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entirely clear what underlies the basis of this enhanced 
vulnerability in neurodegenerative disease. Even for 
monogenic diseases, such as Huntington’s disease (HD) 
and the spinocerebellar ataxias (SCAs), where the causal 
genes have been known for decades [2, 3], the precise 
mechanisms underlying neurodegeneration and disease 
progression are not completely understood.

Cell type composition in the brain is diverse and var-
ies greatly by region. Many studies have applied modern 
single cell and single nucleus RNA-sequencing (scRNA-
seq and snRNA-seq) approaches to tissues from mouse 
and human samples in order to atlas this diversity of cell 
populations of the mammalian brain and gain insights 

Introduction
Aging-associated neurodegenerative diseases exhibit dis-
tinct patterns of enhanced vulnerability, whereby specific 
populations of neurons are earliest and most affected in 
each disease [1]. Disease symptoms and progression, in 
turn, reflect the dysfunction of these most vulnerable 
cell types and associated circuits. In many cases, it is not 

Molecular Neurodegeneration

*Correspondence:
Myriam Heiman
mheiman@mit.edu
1The Picower Institute for Learning and Memory, Cambridge, MA, USA
2Department of Brain and Cognitive Sciences, MIT, Cambridge, MA, USA

Abstract
Many diseases and disorders of the nervous system suffer from a lack of adequate therapeutics to halt or slow 
disease progression, and to this day, no cure exists for any of the fatal neurodegenerative diseases. In part this 
is due to the incredible diversity of cell types that comprise the brain, knowledge gaps in understanding basic 
mechanisms of disease, as well as a lack of reliable strategies for delivering new therapeutic modalities to affected 
areas. With the advent of single cell genomics, it is now possible to interrogate the molecular characteristics of 
diverse cell populations and their alterations in diseased states. More recently, much attention has been devoted 
to cell populations that have historically been difficult to profile with bulk single cell technologies. In particular, 
cell types that comprise the cerebrovasculature have become increasingly better characterized in normal and 
neurodegenerative disease contexts. In this review, we describe the current understanding of cerebrovasculature 
structure, function, and cell type diversity and its role in the mechanisms underlying various neurodegenerative 
diseases. We focus on human and mouse cerebrovasculature studies and discuss both origins and consequences of 
cerebrovascular dysfunction, emphasizing known cell type-specific vulnerabilities in neuronal and cerebrovascular 
cell populations. Lastly, we highlight how novel insights into cerebrovascular biology have impacted the 
development of modern therapeutic approaches and discuss outstanding questions in the field.
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into the molecular basis underlying cell structure and 
function [4–7]. Furthermore, single cell studies of spe-
cific neurodegenerative diseases have focused on profil-
ing cells in the affected brain regions to understand cell 
type-specific dysregulation with the potential of uncover-
ing disease-relevant gene expression patterns that could 
lead into the development of novel therapeutic strate-
gies [8–12]. These studies have highlighted the interplay 
between affected neurons and other cell types of the 
brain, especially with identification of disease-associated 
genes that are enriched in non-neuronal cell populations, 
such as microglia and cerebrovascular cell types [13, 14].

In recent years, the cerebrovasculature and its role in 
the pathophysiology of neurodegenerative diseases has 
become a topic of considerable research focus. Despite 
extensive clinical data documenting functional changes 
in cerebrovascular function, especially at early stages of 
disease, the precise cellular and molecular mechanisms 
underlying these changes, particularly in humans, are not 
fully understood. Common themes of cerebrovasculature 
dysfunction, such as aberrant angiogenesis, decreases 
in tight junction expression, and increased transcytosis, 
have been noted, but the exact contributions of specific 
cerebrovascular cell types, and more importantly, their 
causal contribution to disease mechanisms are unknown. 
However, with the advent of a single cell atlas of the 
mouse cerebrovasculature, a framework for studying the 
molecular profiles of cerebrovascular cell types has been 
recently established [15]. This work provided a reference 
for several subsequent human atlases and the corre-
sponding molecular changes within these cell types that 
occur across development and disease [14, 16–20].

This review focuses on our current understanding of 
cerebrovasculature structure and function and its role in 
neurodegenerative diseases. First, the cellular composi-
tion of the cerebrovasculature is described to highlight its 
unique structure with respect to the rest of the circula-
tory system and in turn, the specialized properties that it 
possesses. Second, a detailed review of molecular features 
is provided, with emphasis on recent single cell profiling 
studies that have revealed important differences between 
mice and humans. An overview of disease mechanisms 
across neurodegenerative diseases is then discussed to 
provide a framework for understanding recent efforts to 
elucidate the basis of enhanced vulnerabilities in disease. 
In particular, neuronal vulnerabilities within the common 
neurodegenerative diseases are examined as well as cere-
brovascular cell type vulnerabilities within rare, inherited 
disorders. An overview into common themes of cerebro-
vascular dysfunction as shown by clinical measures as 
well as recent molecular profiling studies is then provided 
to highlight the contributing role of these changes in the 
progression of neurodegeneration. In turn, some of the 
most promising therapeutic approaches that emphasize 

the importance of considering the cerebrovasculature 
and other understudied brain barriers in drug develop-
ment are presented. The review finishes by posing imme-
diate outstanding questions in the field that have arisen 
from the latest research in the field and an outlook on 
how furthering our understanding of the cerebrovascula-
ture will impact the field of neurodegeneration.

Cellular and molecular architecture
Cellular macrostructure
Broadly, the cellular composition of blood vessels can 
be phenotypically defined by two main descriptors - the 
specific segment or “zone” along the arteriovenous axis 
(e.g. artery, capillary, or vein) and the tissue parenchyma 
within which the vessels reside (e.g. lung, heart, kidney, 
brain) [21, 22]. At a fundamental level, zone function is 
identical across all organs, with arteries carrying blood 
away from the heart, capillaries facilitating transport 
activity between blood and tissue, and veins carrying 
blood to the heart. However, the physiological demands 
of each organ dictate the molecular phenotypes of vascu-
lar beds. Organotypicity of blood vessels therefore arises 
as a consequence of the unique cellular and molecular 
interactions between vascular and parenchymal cells 
rather than from an intrinsic property of vascular cells 
alone.

The cellular and molecular composition of the cerebro-
vasculature follows the same principles as the vasculature 
in every other major organ but displays some of the most 
specialized properties in comparison (Fig. 1; Table 1). The 
brain is a highly metabolically demanding organ, utilizing 
approximately 20% of the body’s energy despite only con-
stituting about 2% of the total mass [23, 24]. Given the 
lack of energy reservoirs in the brain, the cerebrovascu-
lature must constantly provide high levels of oxygen, glu-
cose, and other essential nutrients to sustain the function 
of neurons and glia. Secondly, not only is neuronal activ-
ity an energetically costly process, but changes to neuro-
nal activity must be met with great spatial and temporal 
accuracy. Neurovascular coupling (NVC) refers to the 
close relationship between the cerebrovasculature and 
neurons, whereby local changes in cerebral blood flow 
are tightly regulated to sustain the metabolic demands 
posed by neuronal activity. Lastly, the cerebrovasculature 
is responsible for protecting vulnerable, non-renewable 
neurons from many insults, be it removal of toxic waste 
products or restricting the entry of pathogens and xeno-
biotics. This last specialization, more commonly referred 
to as the blood-brain barrier (BBB), is unique in that it 
restricts both paracellular and transcellular transport via 
the presence of tight junctions and suppressors of tran-
scytosis, respectively [25, 26]. Given this, the cerebro-
vasculature relies on a vast assortment of transporters 
to regulate the influx and efflux of molecules from the 
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brain parenchyma. In order to tightly regulate transport 
mechanisms throughout the parenchyma, the BBB is pre-
dominantly located at the level of the capillary bed, which 
comprises about 85% of the total cerebrovasculature [23]. 
It is therefore unsurprising that one of the most preva-
lent vascular phenotypes that arises in neuropathological 
conditions is BBB dysfunction [24, 27]. It is important to 
note that the cerebrovasculature and its aforementioned 
properties herein refer to blood vessels that reside within 
the brain parenchyma. Blood vessels are also found in 
all layers of the meninges as well as within the choroid 
plexus; however, these vessels exhibit their own special-
ized properties and form parts of different brain barriers 
discussed more extensively in a later section. In addition, 
vessels within circumventricular organs (CVOs), though 
often considered to be part of the cerebrovasculature, are 
highly permeable capillaries and thus do not exhibit spe-
cialized BBB properties [28].

Pial arteries branch off major arteries originating from 
the Circle of Willis and migrate along the surface of the 
brain before sending their own branches into the brain 
parenchyma [29]. Pial vessels reside within the meninges 

and thus do not exhibit specialized cerebrovascular prop-
erties. Interestingly, as soon as these vessels penetrate 
the brain they acquire BBB properties. The mechanisms 
underlying this abrupt phenotypic change at the inter-
face between the pia and the brain are not fully under-
stood, but recent work has highlighted the importance 
of the pial basement membrane in restricting brain ves-
sel penetrance. In particular, the matrix metalloprotein-
ase Mmp25 was found to be required by endothelial tip 
cells to cleave pial basement membrane collagen IV α5/6 
chains for brain penetrance in a Wnt-β-catenin depen-
dent manner, the same signaling pathway required for 
central nervous system (CNS) angiogenesis and induc-
tion of BBB properties [30, 31]. Whether this is a uni-
versal mechanism for BBB-competent vessel penetrance 
across organisms or even within all pial surfaces, how-
ever, remains an open question. Previous studies have 
demonstrated that the anterior and posterior meninges 
originate from different germ layers [32]. Consistent with 
this observation, recent molecular profiling of the menin-
ges during development identified regional gene expres-
sion differences [33]. In particular, µ-crystallin (Crym) 

Fig. 1  Anatomical overview of vascularization in the brain. Depiction of major structures comprising the cerebrovasculature and related structures in the 
brain. Gross anatomical overview (blue) highlights broad vessel types and brain ventricles. Insets (black rectangles) described in detail, grouped by larger 
macro- (red) and micro- (yellow) structures. Created in BioRender. https:/​/BioRen​der.com​/j83​j024
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and Serpine2 showed high expression within a particular 
pial subpopulation. Given that knockout of Serpine2 is 
known to lead to hypervascularization in vivo [34], this 
raises the possibility that vascular patterning mecha-
nisms could be variable across brain regions.

Vascularization of the brain is non-uniform. Topologi-
cal patterning is distinct across brain regions and capil-
lary densities can vary up to an order of magnitude [35]. 
For example, cortical regions exhibit alternating patterns 
of penetrating arterioles and ascending venules with a 
great degree of anastomosis. In contrast, the striatum 
is less vascularized with penetrating arteries occupy-
ing functional compartments and few anastomotic ves-
sels [36]. The lenticulostriate arteries originating from 
the middle cerebral artery feed into the sensorimotor 
and associative compartments, whereas the recurrent 
artery of Heubner originating from the anterior cerebral 

artery feeds into the limbic compartment, thereby com-
partmentalizing the vascular supply of the striatum into 
two major territories (dorsal and ventral) based on the 
originating major cerebral artery. Despite this degree of 
heterogeneity, vascular patterning is stereotypic, sug-
gesting a molecular basis exists for defining these pat-
terns. Many studies have highlighted the importance of 
neuronal guidance cues during development on vascu-
lar patterning [37, 38]. However, how these signals differ 
across brain regions and how distinct neuronal and glial 
populations contribute to establishing the distinct pat-
terning of the cerebrovasculature is not currently known. 
Cell type-specific profiling approaches likely will provide 
important insights into the mechanistic underpinnings of 
vascularization heterogeneity.

Table 1  Description of cerebrovascular and related structures
Structures Description
Circle of Willis The network of arteries on the ventral side of the brain that provides most of the blood supply to the brain
Anterior Cerebral Arteries Major cerebral arteries branching off the Circle of Willis that provide blood supply to most midline regions of the frontal 

and medial parietal lobes
Middle Cerebral Arteries Major cerebral arteries branching off the internal carotid arteries that provide blood supply to most lateral cortical 

regions, anterior temporal lobes, and insular cortices
Posterior Cerebral Arteries Major cerebral arteries branching off the basilar artery that provide blood supply to the occipital lobe and medial and 

inferior temporal lobe
Lenticulostriate Arteries Small arteries branching off the M1 segment of the middle cerebral artery that provide blood supply to parts of the 

basal ganglia, including the sensorimotor and associative regions of the striatum
Recurrent artery of 
Heubner

Small artery branching off the anterior cerebral artery that provides supply to parts of the basal ganglia, including the 
limbic region of the striatum

Meninges A collection of membranes that create a protective barrier surrounding the brain and spinal cord
Dura Mater The outermost layer of the meninges composed of thick fibrous tissue and supports the venous sinuses
Arachnoid Mater The middle layer of the meninges composed of thin fibrous tissue and forms the arachnoid barrier with its outer layer
Pia Mater The innermost layer of the meninges composed of a very thin layer composed of fibrous tissue that adheres to the 

surface of the brain and spinal cord
Pial Arteries Arteries that pattern the surface of the brain on the pial surface prior to penetrating into the brain parenchyma
Subarachnoid Space The space between the arachnoid and pia maters filled with cerebrospinal fluid
Blood Brain Barrier (BBB) The highly specialized border formed by brain endothelial cells that regulates the transport of molecules be-

tween the blood circulation and brain parenchyma
Brain Endothelium The cells that comprise the inner lining of blood vessels and exhibit selective and restrictive properties, including tight 

junctions, low rates of transcytosis, and specialized transporters
Mural Cells The support cells on the abluminal side of the endothelium and includes smooth muscle cells and pericytes, essential 

for regulating blood flow and formation of the blood-brain barrier
Astrocytes The major glial cell of the brain that extends processes onto the abluminal surface of the endothelium, forming end-feet 

that participate in ion and water homeostasis as well as neurovascular coupling
Glycocalyx The layer of glycolipids, glycoproteins, and proteoglycans that cover the luminal surface of the endothelium and the 

provide first barrier for vascular transport across the endothelium
Choroid Plexus A vascularized structure formed by specialized epithelial cells within the cerebral ventricles that is responsible 

for the production and secretion of cerebrospinal fluid
Cerebrospinal Fluid (CSF) An ultrafiltrate of blood plasma produced by the choroid plexus and secreted into the cerebral ventricles and circulates 

around the brain providing a protective cushion
Ventricles Interconnected cavities within the brain filled with cerebrospinal fluid, forming a ventricular system that bathes the brain
Epithelial Cells Specialized cells that line the choroid plexus, forming the blood-CSF barrier, and are responsible for the production and 

secretion of CSF into the ventricles
Choroid Plexus 
Endothelium

The cells that comprise the inner lining of fenestrated blood vessels in the choroid plexus, distinct from BBB endothelial 
cells in that they do not exhibit similar barrier properties
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Cellular microstructure
Traditionally, cellular and molecular investigations of 
the cerebrovasculature have focused on the three main 
cell types that comprise the BBB: endothelial cells, peri-
cytes, and astrocytes [26]. Brain endothelial cells that 
comprise the walls of blood vessels exhibit specialized 
barrier properties and serve as the interface between the 
brain and periphery. Pericytes, localized on the ablumi-
nal surface of capillaries, line the basement membrane 
and have been extensively studied for their roles not only 
in BBB development [39] but also their physiological 
roles in the mature brain. Being the analogous cell type 
to smooth muscle cells (SMCs) on larger vessels, peri-
cytes and SMCs (collectively referred to as mural cells) 
share much of their molecular machinery and yet dif-
fer greatly in morphology [40]. Furthermore, the role of 
pericytes in regulating cerebral blood flow and relatedly 
the nomenclature for distinguishing pericyte subpopu-
lations is a topic of great debate [41]. Astrocytes, in the 
context of cerebrovascular function, have been primar-
ily studied for their roles in BBB maintenance, primarily 
through their end-feet contacts, as well as mediators of 
neurovascular coupling (NVC) [42]. More recently, their 
role in waste clearance has also become a topic of interest 
with the study of the glymphatic system and the elucida-
tion of the role of aquaporin-4 function at astrocytic end-
feet in mediating glymphatic flow [43]. Unlike mural cells 
and astrocytes, perivascular fibroblasts (PVFs) have not 
been as extensively studied but reside within the base-
ment membrane, providing them direct contact with the 
vasculature. Although it is known that PVFs contribute 
extensively to the extracellular matrix (ECM), the diver-
sity of PVF subpopulations and their precise functional 
roles is not fully understood [44–46]. Similarly less stud-
ied have been resident brain immune cell populations in 
the perivascular space of arterioles and venules, known 
as perivascular macrophages (PVMs) [47]. These cells 
are distinguishable from other myeloid cells in the brain, 
such as microglia and other border associated macro-
phages (BAMs), by both their anatomical location on 
parenchymal vessels (as opposed to within the menin-
ges or choroid plexus) and expression of specific marker 
genes, such as MRC1 (CD206) and PTPRC (CD45) [48–
51]. Most recently, there is growing interest in under-
standing how PVMs and other BAMs might impact 
glymphatic flow [52] and neurovascular dysfunction [53] 
(e.g. through clearance of amyloid-beta), as well as their 
impact on haemodynamics, pathogen invasion, hyper-
tension, stroke, subarachnoid hemorrhaging, and BBB 
permeability [54–57].

