDN5), mural (TAGLN), 

fibroblast (CEMIP), astroglial (GFAP), neuronal (CAMK2A), oligodendrocyte (PLP1) and 

microglial (CSF1R) cell types (Fig. 1e, f and Supplementary Table 2). In addition, we 

identified markers for subtypes of these cells, separating endothelial cells into arteriole (VEGFC 

and ARL15), capillary (MFSD2A and SLC7A5) and venule (TSHZ2 and ADGRG6), mural cells 

into arteriolar SMC (aSMC) (ACTA2 and MYH11), venular SMC (vSMC) (MYOCD and CD74) 

and pericytes (GRM8 and PDGFRB), and fibroblasts into type I (ABCA10 and FBLN1), type II 

(TRPM3 and MYRIP) and type III (KCNMA1 and SLC4A4). 
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Extended Data Fig. 2. Characterization of human snRNA-seq data from human 

temporal cortex. a. UMAP of ex vivo dataset by patient ID. b. UMAP of ex vivo dataset by 

experimental protocol. c. Heatmap of top cell-type differentially-expressed genes (ctDEGs) 

in major cell types from ex vivo human tissue. d. UMAP sub-clustering of excitatory 

neurons. e. UMAP sub-clustering of inhibitory neurons. f. Correlation heatmap between ex 

vivo and post mortem vascular cell types. 

 

 

https://www.nature.com/articles/s41586-022-04521-7#Fig7
https://www.nature.com/articles/s41586-022-04521-7#Fig7
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Several of these marker genes, including ARL15, TSHZ2, GRM8 and TRPM3, have not 

previously been identified for cerebrovascular cell types. We confirmed that these ctDEGs and 

corresponding cell types were consistent between our ex vivo and post mortem samples 

(Extended Data Fig. 2f), indicating that they hold across sample types and methodologies. 

Indeed, the marker genes VEGFC, GRM8 and TRPM3 exhibited corresponding protein 

expression in human cerebrovascular cell types by immunofluorescence (Fig. 1g). 

 

Integration of human and mouse snRNA-seq 

To evaluate whether cerebrovasculature expression profiles are conserved across species 

and platforms, we used canonical correlation analysis to integrate 4,992 ex vivo and 11,689 post 

mortem human cells with 3,406 C57BL/6 mouse cells (Vanlandewijck et al., 2018). To match 

cell types and correct for species and experimental differences, we projected each cell on a 

common two-dimensional embedding that corrects for covariates (age, sex, regions, sequencing 

platforms and post-mortem interval) (Extended Data Fig. 3a, b), and found broad cell-type 

conservation across species and platforms (Fig. 2a, b and Extended Data Fig. 3c, d).  

Despite sharing cell-type identities, we found extensive expression differences between 

species, with 7.3% of genes showing on average twofold changes (n = 1,261) for each cell type, 

and 15.6% of these human–mouse DEGs (hmDEGs) being uniquely expressed in one species 

(Extended Data Fig. 3e and Supplementary Table 3). Whereas endothelial cells and SMCs 

showed no significant differences in cell-type proportions, pericytes and type II fibroblasts 

showed differential proportions (Extended Data Fig. 3f). These observed differences in 

expression did not stem from proportion changes, as they were not enriched for cell-type marker 

genes (Extended Data Fig. 3g). hmDEGs were highly consistent between ex vivo and post 
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mortem samples (80% agreement, P < 2.2 × 10−16). In each cell type, hmDEGs were strongly 

enriched for ctDEGs (12× endothelial cells, 14× fibroblasts, 15× pericytes, 9× SMCs), indicating 

that cell-type identity markers vary highly between species.  

hmDEGs showed cell-type-specific gene ontology enrichments that provide insight into 

species-specific functional specialization. For example, endothelial cells showed 742 human-

increased genes, with enrichments in regulation of axonogenesis (Fig. 2c and Extended Data 

Fig. 2 Integrative analysis of human ex vivo, post mortem and mouse cerebrovascular 

cell types. a, b, UMAP visualization of integrated cells from human ex vivo, human post 

mortem and mouse, coloured by cell types (a) and data source (b). c, d, hmDEGs in 

endothelial cells (c) and pericytes (d). The x axis represents the log-transformed fold change 

and the y axis represents the maximal expression level. The top genes are highlighted for 

mouse (left) and human (right). Genes that were also cell-type markers are shown in bold. 

 

 

 

 

https://www.nature.com/articles/s41586-022-04521-7#Fig2
https://www.nature.com/articles/s41586-022-04521-7#Fig2
https://www.nature.com/articles/s41586-022-04521-7#Fig7
https://www.nature.com/articles/s41586-022-04521-7#Fig7
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Fig. 3h), whereas pericytes showed 650 human-increased genes enriched in regulation of 

endothelial cell migration (Fig. 2d and Extended Data Fig. 3i). Similarly, SMCs showed 469 

human-increased and 641 mouse-increased genes (Extended Data Fig. 3j), respectively, 
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whereas fibroblasts showed 308 human-increased and 731 mouse-increased genes (Extended 

Data Fig. 3k), respectively. In SMCs, the human-increased genes included PICALM, which is 

associated with Alzheimer’s disease and involved in amyloid-β clearance through the brain 

vasculature (Zhao et al., 2015), and the muscle-differentiation-associated long noncoding RNA 

CARMN (Y.-H. Lim et al., 2018). 

Comparison of post mortem versus ex vivo samples revealed 232 tissue-source DEGs 

(tsDEGs) (1.34%) at the same threshold (8× fewer than mouse), and revealed many functional 

changes associated with ageing, as expected given the age difference between our samples (ex 

vivo average: 15.8 years; post mortem average: 86.8 years). Gene ontology analysis of tsDEGs 

included: decreased BBB maintenance and increased vascular endothelial growth factor (VEGF) 

signalling in pericytes and decreased cell–cell adhesion and membrane assembly in fibroblasts 

(Supplementary Table 3). Although these changes are consistent with known dysfunctions of 

the cerebrovasculature due to aging (Montagne et al., 2015), they could reflect differences in 

post mortem and ex vivo tissue quality. 

Extended Data Fig. 3. Integrative analysis of ex vivo, post mortem, and mouse datasets. 

a. UMAP plot of integrated human snRNA-seq datasets without covariate correction shown 

by platform and cell type and b. with covariate correction by platform and cell type c. Cell 

fraction distribution of single nuclei across all datasets by cerebrovasculature cell type. d. 

Cell number distribution of single nuclei across all datasets by cerebrovasculature cell 

type. e. Venn diagram overlap of genes between human post mortem vs. mouse and human ex 

vivo vs. mouse. f. Cell fraction and g. gene comparison of vascular cell types between mouse 

and human datasets. h–i. Representative functional enriched terms of human- and mouse-

specific/highly expressed genes in endothelial (h) and pericytes (i). Human-mouse 

differentially expressed genes (hmDEGs) smooth muscle cells (j, left), and fibroblast (k, 

left). X-axis represents the log-transformed fold change and y-axis represents the maximal 

expression level. The top genes are highlighted in blue for mouse and red for human. Genes 

that were also cell type markers are bolded. j–k. (right panels), the representative functional 

enriched terms of human- and mouse-specific/highly expressed genes. 
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https://www.nature.com/articles/s41586-022-04521-7#Fig2
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Human-specific endothelium zonation 

Brain endothelial cells show phenotypic zonation along the arteriovenous axis 

(Vanlandewijck et al., 2018). Although poorly understood, zonated characteristics arise in 

disease, including pathologies of small calibre arteries in cerebral arteriopathies, and capillaries 

Fig. 3. Molecular zonation of human brain endothelial and mural cells. a, Zonal gradient 

of endothelial cell transcriptomes (normalized pseudotime predicted from Monocle3 (range 

1–100)). b, Genes expressed at higher levels along the endothelial gradient. Art., arteriole; 

cap., capillary; ven., venule. c, Indirect immunofluorescence of expression of the human 

endothelial marker ANO2, and its mouse homologue, in brain cortex. d, Pathway analysis 

along endothelial zones. Physio., physiological; patho., pathological; EMT, epithelial-to-

mesenchymal transition; FSGS, focal segmental glomerulosclerosis; reg., regulation; endo., 

endothelial; AGE, advanced glycation endproduct; RAGE, receptor for AGE. e, Zonal 

gradient of mural cell transcriptomes (normalized pseudotime predicted from Monocle3 

(range 1–100)). f, Genes expressed at higher levels along the mural gradients. Grey lines 

depict shared genes across gradients. Per., pericyte. g, Indirect immunofluorescence of the 

expression of the human mural marker SLC20A2, and its mouse homologue, in brain 

cortex. h, Pathway analysis along mural zones. Mito. mitochondrial; OXPHOS, oxidative 

phosphorylation; ETC, electron transport chain. Representative images in c and g shown 

from n = 3 independent biological replicates for each marker. Brightness and contrast 

enhanced for visualization. Scale bars, 20 μm. 
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in neurodegenerative disorders (Joutel et al., 1996; Sweeney, Kisler, et al., 2018). To profile 

human endothelial molecular zonation signatures, we developed a continuous quantitative 

measure of spatial cell positioning using a linear regression model, focusing specifically on ex 

vivo nuclei. We found 1,802 genes that exhibited a gradient of expression along the 

arteriovenous axis, including 147 transcription factors and 76 transporters (Extended Data Fig. 

4a, b), indicating a gradual transcriptional continuum (Fig. 3a, b). We found that human 

zonation  (Fig. 3b) was conserved in a previous mouse dataset (Vanlandewijck et al., 2018) 

(Extended Data Fig. 5a); however, the set of zonated genes highly diverged, with only a small 

subset of zonated genes conserved between species (≈10%) (Extended Data Fig. 5b). We found 

conservation between markers of human and mouse arterioles (VEGFC, BMX and EFNB2) and 

capillaries (MFSD2A and TFRC), but venule markers differed. For example, SLC38A5 was 

expressed in both capillaries and venules in human, but only in venules in mouse. TSHZ2 and 

LRRC1 were both venule zonated in human, but showed no expression in mouse endothelium. 

We found that several transcription factors known to promote endothelial or arterial fate, 

including HEY1 and GATA2 (Park et al., 2013), are arteriole zonated, and also reveal several new 

venule-zonated transcription factors, including TSHZ2, BNC2 and ETV6. 

We experimentally validated the zonated expression of several genes using freshly 

resected cortical tissue, confirming human-specific capillary/venule zonation of ANO2 (Fig. 3c), 

which lacks endothelial cell expression in mouse (Saunders et al., 2018), human-specific venule 

zonation of TSHZ2 (Extended Data Fig. 5c) and human–mouse-conserved arteriole zonation of 

VEGFC (Vanlandewijck et al., 2018). We also found human-specific expression of the 

metallothioneins MT1E and MT2A (Extended Data Fig. 5d, e) that show astrocytic but not 

vascular expression in mouse. 
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Extended Data Fig. 4. Zonation gene expression analysis of human endothelial cells. a. 

Heatmap of 147 zonated transcription factors along the endothelial gradient. b. Heatmap of 

76 zonated transporters along the endothelial gradient. 
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Differentially zonated genes were enriched in distinct gene ontologies and pathways (Fig. 

3d and Extended Data Fig. 5f). For example, venule-zonated genes were enriched in interleukin 

signaling pathways, consistent with the central role of venules in leukocyte adhesion and 

cytokine release (Ley et al., 2007). Arterial-zonated genes were enriched in Notch signalling, 

consistent with the role of Notch alterations in arteriopathies. These results show that although 

zonated functional organization is a conserved characteristic across species, the human 

cerebrovasculature exhibits a species-specific gene expression pattern. 

