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The neurovascular system forms the interface between the tissue of the central 
nervous system (CNS) and circulating blood. It plays a critical role in regulating 
movement of ions, small molecules, and cellular regulators into and out of brain 
tissue and in sustaining brain health. The neurovascular unit (NVU), the cells 
that form the structural and functional link between cells of the brain and the 
vasculature, maintains the blood–brain interface (BBI), controls cerebral blood 
flow, and surveils for injury. The neurovascular system is dynamic; it undergoes 
tight regulation of biochemical and cellular interactions to balance and support 
brain function. Development of an intrinsic circadian clock enables the NVU to 
anticipate rhythmic changes in brain activity and body physiology that occur over 
the day-night cycle. The development of circadian neurovascular function involves 
multiple cell types. We address the functional aspects of the circadian clock in the 
components of the NVU and their effects in regulating neurovascular physiology, 
including BBI permeability, cerebral blood flow, and inflammation. Disrupting the 
circadian clock impairs a number of physiological processes associated with the 
NVU, many of which are correlated with an increased risk of dysfunction and 
disease. Consequently, understanding the cell biology and physiology of the 
NVU is critical to diminishing consequences of impaired neurovascular function, 
including cerebral bleeding and neurodegeneration.
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1. Introduction

The neurovasculature regulates the flow of blood through the arteries, veins, and capillaries 
within the brain. It is composed of cells of the neurovascular unit (NVU), which include 
neuroendothelial cells, mural cells (smooth muscle and pericytes), astrocytes, and microglia as 
well as extracellular matrix components within the basement membrane. Arteries arising from the 
subarachnoid space vascularize the brain. They form NVUs comprised of smooth muscle cells, 
endothelial cells, pia mater, the perivascular space, and astrocytic end feet. As these arterial vessels 
penetrate deeper into the brain, they lose smooth muscle cells and pia mater. Pericytes, which are 
contractile, assume positions between the endothelial cells and astrocytic endfeet (Figure 1).

The cells of the NVU to undergo dynamic daily and environmental changes, making regulatory 
adjustments to maintain homeostasis. Interactions of the NVU with neuronal networks are 
responsible for the regulating cerebral blood flow (CBF), maintaining the integrity of the 
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blood–brain interface (BBI), and immune surveilling-, which recognizes 
harmful pathogens, responds to injury, recruits resident microglia to 
clear cellular debris, and releases neuroprotective factors (Kaplan 
et al., 2020).

1.1. Blood–brain interface (BBI)

The cerebrovasculature continuously provides resources 
supporting the brain’s high metabolic rate, the necessary rapid, 
on-demand delivery of oxygen and energy supporting neuronal 
activity, as well as efficient clearance of waste products. The brain’s 
high metabolic rate requires the continuous supply of nutrients and 
oxygen by the blood. The blood–brain interface (BBI), a multicellular 
structure separating the CNS from systemic circulation, regulates this 
interaction. Tight junctions between endothelial cells of the NVU 
form a physical barrier, restricting permeability. The surrounding 
pericytes and astrocytic endfeet are encased in the extracellular 
matrix-containing basement membrane, enhancing this structural 
barrier (Abbott et al., 2010; Keaney and Campbell, 2015; Liebner et al., 
2018). Vesicular transport across these endothelial cells is very low 

compared to vascular endothelial cells of other organs, distinguishing 
them as neuroendothelium (Brightman and Reese, 1969). The BBI 
restricts the exchange of material between the brain and the blood, 
except for small molecules and gases such as oxygen and carbon 
dioxide. Larger molecules can cross the BBI only through transporters 
and endocytic vesicles (pinocytosis). Loss of BBI integrity results not 
only in reduced oxygen and nutrient flux into the brain, but also 
diminished clearance of neurotoxic substances. Other components, 
such as astrocytic endfeet and pericytes, also express some transporters 
and receptors that contribute to the BBI transport system.

Neuroendothelial cells are the central regulatory components 
of the BBI. Characterized by few transporters, low level of 
paracellular diffusion and pinocytotic activity, neuroendothelial 
cells are joined laterally by tight junctions. Pericytes wrap around 
the vessels and are embedded in extra cellular matrix, the basement 
membrane (Abbott et al., 2010). The restrictive properties of the 
BBI are determined primarily by tight-junction proteins, which 
form a physical barrier between adjacent neuroendothelial cells 
(Kniesel and Wolburg, 2000). The BBI restricts entry of cytokines 
and antibodies, which can impair neurotransmission, into the brain 
(Abbott et  al., 2006), as well as participates in the clearance of 

FIGURE 1

Schematic representation of the cellular elements of the neurovascular unit (NVU). Elements of the NVU include neuroendothelial cells, mural cells 
(vascular smooth muscle cells, pericytes), microglia, astrocytic endfeet. The cellular composition differs along the vascular tree. At the level of the 
artery/arteriole (top), the NVU is composed of neuroendothelial cells making up the inner layer of the vessel wall covered by a thin extracellular 
basement membrane, ringed by vascular smooth muscle cells, and ensheathed by a glial limitans. The perivascular space containing the cerebrospinal 
fluid is between pia and the glia limitans formed by astrocytic endfeet. At the capillary level (bottom), the NVU is composed of neuroendothelial cells 
that share a common basement membrane with pericytes. Pericytes stretch their processes along and around capillaries. Pericytes and endothelial 
cells are covered by astrocyte endfeet. Created by Biorender.com.

https://doi.org/10.3389/fnins.2023.1196606
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.biorender.com/


Mitchell and Gillette 10.3389/fnins.2023.1196606

Frontiers in Neuroscience 03 frontiersin.org

cellular metabolites from the brain to the blood (Winkler 
et al., 2011).

1.2. Cerebral blood flow

Cerebral blood flow (CBF) in the human brain is accomplished 
through a network of interconnected blood vessels over 400-miles 
long (Zlokovic, 2011; Kisler et al., 2017). Irreversible brain damage can 
occur within minutes if proper CBF is compromised (Moskowitz 
et al., 2010). Mural cells, vascular smooth muscle cells (vSMC), and 
pericytes are involved in regulating cerebral blood flow (Peterson 
et al., 2011; Hall et al., 2014; Hill et al., 2015; Attwell et al., 2016). 
Active contraction and relaxation of vSMCs around the larger 
arterioles controls flow by altering the vascular diameter (Hill et al., 
2015). Pericytes are spatially isolated contractile cells in the 
microvasculature that are responsible for regulating the cerebral blood 
flow within capillaries (Attwell et al., 2016; Cai et al., 2017; Mughal 

et  al., 2023; Figure  2). The capillary dilation created by pericyte 
relaxation is regulated by the blood pressure from upstream arterioles. 
Pericytes alter capillary diameter by actively responding to neuronal 
activity (Wu et al., 2003; Peppiatt et al., 2006). The dilation response 
in capillaries is rapid, completing prior to arteriole dilation (Hall 
et al., 2014).

