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Abstract

The brain is supplied by an elaborate vascular network that originates extracranially and reaches
deep into the brain. The concept of the neurovascular unit provides a useful framework to
investigate how neuronal signals regulate nearby microvessels to support the metabolic needs of
the brain, but it does not consider the role of larger cerebral arteries and systemic vasoactive
signals. Furthermore, the recently emerged molecular heterogeneity of cerebrovascular cells
indicates that there is no prototypical neurovascular unit replicated at all levels of the vascular
network. Here, we examine the cellular and molecular diversity of the cerebrovascular tree and the
relative contribution of systemic and brain-intrinsic factors to neurovascular function. Evidence
supports the concept of a ‘neurovascular complex’ composed of segmentally diverse functional
modules that implement coordinated vascular responses to central and peripheral signals to
maintain homeostasis of the brain. This concept has major implications for neurovascular
regulation in health and disease and for brain imaging.

As one of most complex and metabolically active organs of the body, the brain is
equipped with a sophisticated vascular system that enters intimate contact with its cellular
constituents to supply energy substrates and nutrients, remove unwanted proteins and
metabolites, enable neuroimmune trafficking and maintain homeostatic balance of the
brainl-6. Formally introduced in 2001, the concept of the neurovascular unit (NVU)
emphasizes the close developmental, structural and functional association between brain
cells and the microvasculature and their coordinated reaction to injury®. The NVU concept
was enthusiastically embraced by the scientific community and attracted much interest for
its implications for normal brain function’, the interpretation of functional MRI (fMRI)
signals® and for brain diseases, including neurodegenerative diseases®. Consequently, much
emphasis has been placed on neurovascular signaling at the level of the microvasculature,
which is composed of endothelial cells, mural cells (comprising vascular smooth muscle
cells (SMCs) and pericytes) and astrocytic end-feet”-10:11, However, the contribution of
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upstream and downstream vascular segments, as well as the profound influence of systemic
factors on neurovascular function, have received less attention. Furthermore, single-cell
RNA sequencing (RNA-seq) studies have revealed a remarkable segmental diversity of
vascular cell transcriptomes. Here, we review the heterogeneity of the cerebrovascular tree
and neurovascular associations in light of single-cell transcriptomics and functional data.

We then examine how the cerebrovascular network integrates systemic vasoactive signals
with those arising from the brain in the moment-to-moment regulation of cerebral blood
flow (CBF). Finally, we consider the implications of such segmental diversity and integrative
responses for neurovascular research in health and disease.

Cerebrovascular tree heterogeneity

The brain is supplied by four major arteries arising from the aortic arch or its major
branches. These vessels and their major branches are described in Fig. 1a,b.

Heterogeneity of the vessel wall.

Large extracranial and intracranial cerebral arteries have multiple layers of contractile
SMCs, which are ring-shaped cells encircling the endothelial basement membrane (Fig.
2a). As the arteries become smaller, the number of SMCs decreases, down to a single layer
in arterioles. At this level, the endothelial and SMC basement membrane join together and
are separated from the astrocytic basement membrane by the perivascular space!? (Fig.
2a,b). In smaller arterioles, the vascular basement membrane joins the basement membrane
enveloping astrocytic end-feet and vessel-associated microglia, and the perivascular space
disappears312 (Fig. 2a,b). In capillaries, SMCs are replaced by pericytes nestled into the
endothelial basement membrane (Fig. 2a,b). On the venous side, SMCs reappear surrounded
by the vascular basement membranes and the perivascular space (Fig. 2b). Compared to
arteries, veins are endowed with fewer SMCs, which differ from arterial SMCs with respect
to their flattened shape, reduced contractility and distinct transcriptomics profilel314,

Recent single-cell RNA-seq studies have revealed several clusters of endothelial cells and
mural cells assigned to different vascular segments and brain regions13:1516_ Despite their
morphological homogeneity, endothelial cells are more heterogeneous at the transcriptomics
level than mural cells!3.17, and their molecular signature is markedly distinct from that

of endothelial cells of other organs’. We mined the single-cell RNA-seq dataset from
Saunders et al.1® and found seven distinct clusters of endothelial cells assigned to specific
vascular segments based on previously established markers'317 (Fig. 3a). Gene ontology
(GO) analysis revealed substantial differences among endothelial cell clusters, such as
enrichment of remodeling and structural-organization-related genes in arteries (S100a6,
Cadhl3, Clu, Alpland Glul), in transport, in metabolism and in O,-response genes in
capillaries (S/c16al, Car4, Fmo2and lvnslabp) and in inflammation-response genes in
veins (Cfh, 111r1, Vwrfand Veaml) (Fig. 3a), which is in line with the wall remodeling
property of arteries, the transport function of capillaries and the sensitivity of veins to
inflammatory signaling!1-18:19, Sybstantial diversity was also observed when endothelial
cells were stratified by brain region, such as the frontal cortex and the hippocampus

(Fig. 3b). For example, consistent with the susceptibility of the hippocampus to vascular
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inflammation and injury20-22, inflammatory response and cell death genes (Serinc3, Lcn2,
Pmail, Ackrland Plaf) were relatively more enriched in the hippocampus than the cortex
(Fig. 3b and Supplementary Table 1). Furthermore, consistent with the involvement of the
endothelium in hippocampal neuroplasticity?324, enrichment of GO terms reflecting blood
vessel morphogenesis (Lrgl), cell adhesion (Fam107a, Zbtb16 and Apod), proliferation and
plasticity (CD59a, Fth1 and Apod) was observed (Fig. 3b and Supplementary Table 1). How
such molecular heterogeneity leads to functional diversity in health and disease remains to
be established (see the section “Conclusions and future directions”).

