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The neurovascular unit includes multiple cell types that communicate with each other on a second-by-
second basis using traditional neurotransmitters and other signaling molecules, however the function
of each cell or the mechanisms by which homeostasis is maintained are still unclear. Here, we review
the important elements of the astro- and neurovascular unit and the modulators that contribute to the

orchestration of functional hyperemia in health and disease.

The bioenergetic processes of the brain are complex, well-integrated, and
vary across regions and substructures. The maintenance of these processes is
key for preserving cell-to-cell communication, where at the nexus of this
homeostasis exists the physical and biochemical interactions between the
vascular (e.g. vessels and capillaries) and cellular components (e.g. neurons,
astrocytes, microglia, and pericytes). Necessary substrates such as glucose
and molecular oxygen are delivered to the brain and subsequently trans-
ported to areas of high activity/energetic demand; the resulting products and
byproducts of these reactions contribute to a rich network of negative and
positive feedback loops to control cellular communication, vasoreactivity, as
well as astro- and neurovascular coupling'.

Several cell types comprise and surround the angioarchitecture of the
brain"** (Fig. 1). A single layer of endothelial cells forms the boundary
between the vessel lumen and the basement membrane. In arteries/arter-
ioles and veins/venules, contractile vascular smooth muscle cells (VSMCs)
surround the endothelium. Arteries are comprised of more VSMCs than
veins and are structurally distinct from the less contractile venous VSMCs,
reflecting the discrete functional roles of arteries and veins”'’. In smaller
capillaries, VSMCs are absent, and instead pericytes engage with the vessel .
Astrocyte endfeet wrap around capillaries and penetrating vessels and are
thought to play a key role in vasoreactivity’. Neurons and interneurons are
known to engage with this complex to either directly or indirectly integrate
local neurovascular coupling'””. Finally, microglia mediate neuroin-
flammation, contribute to neuronal signaling, and modulate cerebral blood
flow (CBF) and astro-neurovascular coupling (ANVC)'*". Penetrating
arteries branch into arterioles, which divert blood into capillary transitions,
then into the capillary bed. Blood flows from the capillaries into the venules
and ultimately to the veins. Smaller capillary structures function to remove
waste (i.e. CO,) and exchange lymphatic fluids.

Despite the large body of work dedicated to evaluating the function and
the cell types that participate in ANVC, the subtleties of the associations
between them, including the direction (i.e., feedforward or feedback) or the
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Fig. 1 | Simplified representation of the ANVU. Pial vessels branch off into
terminal arterioles and venules. From this, dense networks of capillaries form the
basis of the capillary bed. Cellular components of the ANVU include contractile
pericytes that interface with the endothelial cells of capillaries, astrocytes that project
endfeet onto the vasculature, and the neurons that interface with these complexes.
Tripartite synapses are composed of pre- and post-synaptic neurons and specialized
astrocyte processes.
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degree of the response, as well as mediators involved, are all under deep
scientific scrutiny. To date, there are many controversies regarding the
sources and modulators of cellular signals that control vascular tone.
Therefore, here, we review key cellular components physically associated
with blood vessels, specific modulators responsible for functional vascular
coupling, and the temporal associations between vascular elements both in
healthy and diseased states. We also emphasize the role of chronic insulin
signaling in functional hyperemia and ANVC. Cell-specific vasomodulators
discussed in this manuscript are summarized in a table format (Table 1).
While here focused on the major contributors (i.e., neurons, astrocytes, and
pericytes), we recognize the additional critical roles of VSMCs and endo-
thelial cells as key mediators of vascular tone and have highlighted their
signaling pathways specifically associated with these three cell types within
Table 1.

Anatomy, function, and disease

Neurons

Neurons are considered the fundamental functional unit of the nervous
system, despite being largely outnumbered by glia'”. These cells are excitable,
propagate information, and contribute to local hemodynamic responses,
ultimately participating in the control of cerebral blood flow (CBF).
Unsurprisingly, measures of CBF reflect neuronal activity, termed ‘func-
tional hyperemia’, which is the underlying principle behind BOLD, fMRI,
and PET". However, the degree to which neuronal signaling participates in
modulating vascular tone is still unclear. Classically, neuronal control of
vascular function was thought to be mediated through a feedback
mechanism, whereby, inherent to increases in neuronal activity, an increased
need for energy supply signals for changes in vasomotor tone (i.e. dilation)".
Contrastingly, based on evidence of the abundant energy supply available in
the brain"'®, the feedforward mechanism, which augments vessel size via
neuronal activation and byproduct production, has been postulated to exist
and function apart from bioenergetic demands. Some groups also consider a
combination of the two mechanisms to work in tandem’, and others have
postulated hypotheses that may function independently of neuronal activity,
including responses to prevent capillary stalls or control temperature

fluctuations and waste removal'’. Regardless of the direction of these sig-
naling events, several neuronally derived vasoactive compounds have been
identified. Compounds that cause vasodilation are primarily the most well
described; however, neuronal control of vascular tone exists across a spec-
trum of both constrictive and dilatory effects, where the degree of the
resulting response can vary widely across modulators and the local micro-
environment (see “Neuron-Specific Modulators of Vascular Function”).