Regulation of CBF can be grouped into three broad mechanisms: 
(1) Autoregulation, which maintains stable blood flow despite 
fluctuations in systemic blood pressure; (2) Vasomotor reactivity, 
which is in response to modification of the arterial pCO2/pH of the 
brain tissue reporting the need for oxygen; and (3) Neurovascular 
coupling, which is in response to local changes in neuronal and 
metabolic activity (Peterson et  al., 2011; Silverman and Petersen, 
2022). Autoregulation is largely controlled by changes in 
vasoconstriction and vasodilation in the smooth muscle of arterioles 
(Attwell et al., 2016; Hosford and Gourine, 2019; Hoiland et al., 2020; 
Duffin et al., 2021). This may be mediated by the release of vasoactive 
substances, myogenic regulation adapting vascular tone, and 

FIGURE 2

A schematic representation of neurovascular units with cellular elements that regulate cerebral blood flow along the vascular tree. The various types of 
cells that form the neurovascular unit (NVU) (neurons, astrocytes, mural cells – vascular smooth muscle cells (VSMCs) and pericytes, and 
neuroendothelium) regulate cerebral blood flow throughout the vascular tree. The cellular composition of the NVU differs along the vascular tree, but 
the principal cellular components all remain represented, as illustrated here. (A) At the level of penetrating arteries, the NVU is composed of 
neuroendothelial cells, making up the inner layer of the vessel wall, covered by a thin extracellular basement membrane, ringed by one to three layers 
of VSMCs, and ensheathed by pia. The Virchow-Robin space containing the cerebrospinal fluid is between the pia and glia limitans formed by 
astrocytic endfeet. Both VSMCs and astrocytes are innervated by local neurons. (B) Arterioles differ in that (i) there is only one layer of VSMCs, (ii) 
astrocyte coverage and innervation of the vessel wall and endothelial inner layer are continuous with penetrating arteries and brain capillaries, above 
and below the arteriole level, respectively. Precapillary arterioles may also contain transitional pericytes, a cell type between pericyte and VSMCs. (C) At 
the capillary level, the NVU is composed of endothelial cells that share a common basement membrane with pericytes. Pericytes stretch their 
processes along and around capillaries and make direct, interdigitated or “peg-socket”-like contacts with neuroendothelial cells. Pericytes and 
neuroendothelial cells are covered by astrocyte endfeet. Both astrocytes and pericytes are innervated by local neurons similar to astrocytes and VSMCs 
in the upper segments of the vascular tree. Created by Biorender.com.
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neurogenic regulation due to sympathetic innervation of vascular 
smooth muscle cells (Silverman and Petersen, 2022). Vasomotor 
reactivity reflects changes due to arterial CO2 pressure and coupled pH 
shifts of the brain microenvironment. Small arterioles are extremely 
sensitive, vasodilating with elevated arterial CO2 concentrations 
(Yoshihara et al., 1995). It has been suggested that this vasomotor 
response is regulated by the proton concentration in smooth muscle 
cells of cerebral vessels through the pH sensitivity of carbonic 
anhydrase activity (Budohoski et al., 2013). Neurovascular Coupling 
responses to elevated neuronal activity and metabolism lead to an 
increase in local blood flow providing the brain with enhanced blood 
flow for a given demand (functional hyperemia). Chemical signals 
secreted from cells of the NVU, which can cause vasodilation or 
vasoconstriction. The neuroendothelial cells produce several 
vasoactive factors, including nitric oxide (NO), endothelium-
dependent hyperpolarization factor, eicosanoids, and endothelins; 
their release is regulated by cerebral blood flow (Peterson et al., 2011). 
Additionally, astrocytic end-feet that directly border the vessels also 
play key roles in regulating CBF (Peterson et al., 2011). Increased 
neuronal activity is can initiate the release of synaptic glutamate and 
thereby activate two different signaling pathways: (1) a signaling 
pathway that includes the activation of Ca2+-dependent enzymes, such 
as neuronal nitric oxide synthase (nNOS) and cyclooxygenase-2 
(COX-2), can produce the vasodilators NO and prostanoids, 
respectively, and (2) an astrocytic-dependent signaling pathway that 
includes Ca2+-dependent activation of phospholipase A2 and 
ultimately the production of vasodilatory metabolites including 
epoxyeicosatrienoic acids (EETs) (Attwell et al., 2010; Stackhouse and 
Mishra, 2021) (Shi et al., 2008). Additionally, K+ and H+ are produced 
during synaptic transmission; elevation of these ions stimulates 
vasodilation (Paulson and Newman, 1987; Nielsen and Lauritzen, 
2001). However, neural activation can also stimulate vasoconstriction 
as is the case via BK channels from altered astrocytic endfeet calcium 
signal in brain slices mimicking subarachnoid hemorrhage (Koide 
et al., 2012; Pappas et al., 2015).

1.3. Immune surveillance and repair

Despite barriers that prevent immune cells from traversing into 
the brain, the CNS is continuously monitoring for damage and agents 
that would disrupt normal brain function. Resident microglia and 
immune cells within the bordering meninges are primarily responsible 
for this surveillance (Ousman and Kubes, 2012). Although the border 
immune cells are outside the scope of this review, they have been 
thoroughly discussed (Kwon, 2022; Rustenhoven and Kipnis, 2022). 
The role of microglia in immune surveillance is facilitated by their 
close proximity to one another with minimal overlap between 
processes of neighboring microglia (Raivich, 2005; Ousman and 
Kubes, 2012). Under physiological conditions, microglia are quiescent 
(M0), yet they are constantly surveying the local environment and 
communicating with other cell types via their motile processes. This 
allows the full extracellular space to be  sampled by at least one 
microglial process every a few hours (Nimmerjahn et al., 2005).