Heterogeneity of perivascular cell types.

The cerebrovascular tree is surrounded by a wide variety of cells closely associated with the
outer vessel wall. The internal carotid artery is surrounded by fibroblast-like cells embedded
into the connective tissue of the adventitia (Fig. 2a,b). As they enter the subarachnoid
space, arteries and veins become enveloped by an intricate network of fibrous septations

of the arachnoid membrane together with fibroblasts, leptomeningeal cells lining the pia
and arachnoid, mast cells and meningeal macrophages'2-25-27 (Fig. 2a,b). Penetrating
arterioles and ascending venules are surrounded by perivascular macrophages and by
leptomeningeal cells from the pia, as well other less well-defined cell types12:15.16.26-28
Unbiased RNA-seq has unveiled several clusters of perivascular fibroblasts enriched with
matrix-related genes that may contribute to the formation of basement membranes!®16 and,
in neuroinflammation, to the fibrotic scar28,

Heterogeneity of neurovascular associations.

In humans as in animals, neural elements and vessels are in close contact throughout

the neurovascular network. Nerve bundles originating from cranial autonomic ganglia
encircle extracranial and intracranial cerebral arteries to form a dense plexus?® (Fig. 2a). As
penetrating arterioles dive into the brain, the perivascular nerve plexus eventually disappears.
At this level, vessels are in close contact with dendrites and terminals originating from

local interneurons and subcortical nuclei, mainly the locus coeruleus, the ventral tegmental
area, the raphe nucleus and the basal forebrainl0.29-31, These subcortical projections often
terminate on interneurons32,

Role of systemic versus brain factors

The introduction of brain imaging methods to monitor regional CBF changes in

the behaving human brain! emphasized the role of intrinsic neuronal mechanisms
regulating cerebral perfusion, such as neurovascular coupling and the blood-brain barrier
(BBB)L711.33 'While this shift in interest has led to a better understanding of neurovascular
interactions and blood-brain exchange, it has de-emphasized the profound impact of
systemic factors, such as blood pressure and blood gases, on CBF and the role of
extracerebral arteries in regulating cerebrovascular resistancel®34 (Fig. 1a). As discussed

in the next section, the moment-to-moment control of cerebrovascular function depends on
the delicate balance between systemic and brain-intrinsic regulatory mechanisms.
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Systemic factors.

Factors extrinsic to the brain exert powerful and widespread effects on CBF that engage the
cerebrovascular tree at all levels and act with segmental specificity. Many systemic factors
can influence CBF, such as posture, circulating glucose, hormones and peptides, hematocrit,
blood viscosity and cold stress, among others3>:36, Here, we focus on selected mechanisms
that contribute to the integrated control of the cerebral vasculature: arterial pressure (AP)
and blood gases.

Arterial pressure.—AP is the driving force propelling blood through cerebral blood
vessels. Consequently, adequate cerebral perfusion is highly dependent on sufficient
perfusion pressure. When AP falls by more than 30-40%, CBF falls, brain function ceases
and loss of consciousness ensues within seconds3’. Owing to the sensitivity of CBF to
variations in AP, brain vessels are equipped with a buffering system that attempts to stabilize
CBF during AP changes (cerebrovascular autoregulation). However, two features limit the
ability of autoregulation to counteract AP changes: (1) it is effective within a limited

range of APs (between +20 and —20 mmHg of baseline AP) and (2) it is engaged with

a latency of several seconds3®. Therefore, sudden AP changes or changes that exceed the
regulated range in either direction induce passive changes in CBF. Considering that AP

in humans fluctuates rapidly and widely during activities of daily living38, AP emerges

as a major determinant of regional cerebral perfusion. Cerebrovascular autoregulation
depends on the intrinsic property of SMCs to induce vasoconstriction when intravascular
pressure increases, to impede flow, and vasodilatation when pressure decreases, to facilitate
flow. This property, termed the myogenic response3?, results from the interplay between
stretch-activated ion channels, G-coupled receptors and modulation of Ca2* sensitivity of
the contractile apparatus. Ultimately, increases in AP lead to Ca2* rises in SMCs that
activate myosin light-chain kinase and trigger actin-myosin filament crosslinking, which

in turn induces SMC contraction and vasoconstriction. These vascular adjustments involve
extracranial, intracranial and intracerebral arteries and arterioles19:39,