Given the integral role of these cells, it is not surprising that neuro-
degenerative diseases directly and indirectly negatively impact ANVC.
Alzheimer’s disease (AD) and related dementias (ADRDs) are often
underscored by hypoperfusion, impaired BBB function, and deteriorations
in cell-to-cell communication™, and it is well described that vascular con-
tributions to dementia (VCIDs) are numerous and have a clear impact on
ANVC’. Neurometabolic processes are known to influence hemody-
namics and are, in turn, also likely modulated by signals received from the
vasculature. In cerebral cortical and hippocampal brain slices obtained from
aged 5xFAD animals, disrupted glucose metabolism has been detected
across neurons and astrocytes™. Indeed, many metabolic processes, such as
glucose utilization”, mitochondrial function®, norepinephrine (NE)
signaling”, and insulin signaling™ are disrupted with disease. In neuronal
culture, insulin and insulin sensitizers (i.e. rosiglitazone and pioglitazone)
have been shown to alter calcium-dependent processes’ . Calcium dys-
regulation, often hyperexcitability, is another major characteristic of
ADRDs that extends across cell types (e.g. neurons™), astrocytes™*, and
pericytes”). This might suggest that perhaps insulin resistance contributes
to the vascular phenotype observed in ADRDs. Work from our laboratory
has also shown that intranasal insulin (INI) increases neuronal Ca*" mea-
sures of network synchrony in aged rats”.

Astrocytes

Astrocytes are stellate, spongiform cells defined by processes that wrap
around the vasculature or interface with pericytes, VSMCs (i.e. endfeet), and
neurons (i.e. tripartite synapses)™. Although astrocytes require considerably
less energy than neurons overall (~5-15%), they are more abundant in the
brain'”. Astrocytes do not produce action potentials but do signal extensively

Table 1 | List of specific vasoactive compounds originating from neurons, astrocytes, and pericytes

Celltype Associated modulators Mechanism Vascular outcome Notes Ref.
Neuron Glutamate  Depolarization — Ca®* influx — nNOS — NO release Vasodilation 68,77
Depolarization — COX-2 — PGE2 release
pH/O,/CO, ¢ pH changes — K" and Ca? channel modulation Vasodilation CO,alters pH; may alsoinvolve NO  19,81-85
ACh * Neuronal ACh release — M5 muscarinic receptor activation Vasodilation endothelial M5 — NO release 74,76
on endothelium
NE * NE from locus coeruleus — adrenergic GPCRs — ? Vasoconstriction endothelial o, receptors 86
Astrocyte K* ¢ K+ buffering — depolarize astrocyte membrane — AA Vasodilation 13,105
metabolism
NE * NE modulates Ca?* signaling and interacts with astrocytic ? 107,108
enzymes —impacting AVC
ATP ¢ P2X1R activation — Ca?" elevation — PGE, release Vasodilation Purinergic mechanism 90
Glutamate » Evoke astrocyte Ca®* transients, specialized uptake of Vasodilation Astrocyte Ca®* can drive AA 96
glutamate in astrocyte metabolites (EETs/PGE,)
Temperature/ Mechanical e TRP channels in endfeet — mechanotransduction Vasoconstriction Downstream COX-1 Negative 113
Stimulation feedback to limit constriction
Pericyte  PGE2 * Astrocytic PGE2 — EP4 receptor activation Vasodilation NO can inhibit PGE, effect 127
K* ® Katp channel activation — increased capillary flow Vasodilation Local flow regulation 132-134
NE ? Vasoconstriction Ca’*-independent 130
ATP e — Ca®" elevation in pericytes Vasoconstriction Purinergic constriction 131
20-HETE * AAmetabolism (astrocyte-derived) — 20-HETE in pericytes  Vasoconstriction 11

Major contributors (i.e., neurons, astrocytes, and pericytes) along with their associated modulators are highlighted including their, sometimes direct, vascular contributions. We recognize the additional
critical roles of VSMCs and endothelial cells as key mediators of vascular tone and have highlighted their signaling pathways in response to communication with these three cell types. (Acronyms: NO nitric
oxide, COX-2 cyclooxygenase-2, PGE2 prostaglandin E2, Ca** calcium, CO, carbon dioxide, K* potassium, ACh acetylcholine, M5 endothelial type 5 muscarinic receptors, NE norepinephrine, G protein-
coupled receptors, AA arachidonic acid, AVC astrovascular coupling, ATP adenosine triphosphate, P2X1R P2X purinoceptor 1, TRP transient receptor potential, COX-1 cyclooxygenase-1, EP4