Within the NVU, the microglia are activated by minor alterations to 
the BBI, responding to various stimuli such as vascular injury, stroke, 
trauma, bacterial infection as well as diseases states such as Alzheimer’s 
disease and multiple sclerosis (Dudvarski Stankovic et al., 2016; Orihuela 

et al., 2016; Zhao et al., 2018). The microglial processes are recruited 
rapidly and form a dense, continuous, stable aggregate at the site of BBI 
leakage (Davalos et al., 2012; Jolivel et al., 2015; Lou et al., 2016). Microglia 
can be  activated within minutes of tissue damage. They undergo a 
spectrum of responses when activated, including polarization and 
differentiation toward pro-inflammatory and neurotoxicity (M1) or anti-
inflammatory, healing (M2) forms (Guo et al., 2022). Microglia driven 
toward the M1 state can produce inflammatory cytokines and chemokines 
as well as expressing NADPH oxidase, which produces superoxide and 
reactive oxygen species (ROS). The M2 state of microglia generate anti-
inflammatory cytokines, growth factors, as in insulin-like growth factor 
1 (IGF-1) and fibroblastic growth factor (FGF), and neurotropic growth 
factors, including neurotrophic growth factor (NGF) and brain-derived 
neurotrophic factor (BDNF). Signals shifting between M1 and M2 
polarizations can have profound effects on being either neuroprotective 
or pathogenetic on brain physiology (Ma et al., 2017; Zhao et al., 2018; 
Guo et al., 2022).

2. Development of the 
neurovasculature

The developing CNS does not produce vascular progenitor cells; 
thus, blood vessels must enter into the developing CNS to form the 
neurovasculature (Bautch and James, 2009). Early studies demonstrate 
that vascularization of the brain is initiated by vessels outside of the 
CNS through angiogenic sprouting, namely the peri-neural vascular 
plexus (Feeney and Watterson, 1946; Strong, 1964). The blood vessels 
invade and form distinct patterns once they enter the brain (Bautch 
and James, 2009; Tata et al., 2015). Ultimately, the neurovasculature 
expands into a vast network and remodels into a vascular tree 
organized into a hierarchical network of arteries, arterioles, capillary 
beds, venules, and veins.

Early in embryogenesis, a blood–brain interface is formed to protect 
neural tissue from variations in blood composition, maintain ionic 
homeostasis, and exclude toxins. This complex developing structure 
involves nascent vessels emerging by ingression from endothelial cells. 
Tight junctions are present between these neuroendothelial cells 
restricting the passage of low molecular weight molecules very early in 
development (Ek et al., 2012) The nascent vessels recruit pericytes which 
are required for barrier formation (Daneman et al., 2010). Notably, this 
occurs before astrocyte generation (Daneman et al., 2010). Astrocytes 
extend processes that contact blood vessels after birth, and thus are not 
required to initially induce the BBI, but likely are involved in maintenance. 
A number of known signaling molecules between the neural and vascular 
cells are involved in crosstalk to regulate development of the 
neurovasculature, all of which allow formation of the intricate architecture 
through the brain (Tata et al., 2015).

3. Specialized neurovascular 
structures: circumventricular organs 
and the cerebral portal system

3.1. Circumventricular organs

The brain has a number of circumventricular organs (CVOs). 
CVOs possess characteristically highly permeable, fenestrated 
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capillaries, in contrast to the barrier nature of capillaries of the 
BBI. As the name implies, these specializations form around (Lat., 
circum) ventricles, including the area postrema (AP), median 
eminence (ME), neurhypophyis (NP), organum vaculosum of the 
lamina terminalis (OVLT), pineal gland, and subfornical organ (SFO) 
(Miyata, 2015). The subcommissural organ (SCO) is often included 
among the seven CVOs, although it lacks fenestrated capillaries. On 
the other hand, the choroid plexus, which does have fenestrated 
capillaries but lacks neurons, may also be grouped with the CVO 
(Oldfield and McKinley, 2015). Because of the lack of the endothelial 
barrier, the CVOs permit the direct exchange of chemical information 
between the brain and circulating blood. Broadly, the CVOs can 
be separated into two categories, sensory and secretory. The secretory 
CVOs include the NH, ME, and pineal (as well as the SCO&/or 
choroid plexus). These neurosecretory nuclei release neurohormones 
and hormone-releasing factors into the blood via the fenestrated 
capillaries. The sensory CVOs, which are often described as “windows 
of the brain,” detect circulating hormones and ions and initiate 
responses that maintain homeostasis (Gross et al., 1987) and include 
the SFO, OVLT and AP.

The presence of these leaky, fenestrated capillaries may allow 
diffusible timing signals to entrain brain regions outside of the 
suprachiasmatic nucleus (SCN), the site of the central circadian clock 
(see section 5). To our knowledge, no prior publication reports 
movement of signals that traverse from the brain directly into the 
neurovasculature. However, the dense capillaries within the SCN, 
specifically, within the shell region, suggest a pathway that transports 
diffusible signals from the SCN into the blood (Yao et al., 2023). There 
is evidence that diffusible signals from the SCN can interact locally 
with the CSF. Taub et  al. demonstrated that arginine vasopressin 
(AVP), an established SCN output timing signal that synchronizes 
24-h rhythms of physiology and behavior, was found to contribute to 
AVP levels in the CSF (Taub et al., 2021). AVP levels exhibit 24-h 
rhythms in CSF, but not in blood (Schwartz et al., 1983). Previous 
reports have demonstrated a disparate regulation in neuropeptides 
between plasma and the CSF (Kagerbauer et  al., 2013). However, 
direct access through CVOs to potential timing signals raises an 
interesting possibility for regulation of circadian oscillations in 
the neurovasculature.

3.2. Cerebral portal systems

Portal systems carry blood from one capillary bed to another 
rather than from a capillary bed to a vein. This facilitates the rapid 
transport of chemical signals from one region to another while 
maintaining high concentrations of solutes, as the fluid is not 
transported via the vascular system back through to the heart. The 
hypophyseal-pituitary portal system is a well-known portal system. 
Neuropeptides packaged in vesicles within the neuronal cell bodies 
travel along the axons of the supraoptic and paraventricular neurons 
that synthesize them to the capillary bed of the median eminence 
(ME). They are released on demand into the capillary beds of the 
anterior pituitary (Harris, 1948; Clarke, 2015). Notably, the capillaries 
and veins of this portal system are leaky due to fenestrations in their 
vessel walls; thus, the neurohormones pass directly from axon 
terminals into the blood without encountering a BBI. This portal 
system allows hypothalamic hormones, such as gonadotropin 

releasing hormone (GnRH), to stimulate the secretory cells 
they control.

A new brain portal system has been described that links the SCN 
and the OVLT (Yao et al., 2021). These portal vessels arise from the 
rostral SCN and join the capillaries at the base of the OVLT (Yao et al., 
2021, 2023). The OVLT participates in osmotic regulation and is 
involved in the release of AVP (McKinley et al., 2004; Samson and 
Ferguson, 2015). Many OVLT functions are under circadian control, 
including anticipatory thirst and osmoregulation (Trudel and 
Bourque, 2010; Gizowski et al., 2018; Gizowski and Bourque, 2020). 
The SCN secretes a number of paracrine output signals (Cheng et al., 
2002; Kraves and Weitz, 2006; Maywood et al., 2011). This portal 
system may provide a pathway by which these diffusible circadian-
timing signals are maintained at levels that directly influence other 
brain regions.