Blood gases.—Elevations in the arterial partial pressure of CO, (pCO»; hypercapnia) or
reductions in the arterial partial pressure of O, (pO5; hypoxia) induce global increases in
CBF40, Reductions in pCO, (hypocapnia) reduce CBF40. Hypercapnia and hypoxia induce
dilatation of all segments of the cerebral circulation??-42, and are often associated with
increases in AP that amplify their impact on CBF40. Since cerebral blood vessels are

most sensitive to pCO, changes in the physiological range (in humans, pCO, of 30-50
mmHg)*#?, pCO; is another powerful determinant of the moment-to-moment regulation

of CBF. The mechanisms of hypercapnic vasodilation include not only SMC relaxation
produced by the direct effect of CO, and pH but also neuronal nitric oxide (NO) and
acid-sensing channels#344, Hypoxia increases CBF only when pO, is below 50 mmHg
(80% O, saturation)*!. Therefore, systemic arterial pO5 is not a major regulation of CBF
in the normal state, but its effects are critical for preserving cerebral oxygenation in
systemic hypoxia (see the section “Integrated vascular responses”). In brain tissue, O,
changes influence local CBF and may regulate capillary flow#°. Mechanisms implicated in
hypoxic cerebral vasodilatation include direct effects of hypoxemia on the blood vessel wall,
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vasoactivity of mediators released from the hypoxic brain, such as lactate and adenosinel, as
well as activation of brainstem O,-sensing nuclei4®.

Intrinsic factors.

Unlike systemic factors, intrinsic signals regulating CBF arise within the substance of the
brain and spread retrogradely through the cerebrovascular tree. The resulting changes in
CBF can be highly localized or diffuse. Here, we focus on neurovascular coupling (NVC)
and on the increase in CBF induced by the activation of subcortical neural pathways.

Neurovascular coupling.—The close relationship between neuronal and vascular
function is one of the most distinctive properties of the cerebral circulation and underlies
functional imaging signals®. The profound impact that neurons exert on the brain vasculature
is exemplified by the observation that activation of the visual cortex by transitioning from

7 days of dark housing to light induces more transcriptomics changes in vascular cells than
in neurons*’. While delivery of O, and glucose through blood flow is one of its preeminent
roles, NVC is also involved in proteostasis, neuroimmune trafficking, waste clearance, brain
temperature regulation and experience-dependent hippocampal neurogenesis23:48-0,

NVC results from a sequence of highly coordinated multicellular events: a local response
involving microvessels near the active site and a remote response transmitted upstream to
larger arteries®. The local response is thought to result from the release from brain cells of a
multitude of vasoactive mediators, including prostanoids, neurotransmitters, neuropeptides,
ions, NO and local hypoxia, which leads to adenosine production (see ref. 1 for more details)
(Fig. 4a). These mediators may target specific vascular segments. For example, neuronal
NO, which is also implicated in NVC in humans->1, may specifically target intracerebral
arterioles®2, Activation of either excitatory or inhibitory neurons modulates CBF through
NO, prostanoids, neurotransmitters and neuropeptides®3-57. However, the vascular response
driven by excitatory neurons leads to large increases in neural activity and O, consumption,
while interneurons induce powerful vascular responses with minimal or no increases in
neural activity or energy expenditure4:58-60_ These observations, in concert with the well
known microvascular proximity of interneurons and their processes?%31:32, suggest that
there are distinct mechanisms through which neural activity increases CBF. That is, a
metabolically driven increase mediated by vasoactive mediators released by excitatory
neurons and a neurogenically driven increase resulting from interneurons (Fig. 4a). The
relative contribution of these mechanisms to NVC in vivo remains unclear. Supporting the
involvement of interneurons, depletion of cerebellar interneurons (stellate cells) suppresses
the increase in CBF induced by sensory stimulation without affecting local neural activity®.

There has been a growing interest in the role of capillaries in NVC®2:63, The involvement
of capillaries was suggested by descriptions of activity-induced capillary dilatations due to
relaxation of pericytes82 and by vascular modeling studies pointing to the capillary bed

as a major site of vascular resistance and flow regulation®2:63, Consistent with this view,

a 20-30% reduction in pericyte number in Pdgfrt"* mice blunts NVC®4, while a 60%
subacute pericyte loss by Pdgfri-targeted expression of the diphtheria toxin receptor leads
to a 50% reduction in resting CBF®, In contrast, others found that pericyte depletion

Nat Neurosci. Author manuscript; available in PMC 2022 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaeffer and ladecola Page 6

(20-30%) increases flow velocity in precapillary arterioles with preserved vasoreactivity
to hypercapnia®®. Furthermore, several studies failed to demonstrate pericyte vasoactivity
and capillary dilatations as initial drivers of NVC45:67-69 and more realistic models

based both on flow and vascular topology placed the major site of microvascular flow
regulation at the level or arterioles not capillaries’?. Subsequent investigations in which

the activated vascular network was carefully reconstructed revealed that first-order branches
of penetrating arterioles (precapillary arterioles)’! are the first vascular segments to relax
during NVC®7:72.73 and that the dilatation or flow increase in downstream capillary
branches, if any4>%8, is delayed and has been considered passive®”:73, In precapillary
arterioles, mural cells have ovoid cell bodies, typical of canonical pericytes’?, but are

also endowed with the contractile protein ACTA2, typical of SMCs, and may represent
transitional mural cells with a hybrid SMC—pericyte phenotype, termed ensheathing
pericytes’::74. ACTA2-positive precapillary sphincters located on first-order capillaries can
dynamically regulate capillary flow distribution during NVVC’®. These structures are unlikely
to relate to ensheathing pericytes since the vasomotor dynamics of ensheathing pericytes
are slower than classical SMCs4. Single-cell transcriptomics studies have not provided
molecular insight into the morphological diversity of pericytes, since these cells fall in a
single cluster!3.76, In this regard, in vivo optogenetic activation of carefully phenotyped
pericytes in reconstructed microvascular networks showed that ACTA2-negative capillary
pericytes are also contractile, but with a much slower time-scale than SMCs or even
ensheathing pericytes®. Whether and how these capillary pericytes contribute to NVC
requires further exploration, but their slow vasoactive dynamics suggest that they have a
greater impact on resting microvascular perfusion than fast hemodynamic responses.