prostaglandin E receptor 4, 20-HETE 20-hydroxyeicosatetraenoic acid).
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using Ca’* and K* gradients. Astrocytes may also engage in activity-
dependent release of gliotransmitters such as glutamate, GABA, ATP, NE®,
and D-serine. This cell type also has been shown to display sensitivity to
insulin®>”. Traditionally, these cells were thought to only function ancillary
to neurons. A primary role of astrocytes was described in the astrocyte-
neuron-lactate shuttle hypothesis (ANLSH), in which neuronally-derived
glutamate induces glycolysis in astrocytes during activation. Specifically, co-
transportation of Na* with glutamate activates Na*/K*-ATPases, which
then stimulates glycolysis where glucose is consumed and lactate is pro-
duced and exported to neurons as a source of energy”*. However, this model
has been challenged in recent years, with evidence indicating that the
ANLSH is not well translated to in vivo settings or during stimulation™.
Indeed, several groups, including ours, now report that neurons readily take
up glucose, perhaps even more than astrocytes” ™. Furthermore, during
activation, rates of O, consumption appear to be more indicative of
enhancements in neuronal glycolysis rather than oxidation of lactate, sug-
gesting contributions of lactate as a major fuel source may be subtle”. In
vivo, activated astrocytes appear to be engaged in more metabolic processes,
including TCA, glycogenolysis, and pyruvate carboxylation, functioning
beyond glycolysis alone**°. Recent work highlights astrocytic involvement
in a variety of roles including maintenance of the blood brain barrier (BBB),
neurogenesis, regulation of myelination through gap junctions with oligo-
dendrocytes and synaptic transmission and synapse turnover’, and
plasticity®™. Astrocyte morphology is exceptionally diverse across brain
regions and species; nevertheless, these fundamental structural associations
position astrocytes at the nexus of the astro-neurovascular unit (ANVU*"*,
Despite this, astrocytic contributions to ANVC are still unclear; recent work
from our group and others have emphasized that astrocyte calcium
responses follow changes in vessel size***"*. It has also been hypothesized
that astrocytes may participate in vasoreactivity as only a tonic regulator of
vessel size, whereas neuronal response is primarily a phasic controller™.
As with neurons, populations of hyperactive astrocytes have been
identified in ADRDs. This hyperactivity appears to be a key functional
phenotype of astrocyte reactivity found in aging and most forms of neu-
rodegeneration. Signs of hyperactivity in reactive astrocytes include elevated
resting calcium levels, increased spontaneous calcium activity, and/or
increased calcium transient amplitudes. The calcium dysregulation in
reactive astrocytes is likely to give rise to aberrant activation and processing
of many different downstream calcium-dependent signaling mediators
implicated in disease. For instance, the protein phosphatase calcineurin
undergoes extensive calcium-dependent proteolysis in astrocytes associated
with AD and vascular pathologies (in both humans and rodent models),
leading to hyperactivation of inflammatory transcription factors like NFB
and NFAT. The transformation of the reactive astrocyte transcriptome via
aberrant calcineurin activity appears to be a fundamental mechanism
linking astrocytic calcium dysregulation to neuroinflammation, glutamate
uptake deficits, and synapse dysfunction. Interestingly, suppression of
astrocytic calcineurin/NFAT signaling in the context of hyperhomocystei-
nemia (HHcy) and small cerebral vessel disease improved neurovascular
coupling, capillary red blood cell velocity, and cerebral perfusion, suggesting
that calcium dysregulation and astrocyte reactivity can compromise cere-
brovascular function and disrupt the delivery of oxygen and energy sub-
strates to the brain. Indeed, work from Sompol and colleagues shows that in
a diet-induced model of HHcy, which recapitulates pathologies of vascular
dementia, astrocyte calcium signaling was elevated with disease™. Glial cells
participate in the formation of dense neuritic plaques and are engaged in the
deposition of AB™. Recent work has shown that astrocyte signaling may be
particularly important for the glymphatic clearance of Af out of the brain
through the perivascular space. Activated astrocytes in aging mice and
models recapitulating AD pathology have also been shown to have increased
levels of calcineurin, which is known to modulate inflammatory responses™.
Decreased glucose utilization”, reduced brain insulin receptors™, mito-
chondrial dysfunction®, and dysregulated Ca®" signaling’®”’ in the astro-
cytes also appear to contribute to disease progression®*”’. Interestingly, NVC
appears in the somatosensory cortex appears to be undisturbed in aged

female 5xFAD mice, despite reductions in CBF. However, these reductions
may be explained by the reductions in the baseline diameter of the pene-
trating arterioles”.