4. The neurovascular system is 
dynamic and diurnally rhythmic

Modulation of blood flow, metabolism, and neural activity within 
the brain is dynamically regulated. The complex multicellular NVU 
responds accordingly. Beside the changes that occur with aging 
(Fabiani et  al., 2021; Zimmerman et  al., 2021), many of these 
alterations display rhythmic, anticipatory variations that are correlated 
with specific phases of the 24-h  day-night cycle. These circadian 
rhythms, derived from the Latin circa (approximately) and dies (day), 
are driven by endogenous clocks that enable organisms to anticipate 
and prepare for changes over the day-night cycle. Although not 
restricted to the neurovasculature, one of the most notable vascular 
functions that displays circadian rhythmicity is blood pressure 
(Conroy et al., 2005; Paschos and FitzGerald, 2010). In humans, blood 
pressure rises before awaking, reaches a peak in midmorning and then 
decrease as the day progresses (Millar-Craig et al., 1978). Circadian 
rhythms of regulators of blood pressure, plasma epinephrine, 
norepinephrine, cortisol, cardiac vagal tone, and heart rate all have 
been noted (Kalsbeek et al., 2006). Ablation of the hypothalamic SCN 
disrupts the circadian variation in blood pressure, demonstrating that 
the central circadian clock is necessary to orchestrate these diverse 
vascular changes (Janssen et  al., 1994; Sano et  al., 1995; Witte 
et al., 1998).

Platelet activation, which mediates blot clot formation, and 
fibrinolysis, the dissolution of these clots, also displays circadian 
rhythmicity (Paschos and FitzGerald, 2010; Thosar et  al., 2018; 
Budkowska et  al., 2019). With regard to clot formation, platelet 
aggregation and platelet activation markers show strong time-of-day 
variation, peaking mid-morning in humans. These include factors 
promoting blood coagulation, such as platelet factor 4 (PF4), 
glycoprotein Ib (GPIb), β-thromboglobulin (βTG), P-selectin, and 
activated integrin αIIbβ3 (also known as GP11b/IIIa) (Tofler et al., 
1987; Jafri et al., 1992; Scheer et al., 2011; Thosar et al., 2018; Crnko 
et al., 2019). Additionally, fibrinogen, the circulating precursor of 
fibrin, a protein that propagates clotting, demonstrates a 24-h variation 
in humans (Bremner et al., 2000). In tandem, fibrinolytic activity is 
significantly reduced in the morning (Andreotti and Kluft, 1991). The 
concentration of plasminogen activator inhibitor-1 (PAI-1), which 
inhibits fibrinolysis, peaks in the morning (Andreotti et al., 1988; Kluft 
et  al., 1988; Angleton et  al., 1989). This is endogenously driven, 
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independent of the sleep cycle (Scheer and Shea, 2014). Together these 
findings suggest that mornings, with the increase in platelet activation 
and decrease in fibrinolysis, constitute an adverse stressor toward 
negative cardio-and neurovascular events.

Indeed, adverse neurovascular events, including ischemic stroke 
and hemorrhagic stroke, demonstrate daily fluctuations (Elliott, 1998; 
Chaturvedi et al., 1999; Manfredini et al., 2005; Butt et al., 2009; Turin 
et al., 2010; Ripamonti et al., 2017). In intracerebral hemorrhage and 
subarachnoid hemorrhage detection, a bimodality in the rhythm is 
present, with the peak in morning and second smaller peak in 
afternoon/early evening (Butt et  al., 2009; Turin et  al., 2010). 
Additionally, differential damage outcome is associated with the time 
of day of the stroke. In the morning, the increases in paracellular 
permeability and immune-cell trafficking are associated with more 
severe stroke phenotype and more adverse outcomes compared to 
strokes at that occur in the afternoon (Liu et al., 2021). Thus, circadian 
rhythms may influence stroke vulnerability of the NVU. A more in 
depth understanding could allow targeted prevention in the 
development and progression of neurovascular dysfunction 
and disease.

5. The circadian system and the 
molecular clock

Circadian rhythms are orchestrated by a central pacemaker within 
the hypothalamus, the SCN. Lesions of the SCN abolish or attenuate 
daily rhythms in locomotor activity, body temperature, blood pressure, 
and heart rate in rodents (Stephan and Zucker, 1972; Ralph et al., 
1990; Witte et al., 1998), indicating that these are endogenous rhythms 
rather than driven by 24-h changes in the environment or daily 
behaviors. SCN rhythms are synchronized to the external environment 
primarily by light signals via the retinohypothalamic tract (Ding et al., 
1994; Gooley et al., 2001). Other salient entrainers, or zeitgebers, are 
food and behavioral activity. The SCN is an autonomous oscillator, 
maintaining rhythms in vitro (Gillette and Reppert, 1987; Yamazaki 
and Takahashi, 2005). Notably, dissociated SCN cells also remain 
rhythmic in culture, demonstrating the cell-intrinsic property of 
rhythmicity (Welsh et al., 2004).

At its core, the endogenous circadian clock is a transcriptional-
translational negative feedback loop (TTFL). Several interlocking 
TTFLs act in collaboration with a key negative feedback loop 
(Figure 3). In this key loop are the positive transcriptional regulators, 
the proteins BMAL1 and CLOCK. These two positive regulators 
heterodimerize and bind to cis-acting E-box promoter elements to 
activate the expression of negative regulators, which include the 
repressors CRYPTOCHROME 1 and 2 (CRY1, CRY2) and PERIOD 
1, 2, and 3 (PER1-3). As the cycle progresses, the negative regulators 
accumulate, form complexes and are transported to the nucleus where 
they inhibit BMAL/CLOCK-activated transcription, thereby 
inhibiting their own transcription (Takahashi, 2017; Cox and 
Takahashi, 2019; Rosensweig and Green, 2020). An auxiliary loop 
involving REV-ERB and ROR modulates the main TTFL to further 
controls the expression of CLOCK and BMAL1 (Takahashi, 2017). 
The regulation and machinery of the molecular clock mechanism has 
been extensively reviewed (Takahashi, 2017; Cox and Takahashi, 2019; 
Rosensweig and Green, 2020).

This TTFL generates endogenous circadian rhythms even under 
constant conditions (absent environmental or behavioral rhythms). 
These endogenous rhythms are present in nearly all cells and 
physiological systems, including those of involved with neuronal, 
metabolic, immune, inflammatory, and vascular function (Thosar 
et al., 2018, 2019). Collapse of this TTLF leads to internal cellular 
desynchrony and systemic circadian rhythm disruption. Circadian 
rhythm disruption results in a higher risk, as well as being an early 
indicator, for disease (Foster, 2020).