 

Human mural cell molecular zonation 

Studies of mural cells have elucidated distinct morphologies along the vasculature, but 

they remain poorly defined at the molecular level (Attwell et al., 2016). We found that unlike 

endothelial cells, mural cells exhibit two distinct and separate transcriptional gradients for 

pericytes and SMCs, regardless of their position along the arteriovenous axis (Fig. 3e) and not 

previously observed in mice (Vanlandewijck et al., 2018). In total, we identified 1,820 zonated 

genes in pericytes (Extended Data Fig. 6a, b) and 2,756 in SMCs (Extended Data Fig. 7a, b) 

that exhibit distinguishable expression patterns (Fig. 3f). We found that the zonated genes in 

SMCs  

Extended Data Fig. 5. Zonation in human brain endothelial cells. a. Gene zonation 

analysis of mouse brain endothelial cells from Vanlandewjick et al. b. Integrated zonation 

analysis of human and mouse brain endothelial cell profiles. Pearson correlation coefficient of 

shared genes shown on right. c. Indirect immunofluorescence of TSHZ2 expression in human 

and mouse brain cortex. d. Indirect immunofluorescence of MT1E/MT1 expression in human 

and mouse brain cortex. e. Indirect immunofluorescence of MT2A/MT2 expression in human 

and mouse brain cortex. f. Enriched Gene Ontology terms in endothelial zones. 

Representative images in c., d., and e. from n = 3 independent biological replicates for each 

marker. Brightness and contrast enhanced for visualization. Scale bar, 20 μm. 
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Extended Data Fig. 6. Zonation gene expression analysis of human pericytes. a. Heatmap 

of zonated transcription factors along the pericyte gradient. b. Heatmap of zonated 

transporters along the pericyte gradient. 
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Extended Data Fig. 7. Zonation gene expression analysis of human SMCs. a. Heatmap of 

zonated transcription factors along the SMC gradient. b. Heatmap of zonated transporters 

along the SMC gradient. c. Overlap matrix across the zonated pericyte and SMC clusters. 
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and pericytes are significantly shared. For example, the genes expressed at higher levels in 
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pericyte 1 were enriched in vSMCs. By contrast, genes expressed at higher levels in pericyte 2 

were expressed at higher levels in aSMCs (Fig. 3f and Extended Data Fig. 7c). 

We found zonated expression of several apolipoproteins in vSMCs, including those 

encoded by APOD, APOE and APOO. Failure of amyloid-β clearance in the perivenous space is 

thought to contribute to cerebral amyloid angiopathy and deficits of perivenous drainage in 

Alzheimer’s disease (Morrone et al., 2020). Given the localized recruitment of immune cells to 

venules, the zonated expression of apolipoproteins, in particular that encoded by APOE, by 

vSMCs suggests a zonated functional role of amyloid-β clearance. In addition, our analysis 

revealed the expression of specific genes in human mural cells. We validated the expression of 

SLC20A2 and SLC30A10 and demonstrated these mural- and human-specific genes to exhibit 

expression wrapped around vessels but not co-localized with the endothelial marker lectin (Fig. 

3g and Extended Data Fig. 8a). In pericytes and SMCs, we validated the zonated expression of 

GRM8 (Extended Data Fig. 8b) and FRMD3 by co-staining with the known aSMC marker 

ACTA2 (Extended Data Fig. 8c, d). We observed FRMD3 expression on large ACTA2+ 

vessels (Extended Data Fig. 8d), and on a subset of small microvessels with different 

morphologies, reminiscent of known pericyte heterogeneity. Furthermore, SLC20A2, 

SLC30A10, GRM8 and FRMD3 exhibited expression patterns in non-vascular cell types within 

the mouse posterior cortex, demonstrating the species-specific expression in human mural cells 

(Fig. 3g and Extended Data Fig. 8a–c). 

Extended Data Fig. 8. Zonation in human brain mural cells. a. Indirect 

immunofluorescence of SLC30A10 expression in human and mouse brain cortex. b. Indirect 

immunofluorescence of GRM8 expression in human and mouse brain cortex. c. Indirect 

immunofluorescence of FRMD3 expression in human and mouse brain cortex. d. Indirect 

immunofluorescence localization of FRMD3 on ACTA2+ (known SMC marker) vessels. e. 

Enriched Gene Ontology terms in mural zones. Representative images in a–d from n = 3 

independent biological replicates for each marker. Brightness and contrast enhanced for 

visualization. Scale bar, 20 μm. 
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Last, gene ontology and pathway analyses indicated that genes expressed at high levels in 

pericyte 2 and aSMCs were significantly enriched in SMC contraction and cardiac muscle cell 

action potential terms. Likewise, genes expressed at high levels in pericyte 1 and vSMC were 

significantly enriched in VEGF signalling pathway and immune responses terms (Fig. 3h and 

Extended Data Fig. 8e). The pathways enriched in pericyte 1 more closely resembled vSMCs, 

whereas pericyte 2 more closely resembled aSMCs, suggesting functional similarities between 

aSMC and pericyte 2 and between vSMC and pericyte 1. Together with gene expression 

profiling and immunostaining validation, our pathway analysis suggests that pericyte 2 

represents the subclass of pericytes in closer proximity to arterioles, whereas pericyte 1 

represents pericytes in closer proximity to venules. 

 

Perivascular fibroblasts in human cortex 

Endothelial cells, mural cells and astrocytes are notable components of the 

cerebrovasculature; however, recent studies in animal models have demonstrated a class of 

perivascular fibroblasts as being integral for vascular structure (Rajan et al., 2020; Saunders et 

al., 2018; Vanlandewijck et al., 2018). In particular, these perivascular fibroblasts, or stromal 

cells, express collagens and laminins, which are essential components of the extracellular matrix 

(ECM) (Muhl et al., 2020) and contribute to fibrotic scar formation after injury to the central 

nervous system (Fernández-Klett et al., 2013). Distinct fibroblast subtypes are present in mouse 

cerebrovasculature; however, the limited number has prevented characterization of their distinct 

transcriptional profiles and function (Vanlandewijck et al., 2018; Zeisel et al., 2018). 
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In our analysis, we uncovered three distinct subtypes of perivascular fibroblasts (Fig. 4a), 

two of which were consistent with those identified in mouse (types I and II). Type III fibroblasts 

shared expression of the mouse arachnoid barrier cell (ABC) marker (Zeisel et al., 2018) 

SLC47A1 ; however, several other markers of ABCs are not expressed in type III fibroblasts. As 

we did not expect to have ABCs, the human type III fibroblasts revealed by our analysis 

probably constitute a new human fibroblast subtype. Nevertheless, all subtypes expressed 

specific sets of genes (Fig. 4b), some of which are also expressed in mouse brain fibroblasts, 

although subtype-specific expression had not previously been assessed. We confirmed protein 

Fig. 4. Perivascular fibroblasts in the human cerebrovasculature. a, UMAP of integrated 

perivascular fibroblast subtypes from human ex vivo and in silico-sorted brains. b, Genes 

expressed at high levels in fibroblast subtypes. c, Indirect immunofluorescence of expression 

of the fibroblast markers FBLN1, CEMIP and KCNMA1. d, Enriched pathway analysis in 

perivascular fibroblast subtypes. Sig., signalling; reg. regulated; syn. synaptic; ventric., 

ventricular; cardiomyo., cardiomyocytes; involv., involved; hepato., hepatocellular; carc., 

carcinoma; mem., membrane; recep., receptor; activ., activation; phytochem., phytochemical. 

Representative images in c from n = 3 independent biological replicates for each marker. 

Brightness and contrast enhanced for visualization. Scale bars, 20 μm. 
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level expression of FBLN1, CEMIP and KCNMA1, as markers for type I, II and III fibroblasts, 

respectively (Fig. 4c and Extended Data Fig. 9a). 

Pathway and gene ontology enrichment analyses revealed distinct functional roles for 

each subtype (Fig. 4d and Extended Data Fig. 9b). Whereas all subtypes expressed genes 

involved in VEGF–VEGFR2 signalling, type I fibroblasts seem to be the main subtype involved 

in ECM organization. Given that fibrotic scars are predominantly composed of collagen I ECM 

protein (Dorrier et al., 2021), it is likely that type I fibroblasts are the contributing subtype to 

fibrosis during injury to the central nervous system. Type II and type III showed greater 

Extended Data Fig. 9. Validation and pathway analyses of perivascular fibroblast 

subtypes. a. Immunofluorescence staining of Type III fibroblast marker KCNMA1 on 

ACTA2+ vessels in human. b. Enriched Gene Ontology analysis in perivascular fibroblast 

subtypes. c. Pseudotime analysis of ex vivo fibroblast subtypes. d. Pseudotime analysis of ex 

vivo fibroblast subtypes and Pericyte 2 (note: Pericyte 1 not shown as it did not fall within 

any pseudotime trajectory). Representative image in a. from n = 3 independent biological 

replicates for each marker. Brightness and contrast enhanced for visualization. Scale bar, 20 

μm. 
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significance in pathways related to cell fate, with type III showing expression of various growth 

factors, including that encoded by VEGFA. Pseudotime analysis of ex vivo fibroblasts revealed 

two gradients of gene expression from type I to type II and to type III, separately (Extended 

Data Fig. 9c). The type I to type II trajectory was continuous with pericyte 2 (Extended Data 

Fig. 9d), suggesting a lineage from type I to type II to pericytes and consistent with a study 

demonstrating the stem cell potential of fibroblasts to differentiate into pericytes (Rajan et al., 

2020). This is in line with our evidence that the pericyte 2 type cells are in closer proximity to 

arterioles given that fibroblasts have been shown to be localized predominantly at the level of 

penetrating arterioles (Bonney et al., 2022). Therefore, type II fibroblasts probably represent an 

intermediate state exhibiting a transitional mural cell transcriptional phenotype. 
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Chapter 3: Molecular Profiling of the Human Cerebrovasculature in Huntington’s Disease 

 

The following text and figures have been adapted from previously published work by Francisco 

J. Garcia and co-authors. For original article, see [Garcia, Francisco J., et al. "Single-cell 

dissection of the human brain vasculature." Nature 603.7903 (2022): 893-899.] 

 

HD vascular dysfunction 

Several studies have noted cerebrovascular abnormalities across neurodegenerative 

diseases, which often precede more disease-specific pathological features (Sweeney, Kisler, et 

al., 2018). HD and HD-like syndromes including neuroferritinopathy (Chinnery et al., 2007) and 

primary familial brain calcification (Tadic et al., 2015) are autosomal-dominant 

neurodegenerative diseases caused by mutations in either the HTT gene (Macdonald, 1993) or in 

the vasculature-expressed genes FTH1 (Chinnery et al., 2007) and SLC20A2, PDGF and 

PDGFRB (Tadic et al., 2015), respectively. In HD these abnormalities include increased BBB 

permeability, increased small vessel density, altered vessel morphology/cerebral blood volume, 

and activation of pericytes (J. J. Chen et al., 2012; Drouin-Ouellet et al., 2015; Harris et al., 

1999; Hua et al., 2014). Although these changes have been shown to occur before the onset of 

HD-like phenotypes in the R6/2 (Di Pardo et al., 2017; Padel et al., 2018) and zQ175 (Liu et al., 

2021) mouse models and also in pre-symptomatic stages of HD, the molecular bases of these 

alterations are not well understood. 