With the exception of PVFs and PVMs, all other brain 
cell types reside within the parenchyma and are separated 
by the near-complete coverage of the cerebrovasculature 
by astrocytic end-feet [58]. However, in recent years, 

direct interactions between the vasculature and other 
cell types as well as the mechanisms that mediate these 
interactions have become better understood. In particu-
lar, juxtavascular- or capillary associated-microglia have 
been shown to form direct contacts with the vasculature 
in regions devoid of astrocytic end-feet coverage and in 
part mediated by PANX1-P2RY12 signaling [59, 60]. Fur-
thermore, oligodendrocytes have been shown to make 
direct contacts with the basement membrane in the neo-
cortex, hippocampus, and cerebellar cortex [61]. Inter-
estingly, synaptic-like transmissions were recently found 
between neurons and the vasculature through the action 
of glutamate NMDA receptor expression on arteriole 
SMCs [62]. This finding is particularly intriguing given 
recent findings that demonstrate caveolae vesicles on 
arteriole endothelial cells as important mediators of NVC 
[63]. Collectively, these studies highlight the importance 
of further characterizing the diversity of cell types and 
subtypes that are in proximity of the cerebrovasculature 
in order to understand cell type-specific mechanisms of 
cerebrovascular function.

Molecular profiles
The broad implementation of next generation sequenc-
ing (NGS) based approaches to study brain cell types has 
greatly increased our understanding of the molecular 
basis for cellular identity. Even before the advent of sin-
gle cell technologies, bulk RNA sequencing methods had 
provided invaluable insights into the transcriptomic pro-
files of cerebrovascular cell types. The use of fluorescent 
reporter lines has greatly aided in the efforts to purify 
specific cerebrovascular populations, thereby enabling 
the differentiation of transcriptomes from distinct cell 
types [64]. High resolution profiling of cerebrovascular 
translational programs has also been made possible with 
ribosomal tagging methods such as Translating Ribo-
some Affinity Purification (TRAP) [65, 66]. TRAP pro-
filing of endothelial cells in development has allowed for 
the identification of organotypic factors in the brain, such 
as Foxf2 and Zic3, which induce the expression of BBB-
related genes [67]. However, the lack of single cell reso-
lution has prevented, until recently, an understanding of 
the full breadth of cerebrovascular cell type heterogeneity 
in the mammalian brain.

The first single cell atlas of the mammalian cerebro-
vasculature was a foundational atlas for studying the 
molecular basis of cerebrovascular cell type composi-
tion and function [15]. By utilizing similar fluorescent 
reporter lines similar to those that previous studies had 
used for isolating specific cerebrovascular cell types, Van-
landewjick et al. were able to generate single cell tran-
scriptional profiles for endothelial cells, pericytes, and 
PVFs from the mouse brain. This study uncovered that 
much like the phenotypic gradient that exists along the 
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arteriovenous axis, gene expression within brain endo-
thelial cells exists across a transcriptional gradient. For 
example, major facilitator superfamily domain-contain-
ing protein 2a (Mfsd2a), which has been identified as an 
essential gene for suppression of caveolae-mediated tran-
scytosis at the BBB [68, 69], was shown to exhibit zon-
ated expression at the capillary bed. In contrast, mural 
cell gene expression gradients did not appear to follow 
the anatomical organization along the arteriovenous 
axis. Instead, two distinct patterns were observed across 
the identified subpopulations of mural cells. Lastly, two 
subpopulations of PVFs were identified and localized to 
predominantly larger vessels (i.e. arterioles and venules) 
but not capillaries. These high resolution molecular pro-
files continue to provide invaluable insights into further 
understanding cell type-specific mechanisms in cerebro-
vascular function. Furthermore, this study has provided a 
reference for more recent work aimed at studying equiva-
lent cerebrovascular profiles in the human brain.

The difficulty in constructing an equivalent cerebrovas-
culature atlas of the human brain came from the lack of 
adequate purification methods that did not rely on fluo-
rescent labeling. To this day, most brain single cell atlases 
lack cerebrovascular cell populations or contain only a 
small pool of them in bulk profiling. Several studies in 
the past few years have developed enrichment strategies 
for capturing these cells from a combination of tissue 
sources, including fresh surgical resections of pediat-
ric and adult patients, pre-natal and adult post-mortem 
tissue, and also from donors afflicted with a variety of 
neurological disorders [14, 16–19]. Many of the key find-
ings for mouse cerebrovascular cell types were shown 
to be conserved in humans, including zonation of genes 
across the arteriovenous axis in endothelial cells and dis-
tinct patterns of mural cell gene expression that do not 
correspond to the anatomical axis. However, across all 
studies, while core functional roles for cell types were 
shown to be conserved across species, many human-
specific differences were revealed at the molecular level. 
For example, novel marker genes ARL15, TSHZ2, and 
ANO2 were found to be highly enriched in human brain 
arterioles, venules, and all endothelial cells respectively 
[16]. In contrast, genes previously shown to be important 
for restricting transcytosis at the BBB (Vtn in pericytes) 
or essential for transport of recently developed adeno-
associated virus (AAV) capsids (Ly6a in brain endothelial 
cells) were shown to be specific to mouse cerebrovascu-
lar cells [70, 71]. Furthermore, fibroblasts have now been 
more thoroughly profiled in humans, with KCNMA1 and 
FBLN1 distinguishing at least two distinct subtypes [14, 
16]. The precise spatial location and function of these 
molecularly specialized subtypes in humans is yet to be 
determined. However, recent single cell research profil-
ing brain fibroblasts in mice has begun to match known 

anatomical positioning of brain fibroblasts with their 
respective molecular profiles [72]. Overall, the involve-
ment of these genes in various processes of cerebro-
vascular biology (cell signaling - ARL15, transcription 
factor - TSHZ2, transporter activity - ANO2, Ly6a and 
KCNMA1, extracellular matrix composition - Vtn and 
FBLN1) highlights the importance of identifying and 
mapping species-specific differences within specific cell 
types.

Altogether, with the advances in single cell technologies 
and molecular approaches for capturing cerebrovascular 
cell populations, it is now possible to thoroughly interro-
gate distinct gene expression patterns with high resolu-
tion not only in animal models but in human samples as 
well. Unsurprisingly, core molecular characteristics, and 
in turn their functional consequences, are evolutionarily 
conserved. However, the precise molecular composition 
is distinct across species and divergences in gene expres-
sion are being shown to be essential for cerebrovascular 
function, thus highlighting the need to study character-
istics of cerebrovascular biology in both animal models 
and humans.

Enhanced vulnerabilities in neurodegenerative 
diseases
Neuronal cell type vulnerabilities
Aging-associated neurodegenerative diseases encom-
pass brain disorders that are marked by the progressive 
loss of select neuronal populations (Fig.  2). Alzheimer’s 
disease (AD), Parkinson’s disease (PD), Huntington’s 
disease (HD), spinocerebellar ataxias (SCAs), amyo-
trophic lateral sclerosis (ALS), and frontotemporal lobar 
degeneration (FTLD) are among the most common 
age-associated neurodegenerative diseases. Despite dif-
ferent clinical manifestations, these neurodegenera-
tive diseases share many characteristics associated with 
disease progression [73] including mitochondrial dys-
function, disruption of proteostasis, and transcriptional 
dysregulation [74]. Single cell studies have recently high-
lighted that normal aging processes are heterogenous not 
only across brain regions but also across cell types [75, 
76]. Unlike normal aging, however, neurodegenerative 
diseases are distinguishable by pathological hallmarks 
such as the aggregation of disease-linked proteins (e.g. 
amyloid-beta in Alzheimer’s disease) and selective neu-
ronal cell death in affected brain regions (e.g. medium 
spiny neurons of the striatum in Huntington’s disease). 
With the exception of purely monogenic diseases such 
as HD and SCAs, the etiology for the majority of these 
neurodegenerative diseases is complex as many genes 
have been implicated through several genome-wide asso-
ciation studies (GWAS). Interestingly, disease-associated 
genes, including huntingtin (HTT) in the case of HD, are 
widely expressed across the brain and in many different 
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cell types. This observation raises an interesting paradox 
whereby neurodegenerative diseases exhibit distinct pat-
terns of enhanced neuronal loss and dysfunction in spe-
cific regions, but yet the genes most closely implicated in 
each disease are not restricted in expression to those cor-
responding regions. The phenomenon of enhanced cell 
vulnerability in neurodegenerative diseases remains one 
of the most intriguing unanswered questions in the field.

The polyglutamine diseases, including HD and the 
SCAs, represent a class of neurodegenerative diseases 
caused by trinucleotide CAG repeat expansions in par-
ticular genes [77, 78]. The mutated genes lead to progres-
sive neurodegeneration of specific neuronal populations 
within the striatum (medium spiny neurons, MSNs) and 
cerebellum (Purkinje cells) of HD and SCA individuals, 
respectively. Given the affected brain regions, motor 
impairments are the most common symptom in these 

diseases, although as with most neurodegenerative dis-
eases, as disease progresses, cognitive symptoms also 
develop. Most notable of these polyglutamine expansion 
disorders is that the degree of CAG repeat expansion in 
each disease gene inversely correlates with age of disease 
onset. A current hypothesis supported by recent GWAS 
for age-of-onset modifiers in HD posits that somatic 
instability in the CAG tract within vulnerable cells leads 
to expansions with age, until a pathogenic CAG length 
threshold is reached, at which point downstream gain-
of-function toxicity effects lead to neurodegeneration in 
cells susceptible to the gain-of-function toxicity [79, 80]. 
The higher expression of some age-of-onset modifiers, 
such as MSH3 (linked to CAG repeat instability [79]), 
in MSNs may provide insights into their specific vulner-
ability in HD despite the ubiquitous expression of HTT 
across many cell types. For this reason, efforts in drug 

Fig. 2  Cell type vulnerabilities in neurodegeneration. Implicated brain regions, cell types, and genes across common and rare, inherited neurodegenera-
tive diseases are shown. Diseases are grouped by notably affected cell types (neuronal: blue; vascular: red). Dashed line: considerable overlap between 
linked diseases in terms of clinical manifestations and affected regions. Created in BioRender. https:/​/BioRen​der.com​/q21​l434
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development have expanded from HTT-lowering strat-
egies to targeting some of these identified age-of-onset 
modifiers that have the potential of slowing or halt-
ing somatic CAG repeat instability [81], and thus affect 
disease progression. In the context of SCAs, although 
somatic instability has been studied and age-of-onset 
similarly inversely correlates with CAG expansion, no 
equivalent GWAS has to date been performed to identify 
age-of-onset modifiers [82, 83]. Furthermore, whether 
CAG expansions correspondingly occur within the vul-
nerable cell types such as Purkinje cells in SCAs is still 
an on-going area of research. Nevertheless, as with HD, 
genes linked to the SCAs are similarly broadly expressed 
across neuronal cell types, demonstrating the need to 
not only understand other drivers of disease but to fur-
ther understand the individual roles of these mutated 
genes within specific cell types, both neuronal and 
non-neuronal.

Genetic forms of ALS and FTLD are most commonly 
caused by hexanucleotide (G4C2) repeat expansions 
in the C9orf72 gene [84, 85]. Given the large overlap in 
clinical manifestations and pathological characteristics, 
particularly accumulation of transactive response DNA 
binding protein of 43 kDa (TDP-43), ALS and FTLD are 
often considered to lie on a disease spectrum [86]. Upper 
motor neurons in the motor cortex and lower motor 
neurons in the spinal cord are particularly vulnerable in 
ALS, whereas von Economo neurons (VENs) in the ante-
rior cingulate cortex and frontal insula are those affected 
primarily in FTLD [87, 88]. Recent human transcrip-
tomic studies using snRNA-seq have demonstrated that 
vulnerable cortical layer 5 neuronal populations in these 
regions exhibit indistinguishable gene expression pat-
terns, reinforcing the previously observed overlaps across 
diseases and identifying a molecular basis for shared 
phenotypes [10]. Furthermore, based on transcriptional 
dysregulation patterns for all profiled cell populations 
and identified single-nucleotide polymorphisms (SNPs) 
from recent ALS GWAS studies [89], this study gener-
ated a predicted susceptibility score for differential vul-
nerability to demonstrate that cortical layer 5 cells in ALS 
exhibit the highest enrichment and thus co-expression 
of GWAS-identified genes. Given the lack of well-pow-
ered GWAS for FTLD, however, equivalent analyses 
with snRNA-seq data are currently not possible. Never-
theless, identification of novel associated genes in ALS/
FTLD, including TBK1, CCNF, and TIA1, in addition to 
already known associated-genes in both diseases (SOD1, 
C9orf72, TARDBP, MAPT, GRN), demonstrates a grow-
ing overlap in pathogenic mechanisms underlying both 
diseases [90].

As the second most common neurodegenerative dis-
ease, PD has been extensively characterized in both its 
regional and cellular pathological patterns as well as 

underlying genetic factors contributing to disease [91, 
92]. Dopaminergic (DA) neurons of the substantia nigra 
pars compacta (SNpc) are the most affected in PD despite 
similar DA neurons residing in the adjacent ventral teg-
mental area being relatively spared from degeneration 
[93, 94], suggesting specific characteristics render dis-
tinct DA populations more or less vulnerable to PD. 
Recent snRNA-seq profiling of post-mortem human tis-
sue from individuals with PD identified distinct subpopu-
lations of DA neurons within the SNpc, and highlighted 
a single subtype expressing angiotensin II receptor type 
1, AGTR1, as being particularly vulnerable [12]. Fur-
thermore, this subpopulation, and in general all SNpc 
DA neurons, were particularly enriched for disease-
associated genes [92], including SNCA, MAPT, NSF, and 
KANSL1. Interestingly, only the AGTR1-expressing sub-
population was enriched for the disease-associated genes 
ARL17B, WNT3, IGSF9B, ARHGAP27, KLHL7 and PLE-
KHM1, further highlighting its particular vulnerability. 
More recent profiling of PD SNpc using snRNA-seq has 
also highlighted a distinct neuronal population express-
ing the PD risk gene RIT2 as being particularly vulner-
able as well [95].

AD is the most common neurodegenerative disease 
and is pathologically characterized by the presence of 
amyloid-beta plaques and neurofibrillary, hyperphos-
phorylated tau tangles. Cognitive impairment and 
dementia are hallmark clinical manifestations, implicat-
ing regions involved in memory, such as the entorhinal 
cortex, CA1 of the hippocampus, and subiculum, as 
those most affected in AD [96–98]. These same regions 
are also involved in cognitive decline with normal aging. 
Recent progress in characterizing cell type-specific tran-
scriptional changes in AD has shed important insights 
into the molecular basis for some of these observed vul-
nerabilities [8, 9]. For example, one subpopulation of CA1 
excitatory pyramidal neurons and four subpopulations of 
entorhinal-specific excitatory neurons were found to be 
particularly depleted in AD individuals. Interestingly, 
when comparing expression of disease-associated genes 
from recent GWAS [99, 100], while neuronal populations 
did exhibit some level of enrichment, a large fraction 
of genes were enriched in non-neuronal cell types, for 
example 30 genes in microglia. Interestingly, additional 
enrichments were observed within cerebrovascular cell 
populations [14, 101], which is further discussed in a later 
section. This overlap of AD with cerebrovascular pathol-
ogy is intriguing given that they often co-exist together, 
and vascular dementia accounts for about 20% of all cases 
of dementia [102]. The terms vascular cognitive impair-
ment (VCI) and dementia (VCID) are now used to define 
conditions in which vascular injury underlies cognitive 
impairments and decline [103], encompassing uniquely 
vascular insults such as arterial occlusions [104], mixed 



Page 9 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

AD and vascular pathologies such as cerebral amyloid 
angiopathy (CAA) [105], and purely genetic causes such 
as cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL) 
[106]. By definition, the vulnerable cell populations in 
VCI/VCID are those that comprise the cerebrovascu-
lature, namely, endothelial cells, mural cells, and peri-
vascular cells such as PVFs and PVMs. As shown with 
molecular profiling studies in AD, mixed cerebrovascular 
and neuronal signatures of cell type vulnerability arise in 
analyses, thus making it difficult to ascertain key drivers 
of disease.