Concerning the remote response, activity-induced vasodilation of upstream vessels is
thought to be mediated by retrograde propagation of vasodilation and local autoregulatory
adjustments to the intravascular pressure changes induced by downstream vasodilatation?.
In interconnected vascular networks, coordination of downstream and upstream vasodilation
is needed to effectively increase flow while avoiding a flow steal from adjacent vascular
territories’”. Therefore, the local vascular response needs to be coordinated with a remote
response upstream. During NVC, endothelial cells sense and transmit neurovascular signals
upstream to SMCs, which are the effectors responsible for the vasodilation that increases
blood flow’®. A proposed mechanism for the retrograde propagation is that K* ions released
during neural activity activate endothelial inward rectifier K|g2.1 channels, which results

in endothelial hyperpolarization’® that spreads retrogradely to adjacent endothelial cells,
perhaps through gap junctions® (Fig. 4b). Another pathway includes Ca2* signals generated
by transient receptor potential ankyrin-1 (TRPAZL) channels in capillary endothelial cells,
propagated upstream via endothelial pannexin-1 and purinergic signaling8l. At the level

of arterioles, the hyperpolarization process propagates from the endothelium to electrically
coupled SMCs via myoendothelial junctions, thereby resulting in vasodilation8, although
SMC K|r channels also seem to be involved®l. Caveolae, which are invaginations of

the endothelial membrane and are abundant in arterioles, and endothelial NO synthase

have recently been implicated in NVC through independent mechanisms82. Furthermore,
endothelial cells express neurotransmitter receptor subunits!® and could be targeted by
neurotransmitters. In support of this hypothesis, endothelial downregulation of the NMDA
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receptor subunit GIuN1 suppresses NVC’3. It remains unclear whether caveolae and
endothelial NMDA receptors participate in local and/or remote responses. Therefore, NVC
is initiated in the substance of the brain and requires not only brain cells at the site of
activation but also local and remote mechanisms engaging all the cells of the vascular wall.

The retrograde vasodilatation of larger vessels upstream would flood their entire territory
unless the hemodynamic response is restricted to the activated area®. Interneurons or
neurovascular projections from the locus coeruleus could focus the hemodynamic response
to the activated area by inducing localized vasoconstriction®>:83:84 put vascular mechanisms
could also be at play. In the retina, pericytes located on adjacent capillary networks are
connected by thin membrane extensions (nanotubes) terminating in gap junctions that

allow intercellular Ca2* fluxes®®. Through these nanotubes, light-induced pericyte relaxation
and capillary dilatation is coupled to simultaneous contraction of the paired pericyte and
capillary constriction in the adjacent network8®. These pericytes bridges, as well as ACTA-
positive pericytes located at capillary branch points®, could contribute to limit the spatial
extent of the vasodilatation response.

Subcortical pathways.—Subcortical pathways originating in the basal forebrain®’, the
raphel0, the locus coeruleus3? and the ventral tegmental area88 have profound effects on
CBF (Fig. 5). These hemodynamic effects result from different mechanisms, including
direct neurovascular innervation, activation of local neurons and volume transmission of
neurotransmitter released®®. The functional role of these pathways is not clear, but they

have been implicated in global changes in CBF during sleep and arousal (see the section
“Integrated vascular responses™), focusing NVC to the activated areas83, modulation of BBB
permeability®0, cross-hemispheric neurovascular synchronization of cortical vasomotion33
and in anticipatory changes in CBF before activation®1:92,

Collectively, these observations indicate that the cerebrovascular network is regulated by
segment-specific mechanisms that can be engaged either by systemic factors originating
in the periphery and reaching into the brain or by factors arising from the brain and
propagating backward toward the periphery (Fig. 6).

Interaction of systemic and brain factors

The mechanisms mentioned above do not work in isolation but are highly interactive93,
These complex interactions are critically important in the moment-to-moment regulation of
CBF in behaving humans, which is discussed next.

Integrated vascular responses.

The interaction of neurovascular regulatory mechanisms is best appreciated in the CBF
changes induced by activities of daily living. Exercise and sleep, conditions associated
with profound changes in systemic metabolic and hemodynamic variables, as well as