Pericytes

Though understudied relative to neurons and glial cells, pericytes are also a
critical component of the ANVU where they regulate CBF, maintain the
BBB, provide microvascular stability, and shape vascular remodeling®".
Because of this functional and structural diversity, several subcategories of
pericytes have been classified based upon morphology and location in the
capillary bed. However, due to the difficulty in distinguishing pericytes from
other mural cells (i.e. VSMCs) and inconsistent nomenclature usage across
groups (i.e. whether or not all pericytes are contractile), it is often difficult to
resolve findings across studies'. Capillaries dilate prior to arterioles and
have been reported to cause an ~84% increase in blood flow with sensory
input®. Studies of pericytes have also shown that these cells are contributors
to ADRDs. The inhibition of voltage-gated calcium channels with nimo-
dipine, an L-type voltage-gated calcium channel blocker (LVGCCs), to
lower resting pericyte calcium in a rodent model of amyloidosis has been
shown to alter elevations in measures of CBF (i.e. vasodilation)”. Similar
results have been found in healthy animals treated with systemic nimodi-
pine, where alterations in pericyte calcium levels modulate CBF®; note,
however, that systemic applications of LVGCC blockers will likely impact
multiple cell types, including VSMCs. Additionally, pericyte loss leaves
neurons vulnerable to ischemic and excitotoxic damage, loss of BBB
integrity, and reduced measures of CBF**. Pericyte-deficient mice display
neurovascular uncoupling and reduced O, supply in the brain; delated
capillary dilation and poor neuronal excitability were observed in these
animals, with no alterations in arteriolar and endothelium-dependent
vasodilation®. Pericytes have been shown to participate in the clearance of
AR and pericyte loss appears to contribute to Ap accumulation and further
pericyte loss”. AD is also associated with pericyte constriction, perhaps due
to aberrant calcium levels™, which could underlie hypoperfusion seen in AD
patients. Likewise, pericyte death and constriction have been associated with

ischemia and stroke®’.

Neuron-specific modulators of vascular function

eNOS is largely considered the primary mediator of NO-derived vasodila-
tion, where endothelium-derived NO leads to the formation of cGMP and
relaxation of VSMCs. Interestingly, recent work has demonstrated that
nNOS (primarily neuronally derived) also contributes to mediating vascular
tone. Indeed, nNOS activity is initiated by an increase in intracellular cal-
cium during depolarization, ultimately causing the release of NO and other
byproducts®. Furthermore, NO is known to mediate increases in cGMP
levels resulting from glutamatergic signaling”. The role of NO is known to
be a key mediator of both acute and prolonged vasomotor responses’’.
Surprisingly, mice lacking either eNOS™ or nNOS™”" display normal
vasoactivity in response to ACh, suggesting that acute vasomotor response is
unchanged in these animals and can occur independently from NO action.
Perhaps in a feedforward mechanism, in the nucleus accumbens and ventral
striatum, NO has also been shown to induce ACh release, which may
mediate hyperemic responses through activation of muscarinic
receptors’””. This appears to be a generalized mechanism, as topical
treatments of ACh onto penetrating arterioles of bovine and human tissues
cause vasodilation™. It is well recognized that direct activation of muscarinic
receptors via ACh mediates vasodilation; indeed, neuronal release of ACh
also appears to facilitate NO release by binding to endothelial type 5 mus-
carinic receptors (M5)”. In fact, M5 receptor knockout mice exposed to
ACh fail to display alterations in vascular tone, but do respond to ADP,
another potent vasodilator”.

In pyramidal neurons from the mouse cortex, NMDA-induced vaso-
dilation has been shown to be dependent on cyclooxygenase 2 (COX-2) and
PGE, receptor activation on endothelial cells”. Glutamate-mediated
vasoreactivity, as with NO and ACh, is reliant on calcium as a second
messenger to modulate vessel size. Neuronal intracellular calcium has been

npj Metabolic Health and Disease | (2025)3:47


www.nature.com/npjmetabhealth

https://doi.org/10.1038/s44324-025-00090-1

Review

correlated to vasomotion in the anesthetized rat”. Independent of the
vascular beds, cell types, or the excitatory modulators engaged, clearly,
calcium is a critical mediator of vasoreactivity. For instance, the application
of barium, known to depolarize membranes, onto the cerebral surface has
been shown to constrict pial arterioles. This constriction was inhibited upon
subsequent treatment with verapamil, a calcium channel blocker”. In
contrast, the topical application of a calcium ionophore dilated pial
arterioles®. Glutamate-mediated vasoreactivity, as with NO and ACh, is
reliant on Ca’" as a second messenger to modulate vessel size. Indeed, the
topical application of a calcium ionophore (A-23187) has been shown to
dilate pial arterioles via COX activation through an endothelium-dependent
mechanism®. These data suggest that the Ca’* signaling modulates vessel
size through a variety of pathways beyond neuronal control.

Whether independent of neurons or dependent on the byproducts of
neuronal respiration, CO, is a powerful local vasodilator'**". The increase in
vessel size invoked by CO, is thought to be mediated by changes in pH in the
brain®, arterial pressure of CO,", capillary pO,, and hemoglobin
saturation®’. Thus, pH, CO,, or O, contribute to local vasoreactivity*®
through VSMC activation, opening K* channels and altering Ca**channel
activity and gap junctions". In contrast to CO,, local NE release activates
adrenergic al receptors in the vasculature to increase blood pressure.
Indeed, in the brain, early work shows topical treatment of NE onto pial
vessels induces constriction™. Clearly, therefore, localized levels of mod-
ulators in the brain participate in ANVC and tone to drive vasoreactivity.