With recent advances in human molecular profiling and 
higher-powered genetic studies, the underlying basis for 
the phenomenon of enhanced vulnerabilities is becom-
ing increasingly clearer. Enrichment of disease-associated 
genes or modifiers of disease within vulnerable cell popu-
lations is providing key insights into the mechanisms that 
drive neurodegeneration. Interestingly, despite robust 
signatures of vulnerability within the extensively stud-
ied affected neuronal populations, identification of risk 
genes that are enriched within non-neuronal populations 
is also providing a novel perspective for understand-
ing the mechanisms underlying neurodegeneration. As 
seen across the neurodegenerative diseases, most highly 
implicated genes, even in purely genetic forms, are not 
restricted in expression to the most affected neuronal 
populations. In this light, future studies focusing on cell 
type-specific contributions of disease-associated genes 
are likely to disentangle the precise roles and contribu-
tions in disease pathology.

Direct genetic links between vascular dysfunction to 
neurodegeneration
The interconnections between many affected cell types 
and pathways often makes it difficult to ascertain what 
are the primary causal drivers in neurodegenerative dis-
eases. Some of the earliest cellular and molecular changes 
that occur in disease are not exclusively found in neurons. 
Cerebrovascular dysfunction often precedes the onset of 
more overt neurological features, but the extent to which 
this causally contributes to disease progression is not 
fully understood [24, 27]. Even so, evidence from many 
rare neurological disorders demonstrates that alterations 
to genes primarily expressed by cerebrovascular cells can 
lead to neurodegeneration, and in some cases, pheno-
copy some of the clinical manifestations observed in the 
more common neurodegenerative diseases (Fig. 2).

CADASIL is a rare inherited disorder and the most 
common genetic cause of vascular dementia. CADASIL is 
linked to mutations in NOTCH3 [106], a gene expressed 
primarily by smooth muscle cells, and mutations in 
this gene lead to accumulation of the NOTCH3 protein 
ectodomain in the extracellular spaces and consequently 

the formation of granular osmiophilic material. Over 
time, affected individuals develop seizures, cognitive and 
memory impairments, and eventually dementia. As with 
many cerebral small vessel diseases, CADASIL primarily 
affects white matter and basal ganglia regions, presenting 
with white matter hyperintensities and lacunar strokes 
on neuroimaging [107]. Interestingly, hippocampal atro-
phy from select loss of a subpopulation of pyramidal pro-
jection neurons in the hippocampal formation has been 
noted to likely be involved in the memory and cognitive 
impairment aspects of the disease [108, 109].

Similar to CADASIL, cerebral autosomal recessive 
arteriopathy with subcortical infarcts and leukoencepha-
lopathy (CARASIL) is a genetic form of vascular demen-
tia, caused by mutations in the HTRA1 gene [110]. Much 
like CADASIL, CARASIL affects small penetrating arte-
rioles in the white matter and basal ganglia but lacks the 
canonical granular osmiophilic material depositions in 
the extracellular spaces. Nevertheless, smooth muscle 
cell loss and thickening of the extracellular matrix is also 
present. At a molecular level, HTRA1 mutations result 
in the loss of TGFβ signaling suppression, resulting in 
aberrant remodeling of the vasculature [111]. Although 
not much is known about the cell type-specific changes 
in CARASIL, single cell studies have demonstrated that 
HTRA1 expression is predominantly found within astro-
cytes rather than endothelial or smooth muscle cells [4]. 
Even so, disease phenotypes originate in the cerebrovas-
culature and consequently lead to similar symptoms as 
CADASIL, including lacunar strokes, mood and cogni-
tive impairments, and eventually dementia.

Primary familial brain calcification (PFBC), formerly 
known as Fahr’s disease, is a rare neurodegenerative dis-
order characterized by bilateral calcifications primarily in 
the basal ganglia [112]. Heterozygous variants in several 
genes, including SLC20A2, PDGFRB, PDGFB, and XPR1 
have been identified to cause autosomal dominant forms 
of the disease [113, 114]. Both SLC20A2 and PDGFRB are 
primarily expressed by mural cells, specifically pericytes, 
whereas PDGFB and XPR1 are expressed by endothelial 
cells and astrocytes, respectively. All genes are involved 
in phosphate transport, which accounts for the primary 
pathology of perivascular calcifications. Individuals with 
PFBC typically experience movement disorders, cogni-
tive deficits, and psychiatric disturbances. Given the clin-
ical presentations and the affected brain regions, PFBC 
in some aspects mimics aspects of Huntington’s disease, 
though isolated chorea is not present in PFBC.

Mitochondrial encephalopathy, lactic acidosis, and 
stroke-like episodes (MELAS) is a unique disease in that 
it exemplifies a paradox of disease biology - affecting a 
fundamental process of cell biology (i.e. mitochondrial 
function) and yet displaying specific pathological features 
[115]. The most common mutation underlying MELAS 
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occurs from an adenine-to-guanine transition at posi-
tion 3243 of the mitochondrial genome (m.3243  A > G), 
affecting a mitochondrially-encoded tRNA [116]. As with 
many mitochondrial diseases, dysfunctional production 
of ATP via the oxidative phosphorylation pathway is the 
main driver of disease, shifting metabolic activity into a 
chronic lactic acidosis state. This combined with seizure 
and stroke-like events are the characteristic diagnostic 
features for MELAS. Interestingly, recent studies sug-
gest a vascular pathophysiological basis for the unique 
presentation of MELAS [115, 117, 118]. Angiopathy, 
present within cerebral arteries, arterioles, and capillar-
ies, is a unique clinical feature which is absent from other 
mitochondrial diseases. In addition, basal ganglia calci-
fications are also observed, particularly once the disease 
progresses to chronic stages [119, 120]. Furthermore, 
enlarged mitochondria and abnormal respiratory chain 
mechanisms have been well-documented, supporting the 
involvement of vascular cell types in the pathogenesis of 
the disease [118]. Over time, affected individuals develop 
additional systemic and neurological symptoms includ-
ing aphasia, migraines, and dementia.

Collectively, these disorders represent a handful of 
examples in which genetic defects acting within vascu-
lar cell types themselves drive neurodegeneration. The 
precise molecular mechanisms underlying each disease 
is unique, but the convergence in affected brain regions, 
clinical manifestations, and vascular pathologies pro-
vides an interesting framework for better understanding 
cell type-specific contributions of the cerebrovasculature 
to neurodegeneration. Notably, the basal ganglia, hippo-
campus, and white matter regions are commonly affected 
across these genetic disorders. Why pathology initiates 
within cerebrovascular compartments in these subcorti-
cal regions is not known, but interestingly, these regions 
exhibit some of the lowest densities of blood vessels [35], 
suggesting the genetic programs responsible for regional 
vascularization could underlie the observed vulnerabili-
ties of these regions.

Cerebrovascular dysfunction in neurodegeneration 
and aging
Clinical manifestations of cerebrovascular dysfunction
As noted above, most of the common age-related neuro-
degenerative diseases have complex etiologies and many 
disease-associated genes have been implicated, includ-
ing some which would be predicted to directly involve 
cerebrovascular function. Cerebrovascular dysfunction 
is now appreciated to occur across many of the neurode-
generative diseases and typically manifests at early stages 
in the disease progression [24, 27]. A mixture of clinical 
measurements, including cerebral blood flow measure-
ments (CBF), transporter activity, and BBB permeabil-
ity have been performed across the neurodegenerative 

diseases. Interestingly, similar patterns of cerebrovascu-
lar impairments have been identified that coincide with 
known regional vulnerabilities for each respective 
disease.

Studies in individuals with mild cognitive impairment 
and early AD have shown significant changes in CBF 
within several brain regions, including the hippocampus 
and parietal areas [121, 122]. APOE4 carriers exhibit CBF 
reductions across frontal, temporal, and parietal cortices 
as well as corresponding reductions in glucose uptake 
[123]. Similarly, hypoperfusion in PD patients has been 
detected within posterior cortical regions and correlates 
with observed motor impairments and global cognitive 
performance [124, 125]. Interestingly, P-glycoprotein, the 
main efflux pump at the BBB encoded by ABCB1, shows 
decreased activity in affected cortical areas of AD as well 
as the midbrain in PD [126, 127]. Within ALS, using simi-
lar arterial spin labeling approaches, perfusion changes 
in frontal and parietal cortical regions were shown to 
be correlated with disease severity irrespective of brain 
atrophy [128, 129]. Analogously, CBF reductions have 
been detected at early stages of HD within the caudate 
nucleus and the putamen as well as hypometabolism of 
fluoro-deoxy-glucose [130–132]. Similar findings within 
white matter regions of MS patients have also been docu-
mented [133].

Functional measurements of BBB permeability using 
dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI) have found similar patterns as with observed 
CBF and transporter activity changes. Notably, in both 
normal aging [134, 135] and AD [136] BBB permeability 
has been observed within regions of the hippocampus. 
Similar findings have been found within the substan-
tia nigra of PD patients [137], caudate nucleus of HD 
patients [138], and white matter regions of MS patients 
[139]. As discussed in the next section, these observed 
increases in BBB permeability are consistent with molec-
ular changes that manifest at early stages of disease 
within the affected brain regions of both human samples 
and mouse models.

Common cellular and molecular alterations at the BBB
Much of what is known about cerebrovascular dysfunc-
tion at the cellular and molecular levels in neurodegener-
ation comes from a combination of animal model studies 
as well as post mortem human studies. Only recently 
have human single cell studies begun to emerge for spe-
cific neurodegenerative diseases [8–12], and even within 
these, a limited number have focused on cerebrovascular 
cell types [14, 16, 101]. However, to date it is known that 
key pathways involved in BBB structure and function as 
well as immune-related and angiogenic/vascular remod-
eling are dysregulated across diseases. Furthermore, as 
with clinical manifestations noted above, cellular and 
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molecular changes occur at early stages in disease pro-
gression within vulnerable regions. The precise involve-
ment of cerebrovascular cell populations (e.g. zonal 
differences, pericyte activation, end-feet polarization and 
gliosis) as well their interactions with vulnerable neuro-
nal populations, however, are not well understood.

Cellular and molecular studies focusing on the cere-
brovasculature of HD and SCAs have been limited. HTT 
is known to be widely expressed across many cell types, 
including those of the cerebrovasculature. In HD, mHTT 
protein has been found within cerebrovascular cell types, 
including endothelial cells, mural cells, and perivascular 
macrophages [138]. The fraction of detected mHTT pro-
duced by cerebrovascular cells versus that which may be 
in the process of being transported across the BBB as a 
clearance mechanism, however, has not been resolved. 
Furthermore, direct contributions of cerebrovascular-
derived mHTT to disease progression are unclear. Post-
mortem human as well as animal models studies have 
demonstrated dysfunction of the BBB within the striatum 
[16, 138, 140], namely based upon decreases in endothe-
lial/BBB markers, such as CLDN5, TJP1, SLC2A1, TFRC, 
and MFSD2A. Functionally, this is consistent with obser-
vations in these studies of increased BBB permeability 
both via paracellular (i.e. decreased tight junction lev-
els) and transcellular (i.e. increased vesicular trafficking) 
routes. Furthermore, an increase in small vessel density 
has also been observed in both HD animal models and 
humans, which may be attributable to aberrant activation 
of HIF1A-mediated Wnt signaling, as has been shown 
through differentiated induced pluripotent cells from 
HD donors [141]. Pericyte activation as well as innate 
immune signaling have also been shown to co-occur 
with the dysfunction of the endothelium in HD [16, 142]. 
Within the SCAs, the only mechanistic insights into cere-
brovascular dysfunction come from work in an animal 
model and post-mortem analysis for SCA3, caused by 
CAG expansions in the ATXN3 gene [143]. Analogous to 
HD, BBB dysfunction via extravasation assays of Evans 
Blue and fibrinogen were observed within the cerebellum 
of mice and human samples, respectively. In addition, 
aggregates of ATXN3 were localized to cerebellar blood 
vessels where extravasation was present, raising the same 
question, as in HD, of the degree of cerebrovascular-
derived mutant gene expression and its cell autonomous 
role in cerebrovascular dysfunction.

Cerebrovascular dysfunction has also been noted in the 
motor cortex and spinal cord of both humans and ani-
mal models of ALS and to a lesser degree within FTLD. 
Whereas previous studies focused on the blood-cere-
brospinal cord barrier (BCSFB) found downregulation of 
tight junction proteins and a reduction of pericyte num-
bers [144–147], recent transcriptional profiling of both 
the motor and prefrontal cortices of ALS and FTLD has 

shown cerebrovascular cell abnormalities, predicted to 
lead to BBB dysfunction, within the motor cortex, though 
more pronounced in ALS compared to FTLD [10]. 
Important insights from monogenic mouse models of 
ALS, particularly SOD1 G93A mutants, have shown that 
cerebrovascular dysfunction precedes the onset of motor 
neuron degeneration [148–151]. Additional studies have 
focused on the causal role of ALS/FTLD-associated gene 
TARDBP in vascular dysfunction. Conditional knockout 
of TDP-43 in both mice and zebrafish leads to disruption 
of tight junction proteins and vascular patterning abnor-
malities [152, 153]. Interestingly, TDP-43 pathology has 
been demonstrated in ALS/FTLD patients both within 
the basal lamina as well as within vascular cells [154, 
155], inspiring work into understanding the function of 
TDP-43 within cerebrovascular cell types. Post-develop-
mental deletion of endothelial TDP-43 leads to defects in 
vascular sprouting and barrier defects of the retinal vas-
culature as well as BBB disruption via reduction of Wnt 
signaling and increased inflammation from microglia and 
astrocytes [156]. Similar findings were observed in brain 
endothelial-specific deletion of Tardbp and Grn mice 
which displayed fibrin deposition consequential to BBB 
disruption as well as activation of glial cell populations. 
Interestingly, this work also demonstrated a behavioral 
consequence of brain endothelial-specific deletion, high-
lighting the direct causal disease role of cerebrovascular 
function [157].

Similar to HD and ALS/FTLD, studies focusing on 
cerebrovascular dysfunction in PD recapitulate the find-
ings of BBB disruption and aberrant angiogenic/vascular 
remodeling phenotypes [158, 159]. Human and animal 
models have noted these changes to occur within basal 
ganglia structures, similar to HD, with the exception that 
in PD these changes also occur within the substantia 
nigra where the most vulnerable dopaminergic neurons 
are located. Increased capillary density within the sub-
stantia nigra, particularly “string vessels” with collapsed 
basement membranes and no functional perfusion, have 
been identified in both non-human primate models and 
PD patients [160, 161]. These studies are consistent with 
a notable reduction of glucose metabolism in the sub-
stantia nigra as observed through [18F]-fluorodeoxyglu-
cose PET imaging [162]. Furthermore, reduced function 
of the major efflux pump, P-glycoprotein (ABCB1), via 
[11C]-verapamil PET imaging has also been observed 
within the midbrain of PD individuals [127]. In relation to 
the genetics of PD, alpha-synuclein expression has been 
noted in vascular cell population, though preferentially in 
endothelial and smooth muscle cells of meningeal versus 
parenchymal vessels [163]. The precise role of vascular-
derived alpha-synuclein in normal or pathological states, 
however, is not known. However, the higher expression 
in meningeal vessels is noteworthy given recent studies 
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demonstrating the importance of PVMs in glymphatic 
clearance and observed impaired flow within the A53T 
mouse model of PD [47, 164]. In addition, BBB dysfunc-
tion both via downregulation of tight junction proteins 
and leakage assays have been shown within the A53T and 
alpha-synuclein models of PD [165, 166].