brain function, exemplify the intricate central and peripheral coordination needed to assure
adequate cerebral perfusion.
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Exercise.—In humans, exercise increases heart rate, cardiac output, arterial and venous
pressure, sympathetic nerve activity, whole-body O, and glucose metabolism, intracranial
pressure and brain activity%4. The three- to sixfold increase in cardiac output serves to
provide the musculature with the blood supply needed to support its increased work%4.
Maintaining adequate cerebral perfusion to sustain brain activity in the face of these
profound hemodynamic and metabolic changes requires the fine coordination of systemic
and cerebral regulatory mechanisms. In humans, moderate exercise, <60% of maximal O,
uptake, leads to an ~25% increase in CBF9°. These CBF changes are likely to result from
increased brain activity through NVC and from the rise in pCO, induced by moderate
exercise%6. In addition, cerebrovascular autoregulatory adjustments are needed to counteract
the concomitant increase in AP. Interestingly, despite these marked hemodynamic and
metabolic changes, neural activity is still able to further increase blood flow velocity®’.
With intense exercise, CBF returns to normal despite persistent increases in brain activity
and AP%. The mechanisms of CBF reduction may involve, at least in part, a reduction in
pCO, caused by the hyperventilation associated with intense exercise® and sympathetic
activation leading to constriction of cerebral arteries (but see ref. 98). Therefore, the
interaction between autoregulation, CO, reactivity and NVC is critical for the maintenance
of cerebral perfusion during exercise. In addition, a role of breathing in cerebral oxygenation
was recently identified in ambulatory mice®®, thereby providing additional evidence of the
intricate relationship between central and peripheral factors in cerebrovascular function.

Sleep.—Cerebrovascular function during sleep is vitally important for the clearance of
metabolites needed to maintain the homeostasis of internal milieu of the brain%. At sleep
onset in humans (stage I-11), neural activity shifts from the alpha rhythm to the slower theta
rhythm (alpha—theta transition) associated with a reduction in AP and an increase in CBF101,
In stage I11/1V non-rapid eye movement (REM) sleep, CBF and brain metabolic activity are
reduced, despite increased pCO, and reduced pO, that would tend to counteract the CBF
reduction102103 This paradox may be explained by the observation that the CBF reactivity
to hypoxia and hypercapnia are suppressed at this sleep stagel94.105 5o that respiratory
gases have little impact on CBF. Progressing to REM sleep, CBF and brain activity return
to normall03-106, Dyring awakening (theta—alpha transition), there is a reduction in CBF
even though AP increases!01. Overall, the neurovascular changes during sleep cannot be
explained by any single factor regulating CBF, and results from an integrated response
involving not only systemic factors (AP and pCO,) and NVC02 put also sympathetic
perivascular nervesl®7 and, possibly, central pathways arising from the basal forebrain, the
raphe, the ventral tegmental area, the locus coeruleus and the parabrachial nucleus, which
are involved in the neural mechanisms underlying sleepl®® and can broadly modulate CBF

(Fig. 5).

These observations exemplify the integrated regulation of CBF during common human
activities, in which systemic and brain intrinsic factors work in concert to safeguard cerebral
perfusion while maintaining the metabolic and energetic homeostasis of the whole body.
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Functional brain imaging implications

Systemic variables can confound the assessment of neuronal connectivity by fMRI33, Very
low frequency oscillations in blood oxygen level-dependent (BOLD) signals are assumed to
reflect hemodynamic correlates of neural activity, and synchrony of these oscillations across
the brain is widely used to assess connectivity between different brain regions, for example,
resting-state fMRI33. Aortic pulsatility and breathing-induced fluctuations in end-tidal CO,
and blood oxygenation have an impact on BOLD, causing very low frequency oscillations
across the whole brain109-111 These in turn give rise to spurious white matter signals1?
and may underlie sex-biased neuronal connectivity13. Synchronous BOLD signals linked to
these systemic factors can be erroneously interpreted as neuronal and need to be considered
in the interpretation of connectivity studies14. Another example is provided by the effect

of AP increases on hemoglobin oxygenation, a proxy for the BOLD response, in the
neonatal rat brain, in which autoregulation is not fully developed and AP can determine

the direction of the signal change during activation1®. Therefore, the potential impact of
systemic variables needs careful consideration in brain imaging studies.

The concept of the neurovascular complex

These findings suggest that the cellular, molecular and functional diversity of the
cerebrovascular tree cannot be adequately represented by a canonical NVU. First, diverse
cell types and associated structures play a role in cerebrovascular function at different
levels of the vascular network (Fig. 2a,b). Single-cell transcriptomics studies have shown
that even the same cell type has a well-defined segmental molecular signature underlying
diverse functions (Fig. 3a,b). Such molecular diversity is reflected in segmental differences
in BBB permeability, vasoactivity and susceptibility to disruption and damage18.82.116-118
Second, neurovascular cells do not interact just with their immediate neighbors but reach out
beyond their limited confines. While endothelial cells, pericytes and SMCs may propagate
vasoactive signals along the vessel wall, cells in the perivascular space and vessel wall
work in concert to enable trafficking of cells, proteins and interstitial fluid in and out

the brain, which is essential for proteostasis, immune surveillance and hydrodynamic
balance#8.100.119.120 Third, the neurovascular network acts as a signaling source that
regulates the homeostasis of neurons and glia throughout the entire brain in the normal state,
in neuroinflammation and in neurodegeneration423.24.121 These effects involve different
vascular and perivascular cells with exquisite segmental specificity. Therefore, there is no
single NVVU ‘clone’ replicated at all levels of the cerebral vasculature, but a complex of
diverse neurovascular modules that reach all the way back to large extracranial vessels.

At any given time, this heterogeneous neurovascular complex is regulated by systemic and
brain-intrinsic vasoactive signals aimed to protect the structural and functional integrity of
the brain.