While neurons are engaged in ANVC, interneurons also participate
either directly or indirectly in localized functional hyperemia. Specifically,
GABA-releasing interneurons in the cerebellum expressing somatostatin
(SOM) and NOS have been identified to also cause vasodilation, while other
populations have been shown to induce vasoconstriction”. Importantly, the
neuronal contribution to ANVC is a complex phenomenon that depends on
several factors (known and unknown), modulators, and the local micro-
environment (i.e. temperature, pH, pO,, pCO,, as well as Ca’"), and, while it
is not yet clear which vasomodulators are the most critical, studies modeling
neurodegeneration highlight the presence of disrupted signaling pathways
between the neurons and vasculature.

Astrocyte-specific modulators of vascular function
Over the past twenty years, astrocyte-specific processes have emerged as key
contributors of ANVC. Currently, astrocytes are recognized to have the
capacity to initiate, tune, and transmit changes in vascular tone through a
diverse variety of signaling pathways; however, the extent and sequence of
how these mechanisms coordinate blood flow remains unclear. Several
calcium-directed processes have been proposed to mediate astrocyte-driven
vasoreactivity. Classical descriptions of ANVC often associate elevations in
astrocytic calcium with phospholipase C (PLC)¥, ryanodine receptor
(RyR)¥, or metabotropic glutamate receptor (mGluRs) activation”, driving
the release of AA and its metabolites (i.e. EETs, PGE2, or 20-HETE) to elicit
avasomotor (in either direction) response through VSMCs or pericytes’ ™.
Early work using flash photolysis of caged Ca’* in astrocyte endfeet
demonstrated vasoconstrictions driven by AA metabolism into 20-HETE”,
while another group produced vasodilations through a COX 1 metabolic
pathway%, and, indeed, electrophysiological experiments have also linked
elevated endfoot calcium to vessel dilation.”. Purinergic receptors such as
P2XI1R, an ATP receptor, are known to cause elevations in calcium levels via
PGE, and contribute to capillary dilations in cortical slices while inhibition
reduced vasodilation™. Thus, the local signaling dynamics that control
ANVC have been identified, although it is difficult to generalize the outcome
of specific modulators, particularly when considering the structural ele-
ments across different vascular beds and regions of the brain.

Conversely, evidence from other groups shows a lack of associations
between astrocyte calcium and ANVC. Several groups using the IP3R2KO
mouse model (ie., lacking a primary intracellular Ca*'release channel)
report significant reductions in somatic and endfoot Ca**with little impact
on in vivo vasoreactivity*>"**”. However, experiments using neocortical
slices from the same model suggest that IP3R2 is required for astrocyte

mGluR-facilitated changes in vessel size’*'”’, and hippocampal slices show

preserved GPCR-sensitive calcium excursions in astrocyte processes, indi-
cating perhaps unrecognized pathways. It is important to note, however,
that astrocytic mGluRS5, key in Ca’* signaling, is detected only during early
development in rodents'" and, therefore, is unlikely to contribute to ANVC
with age. Similarly, using two-photon microscopy and optogenetic astrocyte
stimulation, elevations in calcium levels (soma and endfeet) did not induce
changes in arteriole diameter'”, nor did blocking them prevent arteriole
dilation™. These studies and others argue that large somatic calcium tran-
sients may not be the primary drivers of ANVC and that small, localized,
and perhaps undetectable calcium transients within astrocyte processes may
host subtle triggers’"'**'*.

Astrocytes may also modulate vascular tone through ion signal cou-
pling. Astrocytic siphoning of K* from neurons onto the arteriole wall has
also been postulated to contribute to vasodilation'”. The local micro-
environment has also been described to influence the direction and mag-
nitude of vascular responses. In hippocampal slices, elevated pO, causes
adenosine and lactate to dilate arterioles, whereas low pO, evokes con-
strictions through adenosine'®. Catecholamines such as NE are well
established as potent modulators of vascular tone, and transient increases in
NE levels have been linked to increased astrocyte Ca** activity'”, which in
turn modulates neuronal activity'”. Although astrocytes express catecho-
laminergic enzymes involved in NE synthesis (i.e. tyrosine hydroxylase'”
and L-amino acid decarboxylase'’) as well as the machinery for neuro-
modulator release'"’, it is unknown if these cells actually secrete NE.