Representing 60–80% of all dementias, 45% of which 
are estimated to be related to small vessel diseases, AD 
accounts for a large amount of our understanding of 
cerebrovascular pathology in neurodegeneration [24, 27, 
158]. As with other neurodegenerative diseases, dysregu-
lation of tight junction protein, BBB leakage, and immune 
activation along with deposition of blood-derived pro-
teins have been noted within affected prefrontal and 
entorhinal cortical regions and the hippocampus of AD 
brains [167–169]. Most recently, molecular profiling of 
cerebrovascular cells within AD brains has highlighted 
cell type-specific transcriptional dysregulation [14]. In 
particular, fewer numbers of AD cerebrovascular cells 
compared to controls were obtained in this study, consis-
tent with known loss of pericytes and endothelial cells as 
well as the presence of “string vessels” in AD [170–172]. 
Furthermore, in this profiling study, a large proportion 
of top GWAS hits were identified to be enriched within 
specific cerebrovascular cell subpopulations, highlight-
ing the close ties between cerebrovascular function and 
AD etiology. Mechanistically, studies in animal models 
of AD focusing on the cerebrovasculature have primarily 
focused on the role of amyloid-beta pathology, especially 
within the context of amyloid-beta clearance and the 
deposition of plaque on vessel walls, a condition known 
as cerebral amyloid angiopathy (CAA). For example, 
genetic risk factor Picalm and low-density lipoprotein 
receptor-related protein Lrp1 have both been shown in 
vivo to be involved in transcytosis at the BBB [173–175]. 
Interestingly, PICALM and LRP1 are enriched in SMCs 
and endothelial cells, respectively, in the human brain, 
suggesting cell type-specific mechanisms exist for the 
trafficking of amyloid-beta [14, 16]. Furthermore, APP 
itself, specifically the splice isoform APP700, has been 
shown to be expressed by brain endothelial cells in vitro 
to produce Aβ40 and Aβ42 [176]. This particular form of 
amyloid-beta has sialylated core 1 type O-glycans and is 
preferentially cleaved by both BACE1 and γ-secretase in 
brain endothelial cells. Given the enrichment of glyco-
genes in brain endothelial cells for maintaining the gly-
cocalyx [177], especially O-mucin type glycans, future 
work in animal models and humans will provide impor-
tant insights into the interactions between the cere-
brovascular glycocalyx and pathogenic mechanisms of 
aggregate clearance in neurodegeneration. In addition 
to these interactions, the interplay of CAA pathology, 
other cerebrovascular cell types, and genetic risk fac-
tors, such as APOE, is an ongoing field of research [178]. 

Apoe knockout mice exhibit compromised BBB func-
tion as assessed by extravasation of Evans Blue conju-
gated to albumin [179], demonstrating an essential role 
for APOE in maintenance of the BBB. However, Apoe4/4 
mice exhibit reduced capillary basement membrane sur-
face area [180], and the APOE ε4 isoform is known to 
enhance cerebrovascular dysfunction and amyloid-beta 
pathology, including CAA [181, 182]. Furthermore, it has 
been observed that APOE and amyloid-beta both bind to 
LRP1 at the BBB [183]. Recent work has highlighted the 
role of APOE ε4 genotype and BAMs in the pathogenesis 
of CAA, noting these cells as a cellular source of reac-
tive oxygen species and consequently, inducing neuro-
vascular dysfunction [184, 185]. Collectively these works 
demonstrate the complex interactions between genetic 
risk factors for AD and cerebrovascular function in the 
pathophysiology of the disease. In contrast to amyloid-
beta, studies focused on the role of neurofibrillary tau 
tangles on cerebrovascular pathology have found them 
to accumulate in brain endothelial cells of AD tau mouse 
models and humans [186, 187]. Tau overexpression in 
vivo leads to abnormal changes to blood vessels includ-
ing increased densities and reduced diameters, accom-
panied by increased expression of angiogenesis-related 
genes such as Serpine1 and Vegfa [188]. Interestingly, 
tau overexpression in astrocytes alone also leads to BBB 
disruption and extravasation of albumin protein [189]. 
Mechanistic studies have also determined that accumula-
tion of soluble tau leads to blockage of endothelial nitric 
oxide synthase activation and consequently, neurovas-
cular uncoupling [190, 191]. Collectively, these studies 
highlight the role of tau in mediating glial inflammatory 
responses that subsequently lead to BBB disruption [192].

Altogether, it is clear that common themes of cere-
brovascular dysfunction are present across the neurode-
generative disease and typically manifest at early stages 
within the most vulnerable brain regions. Though this 
suggests that cerebrovascular dysfunction is secondary to 
the neuronal changes, the complex interactions, particu-
larly with disease-associated genes, implies that cerebro-
vascular function is more involved in causal mechanisms 
of neurodegeneration than previously appreciated. At the 
very least, cerebrovascular dysfunction is likely to create 
a permissive environment for neurodegeneration, and 
thus presents itself as a promising target for the develop-
ment of therapies without the need of crossing the BBB.

Therapeutic insights and future directions
Over the past few decades, clinical trials for neurode-
generative disease modifying therapeutics have met 
with great failure. Since 2021, only three anti-amyloid 
antibodies have been approved by the Food and Drug 
Administration (FDA) for the treatment of AD, and in 
HD, all huntingtin-lowering approaches using antisense 
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oligonucleotides have failed to meet clinical endpoints. 
Despite in each case highly compelling evidence from 
preclinical animal model studies, there is still a great 
discrepancy between preclinical and clinical outcomes. 
In part, a full understanding of the principles govern-
ing molecular and cellular principles at transport inter-
faces in humans, namely the brain barriers, and adequate 
delivery strategies to cross these barriers has been lack-
ing. In light of recent advances within the fields of single 
cell genomics (documentation of molecular profiles for 
many understudied rare cell types of the brain) and gene 
therapy (development of improved tools for crossing the 
BBB), many promising approaches for treating neurode-
generative disease are now being investigated.

Brain barriers: the choroid plexus, meninges, and 
glycocalyx
The cerebrovasculature represents one of several major 
interfaces between the blood and the brain. Although 
not as extensively studied as the cerebrovasculature, 
the choroid plexus and the meninges also both provide 
essential roles in supporting brain function. In recent 
years, studies focusing on each of these barriers have now 
extensively characterized the diversity of cell type com-
position and function as well as their roles in diseased 
states. In addition, the importance of the glycocalyx as 
the first interface with transport mechanisms at the BBB 
and its role in neurodegenerative diseases is becoming 
increasingly understood. Although much is still unknown 
regarding the mechanisms underlying their functions, it 
is clear that these structures and their relevance to neu-
rodegenerative diseases is more important than previ-
ously appreciated.

The blood-cerebrospinal fluid (CSF) barrier is provided 
by the choroid plexus, a structure composed of special-
ized epithelial cells that secrete CSF into the ventricles 
that fills the subarachnoid space surrounding the brain. 
Humans produce between 400-600mL of CSF a day, 
which allows the brain to exist in a buoyant state for pro-
tection from physical injuries and also clear waste prod-
ucts. The rich composition of CSF biomolecules has been 
extensively studied and thus the interest in accessing CSF 
both for identifying biomarkers of disease and as a drug 
delivery route have received considerable attention [193]. 
Recently, the interest in understanding molecular profiles 
of cell types that comprise the choroid plexus has been 
investigated [194]. Interestingly, distinct gene expression 
patterns were found within each of the choroid plexus 
regions, both for the epithelial cells as well as the embed-
ded mesenchymal cells, consistent with prior work dem-
onstrating differential developmental trajectories for 
each region [195]. Whether these gene expression pat-
terns are conserved in human choroid plexus or whether 
additional specific-specific adaptations are present, 

however, remains unknown. Most recently, multi-modal 
approaches including TRAP have shown diurnal fluc-
tuations in gene expression within the mouse choroid 
plexus including the highly expressed epithelial marker 
Ttr [196]. This work is consistent with the known roles 
of CSF in waste clearance and the sleep-wake cycle, as 
well as the activity-dependent ABC transporter diurnal 
fluctuations that have also been observed within brain 
endothelial cells and their dependence on clock gene 
machinery [197].

The dura, arachnoid, and pia mater, collectively 
referred to as the meninges, have historically been known 
as physical barriers that surround and protect the brain. 
While the anatomical composition of each part has been 
known for several decades [198], the underlying molec-
ular basis and diversity of cellular composition has only 
recently been investigated across several studies [33, 44, 
72]. The meninges harbor a wide repertoire of fibroblast 
subtypes across all three layers, each with distinct gene 
expression profiles. Furthermore, the arachnoid barrier 
cell layer forms a functional barrier within the meninges 
through the expression of junctional proteins including 
Cldn11 and Cdh1 (i.e. E-Cadherin). Lastly, the meninges, 
specifically within the dural sinuses, have been shown to 
harbor several populations of immune cells [199]. The 
precise functional role for each population of meningeal 
cells is still under investigation, both in homeostatic and 
pathological states. Of great interest recently has been the 
connection between CSF flow and interstitial fluid (ISF) 
within the brain through the glymphatic system [43]. 
As mentioned above, the subarachnoid space, located 
between the arachnoid and pia mater, is filled with CSF 
and flows along perivascular spaces surrounding pial 
vessels that penetrate into the brain. Through poorly 
understood molecular mechanisms, CSF flows along 
periarterial spaces driven by arterial pulsatility, inter-
mixes with ISF partially mediated by the water channel 
aquaporin-4 (Aqp4), and drains along perivenous spaces. 
Together with the identification of dural lymphatic ves-
sels that drain to cervical lymph nodes, the glymphatic 
system is thus connected with the peripheral lymphatic 
system [200]. The extent to which the glymphatic system 
enables proper waste clearance, particularly of amyloid 
beta, and its direct contribution to pathological condi-
tions remains unclear [201]. More knowledge of these 
structures is essential for a better understanding of brain 
fluid dynamics, which are greatly affected in neurodegen-
erative diseases. Future experiments aimed at providing 
key insights into their governing molecular mechanisms 
will in turn aid in determining the feasibility of targeting 
this system for developing novel therapies.

Made from a diverse assortment of glycoproteins, pro-
teoglycans, and glycosaminoglycans, the endothelial 
glycocalyx provides the first distinct barrier property 
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between the blood and the parenchyma [202]. The role 
of the glycocalyx in the BBB has been poorly studied, 
but yet, it is known to exhibit distinct functional proper-
ties compared to other tissue glycocalyx [177, 203, 204]. 
In particular, lipopolysaccharide-induced injury of the 
entire vasculature has demonstrated that the cerebrovas-
cular glycocalyx is more resistant to injury, suggesting it 
confers greater protective characteristics for the brain. 
With recent advances in molecular profiling of human 
brain endothelial cells, the repertoire of genes that reg-
ulate glycocalyx composition can now be extensively 
interrogated to further dissect the basis for these special-
izations in the brain.

The importance for understanding the underlying cel-
lular and molecular mechanisms for these understudied 
structures is exemplified by recent insights into their dis-
rupted functions during AD and aging [205–207]. Given 
the observed cerebrovascular changes across neurode-
generative diseases, it is likely that CSF, meningeal, and 
glycocalyx impairments such as disrupted glymphatic 
flow, waste clearance, and glycocalyx structure extends 
to these diseases as well. In fact, recent evidence within 
knockin models of HD have demonstrated that CSF 
clearance efficiency is impaired prior to the onset of 
motor symptoms and worsens with disease progression 
[208]. Future studies will provide invaluable information 
on cell type-specific roles in maintaining these barriers 
within normal and diseased contexts as well as the poten-
tial for targeting these structures with novel therapeutic 
approaches.

Gene therapies and engineered transport technologies
With advances in our understanding of basic molecular 
and cellular profiles of disease mechanisms as well as 
improvements in drug chemistry and bioengineering, 
new translational programs have now begun to enter 
preclinical and clinical stages that have the potential of 
revolutionizing the field of neurodegenerative disease 
treatment. Many pharmaceutical programs are now 
devoting efforts to novel gene editing and drug delivery 
approaches, with the hope of developing therapies with 
better brain bioavailability, specificity, and therapeutic 
efficacy.

Antisense oligonucleotides (ASOs) based therapeutics, 
which are used for lowering mutant disease-linked gene 
mRNA and protein, remain one of the most promising 
approaches for gene targeting given their landmark suc-
cesses in neuromuscular disorders such as spinal mus-
cular atrophy and Duchenne muscular dystrophy [209]. 
However, recent major setbacks, specifically in applying 
ASOs for huntingtin lowering in HD, have prompted a 
refocus on alternative therapeutic approaches. This is 
in part due to the realization that ASOs administered 
through lumbar CSF lack good penetration into deep 

brain structures [210]. In diseases such as HD and PD, 
which affect deep subcortical regions, drug delivery of 
ASOs remains a limiting factor based on current delivery 
approaches. Nevertheless, improvements in ASO chem-
istry, administration paradigms, and the development of 
novel BBB transport strategies hold promise for future 
successes, especially given the widely validated preclini-
cal benefits of lowering mutant protein levels in each dis-
ease context [211].

The utility of transport vehicles that rely on receptor-
mediated transcytosis at the BBB has been explored for 
many years [212–214]. These “trojan horse” approaches 
take advantage of endogenous receptors on the BBB, 
such as those for transferrin, insulin, and lipoproteins, to 
shuttle therapeutic cargo across the endothelium. Recent 
advances in transport vehicle designs have focused on 
targeting of the human transferrin receptor (TfR) by 
engineering an Fc domain that can be combined with 
variable therapeutic moieties, such as Fabs, enzymes, and 
oligonucleotides [215, 216]. This modular approach is 
now being implemented for several neurological indica-
tions, including Hunter’s Syndrome and FTLD [216, 217]. 
One caveat, however, is the widespread expression of TfR 
across multiple other organs. The desire for brain-spe-
cific delivery has led to efforts to identify and character-
ize additional receptors (e.g. basigin, Glut1, and CD98hc) 
that could similarly be “hijacked” for drug delivery using 
similar transport vehicles [218, 219].

Similar to transport vehicles, adeno-associated viruses 
(AAVs) have also drawn considerable attention in recent 
years due to advances in directed evolution for capsids 
that can more readily target specific brain cell popula-
tions [220–222]. By screening for capsids that target 
any brain cell type or even subtype of interest, many 
researchers are now able to further interrogate cell type-
specific disease mechanisms in animal models. Further-
more, these tools can be administered either directly 
into the brain or engineered to access the brain via intra-
venous delivery routes, thereby crossing the BBB using 
endogenous molecular machinery within the organism. 
Such non-invasive delivery is appealing on order to avoid 
the need for complicated surgical procedures such as 
intrathecal or intracerebral administration, but also has 
the drawback of cost (associated with the need to pro-
duce large quantities of virus) as well as potential toxicity 
from peripheral off-targeting or immune responses. For 
this reason, optimizing viral production to yield potent 
AAVs that can be used at lower titers as well as further 
understanding mechanisms governing AAV transport 
are currently topics of intense research. In particular, 
understanding the mechanisms of AAV transduction is 
crucial given the mechanism-agonistic approaches used 
for viral screening. Older generations of AAV9 variants 
(i.e. PHP.eB, PHP.S, and PHP.B) were evolved within 
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common mouse strains with no understanding of the 
mechanism underlying their BBB transport. Ly6a, a gene 
expressed exclusively on the brain endothelium of certain 
mouse strains and absent entirely from non-human pri-
mates and humans, was later identified to be an obligate 
receptor for transport of these novel capsids [70, 223]. 
With this in mind, capsid evolution is now focused on 
identification of putative receptors that are known to be 
conserved across organisms or at least highly expressed 
in non-human primates and humans for clinical applica-
tions. With this approach, novel receptors such as LRP6 
and CA4 have been identified as targets for newer gen-
erations of evolved AAV capsids [224, 225]. In combina-
tion with recently identified cis-regulatory regions from 
single cell assay for transposase-accessible chromatin 
sequencing (scATAC-seq) datasets of the human brain, 
future generations of evolved AAVs will greatly aid in 
proper targeting of affected brain cell types across neuro-
degenerative diseases [226–228]. Indeed, recent efforts to 
translate optimized AAVs into preclinical and clinical set-
tings have also demonstrated great promise. In particular, 
improved AAVs for targeting medium spiny neurons and 
lowering huntingtin for Huntington’s disease treatment 
have recently emerged [229].

Altogether, these novel therapeutic modalities hold 
great promise for targeting neurodegenerative diseases 
at symptomatic and even presymptomatic clinical stages. 
Mechanistic insights from prior studies as well as a 
plethora of brain single cell studies provide strong prem-
ises for the validity of these approaches. With increased 
understanding of brain barrier molecular profiles across 
organisms, streamlined platforms for developing brain-
penetrant therapeutics, and efficient identification of 
disease-modifying targets, efforts to treat and halt neuro-
degenerative diseases will likely meet with major success 
within the next few decades.