The neurovascular complex in disease

The segmental heterogeneity of the cerebrovascular network and the integrated actions
of systemic and brain intrinsic factors is also reflected in the cerebrovascular alterations
occurring in disease states. Conditions in which central and peripheral pathogenic factors
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converge on different vascular segments leading to brain dysfunction and damage are
examined next.

Neurodegenerative diseases.

Alzheimer’s disease (AD), a major cause of age-related cognitive impairment, is associated
with neurovascular dysfunction that is considered an early pathogenic factor in the disease
coursel?2.123 The vascular dysfunction in AD target specific segments and cells of the
vascular network with diverse pathogenic mechanisms. Amyloid-p (AB), a key culprit in
AD, disrupts the major regulatory mechanisms of the cerebral circulation®. These effects are
mediated by pial and intracerebral arterioles through activation of innate immunity receptors
on perivascular and meningeal macrophages and production of free radicals by the enzyme
NOX2 (ref. 124). Recent data also point to a role of capillary dysfunction in the vascular
effects of AB. In mouse models of AP accumulation, transient occlusions of capillaries

by circulating leukocytes mediate reductions in CBF and cognitive impairment125,
Furthermore, AR may disrupt capillary flow distribution by targeting pericytes!1’. These
effects may limit the equalization of flow in capillary networks (homogenization) required
for efficient O, delivery and cause dysfunction in energy-sensitive neural networks involved
in learning and memory26, Hyperphosphorylated tau, the other major pathogenic factor in
AD, selectively dampens arteriolar dilatation during NVC, an effect related to tau binding
to the post-synaptic density leading to suppression of NO production during glutamatergic
synaptic activity18, Human studies have also unveiled a key role of large cerebral arteries.
Stiffness and increased pulsatility of large extracranial arteries feeding the brain is linked

to AD, possibly by impairing their contribution to cerebrovascular resistance and CBF
regulation1?2 (Fig. 1a). Furthermore, proteomics and single-nuclei RNA-seq data of AD
have hinted at the contribution of atherosclerosis in large intracranial arteries by inducing
synaptic dysfunction, independently of Ap and taul2’. Therefore, the vascular contribution
to AD involves not only arterioles and capillaries but also large cerebral and extracerebral
arteries.

In Parkinson disease (PD), a common movement disorder caused by a dopamine deficit

and accumulation of the presynaptic protein a-synuclein, systemic factors have a well-
established pathogenic impact. Alterations in breathing (hypoventilation and reduced
sensitivity to hypoxia) and orthostatic hypotension (blood pressure drop while standing),
which are linked to dysfunction of the autonomic nervous system128, are associated with
worse deficits129-132 and cognitive impairment33.134, The negative impact of these systemic
changes is compounded by blunting of cerebrovascular homeostatic mechanisms, such as
NVC and CO; reactivity130:135.136 \which increase the susceptibility of the brain to injury.
Similar central and peripheral alterations have been reported in other synucleinopathies,
such as multisystem atrophy and dementia with Lewy bodies!29137_ Sleep disorders are very
common in these conditions and have been implicated in their pathobiology.

Sleep disorders.

Alterations in sleep are common in the general population, but have been closely
associated with neurodegenerative diseases, particularly PD and other synucleinopathies!38.
Obstructive sleep apnea (OSA), which is characterized by frequent episodes of apnea during
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sleep!39, provides an example of the impact of systemic factors on the brain. Apnea leads

to increases in pCO, and decreases in pO,, which would normally protect the brain against
hypoxic damage by increasing the delivery of CBF. However, hypoxic and hypercapnic
vasodilatation are suppressed during sleep (see the section “Integrated vascular responses”)
so that the brain is unable to compensate for the reduced arterial pO5 by increasing

CBF. As a result, the O,-carrying capacity of blood decreases during apneic episodes.
Cyclic hypoxia-reoxygenation also leads to oxidative stress and increased expression of

the potent vasoconstrictor endothelin in cerebral arterioles, thereby compromising NVC

and endothelium-dependent vasodilation149, REM sleep behavior disorder, a prodromal sign
of neurodegenerative diseases, particularly synucleinopathies, is characterized by dream-
enacting behaviors and nightmares linked to REM sleep without the atonia (partial paralysis)
that normally accompanies this sleep stagell. Although sleep disorders, particularly REM
sleep behavior disorder, are often caused by dysfunction of brainstem centers controlling
sleep, the bouts of apnea-induced hypoxia, sleep fragmentation and the disturbances

in cerebrospinal fluid hydrodynamics from increased intrathoracic pressure, are thought

to promote neurodegenerative pathology in vulnerable brain regions!39141, Thus, sleep
disorders represent another example of the interaction of central and peripheral vascular
pathomechanisms leading to brain dysfunction and damage.

Neurovascular diseases and traumatic brain injury.

Changes in AP, hormones and other systemic variables have a profound effect on the
outcome of stroke and trauma. Ischemic and hemorrhagic strokes are often associated with
an acute hypertensive response (AP > 140/90 mmHg), which, owing to the suppression of
cerebrovascular autoregulation and BBB dysfunction, promotes cerebral edema, aggravates
ischemic brain injury and is uniformly associated with worse outcomel42.143, Similarly,
autoregulation and CBF response to hypercapnia and hypoxia are blunted in brain trauma,
and alterations in AP and blood gases play a pivotal role in the outcome for patients44.
These conditions highlight the contribution of extracerebral vascular and metabolic factors
to the outcome of brain injury.