To study cerebrovascular cells in the context of disease, we re-annotated 2,198 cells from 

our previously published post mortem neostriatal HD samples (H. Lee et al., 2020), and studied 

their gene expression changes. We corrected the annotation of 895 fibroblasts that we had 

previously identified as mural cells (Extended Data Fig. 10a–c). We also profile 1,747 

additional cells from HD grade 1–4 and control cells purified with the BVE protocol on matched 

tissue samples from the caudate nucleus and putamen. Highlighting the importance of glia–



62 
 

vasculature cell interactions, we found that genes expressed at high levels in one subcluster of 

astrocytes and one subcluster of microglia were significantly enriched in regulation of 

angiogenesis and blood vessel endothelial cell migration, suggesting that these glial cells may be 

specified functionally for vasculature regulation (Extended Data Fig. 10d, e). The numbers of 

astrocytes and microglia were significantly increased (Fig. 5a), suggesting that astrocytes and 

microglial cells associate more closely with the vasculature in HD. 

We found 4,698 HD DEGs (hdDEGs) between control and HD for endothelial, mural and 

fibroblast cell types (Supplementary Table 4), some of which are known to be dysregulated in 

neurodegenerative conditions, including ABCB1, ABCG2 and SLC2A1 downregulation in 

endothelial cells. PDGFRB, SLC20A2 and FTH1 were all significantly downregulated in mural 

cells. Mutations in these genes are known to cause HD-like syndromes with primary pathology 

localized in the basal ganglia (Chinnery et al., 2007; Tadic et al., 2015), suggesting a link 

between vascular changes and regional vulnerability in HD. We also found significant 

endothelial downregulation of MFSD2A, which encodes a lipid transporter expressed in brain 

endothelial cells that restricts caveolae-mediated transcytosis (Ben-Zvi et al., 2014), suggesting 

that its dysregulation may underlie increased vesicular trafficking and BBB leakage. In addition, 

endothelial HD cells showed upregulation of genes associated with sprouting angiogenesis, 

endothelial cell migration and VEGF signalling (Supplementary Table 4), changes that may 

underlie the increased vessel density reported previously (Drouin-Ouellet et al., 2015). We 

predicted upstream regulators of hdDEGs using chromatin enrichment analysis (Methods) and 

found that TCF4, a regulator of the Wnt pathway, was both a top predicted regulator in HD 

endothelial cells, and itself upregulated in endothelial cells (Supplementary Table 4 and 

Extended Data Fig. 10f). Consistent with this, the Wnt signalling pathway is upregulated in brain 
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endothelial cell studies using induced pluripotent stem cells derived from patients with HD (R. 

G. Lim et al., 2017). 

HD-upregulated genes in endothelial cells were enriched for many innate immune 

activation genes (Extended Data Fig. 10g), complementing our observation of innate immune 

activation in HD neostriatal spiny projection neurons (H. Lee et al., 2020), and being of interest 

given links between BBB dysregulation and innate immune activation (Daniels & Klein, 2015). 

Indeed, several key mediators of innate immune activation were upregulated in endothelial cells, 
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including IKBKB, IRF2/3 and STAT3 (Supplementary Table 4). We found that innate immune 

activation genes were also significantly upregulated in HD for both astrocytes and microglia, 

including IRF3 and TRAF3 (Supplementary Table 5). To validate this upregulation of innate 

immune signaling in astrocytes and microglia, we assessed expression of the innate immune 

sensor PKR in HD and HD mouse model tissue. In control tissue, some PKR expression is 

normally seen in the cerebrovasculature. We observed strong PKR upregulation in what seemed 

to be glial processes that engulfed blood vessels, in both human HD (Fig. 5b) and R6/2 HD 

mouse model samples (Extended Data Fig. 10h). These engulfed blood vessels were devoid of, 

or exhibited low levels of, the BBB tight junction protein CLDN5, and the engulfing processes 

were immunopositive for the astrocyte marker glial fibrillary acidic protein (GFAP), suggesting 

a correlation between endothelial and glial cell innate immune activation and a reduction of 

endothelial tight junction protein levels (Fig. 5c and Extended Data Fig. 10h). We further 

confirmed a significant reduction to overall levels of the BBB tight junction proteins CLDN5 and 

TJP1 (Fig. 5d and Extended Data Fig. 10i). As downregulation of CLDN5 and TJP1 levels is 

known to lead to the loss of BBB integrity, taken together these data provide evidence for a co-

Extended Data Fig. 10. Cerebrovascular profiling in Huntington’s disease. a. UMAP of 

integrated single nuclei from post mortem control and HD human patient samples. b. UMAP 

of integrated cerebrovasculature cells in post mortem control and HD human patients. c. 

Comparison of cerebrovasculature cell annotations (in cell numbers) in this study vs. Lee et 

al. d. UMAP analysis of astrocyte subclusters in HD. Vascular-related astrocytes outlined in 

blue. e. UMAP analysis of microglia subclusters in HD. Vascular-related microglia outlined 

in blue. f. ChEA prediction of top 10 regulators of upregulated genes in HD endothelial, 

mural, and fibroblasts cells. g. Pathway analysis of the top 10 enriched upregulated pathways 

in HD endothelial, mural, and fibroblasts cells. h. PKR immunoreactivity in the R6/2 HD 

mouse model engulfs blood vessels with low CLDN5 expression. i. Western blots for tight 

junction proteins CLDN5 and TJP1 from human HD and control samples. Representative 

images in h. from n = 3 independent biological replicates for each immunostaining. 

Brightness and contrast in immunofluorescence enhanced for visualization. Scale bar, 20 μm. 
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occurrence of activation of innate immune signaling in endothelial cells/glial cells interacting 

with the vasculature and the loss of BBB integrity noted in HD. 

 

Fig. 5. Innate immune activation related to cerebrovascular dysfunction in HD. a, Cell 
fraction analysis of astrocyte (C0–C9) and microglia (C0–C10) subclusters; P value shown 

for highlighted clusters is calculated using the Wilcoxon rank sum test (n = 8 for each group). 

Centre line denotes the median; box limits denote the upper and lower quartiles; and whiskers 

denote the 1.5× interquartile range; dots denote individuals. b, PKR immunostaining in 

perivascular glial processes across various HD grades. PKR is normally detected in the 

vasculature in control samples; arrows indicate PKR-immunopositive glial processes that 

become apparent only in HD samples. c, PKR immunostaining co-localizes with GFAP and 

engulfs blood vessels with low expression levels of CLDN5. d, Western blot quantification 

for the tight junction proteins CLDN5 (left) and TJP1 (right). Two-tailed t-test, *P = 0.0158, 

**P = 0.0025. Error bars denote s.d. of the mean from n = 4 biologically independent samples 

from the caudate nucleus of controls and patients with HD. Representative images 

in b and c from n = 3 independent biological replicates for each immunostaining experiment. 

Brightness and contrast enhanced for visualization. Scale bars, 20 μm. 
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Chapter 4: Cell Type-Specific Lowering of Huntingtin in the Cerebrovasculature Delays 

Progression of Huntington’s Disease In Vivo 
 

Neurodegenerative diseases are characterized by dysfunction of specific neuronal 

populations in particular brain regions, a phenomenon known as selective or enhanced 

vulnerability (Fu et al., 2018). In many instances, accumulation of a pathological protein (e.g. 

amyloid-beta in Alzheimer’s disease (AD), alpha-synuclein in Parkinson’s disease (PD)) in these 

regions leads to neuronal toxicity and cell death. Despite this cell type and regional specificity, 

many of these diseases exhibit brain vasculature dysfunction, often at early stages preceding the 

onset of disease-specific phenotypes. The extent to which brain vasculature dysfunction 

contributes to disease pathology is not well understood. Furthermore, the feasibility of targeting 

the brain vasculature in neurodegeneration as a disease-modifying intervention has not been fully 

explored. 

To assess the contribution of brain vasculature function on disease progression in HD, we 

developed an adeno-associated viral (AAV) approach to selectively lower huntingtin levels in the 

brain vasculature of animal models. We designed a construct encoding a microRNA (miR) 

targeting exon 1 of the HTT gene under the control of an abbreviated form of the CLDN5 

promoter to drive expression specifically in brain endothelial cells. We demonstrate that 

systemic administration of a single viral dose at pre-symptomatic stages can delay the disease 

progression of HD in vivo. Our work highlights the importance of the brain vasculature in the 

disease course of neurodegenerative diseases and proposes a non-conventional approach for 

developing therapeutics to treat multiple brain diseases. 
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Development of a cerebrovasculature-targeting strategy for HD 

Given the monogenic nature of HD, gene therapy approaches are of particular interest for 

the development of therapeutic interventions. In particular, many huntingtin-lowering strategies 

are currently in on-going clinical trials (Estevez-Fraga et al., 2022). However, recent setbacks in 

HTT-lowering ASO clinical trials have called into question many aspects of approaching 

therapeutic interventions for HD. Many of these strategies, including tominsersen developed by 

Roche, target the HTT gene non-selectively, meaning that both the wild-type and mutant alleles 

are affected. Given that normal HTT plays an important role in many biological processes, the 

loss of normal HTT could in part be contributing to the failure of these types of drugs. In 

addition, these trials enroll patients with early-stage disease, but many pathologies arise prior to 

the onset of disease symptoms. Therefore, it is possible the intervention is too late for proper 

efficacy (Kingwell, 2021). Most recently, UniQure and Voyager Therapeutics have begun 

clinical trials utilizing AAVs to deliver microRNAs for gene silencing of HTT and mHTT, 

respectively. These approaches hold great promise but also are invasive as delivery of the AAVs 

involves multiple stereotactic injections directly into the brain via MRI-guided neurosurgery.  

Previous studies have shown that mHTT aggregates can be found in the 

cerebrovasculature (Drouin-Ouellet et al., 2015). Whether these aggregates originate from 

endothelial cells or are cleared as waste via transcytosis has not been addressed. Nevertheless, 

our own work has shown the brain endothelial cells do express HTT, suggesting that the brain 

vasculature could in principle contribute to the production of mutant protein and consequently, 

disease pathology (Garcia et al., 2022). To address the need of a non-invasive, targeted approach 

for lowering HTT in the brain, we developed a cerebrovasculature-targeting AAV that can be 

administered intravenously via retro-orbital injection into mouse models.  To specifically drive 
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expression of transgenes using recombinant AAVs (rAAVs), we utilized recently developed 

human DNA MiniPromoters (MiniPs) that drive cell type-specific expression in CNS cells (de 

Leeuw et al., 2014, 2016; Portales-Casamar et al., 2010). In particular, the Ple34 MiniP contains 

CLDN5 regulatory regions for specific expression in brain endothelial cells. We designed a 

rAAV plasmid containing the Ple34 CLDN5 MiniP to drive expression of EGFP (pAAV-

CLDN5::EGFP, Fig. 6a) and utilized the AAV9 capsid serotype for production of rAAVs. To 

validate expression in brain endothelial cells, we injected 6 week old wild-type C57BL6/J mice 

with AAV9-CLDN5::EGFP via retro-orbital administration at a dose of 8x1011 viral genomes 

(vg), as previously published (de Leeuw et al., 2016). 4 weeks after viral incubation, we confirm 

expression of the transgene by immunofluorescent co-localization of EGFP labeling with lectin 

(Fig. 6b).  

Next, we designed a rAAV construct for lowering of HTT in a cell type-specific manner. 