Outstanding questions and future directions
The molecular profiles of cerebrovascular cell types 
across development, normal adulthood, and various 
pathological states are proving to be invaluable for not 
only understanding underlying disease mechanisms but 
also improving our design of new approaches for brain 
therapeutic delivery. Nevertheless, many knowledge gaps 
remain which, when answered, will provide essential 
insights into our understanding of brain function. Single 
cell genomics, cell type-specific targeting, and functional 
imaging approaches are key to bridging insights into 
basic cerebrovascular function and a mechanistic under-
standing of disease biology.

Cell type and subtype diversity can be classified under 
many criteria, whether it be transcriptional programs, 
morphology, or function. As observed with cerebrovas-
cular cell types, fundamental functions are conserved 

across species and organ systems. Even so, important 
distinctions can be identified which often have impor-
tant consequences for specialized properties. The unique 
microenvironment of the brain, comprising myriad glial 
cells and neurons, creates specialized demands on the 
vasculature. Therefore, it stands to reason that cerebro-
vascular cell populations exhibit distinct and identifi-
able transcriptional programs to support these unique 
cell populations. Cerebrovascular cells within the vicin-
ity of excitatory glutamatergic pyramidal neurons in the 
cortex are likely to have different properties compared 
to those in the striatum, which contain mostly inhibitory 
GABAergic medium spiny neurons. This, in turn, could 
lead to different functional consequences on hemody-
namic responses due to the differences in neurochemical 
ligand and receptor combinations [230]. The concept of 
regional heterogeneity in cerebrovasculature molecular 
profiles is reinforced by the non-uniform yet stereotypic 
vascularization of the brain [35]. White matter regions 
are considerably less vascularized compared to gray mat-
ter regions, and cortical regions on average have greater 
density of blood vessels compared to some subcortical 
regions such as the striatum and hippocampus. Regional 
heterogeneity in the cerebrovasculature is also consistent 
with known gene expression differences within regions 
of the meninges and the choroid plexus [33, 194]. Most 
recently, work investigating molecular profiles within the 
median eminence, one of the circumventricular organs 
(CVOs), demonstrated not only differences in cerebro-
vascular gene expression profiles, but also morphological 
features in perivascular cell types [231]. CVOs, however, 
are known to lack extensive barrier properties and their 
blood vessel morphologies are distinct from BBB capil-
laries. Nevertheless, CVOs provide essential neurosen-
sory and secretory roles, emphasizing the need to study 
cell type composition within these regions. Whether all 
CVOs exhibit the same cell type composition and molec-
ular profiles or each exhibits distinct patterns, is cur-
rently not known but will likely be further investigated in 
the near future.

As an extension to regional heterogeneity, precise 
neurovascular interactions, particularly in non-corti-
cal regions, is also poorly understood and will require 
future investigations to be well understood. Single cell 
genomic approaches allow for profiling of large num-
bers of cells but only at a single time point per sample. 
Temporal dynamics are not thus readily captured, but 
recent advances in two photon microscopy are yield-
ing important insights into the functional properties 
of cerebrovascular cells and their interactions with the 
brain parenchyma [40, 46]. Furthermore, the capability 
of performing longitudinal studies allows for monitoring 
of functional changes with age and disease progression 
[232]. Unfortunately, two photon microscopy is limited 
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by how deep light can penetrate into the brain, thereby 
precluding the study of subcortical structures such as the 
striatum, hippocampus, and thalamus. Alternative imag-
ing modalities such as functional magnetic resonance 
imaging (fMRI) and positron emission tomography (PET) 
scanning allow for whole brain monitoring but lack the 
spatial resolution to interrogate changes at the cellu-
lar level. These technologies have provided important 
insights into functional changes that emerge throughout 
the cerebrovasculature in neurodegeneration and other 
diseases. Therefore, advances in live imaging technolo-
gies will greatly improve our capability to understand 
dynamic structures across brain regions at the cellular 
level.

Conclusions
The clear evidence of cerebrovascular dysfunction across 
early stages of many neurodegenerative diseases, in addi-
tion to the expression of many disease relevant genes 
within cerebrovascular cell populations, strongly sug-
gest that the cerebrovasculature plays an important role 
in disease pathogenesis and progression. From the neu-
rodegeneration that is observed in rare genetic disorders 
linked to genes primarily expressed in the cerebrovascu-
lature, it is clear that vascular dysfunction alone (absent 
primary causes in neurons) is sufficient to cause exten-
sive and fatal neurodegeneration, but the extent to which 
cerebrovascular deficits contribute causally to common 
neurodegenerative disease mechanisms (in AD, PD, HD, 
and ALS; Fig. 2) remains to be resolved. Even in mono-
genic diseases such as HD, the causative gene’s (e.g. HTT) 
expression is detected within cerebrovascular cell popu-
lations, implying direct effects within these cell types. In 
combination with neuronal mechanisms, cerebrovascular 
deficits very likely enhance neurodegeneration and exac-
erbate phenotypes observed in these diseases.

Most current therapeutic approaches are focused on 
crossing the BBB to enter the brain and target delivery to 
neurons. To date, no attempt to directly target the cere-
brovasculature as a disease-modifying intervention in 
neurodegeneration has been attempted. However, estab-
lishing how efficacious restoration of the cerebrovas-
culature alone or combination with neuronal-targeted 
therapies can be, will be important for the optimization 
of future therapeutic development. As the cerebrovas-
culature is more readily accessible than the brain paren-
chyma, it can be more easily targeted through systemic 
administration of gene therapy approaches. More impor-
tantly, the common findings of cerebrovascular dysfunc-
tion across all the major neurodegenerative diseases 
implies broad applicability of future cerebrovascular-tar-
geted approach for multiple indications.

Abbreviations

AAV	� adeno-associated virus
AD	� Alzheimer’s disease
ALS	� Amyotrophic lateral sclerosis
ASO	� antisense oligonucleotide
BBB	� blood-brain barrier
BCSFB	� blood-cerebrospinal cord barrier
CAA	� cerebral amyloid angiopathy
CADASIL	� cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy
CARASIL	� cerebral autosomal recessive arteriopathy with subcortical 

infarcts and leukoencephalopathy
CBF	� cerebral blood flow
CNS	� central nervous system
CSF	� cerebrospinal fluid
CVO	� circumventricular organ
DA	� dopamine (dopaminergic)
DCE	� MRI-dynamic contrast enhanced magnetic resonance imaging
ECM	� extracellular matrix
FDA	� Food and Drug Administration
fMRI	� functional magnetic resonance imaging
FTLD	� Frontotemporal lobar degeneration
GWAS	� genome-wide association studies
HD	� Huntington’s disease
ISF	� interstitial fluid
MELAS	� Mitochondrial encephalopathy, lactic acidosis, and stroke-like 

episodes
MS	� Multiple sclerosis
MSN	� medium spiny neuron
NGS	� Next Generation Sequencing
NVC	� neurovascular coupling
PD	� Parkinson’s disease
PET	� positron emission tomography
PFBC	� Primary familial brain calcification
PVF	� perivascular fibroblast
PVM	� perivascular macrophage
SCA	� Spinocerebellar ataxia
sc/snATAC	� seq-single cell/nucleus assay for transposase-accessible 

chromatin sequencing
sc/snRNA	� seq-single cell/nucleus RNA sequencing
SMC	� smooth muscle cell
SNP	� single-nucleotide polymorphism
SNpc	� substantia nigra pars compacta
TfR	� transferrin receptor
TRAP	� Translating Ribosome Affinity Purification
VEN	� von Economo neuron
VCI(D)	� vascular cognitive impairment (and dementia)

Acknowledgements
The authors thank Suphinya Sathitloetsakun for assistance and suggestions in 
figure design.

Author contributions
F.J.G and M.H. critically reviewed the literature and drafted the manuscript. 
Both authors have read and approved the final manuscript.

Funding
This work was supported by awards from the NIH (1RF1-NS129032), The Bev 
Hartig HD Foundation, and The JPB Foundation (PIIF award) to M.H.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Page 17 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

Competing interests
The authors declare no competing interests.

Received: 10 November 2024 / Accepted: 7 January 2025

References
1.	 Fu H, Hardy J, Duff KE. Selective vulnerability in neurodegenerative diseases. 

Nat Neurosci. 2018;21(10):1350–8.
2.	 A novel gene. Containing a trinucleotide repeat that is expanded and 

unstable on Huntington’s disease chromosomes. The Huntington’s Disease 
Collaborative Research Group. Cell. 1993;72(6):971–83.

3.	 Orr HT, Chung MY, Banfi S, Kwiatkowski TJ Jr, Servadio A, Beaudet AL, et al. 
Expansion of an unstable trinucleotide CAG repeat in spinocerebellar ataxia 
type 1. Nat Genet. 1993;4(3):221–6.

4.	 Saunders A, Macosko EZ, Wysoker A, Goldman M, Krienen FM, de Rivera H, et 
al. Molecular diversity and specializations among the cells of the adult mouse 
brain. Cell. 2018;174(4):1015–e3016.

5.	 Zeisel A, Hochgerner H, Lönnerberg P, Johnsson A, Memic F, van der 
Zwan J, et al. Molecular architecture of the mouse nervous system. Cell. 
2018;174(4):999–e101422.

6.	 Hodge RD, Bakken TE, Miller JA, Smith KA, Barkan ER, Graybuck LT, et al. 
Conserved cell types with divergent features in human versus mouse cortex. 
Nature. 2019;573(7772):61–8.

7.	 Siletti K, Hodge R, Mossi Albiach A, Lee KW, Ding SL, Hu L, et al. Tran-
scriptomic diversity of cell types across the adult human brain. Science. 
2023;382(6667):eadd7046.

8.	 Mathys H, Davila-Velderrain J, Peng Z, Gao F, Mohammadi S, Young JZ, 
et al. Single-cell transcriptomic analysis of Alzheimer’s disease. Nature. 
2019;570(7761):332–7.

9.	 Mathys H, Boix CA, Akay LA, Xia Z, Davila-Velderrain J, Ng AP, et al. Single-cell 
multiregion dissection of Alzheimer’s disease. Nature. 2024;632(8026):858–68.

10.	 Pineda SS, Lee H, Ulloa-Navas MJ, Linville RM, Garcia FJ, Galani K, et al. Single-
cell dissection of the human motor and prefrontal cortices in ALS and FTLD. 
Cell. 2024;187(8):1971–e8916.

11.	 Lee H, Fenster RJ, Pineda SS, Gibbs WS, Mohammadi S, Davila-Velderrain J, et 
al. Cell type-specific transcriptomics reveals that mutant huntingtin leads to 
mitochondrial RNA release and neuronal innate immune activation. Neuron. 
2020;107(5):891–e9088.

12.	 Kamath T, Abdulraouf A, Burris SJ, Langlieb J, Gazestani V, Nadaf NM, et al. 
Single-cell genomic profiling of human dopamine neurons identifies a 
population that selectively degenerates in Parkinson’s disease. Nat Neurosci. 
2022;25(5):588–95.

13.	 Ulland TK, Colonna M. TREM2 - a key player in microglial biology and 
Alzheimer disease. Nat Rev Neurol. 2018;14(11):667–75.

14.	 Yang AC, Vest RT, Kern F, Lee DP, Agam M, Maat CA, et al. A human brain 
vascular atlas reveals diverse mediators of Alzheimer’s risk. Nature. 
2022;603(7903):885–92.

15.	 Vanlandewijck M, He L, Mäe MA, Andrae J, Ando K, Del Gaudio F, et al. A 
molecular atlas of cell types and zonation in the brain vasculature. Nature. 
2018;554(7693):475–80.

16.	 Garcia FJ, Sun N, Lee H, Godlewski B, Mathys H, Galani K, et al. Single-cell dis-
section of the human brain vasculature. Nature. 2022;603(7903):893–9.

17.	 Crouch EE, Bhaduri A, Andrews MG, Cebrian-Silla A, Diafos LN, Birrueta JO, 
et al. Ensembles of endothelial and mural cells promote angiogenesis in 
prenatal human brain. Cell. 2022;185(20):3753–e6918.

18.	 Winkler EA, Kim CN, Ross JM, Garcia JH, Gil E, Oh I, et al. A single-cell 
atlas of the normal and malformed human brain vasculature. Science. 
2022;375(6584):eabi7377.

19.	 Wälchli T, Ghobrial M, Schwab M, Takada S, Zhong H, Suntharalingham S, 
et al. Single-cell atlas of the human brain vasculature across development, 
adulthood and disease. Nature. 2024;632(8025):603–13.

20.	 Xie Y, Yang F, He L, Huang H, Chao M, Cao H, et al. Single-cell dissection of 
the human blood-brain barrier and glioma blood-tumor barrier. Neuron. 
2024;112(18):3089–e1057.

21.	 Fish JE, Wythe JD. The molecular regulation of arteriovenous specification 
and maintenance. Dev Dyn. 2015;244(3):391–409.

22.	 Betsholtz C. Cell–cell signaling in blood vessel development and function. 
EMBO Mol Med. 2018;10(3):e8610.

23.	 Sweeney MD, Zhao Z, Montagne A, Nelson AR, Zlokovic BV. Blood-brain bar-
rier: from physiology to disease and back. Physiol Rev. 2019;99(1):21–78.

24.	 Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown in 
Alzheimer disease and other neurodegenerative disorders. Nat Rev Neurol. 
2018;14(3):133–50.

25.	 Kaplan L, Chow BW, Gu C. Neuronal regulation of the blood-brain barrier and 
neurovascular coupling. Nat Rev Neurosci. 2020;21(8):416–32.

26.	 Chow BW, Gu C. The molecular constituents of the blood-brain barrier. Trends 
Neurosci. 2015;38(10):598–608.

27.	 Sweeney MD, Kisler K, Montagne A, Toga AW, Zlokovic BV. The role 
of brain vasculature in neurodegenerative disorders. Nat Neurosci. 
2018;21(10):1318–31.

28.	 Gross PM. Circumventricular organ capillaries. Prog Brain Res. 1992;91:219–33.
29.	 Mastorakos P, McGavern D. The anatomy and immunology of vasculature in 

the central nervous system. Sci Immunol. 2019;4(37):eaav0492.
30.	 Schevenels G, Cabochette P, America M, Vandenborne A, De Grande L, 

Guenther S, et al. A brain-specific angiogenic mechanism enabled by tip cell 
specialization. Nature. 2024;628(8009):863–71.

31.	 Daneman R, Agalliu D, Zhou L, Kuhnert F, Kuo CJ, Barres BA. Wnt/beta-catenin 
signaling is required for CNS, but not non-CNS, angiogenesis. Proc Natl Acad 
Sci U S A. 2009;106(2):641–6.

32.	 Jiang X, Rowitch DH, Soriano P, McMahon AP, Sucov HM. Fate of the mam-
malian cardiac neural crest. Development. 2000;127(8):1607–16.

33.	 DeSisto J, O’Rourke R, Jones HE, Pawlikowski B, Malek AD, Bonney S, et al. 
Single-cell transcriptomic analyses of the developing meninges reveal men-
ingeal fibroblast diversity and function. Dev Cell. 2020;54(1):43–e594.

34.	 Selbonne S, Francois D, Raoul W, Boulaftali Y, Sennlaub F, Jandrot-Perrus M, et 
al. Protease nexin-1 regulates retinal vascular development. Cell Mol Life Sci. 
2015;72(20):3999–4011.

35.	 Kirst C, Skriabine S, Vieites-Prado A, Topilko T, Bertin P, Gerschenfeld G, et al. 
Mapping the fine-scale organization and plasticity of the brain vasculature. 
Cell. 2020;180(4):780–e9525.

36.	 Feekes JA, Cassell MD. The vascular supply of the functional compartments of 
the human striatum. Brain. 2006;129(Pt 8):2189–201.

37.	 Wälchli T, Wacker A, Frei K, Regli L, Schwab ME, Hoerstrup SP, et al. Wir-
ing the vascular network with neural cues: a CNS perspective. Neuron. 
2015;87(2):271–96.

38.	 Paredes I, Himmels P, Ruiz de Almodóvar C. Neurovascular communication 
during CNS development. Dev Cell. 2018;45(1):10–32.

39.	 Daneman R, Zhou L, Kebede AA, Barres BA. Pericytes are required for blood-
brain barrier integrity during embryogenesis. Nature. 2010;468(7323):562–6.

40.	 Hartmann DA, Coelho-Santos V, Shih AY. Pericyte control of blood flow 
across microvascular zones in the central nervous system. Annu Rev Physiol. 
2022;84(1):331–54.

41.	 Attwell D, Mishra A, Hall CN, O’Farrell FM, Dalkara T. What is a pericyte? J 
Cereb Blood Flow Metab. 2016;36(2):451–5.

42.	 Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial interactions at the 
blood-brain barrier. Nat Rev Neurosci. 2006;7(1):41–53.