6. Circadian influences on cells of the 
NVU

Although much of the circadian variation in the neurovascular 
system is coordinated by the pacemaker function of the SCN, there 
are also likely local rhythms present within the molecular clocks of 
the cellular components of the NVU. Each component of the NVU is 
closely linked. The circadian influences on cells of the NVU are 
numerous resulting in discrete alterations in these cells across the day 
night cycle (Figure 4). There is a need to investigate the free-running 
rhythms in cells of the NVU under constant conditions. Nevertheless, 
to understand these influences as they currently stand, the various 
cell types of the NVU will be evaluated individually.

6.1. Neuroendothelial cells

The endothelial cells of the BBI are distinct from other 
endothelial cells. Rather than forming a semi-permeable conduit 
for the blood, as in the periphery, neuroendothelial cells form a 
barrier between the brain and the blood, permitting only a few 
types of molecules to cross. They form a cellular layer with high 
electrical resistance, tight intercellular junctions, specific 
transporters, and decreased levels of vesicular transcellular 
transport compared to peripheral endothelial cells (Betz and 
Goldstein, 1978; Betz et al., 1980; Daneman, 2012). The activity of 
efflux transporters is an important regulator of permeability across 
the BBI. Except in areas of the CVO, there is a general absence of 
fenestrae in the brain neuroendothelium (Abbott et al., 2010).

Neuroendothelial cells of the luminal membrane of the BBI highly 
express the ATPase-binding cassette (ABC) efflux transporter, ABCB1, 
alternatively named permeability glycoprotein (Pgp) and multi-drug 
resistant protein 1 (MDR1) (Cordon-Cardo et al., 1989; Schinkel et al., 
1994). ABCB1 substrate-specific efflux oscillates across the circadian 
cycle in mouse and human neuroendothelia (Zhang et  al., 2021). 
Although dependent on a functional molecular clock, the ABCB1 
transcript family does not exhibit a circadian oscillation nor does the 
ABC transporter family demonstrate regulation at the transcript level 
by the circadian clock (Zhang et al., 2021). However, the necessary 
cofactor in the regulation of ABC transports, intracellular Mg2+, 
demonstrate circadian oscillations that persist in constant conditions 
in such diverse examples as a human cell line with epithelial 
morphology, U2OS cells, as well as a unicellular algae, Osteocossus 
tauri (Feeney et al., 2016). Further, the transient receptor potential 
cation channel, subfamily M, member 7 (Trpm7), a Mg2+ transporter 
expressed in neuroendothelial cells, exhibits circadian oscillations in 
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its transcript (Zhang et al., 2021). Thus, efflux by transporters, such as 
ABCB1, may be regulated through its co-factor, via daily fluctuations 
in intracellular Mg2+.

The barrier function of the BBI is regulated by neuroendothelial 
tight-junction proteins. Tight junctions contain multiple protein 
complexes, which may include occludins, claudins, zonula occludens 
(ZO), and junctional adhesion molecules (JAM). Multiple studies have 
demonstrated circadian regulation of tight proteins at both the RNA 
and protein levels, although not specifically in the BBI. In retinal 
pigment epithelium, claudin 2 (cldn2) was found to display circadian 
rhythms in both protein and RNA expression (Louer et al., 2020). In 
the inner retinal blood vessels, claudin-5 was found to be  highly 
dynamic and regulated in a circadian manner by the clock protein 
BMAL1 (Hudson et al., 2019). In intestinal epithelial cells, occludin 
and claudin-1 mRNA display oscillations across the day-night cycle 
and their expression is inversely associated with colonic permeability 
(Oh-oka et  al., 2014). This suggests the potential for diurnal or 
circadian oscillations in the BBI, but this has yet to be determined.

Additionally, neuroendothelial cells can secrete molecules that 
affect microglia. One such molecule is the proinflammatory cytokine, 
tumor necrosis factor alpha (TNFα). Although the primary source of 
TNFα is macrophages and monocytes, TNFα production in 
neuroendothelial cells has been noted (Imaizumi et al., 2000). TNFα 
undergoes circadian oscillations in its uptake and can activate 
interleukin-15 (IL-15). Notably, IL-15 affects the growth of microglia 
as well as nitric oxide production. Further, IL-15 and its receptor can 
feedback, exerting anti-inflammatory roles (Pan et al., 2011).

Neuroendothelial cells contribute to the aforementioned circadian 
fluctuation in the coagulation/fibrinolytic factors. Thrombomodulin, 
an endothelial membrane protein that exerts anti-coagulation effects 
through protein C (de Wouwer et  al., 2004), displays circadian 

FIGURE 3

Molecular circadian clockwork is composed of two interlocking transcription/translation feedback loops (TTFLs). The clock proteins, CLOCK and 
BMAL1, are integral components of the core circadian timekeeping loop. They form a heterodimer, then induce E-box-mediated transcription of 
negative regulators, Period (Per1,2,3) and Cryptochrome (Cry1,2) genes. Accumulated PER and CRY proteins repress E-box-mediated transcription until 
their levels decrease, allowing the cycle to repeat. CLOCK and BMAL1 also control the transcription of the nuclear receptors RORα and REV-ERBα, 
which modulate BMAL1 mRNA levels by competitive actions on the RRE element residing in the Bmal1 promoter. The cycling of clock components 
collectively determines the temporal patterning and levels of clock-controlled genes (CCGs), thus generating diverse circadian rhythmic outputs. In 
addition, a number of signaling molecules, including kinases and ubiquitinases, fine-tune these molecular clock loops. Casein kinase Iε (CKIε) and CKIδ 
form a complex with PERs and CRYs, phosphorylate (P) PERs and then promote proteasome-dependent degradation of these negative regulators. 
Phosphorylation of CLOCK facilitates its dimerization with BMAL1 and nuclear entry.

FIGURE 4

Circadian rhythms are expressed in the various cell types of the NVU. 
Multiple types of cells comprise the NVU and contribute to 
neurovascular function. All express near-24-h oscillations in 
functionality.
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oscillations at both the level of the RNA and protein in lung and heart 
(Takeda et al., 2007). Plasminogen activator inhibitor-1 (PAI-1), the 
principal inhibitor of fibrinolysis in vivo, exhibits significant circadian 
variation with peak circulating levels observed in the morning 
(Angleton et al., 1989), as well as activation by the core clock proteins, 
CLOCK and BMAL1 (Schoenhard et  al., 2003). Whereas tissue 
plasminogen antigen (t-PA) which catalyzes the conversion of 
plasminogen into plasmin and thereby promoter of fibrinolysis, also 
demonstrated daily variations in levels with increasing concentrations 
found in the afternoon in humans (Liu et al., 2021).