Emerging evidence suggests bidirectional communication between
astrocytes and cerebral vessels provides feedback that regulates vascular tone
and perfusion. In fact, it is thought that a conserved mechanism between
astrocyte calcium and vasoreactivity may operate in specific contexts.
Recently, various stimulation-evoked vascular-to-astrocyte signaling pro-
cesses have been investigated. Astrocyte endfoot calcium transients are
initiated by both glutamate and NO following stimulation®. Interestingly,
mechanotransduction through transient receptor potential channels (TRPs)
localized in endfeet has also been shown to activate calcium signaling during
vasoconstriction; however, downstream COX-1 activation establishes a
negative ~ feedback  mechanism  that  attenuates  further
vasoconstrictions'*'”.  Additionally, studies investigating vascular-
astrocyte dynamics in awake mice found endfoot calcium signaling fol-
lows changes in vessel size upon stimulation***"'"*', It is plausible that
astrocytic calcium maintains tonic control of CBF and is modulated by
metabolic factors and neuronal signaling in response to stimulation™. Thus,
endfoot calcium signaling may represent a critical checkpoint in functional
hyperemia from which microvascular signaling may further tune vascular
oscillations and perfusion rate.

Disruptions in energy metabolism or integrity of the ANVU as
observed in ADRDs, may interrupt the balance of these regulatory
mechanisms, and the timing of vascular and astrocytic signaling events. In
an aged model of amyloidosis, some elements of hyperactive Ca*" signaling
was observed, along with the delayed onset and reduced magnitude of
stimulation evoked endfoot Ca®" signals following vasodilation'". In this
context, Ca*" dysregulation may disrupt downstream processes such as AA
metabolite production, regulation of neuronal excitability, K* shuttling and
other ion gradient maintenance, and Ca’"-sensitive K* (BK) and TRP
channel function. Excessive Ca*" signaling has also been shown to activate
calcineurin (CN) signaling, which in the presence of APy, further elevates
calcium levels''*"". Finally, CN signaling is implicated in neuroin-
flammatory processes that result in damage of the blood brain barrier,
further exasperating vascular functional impairments'”. For these reasons,
itis predicted that targeting astrocyte reactive processes in disease states may
alleviate cerebrovascular dysfunction and restore metabolic homeostasis.

Pericyte-specific mediators of vascular function

Whereas VSMCs are present on larger vessels, pericytes are uniquely located
on the surface of capillaries and the transitional zones between the capillary
bed and arterioles and venules. Thus, these contractile cells appear integral
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for controlling local vasoreactivity, particularly the microvasculature,
although itis clear that not all pericytes are contractile™**'*'. Despite the rich
history characterizing pericytes in the brain, it is still difficult to assess
pericyte function in vivo and the number of pericyte types, inconsistent
nomenclature used throughout the literature, and difficultly targeting these
cells contribute to the lack of consensusa'’. While it has been demonstrated
extensively that pericytes are juxtaposed to the vasculature, particularly the
capillary beds, it appears that pericytes are particularly well suited to con-
trolling local vascular flow, and, indeed, in vivo loss of pericytes in aging
animals is associated with poorer control of localized capillary blood flow'*.
Furthermore, recent work has highlighted the novel role of pericytes in
controlling angiogenesis in conditions associated with myelin repair,
hypoxia, and aging'*~*.

Whether or not an intermediary step exists between pericytes and
capillaries to control the local microvascular tone (i.e. transducing a signal
originating from another cell type vs. direct microvascular control), recent
evidence demonstrates that loss of pericytes is associated with neurovascular
dysfunction, suggesting that these cells may be active participants in ANVC.
However, other studies have shown that pericyte density does not change
with aging, despite presenting impaired ANVC in response to
hypercapnia'®.

Both cholinergic and adrenergic receptors have been identified on
pericytes in vitro. Additionally, pericytes have been shown to express
receptors for vasopressin, vasoactive intestinal peptide (VIP), endothelin 1
(ET-1), and angiotensin II (ANG II)'**. Much of the existing work
describing pericytic modulators of vascular function primarily details
metabolites derived from other cell types. Indeed, the 20-HETE metabolite
in the pericyte is derived from AA released by astrocytes and induces
vasoconstriction'". Likewise, PGE2 release from astrocytes is thought to
target the EP4 receptor on pericytes, promoting vasorelaxation; however,
this process can be inhibited by neuronally derived NO'”. As in most
vascular beds, treatment of cerebellar slices with NE also caused a con-
strictive response'**'”’; however, interestingly, NE release from neurons
onto pericytes causes a contractile response that does not alter intracellular
calcium levels'™. In culture, ATP treatment induced elevations in pericytic
calcium and invoked constriction'”*'"”". Nevertheless, pericytic calcium is an
important mediator of vessel tone and appears to be in part be dependent on
potassium flux, perhaps driven by K,q, channels'*; stimulation of pericytes
via K.y, channel agonists have been shown to elevate capillary blood flow'*.
Moreover, ex vivo investigations of pericyte contributions to the ANVC
show that pericytes can direct local blood flow to areas of high neuronal
activity according to large fluctuations of K™**,