To make use of the cell type-specificity afforded by the CLDN5 MiniP we used a microRNA 

embedded in a reporter gene intron. The HTT-targeting sequence, miH12-451, contains both an 

optimized scaffold and guide sequence and is currently being developed for HD clinical trials by 

UniQure (Miniarikova et al., 2018, 2016). Furthermore, to drive increased expression we 

included a chimeric intron sequence (CIS), derived from the human β-globin gene, downstream 

of the promoter sequence (Huang & Gorman, 1990). We constructed both pAAV-

CLDN5::EGFP-miH12-451 (hereto referred to as pAAV-CLDN5::EGFP-miR) for targeting HTT 

and pAAV-CLDN5::EGFP-scrambled (derived from the miR-155 sequence) as a non-targeting 

control (Fig. 6c). These plasmids were subsequently used for viral packaging using the AAV9 

serotype. 
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AAVs modulate behavioral phenotypes in the zQ175DN mouse model of HD 

 To test the role of brain endothelial-derived huntingtin in the disease progression of HD, 

we administered AAV9-CLDN5::EGFP-miR and -scrambled via retro-orbital injection into 

commonly used human HTT knockin mouse lines, zQ175 (Menalled et al., 2012), without its 

Fig. 6 Design and production of brain vasculature targeting-AAVs. a, Plasmid design and 

AAV production schematic. pAAV design includes cell type-specific MiniP (CLDN5), 

chimeric intron, EGFP coding sequence, and SV40 polyadenylation signal all flanked by 

AAV2 ITRs. AAV production utilizing triple transfection method. b, Immunofluorescence 

image of mouse cortex 4 weeks after transduction with AAV9-CLDN5::EGFP at 8 x 1011 Vg. 

c, Plasmid design for pAAV-CLDN5::EGFP-miR encoding a non-allele-specific microRNA 

targeting exon 1 of the HTT gene. 
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neomycin cassette, zQ175 delta neo (zQ175DN). This mouse model of HD has been shown to 

exhibit transcriptional dysregulation and mitochondrial dysfunction in affected SPNs as early as 

6 months of age (H. Lee et al., 2020) and precedes some behavioral abnormalities, particularly 

those observed by rotarod performance at 30 weeks of age (~7.5 months) (Menalled et al., 2012). 

More recently, arteriolar cerebral blood volume as well as expression of GLUT1 on blood 

vessels in the striatum has been demonstrated to be significantly increased in heterozygous 

zQ175DN mice at 3 months of age (Liu et al., 2021), much earlier than reported transcriptional 

changes in neurons. Given the documented changes to the cerebrovasculature of the striatum in 

zQ175DN mice at 3 months of age, we administered HTT-lowering and non-targeting AAVs 

(1x1012 vg per mouse) at 4 weeks of age (~1 month) into both female heterozygous and non-

carrier mice (n=6 mice per group) and performed a battery of behavioral assays, including open-

field testing, rotarod, burrowing, rearing and climbing, at specified time points beginning at 5 

weeks of age (Fig. 7a). 

 Open-field testing was performed at 9, 21, 24, 29, and 52 weeks of age based on previous 

behavioral characterization performed on the zQ175 model (Menalled et al., 2012). Consistent 

with previous studies, we observed no significant differences in ambulatory behaviors (time and 

distance) at 9 weeks of age across groups. At 21 and 24 weeks of age but not 29 weeks of age, 

we observed a significant improvement in ambulatory time (p = 0.0243, p = 0.0174, and p = 

0.3822 at 21, 24, and 29 weeks of age, respectively) and distance (p = 0.0702, p = 0.0092, and p 

= 0.4235 at 21, 24 and 29 weeks of age, respectively) between heterozygous mice administered 

with miR AAV compared to scrambled AAV (Fig. 7b). This behavior was exacerbated in the 

first 10 minutes of the open-field testing session for both ambulatory time (p = 0.0024 and p = 

0.0276 at 21 and 24 weeks of age, respectively) and distance (p = 0.0047 and p = 0.0469 at 21 
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and 24 weeks of age, respectively), and though not significant, a trend for improvement was 

observed at 29 weeks of age (p = 0.0760 and p = 0.0582 for ambulatory time and distance, 

respectively) (Fig. 7c). The lack of significance at 29 weeks of age could have occurred due to 

decreased efficacy of the AAV or some other factor like age or testing parameters. Given that 

previous zQ175 behavioral characterization displayed significance between genotypes during the 

dark phase, whereas our study measured open-field behaviors during the light phase, we 

performed open-field testing at 52 weeks of age (12 months of age) during the dark phase. At 

this age, zQ175DN heterozygous mice administered with the miR AAV demonstrated 

significantly improved ambulatory time (p = 0.0087) and ambulatory distance (p = 0.0258). 

Consistent with previous time points assessed, this behavior pattern was exacerbated during the 

first 10 minutes of the open-field testing session (p = 0.0019 and p = 0.0098 for ambulatory time 

and distance, respectively).  

 Rotarod performance was assessed at 5 and 54 weeks of age. At 5 weeks, we observed no 

significant differences between zQ175DN heterozygous mice administered with the miR AAV 

compared to scrambled AAV at any of the days tested. However, at 54 weeks of age, we 

observed a significant improvement in latency to fall across these two groups on each of days of 

testing (p = 0.0006, p = 0.0029, and p = 0.0010 on days 1, 2, and 3 of testing, respectively) (Fig. 

7d). Furthermore, given the long intermittent time between testing periods, we performed re-

training on all mice prior to testing at 54 weeks of age. Interestingly, though not significant (p = 

0.0767), we observed a positive trend in learning behavior of the rotarod in zQ175DN 

heterozygous mice administered with the miR AAV compared to scrambled AAV as measured 

by average number of falls across three trials during the testing period (Fig. 7e).  
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Furthermore, the improvement in locomotor behavior as assessed by both open-field testing and  

rotarod performance was not due to weight differences across heterozygous mice, as both treated 

groups showed no significant difference in weight (Fig. 7f).  
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 Burrowing assay was performed at 29, 52, and 54 weeks of age. At all tested ages, no 

significance was found across all treated groups in percentage of food pellets burrowed (Fig. 8a). 

Similarly, we performed the rearing and climbing assay at 21 and 52 weeks of age and found no 

significance in either rearing or climbing behavior across all treated groups (Fig. 8b-c).  

 Collectively, these behavioral tasks demonstrate that cell type-specific lowering of HTT 

in the brain endothelium is sufficient to modulate locomotor behaviors in the zQ175DN mouse 

Fig. 7. Behavior performance in zQ175DN mice treated with brain vasculature-

targeting AAV. a, Experimental schematic of behavioral assays. b-c, Ambulatory time, b, 

and distance, c, performance as measured by open field test. Data shown for full 60 min of 

testing (top) and first 10 min of testing (bottom). d, Rotarod performance measured as 

latency to fall (in seconds) at 5 weeks of age (left) and 54 weeks of age (right). Data for each 

week represented as average of all mice within a group, with the average of each mouse 

calculated from 3 trials. e, Fall instances at 54 weeks of age. f, Weight (measured in grams). 

Statistical analysis shown as unpaired two-tailed t-tests for all behaviors. Error bars represent 

stand error of the mean (s.e.m.). Open-field testing on week 52 performed in the dark phase. 

 

 

Fig. 8. Burrowing, rearing, and climbing performance in zQ175DN mice treated with 

brain vasculature-targeting AAV. a, Percent burrowed food pellets at 29, 52, and 54 weeks 

of age. b-c, Rearing and climbing counts measured at 21 and 52 weeks of age. Statistical 

analyses performed as unpaired two-tailed t-tests for all behaviors. No significance found in 

any behavioral test shown. Error bars represent stand error of the mean (s.e.m.). 
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model of HD. Importantly, this AAV gene therapy was administered at a pre-symptomatic stage 

prior to the onset of overt degenerative and cerebrovascular phenotypes. While we did not 

observe significance in burrowing, rearing, or climbing behaviors, it is important to note that the 

behavioral phenotypes of the zQ175DN model are mild, and it is likely the assay is not sensitive 

enough to capture significant differences. Indeed, the burrowing assay in particular was not able 

to discriminate heterozygous versus non-carrier mice even at the late 54 weeks of age time point 

where known motor deficits have been extensively documented.  

 

AAVs modulate behavioral phenotypes in the R6/2 mouse model of HD 

 We repeated AAV-mediated HTT-lowering experiments on the R6/2 mouse model of 

HD, which exhibits a faster progression of disease phenotypes with increased severity (Cepeda-

Prado et al., 2012) and demonstrate BBB disruption as early as 6-weeks of age (Di Pardo et al., 

2017). AAVs were administered (1x1012 vg per mouse) at 4-weeks of age into both male 

hemizygous and non-carrier mice (n=10 mice per group) with behavioral testing performed every 

week beginning at 4-weeks of age (1-day post-injection) (Fig. 9a).  

Open-field testing was performed every week starting at 4 weeks of age. Though we did 

not observe any significant differences between R6/2 hemizygous mice administered with the 

miR AAV compared to scrambled AAV at any of the weeks tested, we did observe a trend 

towards improvement in the last 10 minutes at 8.5 weeks of open field testing in both ambulatory 

time (p = 0.1177) and distance (p = 0.2067) (Fig. 9b-c).  

 Rotarod testing was performed at 5, 7, and 8 weeks of age. At 5 weeks of age, all 

genotypes and conditions performed at equal levels (Figure 9d). No significance in number of 
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falls during training was found across groups, demonstrating that no group had baseline higher 

performance prior to learning (Figure 9e). At 7 weeks of age, hemizygous mice dropped 

significantly in performance, including both miR and scrambled AAV injected groups. However, 

consecutive days of testing at 7 weeks of age demonstrated an improvement in rotarod 

performance in miR-injected hemizygous mice compared to scrambled-injected on Day 3 of 

testing (p = 0.0436). This trend was maintained but not significant at 8 weeks of age, with both 

groups overall dropping in performance (i.e. decreased latency to fall) but with miR injected 

mice performing on average better compared to scrambled injected mice. Similar to the 

zQ175DN, this difference in rotarod performance in R6/2 mice was not due to weight differences 

across groups, as hemizygous mice in both groups exhibited no significant differences in weight 

(Figure 9f). 

 Interestingly, unlike the zQ175DN, R6/2 non-carrier mice compared to hemizygous mice 

displayed decreased performance on the burrowing assay at 8.5 weeks of age. Though not 

significant, R6/2 hemizygous mice injected with miR AAV demonstrated at trend of improved 

burrowing compared to hemizygous mice injected with scrambled AAV (p = 0.1218) (Fig. 9g). 

Collectively, these behavioral tasks demonstrate that cell type-specific lowering of HTT 

in the brain endothelium is sufficient to modulate locomotor behaviors in the R6/2 mouse model 

of HD, though not to the same extent as the zQ175. It is worth noting that this AAV gene therapy 

was administered also at a pre-symptomatic stage prior to the onset of overt degenerative and 

cerebrovascular phenotypes. While we did not observe significance in most assays, there are 

many positive trends in performance which are typically not seen in this mouse model given the 

fast disease progression. Given that AAV expression does not reach sufficient levels until about 

2 weeks post-transduction, it is very possible that the AAV intervention effects would not begin 
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until approximately 6 weeks of age when cerebrovascular changes have already been reported to 

be present (Di Pardo et al., 2017). Therefore, the mild improvement in motor performance of 

R6/2 mice that received the miR intervention could be due to the fast disease progression and 
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onset of cerebrovascular dysfunction around the same time that miR expression begins to reach 

therapeutic levels.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Behavior performance in R6/2 mice treated with brain vasculature-targeting 

AAV. a, Experimental schematic of behavioral assays. b-c, Ambulatory time, b, and 

distance, c, performance as measured by open field test. Data shown for full 60 min of testing 

(top) and last 10 min of testing (bottom). d, Rotarod performance measured as latency to fall 

(in seconds) at 5, 7, and 8 weeks of age. Data for each week represented as average of all 

mice within a group, with the average of each mouse calculated from 3 trials. e, Fall 

instances at 5 weeks of age. f, Weight (measured in grams). g. Burrowing assay performance 

demonstrated as percentage of food pellets burrowed. Statistical analysis shown as unpaired 

two-tailed t-tests for all behaviors. Error bars represent stand error of the mean (s.e.m.). 
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Chapter 5: Strategies for Interrogating Mechanisms of Cerebrovasculature Cell Types 

 

Neurons and glia are known to interact extensively with the vasculature. Endothelial cells 

have been shown to synthesize BDNF as a guidance cue for neuronal precursors to migrate along 

the vasculature in the adult forebrain (Snapyan et al., 2009). Similarly, astrocytes have been 

shown to provide complementary scaffolds for neuroblasts (Whitman et al., 2009), and microglia 

migrate postnatally along the vasculature to occupy perivascular regions devoid of astrocytic 

end-feet (Mondo et al., 2020). How these particular subsets of neuronal and glial cell types are 

coupled to the vasculature and how their transcriptional profiles differ from non-coupled cells 

remain unanswered questions. 