6.2. Astrocytes

The function of astrocytes in the BBI is not fully understood; 
however, evidence suggests that they induce barrier-like properties in 
neuroendothelial cells by releasing factors that include TGFβ, glial-
derived neurotrophic factor (GDNF), bFGF, and angiopoietin 1 
(Abbott et al., 2006), as well as exerting an effect on BBI polarity (Beck 
et al., 1984). They control neurotransmitter and ion concentrations to 
maintain homeostatic balance. Astrocytes interface with 
neuroendothelial cells through the endfeet of specialized processes 
that line the outer side of cerebral capillaries. They contribute 
importantly in regulating metabolite levels and brain water content, 
and they modulate vasodilation. Astrocytes release several molecules 
that enhance and maintain barrier properties: members of the 
Hedgehog family, proteins of the renin-angiotensin system, and 
apolipoprotein (a cholesterol and phospholipid transporter).

Circadian fluctuations in astrocyte structure and function 
throughout the brain are well documented (McKee et al., 2020; Naseri 
Kouzehgarani et al., 2022; Rojo et al., 2022; Hastings et al., 2023). 
Astrocytes contribute to cell–cell coupling in the SCN, undergo daily 
changes in GFAP distribution and structural complexity, and physical 
coverage of neurons. Glia respond to daily oscillations in neuronal 
activity (McKee et al., 2020, Naseri Kouzehgarani et al., 2022, Rojo 
et  al., 2022, Hastings et  al., 2023). They may also be  involved in 
thermoregulation, hormonal secretion, and sleep (McKee et al., 2020).

The role of circadian rhythms in astrocyte structure and function 
in neurovascular function is less understood. However, it is notable 
that the water channel, aquaporin 4 (AQP4) displays day-night 
differences in expression levels. AQP4 can control fluid exchange 
bidirectionally. It is abundant in astrocytes associated with the 
neurovasculature and is present in high density in astrocytic endfeet 
bordering blood vessels. Although no difference in the total level of 
AQP4 has been reported, its polarization to vascular structures is 
highest during the day in the cortex of rodents suggesting diurnal 
variation in water exchange across the BBI (Hablitz et al., 2020). Mice 
deficient in AQP4 display profound reduction in glymphatic clearance 
(Iliff et al., 2012; Lundgaard et al., 2017), however with regard to BBI 
integrity, studies lack consensus (Zhou et al., 2008; Saadoun et al., 
2009; Haj-Yasein et al., 2011). This topic merits further careful analysis.

6.3. Neurons

There is significant heterogeneity in the innervation of the 
NVU. Broadly, larger, surface extracranial cerebral vessels (such as 
carotid arteries, vertebral arteries and jugular veins) and intracranial 

vessels (pial arteries, perforant arteries and pial veins) receive 
peripheral or extrinsic innervation by cranial autonomic ganglia. 
Input is derived from sympathetic nerves originating from the 
superior cervical ganglia, parasympathetic nerves from the 
sphenopalatine ganglion or otic ganglion, and sensory nerves from the 
trigeminal ganglion releasing a number of neuropeptides (including 
substance P, calcitonin gene-related peptide, vasoactive intestinal 
peptide, pituitary adenylate cyclase-activating peptide, neuropeptide 
Y, and somatostatin) (Hamel, 2006; Schaeffer and Iadecola, 2021). On 
the other hand, smaller penetrating arterioles and capillaries receive 
central or intrinsic innervation via nerve terminals from local 
interneurons or subcortical pathways, such as the thalamus, locus 
coeruleus, raphe nucleus and basal forebrain. Communication is 
mediated via a number of different factors, including neuropeptides, 
neurotransmitters, prostaglandins, ions, and NO (Giorgi et al., 2020; 
Schaeffer and Iadecola, 2021).

At the local level, neurons of the NVU directly and indirectly 
control local cerebral blood flow via neurovascular coupling or 
function hyperemia in response to neuronal activity, as well as impact 
vascular networks and BBI formation through release of vasoactive 
agents (Attwell et al., 2010; Whiteus et al., 2014; McConnell et al., 
2017; Kugler et al., 2021). Much of the local neurovascular coupling 
involved the increased release of glutamate with neuronal activity. 
Glutamate release can activate neuronal and glial signaling pathways 
that release vasoactive effectors. Mediators of local neurovascular 
coupling through inhibitory interneurons have demonstrated the 
ability to either induce vasodilation or vasoconstriction (Cauli et al., 
2004; Rancillac et al., 2006).

Much less is known about the role of circadian neuronal 
activity in regulating neurovascular function. The numerous 
neuronal releasates involved in NVU regulation are beyond the 
scope of this review. We  focus on examples with regards to 
circadian function rather than those involved in acute, inducible 
alterations to the NVU. Regarding intrinsic innervations that 
project to cortical microvessels, a number of subcortical pathways 
are associated with wakefulness and undergo alterations with sleep 
deprivation. The locus coeruleus expresses 24-h rhythms in the 
noradrenaline rate-limiting enzyme tyrosine hydroxylase in 
animals housed under both light:dark (LD) and continuous dark 
(DD) conditions (Caputo et  al., 2023). Additionally, functional 
MRI in humans has linked cerebral blood flow to diurnal 
modulation in regions of the default-mode network displaying a 
decrease in from morning into the afternoon. The default mode 
network is primarily composed of the medial temporal lobe, the 
medial prefrontal cortex, and the posterior cingulate cortex and 
associated with internal thought, active while not engaged in 
specific tasks (Hodkinson et al., 2014). One of these mediators is 
nitric active during oxide (NO). NO is generated by a family of 
three nitric oxide synthase (NOS) isoforms: neuronal NOS 
(nNOS); endothelial NOS (eNOS), and inducible NOS (iNOS). 
Although nNOS is abundantly expressed in neurons, it is also 
expressed in non-neuronal cells (Boulanger et al., 1998; Loesch 
et al., 1998; Schwarz et al., 1999). It has been argued that the nNOS 
form participates significantly in regulating microvascular tone 
(Costa et al., 2016). However, both eNOS and nNOS have been 
linked to control of vascular tone (Kurihara et al., 1998; Fleming, 
2003; Hagioka et  al., 2005; Förstermann and Münzel, 2006; 
Lemmer and Arraj, 2008; Seddon et  al., 2008) Multiple genes 

https://doi.org/10.3389/fnins.2023.1196606
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Mitchell and Gillette 10.3389/fnins.2023.1196606

Frontiers in Neuroscience 09 frontiersin.org

(eNOS, caveolin1 and 3) and proteins (tetrahydrobiopterin, 
phospho-Akt, phospho-eNOS) linked to NO-induced vasodilation 
display circadian expression, however, their rhythmic regulation 
in the neurons of the NVU has not been determined (Panda et al., 
2002; Rudic et al., 2005; Kunieda et al., 2008; Anea et al., 2009).