Conclusions and future directions

The data presented above indicate that the neurovascular complex comprises heterogenous
vascular modules regulated by factors intrinsic and extrinsic to the brain through segment-
specific mechanisms. A previously unappreciated molecular diversity in vascular and
perivascular cells has also emerged.

These observations have notable implications for neurovascular research. For example, co-
cultures of NVU, including organoids and microfluidic devices in which three-dimensional
cultures are subjected to shear stress, simulating the effect of blood flow4®, are well suited
to provide insight into neurovascular communication and disease mechanisms in patient-
derived induced pluripotent stem cells}46. While these are valuable insights, the diverse
molecular signature of endothelial cells, mural cells and perivascular cells13147:148 needs

to be congruent with the vascular segment of interest. Therefore, using generic vascular
cells, be they immortalized, primary or derived from induced pluripotent stem cells, may not
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reflect the unique molecular and functional phenotype of specific microvascular segment to
be modeled.

Unbiased approaches to genotype neurovascular cells, for example, RNA-seq, have unveiled
remarkable molecular diversity in vascular and perivascular cells. These efforts have
generated lists of genes that the segmental localization and biological significance of

which can only be inferred indirectly from generic GO lists. These transcriptomics data,

if experimentally verified, would become a valuable resource for proteomics, metabolomics,
structural and functional studies to more accurately phenotype functionally heterogenous
neurovascular cells, for example, mural cells, and to gain a better understanding of their
integrated role in the neurovascular complex.

The application of advanced brain imaging tools in concert with genetically encoded sensors
and cell-specific markers have unveiled new features of neurovascular function related not
only to blood flow and NVC but also to brain clearance, cerebrospinal fluid hydrodynamics,
neuroplasticity, neurogenesis and BBB permeability18:23.24.48.120.149 The jncreasing use of
awake behaving mice#8:50.82.99 provides the opportunity to investigate the integrated control
of the cerebral microcirculation and the influence of systemic factors, such as AP, blood
gases and breathing, on cerebrovascular function®.

However, these studies need to account for the influence of systemic variables, such

as AP and blood gases, which have not been routinely monitored!9. This problem is
particularly relevant to studies using awake, head-fixed behaving mice, in which changes
in these variables are likely to occur and may affect the results. Habituation to head
restraint may help minimize stress-induced arousal and autonomic responses, but it does
not eliminate the effects of changes in systemic variables evoked by the stimuli delivered
or accompanying the behavior being studied. A caveat is that monitoring AP and blood
gases requires vascular access, which is invasive and could preclude behavioral testing and
confound cerebrovascular assessments. Measurement of these variables in separate mice
under identical experimental conditions could rule out major changes, but dynamic changes
linked to behaviors could be missed. Noninvasive approaches to monitor in real-time the
physiological state of the mice would be a welcome addition to our experimental toolbox.

Advances in noninvasive human brain imaging and assessment of large vessel function
provide the unique opportunity to examine the integrated regulation of the neurovascular
complex in humans in health and disease3® and avoid important confounders (see the section
“Implications for functional brain imaging”). These studies may illuminate the functional
interaction between extracranial and intracranial vessels and the influence of systemic
factors, which may not be feasible in small laboratory animals. The combination of these
approaches will also provide insight into the neurovascular correlates of complex behaviors
and their alterations in disease, which may have diagnostic and therapeutic value.

In conclusion, the introduction of the NVU has led to advances in the understanding

of the signaling mechanisms linking neurons and glia with the local microvasculature.
However, the NVU concept does not account for the coordinated interaction of intracerebral
microvascular events with larger arteries upstream and with vasoactive signals arising from
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the periphery, which are critical for the dynamic regulation of cerebrovascular function.
These considerations, in concert with the segmental molecular diversity of vascular cells,

Ssu
en
to

ggest the concept of a neurovascular complex composed of distinct functional modules
compassing the entire cerebrovascular tree and regulated by factors intrinsic and extrinsic
the brain. Efforts to elucidate the mechanisms governing the neurovascular complex may

provide an illuminating look at the integrated regulation of cerebrovascular function with
major implications for the vascular pathobiology of human diseases affecting the brain.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 11. Anatomy of the lar ge vessels supplying the brain.
a, Common carotid arteries arise from large intrathoracic arteries and give rise to the internal

carotid arteries that enter the skull and merge into the circle of Willis. \ertebral arteries run
along the cervical vertebrae and enter the skull and join to form the basilar artery, which
merges into the circle of Willis. On the basis of AP gradient measurements, extracranial
arteries are responsible for ~20% of the total cerebrovascular resistance34, which suggests
that they contribute to the regulation of cerebral perfusion. b, Schematic representation of

the circle of Willis and its major branches. Image provided by A. Gupta.
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Fig. 2 I. Segmental heterogeneity of cerebral arteries and diversity of vascular and perivascular
cdls.