Beyond calcium as a mediator of vascular tone: insulin
In the brain, insulin plays a critical role in maintaining glucose
metabolism'*'"*, inhibiting NE reuptake'”, increasing glycine uptake'”,
and stimulating protein kinase C activity'* across multiple cell types. Insulin
receptors (IRs) are widely expressed throughout the brain"**'*, including in
neurons'”, glial cells such as astrocytes and microglia'*>'*’, and endothelial
cells'. TRs exist in two alternatively spliced isoforms: the B isoform (IR-B)
and the A isoform (IR-A), the latter of which lacks exon 11. In vitro studies
have detected IR-A exclusively in neurons. In vivo work demonstrates that
IR-B is present in both neuronal and astrocytic populations but is pre-
dominantly expressed by astrocytes'**'**. This isoform-specific distribution
highlights fundamental differences in insulin signaling between astrocytes
and neurons, leading to distinct functional consequences for glucose
metabolism and insulin-mediated processes in the brain. The enrichment of
IR-B in astrocytes suggests a specialized role in regulating brain glucose
metabolism and maintaining energy homeostasis. Functionally, IR-A shows
a higher affinity for insulin growth factor IT (IGF-1I)'*” and is associated with
mitogenic pathways such as phosphoinositide 3-kinase (PI3K)"**'¥,
although its rapid internalization limits sustained signaling'**'*". In contrast,
IR-B has a higher affinity for insulin and acts as a more effective regulator of
glucose metabolism, particularly in glucose uptake'*~"**. It internalizes more
slowly than IR-A, allowing for prolonged metabolic signaling via endosomal

pathways. These differences in ligand affinity, expression patterns, and
downstream signaling underscore the distinct biological roles of IR-A and
IR-B across different cell types. Under normal conditions, insulin binding
triggers autophosphorylation of IRs, leading to the activation of two primary
signaling pathways: phosphoinositide 3-kinase/protein kinase B (PI3K/
AKT) and Ras-Mitogen-activated protein kinase (MAPK)"*'*. Through
insulin receptor substrate 1 (IRS-1) and IRS-2 activation, the canonical
PI3K/AKT pathway regulates glucose transporter type 4 (GLUT4) trans-
location and glucose uptake'™.

Cortical insulin levels decline with aging and in Alzheimer’s disease
(AD), accompanied by a reduction in insulin receptor density*”'**. While IR
ligand affinities remain largely unchanged in AD compared to young
individuals, they decrease with advancing age'”’. Impaired glucose meta-
bolism, potentially resulting from altered CNS IR function or downstream
signaling defects, has been implicated in AD onset'””. These deficits in
insulin signaling contribute to various insulin resistance phenotypes.

Mechanisms of brain insulin resistance

Insulin resistance in the brain can arise from multiple mechanisms,
including decreased IR expression, impaired ligand binding, and reduced
tyrosine kinase activity'*>'*’. Additionally, impaired insulin transport across
the blood-brain barrier (BBB) can exacerbate insulin resistance'®’. The
question of whether the brain is insulin-sensitive has been debated for
decades'®”. However, the widespread distribution of IRs and extensive
research demonstrating insulin’s effects on neuronal and glial function
strongly support the notion that the brain is an insulin-sensitive organ.
Given the differences between peripheral and central insulin action,
including variations in IR isoforms, substrate affinity, duration of signaling,
and glucose uptake mechanisms, brain insulin resistance cannot be solely
defined by peripheral metabolic criteria'*, highlighting the importance of
central insulin signaling across multiple brain regions (Fig. 2).

Under conditions of insulin resistance, neurons and glial cells fail to
respond effectively to insulin, leading to impaired glucose metabolism,
mitochondrial dysfunction, and chronic neuroinflammation'”. Dysregu-
lation of the PI3K/AKT and MAPK pathways, essential for neuronal sur-
vival and synaptic plasticity, further exacerbates neurodegeneration'®.
Brain insulin resistance has been directly linked to increased tau hyper-
phosphorylation and amyloid-p accumulation, the two hallmark patholo-
gies of AD'®. Additionally, insulin-degrading enzyme (IDE), which plays a
crucial role in AP clearance, exhibits decreased activity in AD'**'”’, a pro-
posal that is not consistent with reductions in central insulin levels, where
less insulin would be metabolized, thus providing enhanced opportunities
for IDE to metabolize AP. Chronic metabolic stress, obesity, and type 2
diabetes further amplify these disruptions, accelerating cognitive
decline'®'”. Furthermore, induced hyperinsulinemia or exogenous
administration of insulin has been shown to improve cognition in AD
patients and aged individuals'*'"".