Although much research has focused on the effect of neuronal 
activities on CBF, recent work also has demonstrated an influence of 
neurons of the NVU on BBI permeability. Elevated expression and 
function of a major neuroendothelial ABC efflux transporter, 
P-glycoprotein (pgp), was found to be  correlated to decreases in 
neuronal activity. A diurnal rhythm in pgp substrates efflux was 
negated in a knockout of the clock gene, Bmal1 (Pulido et al., 2020).

6.4. Pericytes

Pericytes are imbedded in the basement membrane in direct 
contact with neuroendothelial cells, wrapping around the tightly-
connected neuroendothelial cells. They are found in the capillary bed 
but display a marked preference for junctional locations within 
branching capillaries (Mughal et al., 2023). They have been found to 
play a regulatory role in brain angiogenesis (the formation of new 
capillaries from existing ones), neuroendothelial cell-tight junction 
formation, and differentiation of the blood–brain interface, as well as 
contribute to structural stability. The CNS vasculature has a 
significantly higher pericyte coverage compared with peripheral 
vessels (Winkler et al., 2011; Hall et al., 2014).

Pericytes rhythmically express a number of circadian genes 
(Mastrullo et al., 2022). A mouse line lacking BMAL1 exhibited a 
decrease in pericyte coverage within the NVU. This decrease in 
pericyte coverage increased permeability within the BBI, led to a 
decrease in platelet-derived growth factor receptor β (PDGFRβ) 
transcription. The PDGFR is important for BBI integrity (Nakazato 
et  al., 2017b). Exposure to synchronized pericytes in a contact 
co-culture also synchronizes neuroendothelial circadian rhythms of 
Bmal1:luciferase, a clock gene reporter (Mastrullo et al., 2022).

6.5. Vascular smooth muscle cells

Vascular smooth muscle cells (VSMC) of the NVU are responsible 
for constriction and dilation of larger arterial and arteriole blood 
vessels, regulating vascular resistance and blood pressure and 
stabilizing smaller downstream vessels from the pulsative effect of 
heartbeat. At this level neurovascular tone is regulated by the 
relaxation and contraction of VSMC. Hyperpolarization results in the 
relaxation of the VSMC whereas depolarization results in contraction 
of the VSMC and constriction of the blood vessels. A number of 
factors can influence VSMC, including the sympathetic nervous 
system (discussed in section 6.3) circulating mediators, and 
endothelial cells (Sandoo et al., 2010; Kisler et al., 2017).

Most work on the influence of the circadian clock in smooth 
muscle has focused on the peripheral vascular system and not 
specifically on smooth muscle within neurovascular system. 
Mesenteric smooth muscle and the aorta exhibit time-of-day variation 
in contractility in response to vasoconstricting and vasodilating 
stimuli (Keskil et al., 1996; Witte et al., 2001; Denniff et al., 2014). 
Molecular clocks have been described in smooth muscle cells (Nonaka 

et  al., 2001) and mesenteric arteries (Denniff et  al., 2014). They 
rhythmically display a number of genes involve in structural integrity 
in an immortalized vascular smooth muscle cell line, including 
metalloproteinase 1 and 3 (timp1/3), collagen 3a1 (col3a1), transgelin 
1 (sm22alpha), and calponin 1 (cnn1) (Chalmers et al., 2008). Deletion 
of the clock gene, Bmal1, specifically in vascular smooth muscle cells 
abolishes the circadian variation in pulse pressure and attenuates the 
amplitude of the daily rhythm in systolic and diastolic blood pressure 
(Xie et al., 2015). Insights on the molecular circadian clock as well as 
the effect of a dysfunctional clock specifically on the VSMC within the 
NVU would be useful, but this has yet to be studied.

6.6. Microglia

Microglia are associated with numerous functions within the 
brain including trophic support, angiogenesis, the regulation of 
synaptic pruning and neuronal activity (Geloso and D'Ambrosi, 2021; 
Umpierre and Wu, 2021); however, within the context of the NVU, 
they are more closely linked to immune surveillance, repairing 
damage to the BBI as well as regulating vascular tone (Lou et al., 2016; 
Bisht et al., 2021). Microglia are the resident immune cells in the 
CNS. In this role, they actively monitor the brain parenchyma via 
highly motile protrusions and increase phagocytic activity and 
cytokine production in response to pathogens, neuroinflammation 
and tissue damage (Madore et  al., 2020). Their role in regulating 
vascular tone involves capillary-associated microglia (CAMS), found 
in close contact with the capillary wall in the brain in areas not covered 
by astrocytic endfeet. Loss of CAMS increases blood flow by increasing 
capillary diameter and results in impaired responses to vasodilation 
(Bisht et al., 2021).

Microglia have been shown to contain a functional molecular 
clock and exhibit circadian expression of a number of clock genes, 
which remain rhythmic in constant conditions, as well as rhythmic 
expression of a number of microglial markers (Nakazato et al., 2011; 
Hayashi et al., 2013; Guzman-Ruiz et al., 2023). In addition, Wang 
et  al. demonstrated daily oscillations in the expression of 
pro-inflammatory cytokines (IL-1β and IL-6) and oxidation-related 
genes (NADPH oxidase 2, Nox2), as well as molecules involved in 
nutrient utilization (glucose transporter member 5, Glut5) (Wang 
et al., 2020). Elevated levels of pro-inflammatory cytokine transcripts 
during the light (inactive) phase in rodents may indicate a higher 
innate immune activity when they are sleeping during the day.

Functionally, microglia also exhibit diurnal oscillation in 
phagocytic activity linked to synaptic pruning during sleep 
(Choudhury et al., 2020). Furthermore, just as peripheral immune 
cells display circadian alterations in their response to an immune 
challenge (Marpegan et al., 2009; Spengler et al., 2012), time-of-day 
effects within the CNS also have been reported. Microglial process 
extension are more pronounced at a rodent’s inactive state (day) 
compared to night (Takayama et al., 2016). Expression of microglial 
proinflammatory cytokines (IL-1β, TNFα and IL-6) and the 
inflammatory pathway are elevated with a immune challenge during 
a rodent’s day (inactive) as compared to night (active) (Fonken et al., 
2015; Takayama et al., 2016). It will be important to determine if these 
day-night differences persist under constant conditions.