Furthermore, it is well established that there is regional heterogeneity in gene expression 

across neuronal and glial cell populations (Hodge et al., 2019; Saunders et al., 2018). Whether 

this extends to cerebrovascular cell types is unclear; however, evidence from functional and 

disease studies suggests there to likely be regional differences. For example, nitric oxide (NO), 

an important vasodilator, is normally produced through the catalytic activity of nitric oxide 

synthase (NOS) expressed in brain endothelial cells, eNOS. However, in the hippocampus, the 

main source of NO is produced through the activity of neuronal NOS, nNOS. Nerve fibers in 

close proximity to hippocampal arterioles contain nNOS to generate NO that can influence 

vascular tone. In addition, experiments using L-NAME (NG-nitro-L-arginine methyl ester), an 

inhibitor of NOS, have shown that while large arteries that feed into the hippocampus (i.e. 

posterior cerebral artery) and cortical arterioles undergo vasoconstriction after L-NAME 

treatment, hippocampal arterioles are unaffected, suggesting that the endothelium does not 

produce NO, and thus, the basal activity of NOS-mediated regulation of myogenic tone is 

different in the hippocampus (Johnson, 2023).  
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As another example, the basal ganglia is a region particularly vulnerable to infarcts and 

lesions, in part thought to be because of how it is vascularized. Anatomical studies have shown 

that the main vascular supply of the basal ganglia stems from the lenticulostriate arteries (LSAs) 

and the recurrent artery of Heubner (RAH). Functional compartments of the basal ganglia 

overlap with microvascular territories and contain a large number of non-anastomotic vessels, 

thereby compartmentalizing the blood supply to each of the sub-regions. In considering the 

origins from the Circle of Willis, the LSAs branch from the middle cerebral artery whereas the 

RAH branches from the anterior cerebral artery (Feekes & Cassell, 2006; Kirst et al., 2020). 

Therefore, the sources of CBF into the basal ganglia are distinct and could impact not only their 

predisposition to insults but also their baseline gene expression profiles.  

Together with evidence from the basal ganglia, hippocampus, and cortex, it is likely that 

gene expression patterns of cerebrovascular cell types are distinct across brain regions and that 

these profiles are also likely to have functional consequences on brain dynamics, such as 

neurovascular coupling. In this chapter, I present preliminary evidence both supporting the 

existence of vasculature-coupled (vc) cell types in the mouse and human brain, as well as tools 

for beginning to dissect the underlying mechanisms in a region-specific manner.   

 

Vasculature-coupled cell types in the human brain 

In our ex vivo human samples, as expected by physical BVE protocol co-purification, we 

found vasculature-coupled (vc) neuronal and glial cells with distinct expression profiles from the 

corresponding canonical cell types. Despite showing features of both canonical and vascular 

cells, we confirmed vasculature-coupled cells do not stem from ambient RNA or doublets, as 

they were unaffected by two rounds of doublet exclusion at the cluster and cell levels and 
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ambient RNA removal steps (Extended Data Fig. 11a-b). Furthermore, to rule out the 

possibility of vascular cell contamination, we performed a computational subtraction analysis of 

canonical cell signatures from their corresponding vasculature-coupled pairing, and 

demonstrated that the residual signatures did not cluster with any vascular cell type, indicating 

that these cells do not represent doublets but harbor unique gene expression profiles (Extended 

Data Fig. 11c). Hundreds of specifically expressed genes in these vasculature-coupled cells, 

when compared to canonical cell types, included significant enrichment in the regulation of 

angiogenesis, metal ion transport, and protein localization terms (Extended Data Fig. 11d-e). In 

particular, vc-astrocytes and vc-microglia showed increased expression of genes involved in the 

negative regulation of cell migration and cell junction assembly, suggesting these cell types 

exhibit more stationary behavior (e.g. less dynamic processes) when coupled to the vasculature 

(Extended Data Fig. 11f). 

We validated the snRNA-seq observed proportion of vc-cell types by utilizing known 

markers to calculate proportions of different cell types in immediate proximity of blood vessels 

(see Methods), and used novel markers to specifically label these coupled cells. In particular, we 

performed indirect immunofluorescence staining for OLIG2, GFAP, and NeuN to label all 

oligodendrocytes, astrocytes, and neurons, respectively, and then counted the proportion in direct 

contact with the vasculature in tissue sections. Cell counting proportions for these vc-cell types 

across multiple samples were consistent with proportions obtained by snRNA-seq (Extended 

Data Fig. 11g).  
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 As migrating neuroblasts have been shown to use the vasculature as a scaffold during 

adult neurogenesis in mouse, we predicted that vc-neurons may represent this population of 

immature interneurons. Indeed, vc-neurons were highly enriched for LATS1, TIMP2, and PTMA 

compared to all canonical neurons, with all three genes previously shown to play roles in 

neuronal differentiation (X. Cao et al., 2008; Halder & Ueda, 2012; Pérez-Martínez & Jaworski, 

2005; Ueda et al., 2017). We validate that a small number of NeuN/RBFOX3-expressing neurons 

co-express LATS1 and PTMA and can be found immediately adjacent, seemingly coupled, to 

blood vessels (Fig. 10a, Extended Data Fig. 11h). We further investigated this in vivo by 

utilizing the thymidine analogue, ethynyl deoxyuridine (EdU), to label dividing cells in the adult 

mouse brain. After 30 days of EdU administration, we found that compared to NeuN+/EdU- cells 

(23.8%), NeuN+/EdU+ cortical neurons (42.8%) were significantly more likely to be localized 

on the vasculature (Fig. 10b). These results are consistent with those found in humans and 

suggest that vc-neurons most likely represent a population of immature interneurons along the 

vasculature which exhibit distinct transcriptional programs. 

Extended Data Figure 11. Vascular-coupled (vc) cell types in the ex vivo snRNA-seq 

data. a. Thresholding parameters for doublet detection. b. UMAP of determined 

singlet/doublets in human ex vivo samples. c. UMAPs of joint (top), vc-neurons (orange) and 

vc-neuron residuals (pink) after subtraction of canonical neuron signature. d. Heatmap of 

DEGs in canonical, vascular, and vascular-coupled cell types. e. Heatmap of DEGs in all 

astrocytes (top), shared between vc-astrocytes and vascular cell types (middle), and vc-

astrocytes only (bottom). f. Gene ontology enrichment in vc-cell types. g. Quantification of 

vc-cell types in direct contact with the vasculature by indirect immunofluorescence staining 

and cell counting in tissue. Dashed lines represent proportions reported by snRNA-seq. h. 

Indirect immunofluorescence staining of a PTMA-expressing vc-neuron that is on the 

vasculature. i. Virally transduced CLDN5::EGFP expression in mouse brain vc-astrocytes and 

endothelial cells. j. Co-localization of a non-vessel, CLDN5::EGFP-expressing cell with the 

astrocyte marker GFAP. Yellow arrow depicts EGFP+/GFAP+ astrocyte. Scale bar, 20μm. 
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Fig. 10. Cell types coupled to the human cerebrovasculature. a. Co-localization of vc-

neuron expressing LATS1/NeuN along the vasculature. b. Quantification of EdU and NeuN 

cells along the vasculature. Indirect immunofluorescence showcases an EdU+/NeuN+ cell 

along the vasculature. c. Virally transduced CLDN5::EGFP expression in mouse brain vc-

astrocytes and endothelial cells.  d. Cell-cell interaction Sankey plots between vascular cell 

types (endothelial, mural, fibroblast) and canonical cell types (astrocyte, neurons, microglia, 

oligodendrocytes). e. Indirect immunofluorescence of GFAP/TLR2 expressing astrocytes 

coupled with the cerebrovasculature. f. Heatmap of ligand-receptor pairings in vascular cells 

(ligand) and microglia (receptor) and downstream target. Scale bar, 20μm. **p < 0.01 
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Astrocytes have been shown to express cell junction proteins, including members of the 

claudin family (e.g. CLDN1, CLDN2, CLDN4, CLDN11) (Horng et al., 2017; Romanitan et al., 

2010). Interestingly, a subset of astrocytes in the frontal cortex has also been shown to express 

CLDN5 (Romanitan et al., 2010), a marker gene for brain endothelial cells. We found that vc-

astrocytes in particular, when compared to canonical astrocytes, displayed enriched expression of 

CLDN5. To validate the expression of CLDN5 in astrocytes, we performed viral-mediated 

transduction using an adeno-associated virus injected intravenously engineered to allow 

expression of EGFP under the CLDN5 promoter, as described previously. We observed brain-

wide transduction of blood vessels (Extended Data Fig. 11i), and, as predicted by our snRNA-

seq data for vc-astrocytes, a subpopulation of astrocytes expressing EGFP (Fig. 10c). We 

validated these non-endothelial CLDN5-expressing cells to be vc-astrocytes by virtue of their 

expression of the astrocyte marker GFAP (Extended Data Fig. 11j). Though not all GFAP+ 

astrocytes were EGFP+, transduced EGFP+ astrocytes were found across the whole brain, 

including cortex, striatum, hippocampus, and midbrain, and in close proximity to the vasculature, 

with their soma in close proximity to blood vessels. Together, our functional enrichment analysis 

and in vivo experiments using cell type-specific viral transduction suggest vc-astrocytes 

represent a subpopulation of astrocytes closely coupled to the vasculature.  

Furthermore, to reveal mechanisms of communication between vasculature-coupled and 

vascular cell types, we computationally integrated cell type-specific ligand, receptor, and 

downstream target gene expression in a statistical permutation framework (see Methods). We 

found that vc-astrocytes, vc-oligodendrocytes, and vc-microglia all interact extensively with 

Pericyte 1 cells, as a major signal-receiving vascular cell type (Fig. 10d). We confirm TLR2 

enrichment in vc-astrocytes by indirect immunofluorescence staining to demonstrate that a 
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subset of GFAP-expressing astrocytes in proximity to the vasculature express TLR2, whereas 

GFAP-expressing astrocytes not in proximity to blood vessels do not express TLR2 (Fig. 10e). 

Lastly, we found vc-microglia receive signals from many vascular cell types, including vSMCs, 

all fibroblast subtypes, and pericytes, indicating that they may act as central hubs for vasculature 

interactions. Predicted receptors TGFBR1, TGFBR2, and BMPR2 were highly expressed in vc-

microglia, indicating they may act as mediating receptors. These receptors activate downstream 

targets ID1, VEGFC, and ID3, which were also highly expressed in vc-microglia (Fig. 10f). 