43.	 Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravas-
cular pathway facilitates CSF flow through the brain parenchyma and 
the clearance of interstitial solutes, including amyloid β. Sci Transl Med. 
2012;4(147):147ra111.

44.	 Derk J, Jones HE, Como C, Pawlikowski B, Siegenthaler JA. Living on the edge 
of the CNS: Meninges cell diversity in health and disease. Front Cell Neurosci. 
2021;15:703944.

45.	 Dorrier CE, Jones HE, Pintarić L, Siegenthaler JA, Daneman R. Emerging 
roles for CNS fibroblasts in health, injury and disease. Nat Rev Neurosci. 
2022;23(1):23–34.

46.	 Bonney SK, Sullivan LT, Cherry TJ, Daneman R, Shih AY. Distinct features of 
brain perivascular fibroblasts and mural cells revealed by in vivo two-photon 
imaging. J Cereb Blood Flow Metab. 2022;42(6):966–78.

47.	 Yang T, Guo R, Zhang F. Brain perivascular macrophages: recent advances and 
implications in health and diseases. CNS Neurosci Ther. 2019;25(12):1318–28.

48.	 Van Hove H, Martens L, Scheyltjens I, De Vlaminck K, Pombo Antunes AR, De 
Prijck S, et al. A single-cell atlas of mouse brain macrophages reveals unique 
transcriptional identities shaped by ontogeny and tissue environment. Nat 
Neurosci. 2019;22(6):1021–35.

49.	 Kierdorf K, Masuda T, Jordão MJC, Prinz M. Macrophages at CNS inter-
faces: ontogeny and function in health and disease. Nat Rev Neurosci. 
2019;20(9):547–62.

50.	 Herz J, Filiano AJ, Wiltbank AT, Yogev N, Kipnis J. Myeloid cells in the central 
nervous system. Immunity. 2017;46(6):943–56.



Page 18 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

51.	 Masuda T, Amann L, Monaco G, Sankowski R, Staszewski O, Krueger M, et 
al. Specification of CNS macrophage subsets occurs postnatally in defined 
niches. Nature. 2022;604(7907):740–8.

52.	 Wen W, Cheng J, Tang Y. Brain perivascular macrophages: current under-
standing and future prospects. Brain. 2024;147(1):39–55.

53.	 Park L, Uekawa K, Garcia-Bonilla L, Koizumi K, Murphy M, Pistik R, et al. 
Brain perivascular macrophages initiate the neurovascular dysfunction of 
Alzheimer Aβ peptides. Circ Res. 2017;121(3):258–69.

54.	 Faraco G, Park L, Anrather J, Iadecola C. Brain perivascular macrophages: 
characterization and functional roles in health and disease. J Mol Med. 
2017;95(11):1143–52.

55.	 Lin X, Khalin I, Harapan BN, Terpolilli NA, Schwarting J, Plesnila N. Perivascular 
macrophages mediate microvasospasms after experimental subarachnoid 
hemorrhage. Stroke. 2023;54(8):2126–34.

56.	 Levard D, Seillier C, Bellemain-Sagnard M, Fournier AP, Lemarchand E, 
Dembech C, et al. Central nervous system-associated macrophages modu-
late the immune response following stroke in aged mice. Nat Neurosci. 
2024;27(9):1721–33.

57.	 Santisteban MM, Schaeffer S, Anfray A, Faraco G, Brea D, Wang G, et al. Men-
ingeal interleukin-17-producing T cells mediate cognitive impairment in a 
mouse model of salt-sensitive hypertension. Nat Neurosci. 2024;27(1):63–77.

58.	 Mathiisen TM, Lehre KP, Danbolt NC, Ottersen OP. The perivascular astroglial 
sheath provides a complete covering of the brain microvessels: an electron 
microscopic 3D reconstruction. Glia. 2010;58(9):1094–103.

59.	 Mondo E, Becker SC, Kautzman AG, Schifferer M, Baer CE, Chen J, et al. A 
developmental analysis of juxtavascular microglia dynamics and interactions 
with the vasculature. J Neurosci. 2020;40(34):6503–21.

60.	 Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun YY, Chen HR, et al. Capillary-
associated microglia regulate vascular structure and function through 
PANX1-P2RY12 coupling in mice. Nat Commun. 2021;12(1):5289.

61.	 Palhol JSC, Balia M, Sánchez-Román Terán F, Labarchède M, Gontier E, Batte-
feld A. Direct association with the vascular basement membrane is a frequent 
feature of myelinating oligodendrocytes in the neocortex. Fluids Barriers CNS. 
2023;20(1):24.

62.	 Zhang D, Ruan J, Peng S, Li J, Hu X, Zhang Y, et al. Synaptic-like transmission 
between neural axons and arteriolar smooth muscle cells drives cerebral 
neurovascular coupling. Nat Neurosci. 2024;27(2):232–48.

63.	 Chow BW, Nuñez V, Kaplan L, Granger AJ, Bistrong K, Zucker HL, et al. 
Caveolae in CNS arterioles mediate neurovascular coupling. Nature. 
2020;579(7797):106–10.

64.	 Daneman R, Zhou L, Agalliu D, Cahoy JD, Kaushal A, Barres BA. The mouse 
blood-brain barrier transcriptome: a new resource for understanding 
the development and function of brain endothelial cells. PLoS ONE. 
2010;5(10):e13741.

65.	 Heiman M, Schaefer A, Gong S, Peterson JD, Day M, Ramsey KE, et al. A 
translational profiling approach for the molecular characterization of CNS cell 
types. Cell. 2008;135(4):738–48.

66.	 Heiman M, Kulicke R, Fenster RJ, Greengard P, Heintz N. Cell type-specific 
mRNA purification by translating ribosome affinity purification (TRAP). Nat 
Protoc. 2014;9(6):1282–91.

67.	 Hupe M, Li MX, Kneitz S, Davydova D, Yokota C, Kele J et al. Gene expression 
profiles of brain endothelial cells during embryonic development at bulk and 
single-cell levels. Sci Signal [Internet]. 2017;10(487). Available from: ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​​o​r​g​/​1​0​.​1​1​2​6​/​s​c​i​s​i​g​n​a​l​.​a​a​g​2​4​7​6​​​​​​​

68.	 Ben-Zvi A, Lacoste B, Kur E, Andreone BJ, Mayshar Y, Yan H, et al. Mfsd2a is 
critical for the formation and function of the blood-brain barrier. Nature. 
2014;509(7501):507–11.

69.	 Andreone BJ, Chow BW, Tata A, Lacoste B, Ben-Zvi A, Bullock K, et al. Blood-
brain barrier permeability is regulated by lipid transport-dependent suppres-
sion of caveolae-mediated transcytosis. Neuron. 2017;94(3):581–e945.

70.	 Huang Q, Chan KY, Tobey IG, Chan YA, Poterba T, Boutros CL et al. Delivering 
genes across the blood-brain barrier: LY6A, a novel cellular receptor for AAV-
PHP.B capsids [Internet]. bioRxiv; 2019. Available from: ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​0​1​
/​5​3​8​4​2​1​​​​​​​

71.	 Ayloo S, Lazo CG, Sun S, Zhang W, Cui B, Gu C. Pericyte-to-endothelial cell 
signaling via vitronectin-integrin regulates blood-CNS barrier. Neuron. 
2022;110(10):1641–e556.

72.	 Pietilä R, Del Gaudio F, He L, Vázquez-Liébanas E, Vanlandewijck M, Muhl 
L, et al. Molecular anatomy of adult mouse leptomeninges. Neuron. 
2023;111(23):3745–e647.

73.	 Wilson DM 3rd, Cookson MR, Van Den Bosch L, Zetterberg H, Holtzman 
DM, Dewachter I. Hallmarks of neurodegenerative diseases. Cell. 
2023;186(4):693–714.

74.	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of 
aging: an expanding universe. Cell. 2023;186(2):243–78.

75.	 Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X. Molecular and 
spatial signatures of mouse brain aging at single-cell resolution. Cell. 
2023;186(1):194–e20818.

76.	 Ximerakis M, Lipnick SL, Innes BT, Simmons SK, Adiconis X, Dionne D, et al. 
Single-cell transcriptomic profiling of the aging mouse brain. Nat Neurosci. 
2019;22(10):1696–708.

77.	 Bunting EL, Hamilton J, Tabrizi SJ. Polyglutamine diseases. Curr Opin Neuro-
biol. 2022;72:39–47.

78.	 Shao J, Diamond MI. Polyglutamine diseases: emerging concepts in patho-
genesis and therapy. Hum Mol Genet. 2007;16(2R2):R115–23.

79.	 Genetic Modifiers of Huntington’s Disease (GeM-HD) Consortium. Electronic 
address: gusella@helix.mgh.harvard.edu, genetic modifiers of Huntington’s 
Disease (GeM-HD) Consortium. CAG repeat not polyglutamine length deter-
mines timing of Huntington’s disease onset. Cell. 2019;178(4):887–e90014.

80.	 Maiuri T, Hung CLK, Suart C, Begeja N, Barba-Bazan C, Peng Y, et al. DNA repair 
in Huntington’s disease and spinocerebellar ataxias: somatic instability and 
alternative hypotheses. J Huntingtons Dis. 2021;10(1):165–73.

81.	 Piao X, Li D, Liu H, Guo Q, Yu Y. Advances in gene and cellular therapeutic 
approaches for Huntington’s disease. Protein Cell [Internet]. 2024; Available 
from: https:/​/doi.or​g/10.10​93/p​rocel/pwae042

82.	 Velázquez-Pérez L, Medrano-Montero J, Rodríguez-Labrada R, Canales-
Ochoa N, Campins Alí J, Carrillo Rodes FJ, et al. Hereditary ataxias in Cuba: a 
nationwide epidemiological and clinical study in 1001 patients. Cerebellum. 
2020;19(2):252–64.

83.	 Chung MY, Ranum LP, Duvick LA, Servadio A, Zoghbi HY, Orr HT. Evidence 
for a mechanism predisposing to intergenerational CAG repeat instability in 
spinocerebellar ataxia type I. Nat Genet. 1993;5(3):254–8.

84.	 DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Ruth-
erford NJ, et al. Expanded GGGGCC hexanucleotide repeat in noncoding 
region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron. 
2011;72(2):245–56.

85.	 Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, Gibbs JR, et al. 
A hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome 
9p21-linked ALS-FTD. Neuron. 2011;72(2):257–68.

86.	 Couratier P, Corcia P, Lautrette G, Nicol M, Marin B. ALS and frontotempo-
ral dementia belong to a common disease spectrum. Rev Neurol (Paris). 
2017;173(5):273–9.

87.	 Ravits J, Paul P, Jorg C. Focality of upper and lower motor neuron degenera-
tion at the clinical onset of ALS. Neurology. 2007;68(19):1571–5.

88.	 Santillo AF, Nilsson C, Englund E. Von Economo neurones are selectively 
targeted in frontotemporal dementia. Neuropathol Appl Neurobiol. 
2013;39(5):572–9.

89.	 van Rheenen W, van der Spek RAA, Bakker MK, van Vugt JJFA, Hop PJ, Zwam-
born RAJ, et al. Common and rare variant association analyses in amyotrophic 
lateral sclerosis identify 15 risk loci with distinct genetic architectures and 
neuron-specific biology. Nat Genet. 2021;53(12):1636–48.

90.	 Kirola L, Mukherjee A, Mutsuddi M. Recent updates on the genetics of 
amyotrophic lateral sclerosis and frontotemporal dementia. Mol Neurobiol. 
2022;59(9):5673–94.

91.	 Brichta L, Greengard P. Molecular determinants of selective dopaminer-
gic vulnerability in Parkinsonâ€TMs disease: an update. Front Neuroanat. 
2014;8:152.

92.	 Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres-Ciga S, Chang D, 
et al. Identification of novel risk loci, causal insights, and heritable risk for Par-
kinson’s disease: a meta-analysis of genome-wide association studies. Lancet 
Neurol. 2019;18(12):1091–102.

93.	 Price KS, Farley IJ, Hornykiewicz O. Neurochemistry of Parkinson’s disease: 
relation between striatal and limbic dopamine. Adv Biochem Psychopharma-
col. 1978;19:293–300.

94.	 Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models. Neu-
ron. 2003;39(6):889–909.

95.	 Wang Q, Wang M, Choi I, Sarrafha L, Liang M, Ho L, et al. Molecular profiling 
of human substantia nigra identifies diverse neuron types associated with 
vulnerability in Parkinson’s disease. Sci Adv. 2024;10(2):eadi8287.

96.	 Hyman BT, Van Hoesen GW, Damasio AR, Barnes CL. Alzheimer’s disease: 
cell-specific pathology isolates the hippocampal formation. Science. 
1984;225(4667):1168–70.

https://doi.org/10.1126/scisignal.aag2476
https://doi.org/10.1126/scisignal.aag2476
https://doi.org/10.1101/538421
https://doi.org/10.1101/538421
https://doi.org/10.1093/procel/pwae042


Page 19 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

97.	 Morrison JH, Hof PR. Selective vulnerability of corticocortical and hippocam-
pal circuits in aging and Alzheimer’s disease. Prog Brain Res. 2002;136:467–86.

98.	 Stranahan AM, Mattson MP. Selective vulnerability of neurons in layer II of 
the entorhinal cortex during aging and Alzheimer’s disease. Neural Plast. 
2010;2010:108190.

99.	 Wightman DP, Jansen IE, Savage JE, Shadrin AA, Bahrami S, Holland D, et al. A 
genome-wide association study with 1,126,563 individuals identifies new risk 
loci for Alzheimer’s disease. Nat Genet. 2021;53(9):1276–82.

100.	 Prokopenko D, Morgan SL, Mullin K, Hofmann O, Chapman B, Kirchner R, et 
al. Whole-genome sequencing reveals new Alzheimer’s disease-associated 
rare variants in loci related to synaptic function and neuronal development. 
Alzheimers Dement. 2021;17(9):1509–27.

101.	 Sun N, Akay LA, Murdock MH, Park Y, Galiana-Melendez F, Bubnys A, et al. 
Single-nucleus multiregion transcriptomic analysis of brain vasculature in 
Alzheimer’s disease. Nat Neurosci. 2023;26(6):970–82.

102.	 Iadecola C. The pathobiology of vascular dementia. Neuron. 
2013;80(4):844–66.

103.	 Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, Iadecola C, et al. 
Vascular contributions to cognitive impairment and dementia: a statement 
for healthcare professionals from the American heart association/american 
stroke association. Stroke. 2011;42(9):2672–713.

104.	 Jellinger KA. Pathology and pathogenesis of vascular cognitive impairment-a 
critical update. Front Aging Neurosci. 2013;5:17.

105.	 Attems J, Jellinger K, Thal DR, Van Nostrand W. Review: sporadic cerebral 
amyloid angiopathy. Neuropathol Appl Neurobiol. 2011;37(1):75–93.

106.	 Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG. Cadasil 
Lancet Neurol. 2009;8(7):643–53.

107.	 Chabriat H, Levy C, Taillia H, Iba-Zizen MT, Vahedi K, Joutel A, et al. Patterns of 
MRI lesions in CADASIL. Neurology. 1998;51(2):452–7.

108.	 O’Sullivan M, Ngo E, Viswanathan A, Jouvent E, Gschwendtner A, Saemann 
PG, et al. Hippocampal volume is an independent predictor of cognitive 
performance in CADASIL. Neurobiol Aging. 2009;30(6):890–7.

109.	 Yamamoto Y, Hase Y, Ihara M, Khundakar A, Roeber S, Duering M, et al. 
Neuronal densities and vascular pathology in the hippocampal formation in 
CADASIL. Neurobiol Aging. 2021;97:33–40.

110.	 Tikka S, Baumann M, Siitonen M, Pasanen P, Pöyhönen M, Myllykangas L, et al. 
CADASIL and CARASIL. Brain Pathol. 2014;24(5):525–44.

111.	 Fukutake T. Cerebral autosomal recessive arteriopathy with subcortical 
infarcts and leukoencephalopathy (CARASIL): from discovery to gene identifi-
cation. J Stroke Cerebrovasc Dis. 2011;20(2):85–93.

112.	 Donzuso G, Mostile G, Nicoletti A, Zappia M. Basal ganglia calcifications 
(Fahr’s syndrome): related conditions and clinical features. Neurol Sci. 
2019;40(11):2251–63.

113.	 Tadic V, Westenberger A, Domingo A, Alvarez-Fischer D, Klein C, Kasten M. 
Primary familial brain calcification with known gene mutations: a systematic 
review and challenges of phenotypic characterization. JAMA Neurol. 
2015;72(4):460–7.