Intranasal insulin as evidence for brain insulin sensitivity

Despite ongoing debates regarding central insulin signaling or mechanisms
underlying the changes in insulin sensitivity, the success of intranasal insulin
in humans in enhancing cognitive function, regulating brain metabolism,
and modulating neuroplasticity provides compelling evidence that the brain
is an insulin-sensitive organ. Clinical studies have demonstrated that
intranasal insulin administration improves declarative memory in healthy
individuals'”*, obese patients'”” and patients with mild cognitive impairment
(MCI) or AD""'"”*, Our lab’s findings further support the notion that insulin
remains functionally relevant in AD, reinforcing the importance of targeting
insulin pathways as a potential therapeutic strategy’>'”*""”’. In rats and mice,
INT administration shifts astrocytic energy synthesis to fatty acids via fatty
acid oxidation, perhaps to produce additional lactate for neuronal use'””'”".

The impact of insulin on vascular function
Insulin is known to modulate vasomotor tone both in the periphery and in
the CNS. The activation of IRs on the vascular endothelium is known to
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Fig. 2 | Insulin resistance is recognized as a crucial
factor in the pathogenesis of cognitive impair-
ment. Insulin resistance contributes significantly to
vascular dysfunction and ANVU dysfunction,
through impaired glucose metabolism, oxidative
stress, and inflammation. This leads to micro-
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elicit vasodilation or vasoconstriction through two different pathways (i.e.
PI-3K/eNOS and MAPK, respectively)'””. Indeed, insulin action regulates
generation of NO through PI-3K stimulation'®’. Central administration of
insulin in vivo is associated with increases in heart rate and blood flow and
is thought to be mediated in part by eNOS'*'. When IR is knocked out from
endothelial cells, animals display impaired BBB function'®. Likewise,
enhanced insulin signaling appears to attenuate angiogenesis; increased
vascularity has been noted in global IR-knock out mice, which is lost with
age'®. Thus, results are beginning to suggest the importance of multiple cell
types and associated signaling pathways in controlling the structure of the
angioarchitecture. Finally, in the clinic, INT treatment has been shown to
elevate CBF measures'””'**'**, Central hyperinsulinemia, as seen in T2DM
and metabolic syndrome, is associated with hypoperfusion, increased risk
of cardiovascular disease, and neurovascular uncoupling'**'"". In AD,
insulin receptors associated with the vasculature display impaired func-
tion, suggesting insulin resistance at the level of the BBB'**'*”. Thus, insulin
signaling in the brain appears capable of targeting multiple cytometabolic
elements of the ANVU (e.g. neurons, astrocytes, pericytes, endothelial
cells, etc.).

Conclusions

Although some of the signaling modulators of ANVC are well defined, it is
key to consider both the spatial and temporal associations between
vasoactive factors. Recent reports investigating the timing of vasoreactivity
place vessel responses before astrocytic calcium flux, despite many early
studies describing the opposite', perhaps due to methodological differences
(i-e. conducted in vitro or in anesthetized animals)“*'*’. With the increasing
accessibility of 2-photon microscopy and ability to image awake animals,
more evidence is emerging supporting this sequence of events. Indeed, data
from our group in awake mice and others in anesthetized mice have shown
that vasodilation precedes the influx of astrocytic calcium**. Neuronal
Ca’" events have also been shown to precede astrocyte response by a few
seconds, however it is important to note that a subset of astrocytes (esti-
mated at ~5%) can respond as quickly as these neurons''. Neuronal mea-
sures of activity have now been shown to rapidly (<2s) follow
vasodilation'”, suggesting that neurons may not be the originators of the
dilatory response. Given the nature of the length of astrocytic (tens of
seconds) and neuronal ( ~ 1 s) Ca** responses, the duration of sensory sti-
mulation likely dictates to what extent astrocytes and neurons in the
somatosensory cortex contribute to functional hyperemia under tonic and
phasic conditions. Despite this, many recent studies utilizing 2-photon
imaging are still limited by the thin imaging plane and may not be able to
identify vascular reactivity in planes above or below the focal plane where

Ca®" is measured at astrocytic foci. Therefore, future studies should inves-
tigate the bioenergetic responses of cells in a larger plane (i.e. 3D 2-photon
imaging) to fully characterize ANVC.

Furthermore, given the role of NE in mediating vasoconstriction,
understanding how metabolic dysregulation impacts its release could
potentially reveal novel therapeutic targets. Indeed, literature suggests that
NE modulates astrocyte activity. In vivo light stimulation paired with NE
release has been shown to enhance astrocytic Ca’" signaling'*’, and is per-
haps associated with vasoreactivity. Importantly, astrocyte Ca®" signaling
differs between awake and asleep mice'”, perhaps mediated by NE, as the
release of NE is thought to propagate Ca’" signaling in the cortex of awake
mice, primarily through al receptors'”. NE signaling onto astrocytes is also
thought to induce the release of ATP for the regulation of postsynaptic
efficacy'*’. Therefore, future work should assess the impact of neuronal and
astrocyte photoactivation on al adrenergic receptors on vascular smooth
muscle cells in a model of diabetes and obesity to investigate the role of NE in
ANVC and to test the hypothesis that astrocytes modulate NE release onto
the vasculature.
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