 

Improved design of genetic tools for profiling cerebrovasculature cell types in vivo 

Despite the high specificity of our previously developed AAV plasmids for targeting the 

cerebrovasculature, a constraint of AAVs is the packaging capacity which is typically between 

4.5-4.8kb from 5’ ITR to 3’ ITR and includes the ITRs. Given the size of the MiniP for CLDN5 

used in previous experiments (2976bp), the usage of this AAV for overexpression constructs is 

very limited. Furthermore, the development of improved AAV capsids derived from AAV9 

using directed evolution methods has enabled for packaging of constructs into AAVs with 

increased tropism towards brain endothelial cells (Ravindra Kumar et al., 2020). However, this 

improved capsid targeting brain endothelial cells, PHP.V1, has also shown to transduce ~60% 

cortical astrocytes.  

 To improve upon this system, we combined the specificity of a new generation of 

CLDN5 MiniP (Ple261) with a shorter size (1670bp) with the increased tropism of the PHP.V1 

capsid to transduce brain endothelial cells. Using previously developed methods for generation 

of rAAVs, we produced viral particles of PHP.V1-sCLDN5::EGFP (“sCLDN5” for short CLDN5  
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to distinguish from previous iteration of the CLDN5 MiniP) for intravenous injection into wild-

type C57BL6/J mice.  
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We performed immunohistochemical analysis on 6 week old wild-type mice 4 weeks 

post-transduction of injected PHP.V1-sCLDN5::EGFP at a dose of 1 x 1012 vg per mouse. We 

Fig. 11. Transduction efficiency of PHP.V1-sCLDN5::EGFP in wild-type mice. a. 

Immunohistochemical images of 6-week-old C57BL6/J mice injected with AAV by retro-

orbital injection. Representative images 4 weeks post-transduction shown across multiple 

brain regions including cortex, cerebellum, striatum, and hippocampus. b, Expression of 

EGFP in vc-astrocytes. c, Quantification of transduction efficiency across multiple brain 

regions. Each dot represents individual biological replicates (n = 3) calculated as average 

expression of GFP/lectin across 3 images. CB = cerebellum, CTX = cortex, HPC = 

hippocampus, STR = striatum. 
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found specific, brain-wide transduction of both large and small parenchymal vessels (Fig. 11a) 

as well as a small population of transduced astrocytes which likely represent the previously 

described vc-astrocytes in close proximity to the vasculature (Fig. 11b). We quantified the 

transduction efficiency across multiple brain regions including cortex, cerebellum, striatum, and 

hippocampus and found that across brain regions we transduce on average 94.9% of blood 

vessels when normalized to lectin staining (Fig. 11c).  

Interestingly, we observed no expression of EGFP in either pial vessels on the surface of 

the parenchyma or in choroid plexus epithelial cells (Fig. 12a). Furthermore, when injected into 

aged, 52-week-old, mice, we also observed similar phenomenon and brain-wide transduction 

(Fig. 12a-b), demonstrating the feasibility of using this viral tool for aging studies. We further 

confirmed the specificity by analyzing other organs and observed no transduction in either heart 

or liver vasculatures (data not shown).  

To further illustrate the utility of this viral tool for targeting brain endothelial cells, we 

developed constructs for interrogating different aspects of the cerebrovasculature. In particular, 

we designed AAVs for profiling the translatome of the vc-astrocyte population via 

administration into Aldh1l1-Cre mice of a PHP.V1-sCLDN5::DiO-TRAP virus driving 

expression of the TRAP construct in a double-inverted orientation (data not shown). 

Furthermore, we designed AAVs for profiling mitochondrial proteome by administration of a 

PHP.V1-sCLDN5::MITO-Tag virus driving expression of a MITO-Tag construct (Bayraktar et 

Fig. 12. Transduction efficiency of PHP.V1-sCLDN5::EGFP in young and aged mice. a. 

Immunohistochemical images of 6-week-old and 52-week-old C57BL6/J mice injected with 

AAV by retro-orbital injection. Representative images 4 weeks post-transduction shown 

across multiple brain regions including cortex and cerebellum (top) and striatum (bottom). b, 

Zoomed in view of transduction efficiency in 6-week-old and 52-week-old mice across 

cerebellum (left) and cortex (right). 
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al., 2019) to label the mitochondria in brain endothelial cells (data not shown). Lastly, we 

designed AAVs for overexpression of essential BBB genes by administration of PHP.V1-

sCLDN5::MFSD2A-3xHA to drive expression of MFSD2A (data not shown) which has been 

shown to be significantly downregulated across multiple neurodegenerative diseases. Altogether, 

these tools demonstrate the feasibility of using AAV approaches not only for gene therapy 

applications, but also interrogating different aspects of cerebrovascular biology. 
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Chapter 6: Discussion 

The following text and figures have been adapted from previously published work by Francisco 

J. Garcia and co-authors. For original article, see [Garcia, Francisco J., et al. "Single-cell 

dissection of the human brain vasculature." Nature 603.7903 (2022): 893-899.] 
 

Single-cell profiling of the human brain vasculature in health and disease 

Interrogating cell types of the cerebrovasculature in humans at a molecular level has been 

challenging owing to a lack of a high-throughput methodology to capture these cell types for 

genome-wide gene expression analyses. Species-specific patterns of expression between mouse 

and human brain microvessels have been noted, but the lack of cellular specificity has prevented 

a thorough mapping of their molecular composition (Song et al., 2020). Here, by developing 

independent experimental and in silico sorting methodologies for the enrichment and 

compatibility with snRNA-seq, we catalogued the transcriptional profiles of thousands of single 

nuclei comprising the human cerebrovasculature. Included are profiles generated from fresh 

human cortex surgical resections that eliminate any possibility of transcriptional alterations 

associated with the post mortem interval. These profiles reveal human-specific characteristics of 

the cerebrovasculature. We observe that vascular zonation is an evolutionarily conserved 

phenomenon when comparing mice to humans despite notable gene expression differences along 

the arteriovenous axis. We observed similar degrees of diversity and specificity in the gene 

expression patterns of mural cells, which until now have remained ill-defined, and validated the 

expression of new marker genes, confirming the cell-type-specific expression at the protein level. 

In addition, we identified three subtypes of perivascular fibroblasts. Last, in our ex vivo enriched 

dataset, we found subpopulations of neuronal and glial cells co-clustering with vascular cell 

types. We excluded these cells from analysis here, owing to the possibility of nuclei doublets, but 

they may represent bona fide populations of vasculature-coupled cells, as recently reported for 
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both microglia and adult-born immature neurons (Fujioka et al., 2019; Mondo et al., 2020), and 

future work will be needed to elucidate their identity and functions. 

Understanding the normal cellular and molecular characteristics of the cerebrovasculature 

is crucial for studying mechanisms of its dysfunction. Thus, we also conducted cell-type-specific 

differential gene analysis of cerebrovascular cells in the context of HD to elucidate potential 

mechanisms of dysfunction. In addition to the previously studied Wnt signalling pathway (R. G. 

Lim et al., 2017), our work reveals the activation of the innate immune signalling, which we 

have recently reported to occur in striatal neurons (H. Lee et al., 2020; R. G. Lim et al., 2017), as 

also occurring in endothelial cells and vascular-interacting astroglial and microglial cells in the 

HD brain. Our work reveals that this innate immune activation co-occurs with loss of endothelial 

tight junction protein expression, suggesting that blockade of innate immune activation in the 

HD brain could prevent loss of BBB integrity. Future studies in mouse models will provide 

further insights into the therapeutic potential of targeting these gene alterations in the 

cerebrovasculature. Further investigating large intracranial vessels will be of great importance 

given their prominent role in other neurological diseases (Wingo et al., 2020). 

Viral tools for gene therapy and profiling cerebrovascular biology  

 Advances in single-cell technologies has demonstrated the differential roles of cell types 

in health and disease. It has been noted that specific neuronal populations in the brain are 

particularly vulnerable across different neurodegenerative diseases (Fu et al., 2018), 

demonstrating the need to develop targeted therapeutics that not only cross the BBB but also 

selectively affect only specific populations of cells. Development of gene therapy strategies are 

promising approaches but are costly and time-consuming. Rather than developing gene therapy 

interventions for specific diseases, development of gene therapy interventions to target a 
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common phenotype across multiple neurological disorders may demonstrate promise for 

delaying disease progression. The cerebrovasculature has recently been shown to exhibit 

dysfunction early in the disease progression of multiple neurodegenerative disorders. 

Furthermore, given the accessibility through the circulatory system, administration of gene 

therapy strategies intravenously provides a non-invasive route for drug delivery.  

 By targeting the causative gene in a monogenic, neurodegenerative disease, namely, 

Huntington’s disease, we demonstrate that targeting the cerebrovasculature to lower levels of 

HTT is sufficient to delay the progression of behavioral phenotypes in two mouse models. These 

proof-of-principle experiments highlight the potential of using non-immunogenic AAVs to treat 

multiple neurological disorders, in particular those with know genes that induce brain 

pathologies (e.g. amyloid-β, α-synuclein, etc.).  

 Furthermore, we also demonstrate that by improving the specificity and design of the 

AAV plasmid, we can develop an assortment of viral tools for studying various biological 

mechanisms of the cerebrovasculature, including but not limited to, regional heterogeneity in 

gene expression, vasculature-coupled cell types, mitochondrial diversity, and BBB function.  

 Combined with our high-resolution profiling of the human brain vasculature, our studies 

demonstrate the importance of studying the cerebrovasculature to further understand mechanisms 

of normal brain function and alterations in disease. Future studies will shed important insights 

into the utility of these transcriptomic datasets and gene therapy tools not only for our 

understanding of basic cerebrovascular biology but also for the potential to treat incurable brain 

diseases. 
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Chapter 7: Methodology 

 

Animal use 

All animal experiments were approved by the MIT Committee on Animal Care. Mice were 

grouped housed with food and water provided ab libitum on a standard 12 h light/12 h dark 

cycle. Male 6-week-old C57BL/6J wild-type mice (Jackson Laboratories stock number 000664) 

were used for snRNA-seq and immunofluorescence experiments. Male 4- and 9-week-old 

B6CBA-Tg(HDexon1)62Gpb/1J mice (CAG repeat length 160 ± 5; Jackson Laboratories stock 

number 002810) and non-carrier controls were used for R6/2 experiments. Female 4-week-old 

B6J.zQ175DN (Jackson Laboratories stock number 370832) knock-in congenic and non-carrier 

C57BL/6J mice were used for zQ175 experiments. Male 4-week-old B6;FVB-Tg(Aldh1l1-

cre)JD1884Htz/J (Jackson Laboratories stock number 023748) mice were used for PHP.V1-

sCLDN5::DiO-TRAP experiments. No prior procedures were performed on any animal before 

experiments. Randomization and blinding of animals was not necessary in this study given the 

unbiased experimental approach. All brain dissections were performed on dry ice after cooling 

the head in liquid nitrogen for 3 s. Dissected whole brain or posterior cortex were subsequently 

flash frozen in liquid nitrogen and stored at −80 °C until further use. 

 

Human tissue 

Human tissue analyses were conducted as exempt human research, as this was secondary 

research using biological specimens not specifically collected for this study. All samples were 

obtained from biobanks/repositories as follows, using appropriate de-identification and under 

consent. All resected ex vivo human tissue was originally obtained fresh or fresh-frozen from the 

Boston Children’s Hospital through the Phenotyping and Banking Core of Neurological 
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Disorders (protocol 09-02-0043 approved by the Boston Children’s Hospital Institutional Review 

Board (IRB), under which samples are collected for the use of Boston Children’s Hospital 

investigators and their collaborators). On surgical resection, tissue was examined by a licensed 

neuropathologist and allocated for clinical or research purposes. Non-pathologically deemed 

tissue was then either used immediately or stored fresh frozen at −80 °C until further use. All 

selected samples were from patients aged between 11 and 22 years with a primary diagnosis of 

medically refractory epilepsy with no known genetic mutations (that is, spontaneous epilepsy). 