114.	 Chen SY, Ho CJ, Lu YT, Lin CH, Lan MY, Tsai MH. The genetics of primary famil-
ial brain calcification: A literature review. Int J Mol Sci [Internet]. 2023;24(13). 
Available from: https:/​/doi.or​g/10.33​90/i​jms241310886

115.	 Sproule DM, Kaufmann P. Mitochondrial encephalopathy, lactic acidosis, 
and strokelike episodes: basic concepts, clinical phenotype, and therapeutic 
management of MELAS syndrome. Ann N Y Acad Sci. 2008;1142(1):133–58.

116.	 Huang CC, Chen RS, Chen CM, Wang HS, Lee CC, Pang CY, et al. MELAS 
syndrome with mitochondrial tRNA(Leu(UUR)) gene mutation in a Chinese 
family. J Neurol Neurosurg Psychiatry. 1994;57(5):586–9.

117.	 Sakuta R, Nonaka I. Vascular involvement in mitochondrial myopathy. Ann 
Neurol. 1989;25(6):594–601.

118.	 Betts J, Jaros E, Perry RH, Schaefer AM, Taylor RW, Abdel-All Z, et al. Molecular 
neuropathology of MELAS: level of heteroplasmy in individual neurones and 
evidence of extensive vascular involvement. Neuropathol Appl Neurobiol. 
2006;32(4):359–73.

119.	 Majamaa K, Moilanen JS, Uimonen S, Remes AM, Salmela PI, Kärppä M, et al. 
Epidemiology of A3243G, the mutation for mitochondrial encephalomyopa-
thy, lactic acidosis, and strokelike episodes: prevalence of the mutation in an 
adult population. Am J Hum Genet. 1998;63(2):447–54.

120.	 Zheng H, Zhang X, Tian L, Liu B, He X, Wang L, et al. Mitochondrial encepha-
lomyopathy with lactic acidosis and stroke-like episodes with an MT-TL1 
m.3243A > G point mutation: neuroradiological features and their implica-
tions for underlying pathogenesis. Front Neurosci. 2022;16:1028762.

121.	 Hirao K, Ohnishi T, Hirata Y, Yamashita F, Mori T, Moriguchi Y, et al. The predic-
tion of rapid conversion to Alzheimer’s disease in mild cognitive impairment 
using regional cerebral blood flow SPECT. NeuroImage. 2005;28(4):1014–21.

122.	 Alsop DC, Casement M, de Bazelaire C, Fong T, Press DZ. Hippocampal hyper-
perfusion in Alzheimer’s disease. NeuroImage. 2008;42(4):1267–74.

123.	 Thambisetty M, Beason-Held L, An Y, Kraut MA, Resnick SM. APOE epsilon4 
genotype and longitudinal changes in cerebral blood flow in normal aging. 
Arch Neurol. 2010;67(1):93–8.

124.	 Melzer TR, Watts R, MacAskill MR, Pearson JF, Rüeger S, Pitcher TL, et al. Arterial 
spin labelling reveals an abnormal cerebral perfusion pattern in Parkinson’s 
disease. Brain. 2011;134(Pt 3):845–55.

125.	 Syrimi ZJ, Vojtisek L, Eliasova I, Viskova J, Svatkova A, Vanicek J, et al. 
Arterial spin labelling detects posterior cortical hypoperfusion in non-
demented patients with Parkinson’s disease. J Neural Transm (Vienna). 
2017;124(5):551–7.

126.	 Deo AK, Borson S, Link JM, Domino K, Eary JF, Ke B, et al. Activity of P-glyco-
protein, a β-amyloid transporter at the blood-brain barrier, is compromised in 
patients with mild Alzheimer disease. J Nucl Med. 2014;55(7):1106–11.

127.	 Kortekaas R, Leenders KL, van Oostrom JCH, Vaalburg W, Bart J, Willemsen 
ATM, et al. Blood-brain barrier dysfunction in parkinsonian midbrain in vivo. 
Ann Neurol. 2005;57(2):176–9.

128.	 Rule RR, Schuff N, Miller RG, Weiner MW. Gray Matter perfusion correlates 
with disease severity in ALS. Neurology. 2010;74(10):821–7.

129.	 Murphy MJ, Grace GM, Tartaglia MC, Orange JB, Chen X, Rowe A, et al. Wide-
spread cerebral haemodynamics disturbances occur early in amyotrophic 
lateral sclerosis. Amyotroph Lateral Scler. 2012;13(2):202–9.

130.	 Chen JJ, Salat DH, Rosas HD. Complex relationships between cerebral 
blood flow and brain atrophy in early Huntington’s disease. NeuroImage. 
2012;59(2):1043–51.

131.	 Harris GJ, Codori AM, Lewis RF, Schmidt E, Bedi A, Brandt J. Reduced basal 
ganglia blood flow and volume in pre-symptomatic, gene-tested persons 
at-risk for Huntington’s disease. Brain. 1999;122(Pt 9):1667–78.

132.	 Feigin A, Leenders KL, Moeller JR, Missimer J, Kuenig G, Spetsieris P, et al. 
Metabolic network abnormalities in early Huntington’s disease: an [(18)F]FDG 
PET study. J Nucl Med. 2001;42(11):1591–5.

133.	 Ingrisch M, Sourbron S, Herberich S, Schneider MJ, Kümpfel T, Hohlfeld R, et 
al. Dynamic contrast-enhanced magnetic resonance imaging suggests nor-
mal perfusion in normal-appearing white matter in multiple sclerosis. Invest 
Radiol. 2017;52(3):135–41.

134.	 Verheggen ICM, de Jong JJA, van Boxtel MPJ, Gronenschild EHBM, Palm WM, 
Postma AA, et al. Increase in blood-brain barrier leakage in healthy, older 
adults. GeroScience. 2020;42(4):1183–93.

135.	 Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, et al. 
Blood-brain barrier breakdown in the aging human hippocampus. Neuron. 
2015;85(2):296–302.

136.	 Montagne A, Nation DA, Pa J, Sweeney MD, Toga AW, Zlokovic BV. Brain imag-
ing of neurovascular dysfunction in Alzheimer’s disease. Acta Neuropathol. 
2016;131(5):687–707.

137.	 Al-Bachari S, Naish JH, Parker GJM, Emsley HCA, Parkes LM. Blood-brain barrier 
leakage is increased in Parkinson’s disease. Front Physiol. 2020;11:593026.

138.	 Drouin-Ouellet J, Sawiak SJ, Cisbani G, Lagacé M, Kuan WL, Saint-Pierre M, 
et al. Cerebrovascular and blood-brain barrier impairments in Hunting-
ton’s disease: potential implications for its pathophysiology. Ann Neurol. 
2015;78(2):160–77.

139.	 Cramer SP, Simonsen H, Frederiksen JL, Rostrup E, Larsson HBW. Abnormal 
blood-brain barrier permeability in normal appearing white matter in mul-
tiple sclerosis investigated by MRI. NeuroImage Clin. 2014;4:182–9.

140.	 Di Pardo A, Amico E, Scalabrì F, Pepe G, Castaldo S, Elifani F, et al. Impairment 
of blood-brain barrier is an early event in R6/2 mouse model of Huntington 
Disease. Sci Rep. 2017;7:41316.

141.	 Lim RG, Quan C, Reyes-Ortiz AM, Lutz SE, Kedaigle AJ, Gipson TA, et al. 
Huntington’s disease iPSC-derived brain microvascular endothelial cells 
reveal WNT-mediated angiogenic and blood-brain barrier deficits. Cell Rep. 
2017;19(7):1365–77.

142.	 Padel T, Roth M, Gaceb A, Li JY, Björkqvist M, Paul G. Brain pericyte activation 
occurs early in Huntington’s disease. Exp Neurol. 2018;305:139–50.

143.	 Duarte Lobo D, Nobre RJ, Oliveira Miranda C, Pereira D, Castelhano J, Sereno 
J, et al. The blood-brain barrier is disrupted in Machado-Joseph disease/
spinocerebellar ataxia type 3: evidence from transgenic mice and human 
post-mortem samples. Acta Neuropathol Commun. 2020;8(1):152.

https://doi.org/10.3390/ijms241310886


Page 20 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

144.	 Miyazaki K, Ohta Y, Nagai M, Morimoto N, Kurata T, Takehisa Y, et al. Disruption 
of neurovascular unit prior to motor neuron degeneration in amyotrophic 
lateral sclerosis. J Neurosci Res. 2011;89(5):718–28.

145.	 Winkler EA, Sengillo JD, Sullivan JS, Henkel JS, Appel SH, Zlokovic BV. Blood-
spinal cord barrier breakdown and pericyte reductions in amyotrophic lateral 
sclerosis. Acta Neuropathol. 2013;125(1):111–20.

146.	 Yamadera M, Fujimura H, Inoue K, Toyooka K, Mori C, Hirano H, et al. Micro-
vascular disturbance with decreased pericyte coverage is prominent in the 
ventral horn of patients with amyotrophic lateral sclerosis. Amyotroph Lateral 
Scler Frontotemporal Degener. 2015;16(5–6):393–401.

147.	 Sasaki S. Alterations of the blood-spinal cord barrier in sporadic amyotrophic 
lateral sclerosis. Neuropathology. 2015;35(6):518–28.

148.	 Nicaise C, Mitrecic D, Demetter P, De Decker R, Authelet M, Boom A, et al. 
Impaired blood-brain and blood-spinal cord barriers in mutant SOD1-linked 
ALS rat. Brain Res. 2009;1301:152–62.

149.	 Garbuzova-Davis S, Haller E, Saporta S, Kolomey I, Nicosia SV, Sanberg PR. 
Ultrastructure of blood-brain barrier and blood-spinal cord barrier in SOD1 
mice modeling ALS. Brain Res. 2007;1157:126–37.

150.	 Garbuzova-Davis S, Saporta S, Haller E, Kolomey I, Bennett SP, Potter H, et al. 
Evidence of compromised blood-spinal cord barrier in early and late symp-
tomatic SOD1 mice modeling ALS. PLoS ONE. 2007;2(11):e1205.

151.	 Zhong Z, Deane R, Ali Z, Parisi M, Shapovalov Y, O’Banion MK, et al. ALS-
causing SOD1 mutants generate vascular changes prior to motor neuron 
degeneration. Nat Neurosci. 2008;11(4):420–2.

152.	 Schmid B, Hruscha A, Hogl S, Banzhaf-Strathmann J, Strecker K, van der Zee J, 
et al. Loss of ALS-associated TDP-43 in zebrafish causes muscle degeneration, 
vascular dysfunction, and reduced motor neuron axon outgrowth. Proc Natl 
Acad Sci U S A. 2013;110(13):4986–91.

153.	 Sasaki S, Iguchi Y, Katsuno M, Sobue G. Alterations in the blood-spinal cord 
barrier in TDP-43 conditional knockout mice. Neurosci Lett. 2015;598:1–5.

154.	 Lin WL, Castanedes-Casey M, Dickson DW. Transactivation response DNA-
binding protein 43 microvasculopathy in frontotemporal degeneration and 
familial Lewy body disease. J Neuropathol Exp Neurol. 2009;68(11):1167–76.

155.	 Ferrer I, Andrés-Benito P, Carmona M, Assialioui A, Povedano M. TDP-43 
vasculopathy in the spinal cord in sporadic amyotrophic lateral sclerosis 
(sALS) and frontal cortex in sALS/FTLD-TDP. J Neuropathol Exp Neurol. 
2021;80(3):229–39.

156.	 Arribas V, Onetti Y, Ramiro-Pareta M, Villacampa P, Beck H, Alberola M et al. 
Endothelial TDP-43 controls sprouting angiogenesis and vascular barrier 
integrity, and its deletion triggers neuroinflammation. JCI Insight [Internet]. 
2024;9(5). Available from: https:/​/doi.or​g/10.11​72/j​ci.insight.177819

157.	 Cheemala A, Kimble AL, Tyburski JD, Leclair NK, Zuberi AR, Murphy M et al. 
Loss of endothelial TDP-43 leads to blood brain barrier defects in mouse 
models of Amyotrophic Lateral Sclerosis and frontotemporal dementia. 
bioRxivorg [Internet]. 2023; Available from: ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​0​1​/​2​0​2​3​.​1​2​.​1​
3​.​5​7​1​1​8​4​​​​​​​

158.	 Ouellette J, Lacoste B. From neurodevelopmental to neurodegenerative 
disorders: the vascular continuum. Front Aging Neurosci. 2021;13:749026.

159.	 Bogale TA, Faustini G, Longhena F, Mitola S, Pizzi M, Bellucci A. Alpha-synu-
clein in the regulation of brain endothelial and perivascular cells: gaps and 
future perspectives. Front Immunol. 2021;12:611761.

160.	 Yang P, Pavlovic D, Waldvogel H, Dragunow M, Synek B, Turner C, et al. String 
vessel formation is increased in the brain of Parkinson disease. J Parkinsons 
Dis. 2015;5(4):821–36.

161.	 Barcia C, Bautista V, Sánchez-Bahillo A, Fernández-Villalba E, Faucheux B, 
Poza y Poza M, et al. Changes in vascularization in substantia nigra pars 
compacta of monkeys rendered parkinsonian. J Neural Transm (Vienna). 
2005;112(9):1237–48.

162.	 Schröter N, Blazhenets G, Frings L, Jost WH, Weiller C, Rijntjes M, et al. Nigral 
glucose metabolism as a diagnostic marker of neurodegenerative parkinso-
nian syndromes. NPJ Parkinsons Dis. 2022;8(1):123.

163.	 Tamo W, Imaizumi T, Tanji K, Yoshida H, Mori F, Yoshimoto M, et al. Expres-
sion of alpha-synuclein, the precursor of non-amyloid beta component of 
Alzheimer’s disease amyloid, in human cerebral blood vessels. Neurosci Lett. 
2002;326(1):5–8.

164.	 Zou W, Pu T, Feng W, Lu M, Zheng Y, Du R, et al. Blocking meningeal lymphatic 
drainage aggravates Parkinson’s disease-like pathology in mice overexpress-
ing mutated α-synuclein. Transl Neurodegener. 2019;8(1):7.

165.	 Lan G, Wang P, Chan RB, Liu Z, Yu Z, Liu X, et al. Astrocytic VEGFA: an essential 
mediator in blood-brain-barrier disruption in Parkinson’s disease. Glia. 
2022;70(2):337–53.

166.	 Elabi O, Gaceb A, Carlsson R, Padel T, Soylu-Kucharz R, Cortijo I, et al. Human 
α-synuclein overexpression in a mouse model of Parkinson’s disease leads to 
vascular pathology, blood brain barrier leakage and pericyte activation. Sci 
Rep. 2021;11(1):1120.

167.	 Sengillo JD, Winkler EA, Walker CT, Sullivan JS, Johnson M, Zlokovic BV. Defi-
ciency in mural vascular cells coincides with blood-brain barrier disruption in 
Alzheimer’s disease. Brain Pathol. 2013;23(3):303–10.

168.	 Hultman K, Strickland S, Norris EH. The APOE ɛ4/ɛ4 genotype potentiates 
vascular fibrin(ogen) deposition in amyloid-laden vessels in the brains of 
Alzheimer’s disease patients. J Cereb Blood Flow Metab. 2013;33(8):1251–8.

169.	 Huang Z, Wong LW, Su Y, Huang X, Wang N, Chen H, et al. Blood-brain barrier 
integrity in the pathogenesis of Alzheimer’s disease. Front Neuroendocrinol. 
2020;59(100857):100857.

170.	 Brown WR. A review of string vessels or collapsed, empty basement mem-
brane tubes. J Alzheimers Dis. 2010;21(3):725–39.

171.	 Perlmutter LS, Chui HC. Microangiopathy, the vascular basement membrane 
and Alzheimer’s disease: a review. Brain Res Bull. 1990;24(5):677–86.

172.	 Challa VR, Thore CR, Moody DM, Anstrom JA, Brown WR. Increase of white 
matter string vessels in Alzheimer’s disease. J Alzheimers Dis. 2004;6(4):379–
83. discussion 443–9.

173.	 Storck SE, Meister S, Nahrath J, Meißner JN, Schubert N, Di Spiezio A, et al. 
Endothelial LRP1 transports amyloid-β(1–42) across the blood-brain barrier. J 
Clin Invest. 2016;126(1):123–36.