a, The internal carotid artery has a thick layer of SMCs surrounded by nerves arising

from cranial autonomic ganglia (extrinsic innervation) embedded in perivascular connective
tissue (adventitia). The internal elastic lamina separates SMCs from the endothelial cell
monolayer. In the middle cerebral artery (MCA) and pial arteriolar branches, the SMC layer
becomes progressively thinner, and a perivascular nerve plexus surrounds the vascular wall.
Penetrating arterioles dive into the substance of the brain surrounded by a perivascular
space where perivascular macrophages (PVMs) and other cells reside. As the vessel
becomes smaller (intraparenchymal arterioles), the vascular basement membrane fuses with
the glial basement membrane and perivascular nerves are replaced by nerve terminals

from interneurons or subcortical pathways (intrinsic innervation). In capillaries, SMCs
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are replaced by pericytes. Vascular diameters indicated under the vascular segments refer
to the human cerebral circulation. Venous SMCs are morphologically, functionally and
molecularly distinct from arterial SMCs. b, Each segment of the cerebrovascular tree

is characterized by diverse vascular and perivascular cells. The vascular and astroglial
membranes delimit the perivascular space, which disappears when these membranes fuse
together. Pial arterioles give rise to penetrating arterioles, the first-order branch of which is
defined as precapillary arterioles4. For mural and endothelial cells, genes enriched in each
vascular segment are also indicated. For SMCs, we used the database from ref. 13, in which
segmental assignment was validated by in situ hybridization. For endothelial cells, we used
ref. 17, in which the segmental assignment was predicted in silico. A-C represents marker
endothelial genes at the arteriolar—capillary transition and C-V at the capillary—venular
transition. BM, basement membrane; ICA, internal carotid artery.
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Fig. 31. Endothelial expression heatmap and scatter plot of differentially expressed genesin the
neocortex and the hippocampus.

a, Analysis of single-cell RNA-seq data from the Saunders database of whole-brain
endothelial cells'®. The heatmap shows scaled, log-normalized expression of the top
discriminative genes per endothelial cell cluster (left) identified using the SEURAT toolkit.
The color bar (top) denotes assignment for endothelial cells ordered by position in the
vascular tree according to validated markers13-17. On the right, the GO terms that define
the biological process in which the differentially expressed genes may be involved are
presented. GO terms were derived from the biological process subset of MSigDB’s v7.1
GO gene sets (C5) for Mus musculus. All significant differentially expressed genes were
used for analysis, and resulting pathways with a false discovery rate g-value of <0.05

are presented (see Supplementary Methods for details). b, Scatter plot of differentially
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expressed genes in neocortical and hippocampal endothelial cells. Comparative analysis

of endothelial genes (gray dots) scaled, log-normalized expression in the frontal cortex
and the hippocampus mined from the Saunders database!®. Differentially expressed genes
between the frontal cortex and the hippocampus are indicated in light blue, with the top ten
most regulated genes indicated in dark blue. The GO terms referring to these differentially
expressed genes are presented in Supplementary Table 1 (see Supplementary Methods for
details).
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Fig. 4 1. Local and remote vascular components of NVC.
a, Excitatory neurons have a powerful effect on local neural activity and energy metabolism,

and may drive local vascular changes through neurotransmitters, vasoactive ions, as well
as by-products of neural activity such as adenosine (Ado) and arachidonic acid metabolites
(AAMSs). Astrocytes may also participate in this process. Interneurons, which have little
impact on local neural activity, may signal blood vessels through direct neurovascular
connections releasing neuropeptides (NPs) and NO. Glu, glutamate. b, The local vascular
response elicited by overall neural activity leads to hyperpolarization of endothelial cells
through K g2.1 channels. Whether mesh and thin-strand (capillary) pericytes (ACTA2-
negative) ! participate in this process remains unclear. Hyperpolarization is propagated
retrogradely through inter-endothelial gap junctions and is transmitted to contractile mural
cells, ACTA2-containing ensheathing pericytes’! and SMCs, likely via myoendothelial
junctions and K;r channels. In turn, mural cell hyperpolarization suppresses voltage-gated
Ca?* channel activity, resulting in intracellular Ca2* depletion, relaxation of the contractile
apparatus and vasodilatation. The relaxation is then transmitted to adjacent mural cells
through intercellular gap junctions, leading to retrograde vasodilation, which eventually
reaches pial arterioles at the brain surface.
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Fig. 51. Sources and targets of brain intrinsic vasoactive signals.
Central pathways arising from the basal forebrain and brainstem nuclei contact cerebral

blood vessels directly or through interposed interneurons (intrinsic innervation) and can
either increase (+) or decrease (—) CBF diffusely. Neurotransmitters released from these
pathways may also affect more distant vessels through volume transmission. Somatosensory
or visual stimuli originating from the thalamus produce localized increases in blood flow

by activating local neurons, which in turn release vasoactive agents (NVC; see Fig. 4 for
details).
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Fig. 6 1. Central and peripheral vasoactive signalsregulating CBF.
Vasoactive signals arising from the periphery (systemic signals) exert anterograde effects

on all segments of the cerebrovascular tree by acting mainly on SMCs (anterograde
vasodilatation). Brain-intrinsic vasoactive signals evoked by NVC and, possibly, central
pathways arise within the substance of the brain and propagate retrogradely to microvascular
SMCs and beyond via inter-endothelial junctions (retrograde vasodilatation). During
activities of daily living, in which major changes in AP and blood gases occur,

maintenance of the perfusion and homeostatic balance of the brain depends on the dynamic
and coordinated interaction of these vasoactive signals engaging all segments of the
neurovascular complex.
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