Individuals with known arteriovenous malformations were also excluded from the study. In 

silico data were derived from 12 pathologically normal donor samples obtained from the 

Religious Orders Study and Rush Memory and Aging Project (ROSMAP), and data were 

obtained from the Rush Alzheimer’s Disease Center Repository following guidelines approved 

by the IRB of the Rush University Medical Center. For these samples, all participants signed a 

Repository Consent form in addition to Informed Consent and an Anatomic Gift Aid. These 

ROSMAP samples included 7 brain regions: prefrontal cortex, mid-temporal cortex, angular 

gyrus, entorhinal cortex, thalamus, hippocampus and mammillary body. HD profiling data were 

derived from 8 HD and 8 age-matched unaffected control post mortem tissue samples, which 

were acquired through the National Institutes of Health (NIH) NeuroBioBank or the University 

of Alabama at Birmingham. 

 

Indirect immunofluorescence staining 

Brain tissue was collected from the HD R6/2 model and the control mice following transcardial 

perfusion with 4% PFA in 1× PBS. Human and mouse brain tissue samples were cryoprotected 

and cryosectioned onto glass slides at 20 µm thickness. Sections were fixed for 10 min using cold 
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acetone (human alone) under gentle agitation, washed with 1× TBS, permeabilized with 1× TBS-

T (1× TBS with 0.05% Tween20) and blocked with blocking buffer (2% heat-inactivated donkey 

serum, 0.1% fish gelatin in 1× TBS-T) for 1 h at room temperature. Slides were subsequently 

incubated with primary antibody in blocking buffer at specified dilutions (Supplementary Table 

6) overnight at 4 °C. Slides were then washed with 1× TBS-T, incubated with secondary 

antibody (1:5,000 dilution of specified fluorophore as described in Supplementary Table 6) in 

blocking buffer for 1 h at room temperature, washed again with 1× TBS-T followed by 1× TBS, 

stained with DAPI and mounted with ProLong Gold antifade mounting medium (ThermoFisher 

Scientific). For post mortem human tissue sections, autofluorescent signal arising from 

endogenous lipofuscin was quenched with a 30-s exposure to TrueBlack Lipofuscin 

Autofluorescence Quencher (Biotium) and washed with 1× -TBS before mounting. A Zeiss 

LSM700 or LSM900 confocal microscope (Carl Zeiss AG) with a 20× and 40× objective lens 

was used for imaging. All image processing was performed using ImageJ software. 

 

BVE for snRNA-seq 

The BVE protocol was adapted from refs. 7,8. All procedures were performed on ice. Ex vivo 

human, post mortem human and dissected mouse cortical tissue were homogenized in 5 ml 

MCDB 131 medium containing 0.5% (wt/vol) endotoxin-, fatty-acid- and protease-free BSA and 

10 U µl−1 recombinant RNase Inhibitors using ten strokes with the loose pestle followed by ten 

strokes with the tight pestle in a 7-ml KIMBLE Dounce tissue grinder. Homogenized tissue was 

transferred into 15-ml conical tubes and centrifuged at 2,000g for 5 min at 4 °C using a fixed-

angle rotor. Cell pellet was resuspended in 2 ml 17% (wt/vol) 70-kDa dextran solution (in 1× 

PBS + 10 U µl−1 recombinant RNase Inhibitors) and ultracentrifuged at 10,000g for 15 min at 
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4 °C in a swing-bucket rotor. Myelin and cellular debris were carefully removed before 

decanting supernatant. Resultant pellet or fresh-frozen tissue was homogenized in 700 µl 

homogenization buffer (320 mM sucrose, 5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl 

pH 7.8, 0.1 mM EDTA pH 8.0, 0.1% NP-40, 1 mM β-mercaptoethanol and 0.4 U µl−1 

SUPERase In RNase Inhibitor (ThermoFisher Scientific)) with a 2-ml KIMBLE Dounce tissue 

grinder (MilliporeSigma) using ten strokes with the loose pestle followed by ten strokes with the 

tight pestle. Homogenized tissue was filtered through a 40-µm cell strainer and mixed with 

450 µl of working solution (50% OptiPrep density gradient medium (MilliporeSigma), 5 mM 

CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl pH 7.8, 0.1 mM EDTA pH 8.0 and 1 mM β-

mercaptoethanol). The mixture was then slowly pipetted onto the top of an OptiPrep density 

gradient containing 750 µl of 30% OptiPrep Solution (134 mM sucrose, 5 mM CaCl2, 3 mM 

Mg(CH3COO)2, 10 mM Tris HCl pH 7.8, 0.1 mM EDTA pH 8.0, 1 mM β-mercaptoethanol, 

0.04% NP-40 and 0.17 U µl−1 SUPERase In RNase Inhibitor) on top of 300 µl of 40% OptiPrep 

Solution (96 mM sucrose, 5 mM CaCl2, 3 mM Mg(CH3COO)2, 10 mM Tris HCl pH 7.8, 

0.1 mM EDTA pH 8.0, 1 mM β-mercaptoethanol, 0.03% NP-40 and 0.12 U µl−1 SUPERase In 

RNase Inhibitor) inside a Sorenson Dolphin microcentrifuge tube (MilliporeSigma). Nuclei were 

pelleted at the interface of the OptiPrep density gradient by centrifugation at 10,000g for 5 min at 

4 °C using a fixed-angle rotor (FA-45-24-11-Kit). The nuclear pellet was collected by aspirating 

≈100 µl from the interface and transferring to a 2.5-ml low-binding Eppendorf tube. The pellet 

was washed with 2% BSA (in 1× PBS) containing 10 µl−1 SUPERase In RNase Inhibitor. The 

nuclei were pelleted by centrifugation at 300g for 3 min at 4 °C in a swing-bucket rotor (S-24-11-

AT). Nuclei were washed two times with 2% BSA and centrifuged under the same conditions. 
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The nuclear pellet was then resuspended in ≈100 µl of 2% BSA and manually counted using a 

haemocytometer and microscope as well as being inspected for cellular debris. 

 

Immunofluorescence Cell Counting  

Three human cortical tissue samples were sectioned and stained for OLIG2, NeuN, GFAP, 

CLDN5, and DAPI as described in the indirect immunofluorescence methods section. For each 

sample, 10 40X confocal images from random regions containing blood vessels were acquired. 

DAPI+ cells located on or touching the CLDN5 stain were counted and identified using 

respective marker genes for oligodendrocytes, neurons, and astrocytes. Endothelial and mural 

cells were excluded from the total cell count and the calculation of the proportion of vc-cell 

types. Identification of endothelial and mural cells was estimated by either elongated 

(endothelial) or “bump-on-a-log” nuclei morphology (mural) and which were not co-labelled 

with any stain other than CLDN5 and DAPI. 

 

Quantitative real-time PCR 

Mouse posterior cortex was disrupted for RNA isolation using the TissueLyser (QIAGEN) for 

2 × 2 min at 20 Hz as recommended by the manufacturer. Enriched blood vessel pellets from the 

BVE protocol were disrupted using QIAGEN Buffer RLT. RNA was then isolated using the 

RNeasy Lipid Tissue Mini Kit (QIAGEN). For qRT–PCR, the TaqMan Universal Master Mix 

(ThermoScientific) was used, and PCR reactions were run on a StepOnePlus system 

(ThermoScientific). 

 

Western blotting 



98 
 

Human post mortem caudate nucleus tissue samples from patients with HD and age-matched 

unaffected controls were homogenized in 1 ml RIPA lysis buffer (ThermoScientific) containing a 

protease inhibitor cocktail (MilliporeSigma). Approximately 10 μg of protein in 1× LDS was 

loaded onto 4–12% Bis-Tris gels and run using MOPS Running Buffer at 175 V for 1 h. Protein 

samples were then transferred onto PVDF membranes (Bio-Rad) using 10% methanol in 1× 

transfer buffer at 50 V for 1.5 h. Membranes were then washed in 1× TBS-T (1× TBS with 

0.05% Tween20), blocked with 5% milk for 1 h at room temperature, and subsequently 

incubated with primary antibodies (Supplementary Table 6) in 5% milk at 4 °C overnight under 

gentle agitation. Membranes were then washed again with 1X TBS-T, and incubated with HRP 

secondary antibodies for 1 h at room temperature, and substrate (Pierce ECL Plus) was applied 

for chemiluminescent detection. Immunoblots were quantified using ImageJ software. Two-

tailed paired t-tests were performed for statistical analysis. 

 

snRNA-seq and associated analysis 

Droplet-based snRNA-seq libraries were prepared using the Chromium Single Cell 3′ Reagent 

Kit v3 (10x Genomics) according to the manufacturer’s protocol and sequenced on an Illumina 

NovaSeq6000 at the MIT BioMicro Center. Raw sequencing reads were aligned to the pre-

mRNA annotated Mus musculus reference genome version GRCm38 or Homo sapiens reference 

genome version GRCh38 and counts were estimated using Cellranger 3.0.1 (10x Genomics). The 

generated cell-by-gene unique molecular identifier (UMI) count matrix was analysed using the 

Seurat R package v.3.2.0 (Butler et al., 2018). We kept only the cells expressing at least 500 

genes and genes with expression in at least 50 cells. The cells were also filtered by the maximum 

of 8,000 expressed genes and of 10% mitochondrial genes. The UMI counts were then 
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normalized for each cell by the total expression, multiplied by 10,000 and log transformed. We 

used Seurat’s default method to identify highly variable genes and scale data for regressing out 

variation from UMI and mitochondrial genes. The scaled data with variable genes were used to 

perform principal component analysis. The top 30 principal components were chosen for further 

analysis, including clustering to identify cell populations. UMAPs were calculated in the Seurat 

R package using the top 30 PCs and min_dist = 0.75. Harmony was used to perform batch-effect 

correction. 

 

Doublet removal 

To remove the potential doublets in the dataset, we first used DoubletFinder with the parameter 

of 7.5% doublet formation rate on the basis of the recommendation of 10x Genomics at the 

single-cell level to identify the most likely doublets (McGinnis et al., 2019). Then, clusters of 

cells showing higher expression of marker genes corresponding to two or more cell types were 

excluded from further analysis. 

 

Cell-type annotation and marker-gene identification 

To annotate the cell type for each cluster, we identified the marker genes using the Wilcoxon 

rank sum test by comparing one cluster with the others. Next, we checked the canonical markers 

(excitatory neuron: NRGN, SLC17A7 and CAMK2A; inhibitory neuron: GAD1 and GAD2; 

astrocyte: AQP4 and GFAP; oligodendrocyte: MBP, MOBP and PLP1; microglia: CSF1R, 

CD74 and C3; oligodendrocyte precursor cell: VCAN, PDGFRA and CSPG4; endothelial: FLT1 

and CLDN5; pericyte: AMBP) in each cluster to determine the cell type. Finally, we performed 

gene set enrichment analysis by testing the significance of overlapping genes between marker 
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genes that we identified and the published marker-gene sets (Wang et al., 2018) to further 

confirm the cell type of each cluster. 