174.	 Thomas RS, Henson A, Gerrish A, Jones L, Williams J, Kidd EJ. Decreasing the 
expression of PICALM reduces endocytosis and the activity of β-secretase: 
implications for Alzheimer’s disease. BMC Neurosci [Internet]. 2016;17(1). 
Available from: https:/​/doi.or​g/10.11​86/s​12868-016-0288-1

175.	 Ando K, Brion JP, Stygelbout V, Suain V, Authelet M, Dedecker R, et al. Clathrin 
adaptor CALM/PICALM is associated with neurofibrillary tangles and is 
cleaved in Alzheimer’s brains. Acta Neuropathol. 2013;125(6):861–78.

176.	 Kitazume S, Tachida Y, Kato M, Yamaguchi Y, Honda T, Hashimoto Y, et al. 
Brain endothelial cells produce amyloid {beta} from amyloid precursor 
protein 770 and preferentially secrete the O-glycosylated form. J Biol Chem. 
2010;285(51):40097–103.

177.	 Zhao F, Zhong L, Luo Y. Endothelial glycocalyx as an important factor in 
composition of blood-brain barrier. CNS Neurosci Ther. 2021;27(1):26–35.

178.	 Donahue JE, Johanson CE, Apolipoprotein E. amyloid-beta, and blood-
brain barrier permeability in Alzheimer disease. J Neuropathol Exp Neurol. 
2008;67(4):261–70.

179.	 Fullerton SM, Shirman GA, Strittmatter WJ, Matthew WD. Impairment of the 
blood-nerve and blood-brain barriers in apolipoprotein e knockout mice. Exp 
Neurol. 2001;169(1):13–22.

180.	 Salloway S, Gur T, Berzin T, Tavares R, Zipser B, Correia S, et al. Effect of APOE 
genotype on microvascular basement membrane in Alzheimer’s disease. J 
Neurol Sci. 2002;203–204:183–7.

181.	 Yamazaki Y, Liu CC, Yamazaki A, Shue F, Martens YA, Chen Y, et al. Vascular 
ApoE4 impairs behavior by modulating gliovascular function. Neuron. 
2021;109(3):438–e476.

182.	 Fryer JD, Simmons K, Parsadanian M, Bales KR, Paul SM, Sullivan PM, et al. 
Human apolipoprotein E4 alters the amyloid-beta 40:42 ratio and promotes 
the formation of cerebral amyloid angiopathy in an amyloid precursor pro-
tein transgenic model. J Neurosci. 2005;25(11):2803–10.

183.	 Donahue JE, Flaherty SL, Johanson CE, Duncan JA 3rd, Silverberg GD, Miller 
MC, et al. RAGE, LRP-1, and amyloid-beta protein in Alzheimer’s disease. Acta 
Neuropathol. 2006;112(4):405–15.

184.	 Anfray A, Schaeffer S, Hattori Y, Santisteban MM, Casey N, Wang G, et al. A 
cell-autonomous role for border-associated macrophages in ApoE4 neuro-
vascular dysfunction and susceptibility to white matter injury. Nat Neurosci. 
2024;27(11):2138–51.

185.	 Uekawa K, Hattori Y, Ahn SJ, Seo J, Casey N, Anfray A, et al. Border-associated 
macrophages promote cerebral amyloid angiopathy and cognitive impair-
ment through vascular oxidative stress. Mol Neurodegener. 2023;18(1):73.

186.	 Merlini M, Wanner D, Nitsch RM. Tau pathology-dependent remodelling of 
cerebral arteries precedes Alzheimer’s disease-related microvascular cerebral 
amyloid angiopathy. Acta Neuropathol. 2016;131(5):737–52.

187.	 Castillo-Carranza DL, Nilson AN, Van Skike CE, Jahrling JB, Patel K, Garach P, 
et al. Cerebral microvascular accumulation of tau oligomers in Alzheimer’s 
disease and related tauopathies. Aging Dis. 2017;8(3):257–66.

188.	 Bennett RE, Robbins AB, Hu M, Cao X, Betensky RA, Clark T, et al. Tau induces 
blood vessel abnormalities and angiogenesis-related gene expression in 
P301L transgenic mice and human Alzheimer’s disease. Proc Natl Acad Sci U 
S A. 2018;115(6):E1289–98.

https://doi.org/10.1172/jci.insight.177819
https://doi.org/10.1101/2023.12.13.571184
https://doi.org/10.1101/2023.12.13.571184
https://doi.org/10.1186/s12868-016-0288-1


Page 21 of 21Garcia and Heiman Molecular Neurodegeneration           (2025) 20:13 

189.	 Forman MS, Lal D, Zhang B, Dabir DV, Swanson E, Lee VMY, et al. Transgenic 
mouse model of tau pathology in astrocytes leading to nervous system 
degeneration. J Neurosci. 2005;25(14):3539–50.

190.	 Hussong SA, Banh AQ, Van Skike CE, Dorigatti AO, Hernandez SF, Hart MJ, et 
al. Soluble pathogenic tau enters brain vascular endothelial cells and drives 
cellular senescence and brain microvascular dysfunction in a mouse model 
of tauopathy. Nat Commun. 2023;14(1):2367.

191.	 Park L, Hochrainer K, Hattori Y, Ahn SJ, Anfray A, Wang G, et al. Tau induces 
PSD95-neuronal NOS uncoupling and neurovascular dysfunction indepen-
dent of neurodegeneration. Nat Neurosci. 2020;23(9):1079–89.

192.	 Canepa E, Fossati S. Impact of tau on neurovascular pathology in Alzheimer’s 
disease. Front Neurol. 2020;11:573324.

193.	 Lehtinen MK, Bjornsson CS, Dymecki SM, Gilbertson RJ, Holtzman DM, 
Monuki ES. The choroid plexus and cerebrospinal fluid: emerging roles in 
development, disease, and therapy. J Neurosci. 2013;33(45):17553–9.

194.	 Dani N, Herbst RH, McCabe C, Green GS, Kaiser K, Head JP, et al. A cellular 
and spatial map of the choroid plexus across brain ventricles and ages. Cell. 
2021;184(11):3056–e7421.

195.	 Hunter NL, Dymecki SM. Molecularly and temporally separable lineages form 
the hindbrain roof plate and contribute differentially to the choroid plexus. 
Development. 2007;134(19):3449–60.

196.	 Fame RM, Kalugin PN, Petrova B, Xu H, Soden PA, Shipley FB, et al. Defining 
diurnal fluctuations in mouse choroid plexus and CSF at high molecular, 
spatial, and temporal resolution. Nat Commun. 2023;14(1):3720.

197.	 Pulido RS, Munji RN, Chan TC, Quirk CR, Weiner GA, Weger BD, et al. Neuronal 
activity regulates blood-brain barrier efflux transport through endothelial 
circadian genes. Neuron. 2020;108(5):937–e527.

198.	 Nabeshima S, Reese TS, Landis DM, Brightman MW. Junctions in the menin-
ges and marginal glia. J Comp Neurol. 1975;164(2):127–69.

199.	 Rustenhoven J, Drieu A, Mamuladze T, de Lima KA, Dykstra T, Wall M, et al. 
Functional characterization of the dural sinuses as a neuroimmune interface. 
Cell. 2021;184(4):1000–e1627.

200.	 Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Struc-
tural and functional features of central nervous system lymphatic vessels. 
Nature. 2015;523(7560):337–41.

201.	 Antila S, Chilov D, Nurmi H, Li Z, Näsi A, Gotkiewicz M, et al. Sustained 
meningeal lymphatic vessel atrophy or expansion does not alter Alzheimer’s 
disease-related amyloid pathology. Nat Cardiovasc Res. 2024;3:474–91.

202.	 Reitsma S, Slaaf DW, Vink H, van Zandvoort MAMJ, oude Egbrink MGA. The 
endothelial glycocalyx: composition, functions, and visualization. Pflugers 
Arch. 2007;454(3):345–59.

203.	 Kutuzov N, Flyvbjerg H, Lauritzen M. Contributions of the glycocalyx, endo-
thelium, and extravascular compartment to the blood-brain barrier. Proc Natl 
Acad Sci U S A. 2018;115(40):E9429–38.

204.	 Ando Y, Okada H, Takemura G, Suzuki K, Takada C, Tomita H, et al. Brain-
specific ultrastructure of capillary endothelial glycocalyx and its possible 
contribution for blood brain barrier. Sci Rep. 2018;8(1):17523.

205.	 Da Mesquita S, Papadopoulos Z, Dykstra T, Brase L, Farias FG, Wall M, et al. 
Meningeal lymphatics affect microglia responses and anti-Aβ immunother-
apy. Nature. 2021;593(7858):255–60.

206.	 Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore KM, 
et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer’s 
disease. Nature. 2018;560(7717):185–91.

207.	 Reed MJ, Damodarasamy M, Banks WA. The extracellular matrix of the blood-
brain barrier: structural and functional roles in health, aging, and Alzheimer’s 
disease. Tissue Barriers. 2019;7(4):1651157.

208.	 Liu H, Chen L, Zhang C, Liu C, Li Y, Cheng L et al. Glymphatic influx and clear-
ance are perturbed in Huntington’s disease. JCI Insight [Internet]. 2024;9(20). 
Available from: https:/​/doi.or​g/10.11​72/j​ci.insight.172286

209.	 Rinaldi C, Wood MJA. Antisense oligonucleotides: the next frontier for treat-
ment of neurological disorders. Nat Rev Neurol. 2018;14(1):9–21.

210.	 Kingwell K. Double setback for ASO trials in Huntington disease. Nat Rev 
Drug Discov. 2021;20(6):412–3.

211.	 Barker SJ, Thayer MB, Kim C, Tatarakis D, Simon MJ, Dial R, et al. Targeting the 
transferrin receptor to transport antisense oligonucleotides across the mam-
malian blood-brain barrier. Sci Transl Med. 2024;16(760):eadi2245.

212.	 Preston JE, Joan Abbott N, Begley DJ. Transcytosis of macromolecules at the 
blood-brain barrier. Adv Pharmacol. 2014;71:147–63.

213.	 Lajoie JM, Shusta EV. Targeting receptor-mediated transport for delivery 
of biologics across the blood-brain barrier. Annu Rev Pharmacol Toxicol. 
2015;55(1):613–31.

214.	 Yu YJ, Watts RJ. Developing therapeutic antibodies for neurodegenerative 
disease. Neurotherapeutics. 2013;10(3):459–72.

215.	 Kariolis MS, Wells RC, Getz JA, Kwan W, Mahon CS, Tong R, et al. Brain delivery 
of therapeutic proteins using an fc fragment blood-brain barrier transport 
vehicle in mice and monkeys. Sci Transl Med. 2020;12(545):eaay1359.

216.	 Ullman JC, Arguello A, Getz JA, Bhalla A, Mahon CS, Wang J, et al. Brain deliv-
ery and activity of a lysosomal enzyme using a blood-brain barrier transport 
vehicle in mice. Sci Transl Med. 2020;12(545):eaay1163.

217.	 Logan T, Simon MJ, Rana A, Cherf GM, Srivastava A, Davis SS, et al. Rescue 
of a lysosomal storage disorder caused by Grn loss of function with a brain 
penetrant progranulin biologic. Cell. 2021;184(18):4651–e6825.

218.	 Zuchero YJY, Chen X, Bien-Ly N, Bumbaca D, Tong RK, Gao X, et al. Discovery 
of novel blood-brain barrier targets to enhance brain uptake of therapeutic 
antibodies. Neuron. 2016;89(1):70–82.

219.	 Chew KS, Wells RC, Moshkforoush A, Chan D, Lechtenberg KJ, Tran HL, et 
al. CD98hc is a target for brain delivery of biotherapeutics. Nat Commun. 
2023;14(1):5053.

220.	 Deverman BE, Pravdo PL, Simpson BP, Kumar SR, Chan KY, Banerjee A, et al. 
Cre-dependent selection yields AAV variants for widespread gene transfer to 
the adult brain. Nat Biotechnol. 2016;34(2):204–9.

221.	 Chan KY, Jang MJ, Yoo BB, Greenbaum A, Ravi N, Wu WL, et al. Engineered 
AAVs for efficient noninvasive gene delivery to the central and peripheral 
nervous systems. Nat Neurosci. 2017;20(8):1172–9.

222.	 Challis RC, Ravindra Kumar S, Chan KY, Challis C, Beadle K, Jang MJ, et al. 
Systemic AAV vectors for widespread and targeted gene delivery in rodents. 
Nat Protoc. 2019;14(2):379–414.

223.	 Hordeaux J, Yuan Y, Clark PM, Wang Q, Martino RA, Sims JJ, et al. The GPI-
linked protein LY6A drives AAV-PHP.B transport across the blood-brain barrier. 
Mol Ther. 2019;27(5):912–21.

224.	 Shay TF, Jang S, Brittain TJ, Chen X, Walker B, Tebbutt C, et al. Human cell 
surface-AAV interactomes identify LRP6 as blood-brain barrier transcyto-
sis receptor and immune cytokine IL3 as AAV9 binder. Nat Commun. 
2024;15(1):7853.

225.	 Shay TF, Sullivan EE, Ding X, Chen X, Ravindra Kumar S, Goertsen D, et al. 
Primate-conserved carbonic anhydrase IV and murine-restricted LY6C1 
enable blood-brain barrier crossing by engineered viral vectors. Sci Adv. 
2023;9(16):eadg6618.

226.	 Fornes O, Av-Shalom TV, Korecki AJ, Farkas RA, Arenillas DJ, Mathelier A, et al. 
OnTarget: in silico design of MiniPromoters for targeted delivery of expres-
sion. Nucleic Acids Res. 2023;51(W1):W379–86.

227.	 de Leeuw CN, Korecki AJ, Berry GE, Hickmott JW, Lam SL, Lengyell TC et al. 
rAAV-compatible MiniPromoters for restricted expression in the brain and 
eye. Mol Brain [Internet]. 2016;9(1). Available from: ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​1​
3​0​4​1​-​0​1​6​-​0​2​3​2​-​4​​​​​​​

228.	 Mich JK, Graybuck LT, Hess EE, Mahoney JT, Kojima Y, Ding Y, et al. Functional 
enhancer elements drive subclass-selective expression from mouse to 
primate neocortex. Cell Rep. 2021;34(13):108754.

229.	 Leib DE, Chen YH, Tecedor L, Ranum PT, Keiser MS, Lewandowski BC et al. 
Optimized AAV capsids for diseases of the basal ganglia show robust potency 
and distribution in adult nonhuman primates [Internet]. bioRxiv. 2024. Avail-
able from: https:/​/doi.or​g/10.11​01/2​024.05.02.592211

230.	 Katz BM, Walton LR, Houston KM, Cerri DH, Shih YYI. Putative neurochemical 
and cell type contributions to hemodynamic activity in the rodent caudate 
putamen. J Cereb Blood Flow Metab. 2023;43(4):481–98.

231.	 Pfau SJ, Langen UH, Fisher TM, Prakash I, Nagpurwala F, Lozoya RA, et 
al. Characteristics of blood-brain barrier heterogeneity between brain 
regions revealed by profiling vascular and perivascular cells. Nat Neurosci. 
2024;27(10):1892–903.

232.	 Berthiaume AA, Schmid F, Stamenkovic S, Coelho-Santos V, Nielson CD, 
Weber B et al. Pericyte remodeling is deficient in the aged brain and contrib-
utes to impaired capillary flow and structure [Internet]. 2022. Available from: 
https:/​/doi.or​g/10.11​01/2​022.04.28.489881

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1172/jci.insight.172286
https://doi.org/10.1186/s13041-016-0232-4
https://doi.org/10.1186/s13041-016-0232-4
https://doi.org/10.1101/2024.05.02.592211
https://doi.org/10.1101/2022.04.28.489881

	﻿Molecular and cellular characteristics of cerebrovascular cell types and their contribution to neurodegenerative diseases
	﻿Abstract
	﻿Introduction
	﻿Cellular and molecular architecture
	﻿Cellular macrostructure
	﻿Cellular microstructure
	﻿Molecular profiles

	﻿Enhanced vulnerabilities in neurodegenerative diseases
	﻿Neuronal cell type vulnerabilities
	﻿Direct genetic links between vascular dysfunction to neurodegeneration

	﻿Cerebrovascular dysfunction in neurodegeneration and aging
	﻿Clinical manifestations of cerebrovascular dysfunction
	﻿Common cellular and molecular alterations at the BBB

	﻿Therapeutic insights and future directions
	﻿Brain barriers: the choroid plexus, meninges, and glycocalyx
	﻿Gene therapies and engineered transport technologies
	﻿Outstanding questions and future directions

	﻿Conclusions
	﻿References