 

In silico sorting approach 

For the full snRNA-seq datasets with all cell types in the brain (excitatory and inhibitory 

neurons, astrocytes, oligodendrocytes, oligodendrocyte precursor cells, microglia and vascular 

cells), we first performed clustering and annotated the cell type for each cluster on the basis of 

the canonical markers of vascular cell types and then calculated the cell-type score for each cell 

on the basis of the average expression of a set of vascular markers (Wang et al., 2018). The cells 

with the specific high score of vascular cell types were kept for further integrative analysis 

(twofold higher than the second score). 

 

Integrative analysis of human fresh, frozen and mouse single-cell RNA-seq datasets 

The homologue genes of human and mouse were kept for integration. Canonical correlation 

analysis in Seurat41 was used to integrate human snRNA-seq data from fresh and frozen samples 

and mouse single-cell RNA-seq data (Vanlandewijck et al., 2018). To compare the difference 

between human fresh and frozen samples, we applied MAST in R to identify the DEGs (tsDEGs) 

by considering age and sex as the covariates (Finak et al., 2015). We used the Wilcoxon rank 

sum test to identify the DEGs between human and mouse data (two comparisons: human fresh 

versus mouse; human frozen versus mouse) and tested the significance of agreement between 

two comparisons by Fisher’s exact test. 

 

Functional enrichment analysis 
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Enrichr in R (E. Y. Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021) was used to 

perform functional enrichment analysis based on the following databases: Gene Ontology 2018 

(Ashburner et al., 2000; The Gene Ontology Consortium, 2019), KEGG/WikiPathways 2019 

Human and ChIP Enrichment Analysis 2016. False discovery rate (FDR) < 0.05 was used as a 

threshold to select the significant enrichment. 

 

Endothelial and mural zonation analysis 

The cell orders along the endothelial and mural zonation were determined by the pseudotime 

analysis using Monocle3 (J. Cao et al., 2019). We next built a quadratic linear regression model 

to identify the zonation-related genes, smoothed the gene expression along the predicted 

zonation axis by fitting a smoothing spline in R, and clustered those genes into eight distinct 

expression patterns. 

 

Differential gene expression analysis 

We identified DEGs between control and HD samples (hdDEGs) using a multiresolution method 

in ACTIONet v2.1.9 (Mohammadi et al., 2020). In brief, the pseudobulk gene expression matrix 

for each sample is generated on the basis of a number of multiresolution bins (by default is 25). 

The single-cell variance in pseudobulk data is also considered as a covariate when limma 

(Ritchie et al., 2015) is applied for differential analysis. In addition, age, sex and PMI are also 

controlled as covariates in the model. Genes with FDR < 0.05 and log2[foldchange] > 0.05 were 

used for subsequent functional enrichment analysis as described above. 

 

Cell-Cell Interaction Analysis  
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We build a computational framework to predict the interaction between vascular cell types and 

vasculature-coupled cell types. Specifically, we first integrated the information of the ligand-

receptor pairs from (Ramilowski et al., 2016) and the target genes from KEGG 2019 signaling 

pathways. We then filtered the ligand, receptor and target genes by the cell type-specific 

expression. For each pair of cell types, we calculated a score for each ligand-receptor pair to 

evaluate the probability of interaction between two cell types and mediated pathway by the ratio 

of number multiplication of cells with the expression of ligand and receptor to the universal set. 

To test the significance of each ligand-receptor pair, we permuted the cell ID in the gene 

expression matrix and calculated the p-value of the score. 

Plasmid cloning for AAV production 

A cis rAAV genome plasmid with AAV2 inverted terminal repeats was utilized for cloning of a 

CLDN5 MiniPromoter and EGFP reporter using restriction enzymes. Ple34(CLDN5) containing 

the CLDN5 MiniPromoter pEMS1982 was a gift from Elizabeth Simpson (Addgene plasmid # 

49113). The transgene construct was subsequently packaged into an AAV9 serotype followed by 

purification via advanced 2xCsCl ultracentrifugation and qPCR titration. Cloning and viral 

packaging was performed by SignaGen Laboratories (Frederick, MD). The rAAV-

CLDN5::EGFP virus was injected into 6 week old male C57BL/6J mice (n=3) via retro-orbital 

injection at a titer of 8 x 1011 vg per mouse, as previously described (de Leeuw et al., 2016). 

Mice were harvested 3 months after injection and evaluated for transduction efficiency using 

anti-GFP and anti-CLDN5 antibodies as described in the indirect immunofluorescence methods 

section. miR sequence targeting exon 1 of the huntingtin gene was obtained from previously 

published work (Miniarikova et al., 2016) and synthesized by Virovek Inc. Plasmids containing 

the CLDN5 MiniPromoter sequences (Ple34, “CLDN5” and Ple261, “sCLDN5”) were obtained 
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from Addgene. Cloning of pAAV9-CLDN5::EGFP-scrambled and pAAV9-CLDN5::EGFP-miR 

was performed by Virovek Inc. Construction of plasmids containing the sCLDN5 promoter were 

performed in-house using restriction digest or In-Fusion Snap Assembly (Takara Bio).  

 

AAV production 

Production of AAV9-CLDN5::EGFP-scrambled and AAV9-CLDN5::EGFP-miR was performed 

by Virovek Inc. utilizing their patented BAC-TO-AAV technology to generate recombinant 

baculovirus followed by AAV production at a titer concentration of 1.0E+13 vg/mL. For 

production of PHP.V1-sCLDN5::EGFP and all other plasmids containing the PHP.V1 capsid, 

AAV production was performed in-house utilizing a previously published protocol (Challis et al., 

2019). In brief, triple transfection of HEK293T cells was performed on 90-95% confluent cells in 

DMEM containing glutamax supplemented with 5% FBS and non-essential amino acids. Fresh, 

warm media was replaced 12h post-transfection. Media was collected 72h post-transfection. 

Media and cells were collected 120h post-transfection and combined with previous fraction. 

Cells and media were centrifuged at 2,000g for 15min at room temperature. Supernatant was 

collected in a separate bottle and combined with 40% (wt/vol) PEG (final concentration 8% 

wt/vol PEG) and incubated on ice for 2h before transferring to 4oC overnight. Cell pellet was re-

suspended in buffer containing salt-active nuclease (SAN) and incubated at 37oC for 1h before 

transferring to 4oC overnight. PEG-media was centrifuged at 4,000g for 30min at 4oC. After 

centrifugation, supernatant was bleached and discarded. PEG pellet was resuspended in 

SAN+SAN buffer, combined with previous fraction, and incubated at 37oC for an additional 

30min. Lysate was centrifuged at 2,000g for 15min at room temperature and supernatant was 

loaded onto an iodixanol gradient (15%, 25%, 40%, and 60% fractions). Gradients were 
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transferred to an ultracentrifuge using a Type 70 Ti rotor set at 350,000g for 2h and 25min at 

18oC. AAV particles were collected from the 40/60% interface, washed in 1X PBS, and 

concentrated using an Amicon filter device with a 100kDa cutoff. AAV titration was performed 

using the AAVpro Titration Kit (for Real Time PCR) Ver.2 (Takara Bio).  

 

Retro-orbital injections 

Mice were anesthetized under 2% isoflurane. Prior to injection, topical ophthalmic solution of 

0.5% proparacaine was administered to the eye to be injected. While under anesthesia, 100uL of 

AAV particles at a concentration of 1 x 1010 Vg/uL were injected using a 27.5-gauge insulin 

needle into the retro-orbital sinus. After injection, lubricant was applied to the injected eye to 

prevent corneal drying and injury.  

 

Open-field test 

Open field testing was performed in 60-min sessions per mouse using an infrared (IR) 

photobeam open field (17″ × 17″ × 12″) with 16 IR beams spaced regularly along the x, y, and z 

axes (#MED-OFAS-RSU, Med Associates, St. Albans, VT). Unless specified, all testing was 

performed during the light phase starting at 7am and never past 1pm. For larger cohorts, testing 

was split across multiple days to avoid confounds of testing at late hours. For dark phase trials, 

testing started at 7pm and never past 1am. All experimental groups were tested simultaneously 

each hour in separate open field chambers (i.e. 4 mice run per hour). 

 

Rearing and Climbing 



105 
 

Rearing and climbing testing was performed by placing mice under an overturned metal mesh 

pencil cup (Rolodex #82406) 4.375 inches in diameter and 5.5 inches in height for a 5 min trial 

period. Three mirror frames were placed behind the mesh pencil cup to capture full range of 

motion with a video recording camera. The number of rearing instances was recorded as 

instances in which both front paws left the ground and mouse fully supported on only the two 

hind legs. The number of climbing instances was recorded as instances in which all four paws 

left the ground and mouse was fully supported on the mesh cup. Scoring was performed by a 

blinded experimenter who did not know treatment group or genotypes of mice. 

 

Rotarod 

Rotarod testing was performed using an accelerating rotarod. Mice were trained using 3 × 5 min 

sessions with a fixed speed of 20 rotations per minute (RPM) and replaced on the rotarod after 

each fall. Mice were given 1 min of rest between training trials. Testing was performed on 3-5 

consecutive days (beginning on day of training) with the rotarod accelerating from 5 RPM to 40 

RPM over the course of 5 min. Day 1 of testing began 2 hours after completion of training. The 

time from the start of the trial until the mouse fell off the rod was measured as latency to fall. If a 

mouse completed two or more passive rotations, this was scored as a fall.  

 

Burrowing assay 

Mice were placed in individual large cages containing a clear, red tube filled with 140 g of 

normal food pellets. Percentage burrowed was calculated from weight of pellets remaining in the 

tube after 2 hours. 
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Statistical Analysis 

Statistical analyses for behavior data, qPCR, and western blotting were performed using 

GraphPad Prism 9. Two-tailed, unpaired t test was used for comparison of two groups to assess 

significance (p-value < 0.05).  Individual data points are shown representing either individual 

mice or human sample. Error bars represent standard error of the mean (SEM). 
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Supplemental Tables 

Due to size, Supplemental Tables have been excluded from this thesis. For full Excel files please 

refer to [Garcia, Francisco J., et al. "Single-cell dissection of the human brain vasculature." 

Nature 603.7903 (2022): 893-899]. Supplementary Guide has been included for reference 

Supplementary Table 1 (Excel File). Patient and sample information for ex vivo, post mortem 

ROSMAP, and post mortem Huntington’s Disease and controls. 
 

Supplementary Table 2 (Excel File). Differentially expressed genes in cerebrovasculature cell 

types, as reported by snRNA-seq from ex vivo and post mortem samples. Differential expression 

analysis is based on non-parameteric Wilcoxon rank sum test.  

 

Supplementary Table 3 (Excel File). Differentially expressed genes from comparisons between 

cross-modal ex vivo vs. post mortem and cross-species human vs. mouse, as reported by snRNA-

seq. Differential expression analysis is based on non-parameteric Wilcoxon rank sum test. 

 

Supplementary Table 4 (Excel File). Differentially expressed genes in endothelial, mural, and 

fibroblasts, as reported by snRNA-seq from the caudate nucleus and putamen of HD patients 

(compared to controls), as well as WikiPathways, KEGG, and GOBP analysis. The differential 

gene expression analysis was performed at cell type-specific pseudo-bulk level using ACTIONet 

and limma with age, sex, PMI and disease group as design covariates and gene-wise single-cell-

level variance as weights for the linear model.  

 

Supplementary Table 5 (Excel File). Differentially expressed genes in vascular-related 

astrocyte and microglia subclusters, as reported by snRNA-seq from the caudate nucleus and 

putamen of HD patients (compared to controls). Differential expression analysis is based on non-

parameteric Wilcoxon rank sum test. 

  

Supplementary Table 6 (Excel File). List of antibody information. 
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