Intriguingly, although Cathepsin S (CatS) has not been 
investigated for a role in altered BBI permeability across the day-night 
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cycle, its demonstrated circadian expression suggests a possible 
mechanism by which this could occur. CatS, a microglial-specific 
cysteine protease within the CNS, displays clock-driven expression 
(Hayashi et  al., 2013). CatS-deficient mice exhibited impaired 
migration across peripheral endothelial basement membranes 
(Sukhova et al., 2003). It has the ability to degrade ECM molecules at 
neutral pH (Liuzzo et al., 1999; Vizovišek et al., 2019) and can mediate 
BBI permeability through proteolytic processing of the junctional 
adhesion molecule B (JAM-B) (Sevenich et al., 2014).

6.7. Basement membrane

The vascular basement membrane, an extracellular matrix (ECM) 
of structural proteins secreted by cells of the NVU, supports vessel 
development and maintenance of the BBI. It consists predominately 
of (1) glycoproteins, such as the integrins laminin, collagen, 
fibronectin, and vitronectin, (2) enzymes associated with ECM 
remodeling and processing, and (3) soluble growth factors and 
cytokines. It is sandwiched between neuroendothelial cells and 
pericytes on one side and astrocytic endfeet on the other. The ECM 
proteins are key regulators of cell signaling. The ECM exert its effect 
through adhesion signaling receptors that sense and report the 
environment and the surrounding cells (Streuli, 2016).

Although less is known about the role of the ECM in circadian 
neurovascular function, there is a link of the ECM to clock-gene 
expression. Changes in the stiffness of the microenvironment of the 
mammary epithelia can modulate BMAL1-CLOCK activity (Yang 
et al., 2017). The extracellular environment via integrins transmits 
signals to the cytoskeleton (Akhtar and Streuli, 2013) and daily 
oscillations in actin polymerization state have been observed in liver 
(Gerber et al., 2013) and brain (Gillette, unpublished). The depletion 
of globular (G) actin toward filamentous (F) actin assemblies release 
myocardin-related transcription factor (MRTF) from the cytoplasm 
allowing a rhythmic translocation into the nucleus. MRTF is a serum 
response factor (SRF) cofactor, and as such leads to 24-h cycles of 
transcriptional activation by genes targeted though the MRTF-SRF 
signaling pathway. Thus, a link between the ECM and the circadian 
molecular clock within the NVU may be through actin dynamics 
(Streuli and Meng, 2019).

7. Impaired neurovascular function 
with circadian dysregulation

Circadian neurovascular function is essential in balancing the 
influx and efflux between blood and the brain parenchyma; and 
thereby, modulating the exchange of nutrients and ions as well as 
protecting neural tissue from access by toxins and pathogens. 
Circadian rhythm disruption, interference with a stable circadian 
cycle, can have profound effects on the regulation CNS homeostasis. 
There has been a rise in human circadian rhythm disruption due to 
sleep disruption, travel to different time zones, shift work, and social 
jetlag that has let in an increase in neurological disorders, cancer, 
metabolic disorders, and mood disorders (Hatori et al., 2017; Lunn 
et  al., 2017; Schurhoff and Toborek, 2023). Alterations of normal 
circadian rhythms can have profound effects on the neurovasculature, 

affecting the BBI, cerebral blood flow (CBF), and immune surveillance 
(Figure  5). These disruptions can contribute to the severity of 
pathology and response to treatment, most notably with stroke 
(Thosar et al., 2018; Ramsey et al., 2020; Liu et al., 2021) and traumatic 
brain injury (Li et al., 2016).

7.1. Blood–brain interface (BBI)

The BBI plays an integral role in maintaining tight control of brain 
chemical composition. Understanding the consequences of alterations 
to the BBI becomes paramount, considering loss of BBI integrity is 
present in many neurodegenerative disorders, such as Alzheimer’s 
disease and Parkinson’s disease (Sweeney et  al., 2018). As these 
diseases involve the accumulation of protein that form fibrils and 
aggregates, it is important that BBI maintain proper regulation across 
the interface for removal of waste. Additionally, proteasomal activity 
follows a circadian rhythm and disruption of these rhythms leads to 
diminished neuroprotection against protein-plaque formation 
(Musiek and Holtzman, 2016). Loss of BBI integrity can increase 
vascular permeability and is associated with cell damage from 
impaired blood flow and the entrance of toxins into the brain, which 
can stimulate inflammatory and immune responses. Increases in BBI 
permeability have been noted with disruption of the molecular clock 
(Bmal1 knockout) and sleep deprivation (Gómez-González et  al., 
2013; He et al., 2014; Nakazato et al., 2017b).

With stroke, the blood supply is disrupted, causing essential 
nutrients not to reach the irreversibly damaged ischemic core, as well 
as the reversibly injured brain tissue around the ischemic core, the 
penumbra. Due to an imbalance in ion transport, secondary neuronal 
damage can occur. Circadian disruptions initiated by weekly phase 
advances prior to ischemic events exacerbate inflammation and 
increase in infarct volume (Earnest et al., 2016; Ramsey et al., 2020). 
It has been suggested that circadian rhythm disruption leads to a 
propensity for clotting, a prothrombotic state (Liu et al., 2021). A 
dysfunctional molecular clock in mice, due to either a disruption of 
Bmal1 expression or a Clock gene mutation, causes a more 
hypercoagulable state, with alterations in platelet counts and clotting 
components (Westgate et  al., 2008; Hemmeryckx et  al., 2011). 
Considered together, these findings suggest that circadian rhythm 
dysfunction elevates the risk for greater stroke damage and 
negative outcome.

7.2. Cerebral blood flow

Circadian regulation of blood flow is well documented in the 
periphery (Wang et al., 1992; Sano et al., 1995; Hermida et al., 2007; 
Xie et al., 2015; Douma and Gumz, 2018). Blood pressure rises sharply 
early in the active period and declines to its lowest levels during sleep. 
However, in a cohort termed “normal dippers,” the mean blood 
pressure during sleep is 10–20% compared to the daytime-active mean 
(Hermida et al., 2007). Subjects with a diminished decline in blood 
pressure (“non-dippers”), have a significantly higher risk for 
cerebrovascular disease and vascular dementia. Less is known about 
diurnal alterations in CBF and the consequences of circadian rhythm 
dysfunction on CBF. Non-invasive measurements of cerebral blood 
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flow velocity (CBFV) in the middle cerebral artery have been used as 
a surrogate for CBF. Using these methods, daily rhythms in CBFV in 
human subjects are lower in morning than in afternoon and evening 
(Sawaya and Ingvar, 1989; Madsen et al., 1991; Droste et al., 1993; 
Conroy et al., 2005; Kotajima et al., 2005). This phenomenon is often 
linked with sleep–wake behaviors. CBFV in healthy humans is 
reduced in non-REM sleep compared to wakefulness (Madsen et al., 
1991; Droste et al., 1993; Kotajima et al., 2005). However, Conroy et al. 
noted time-of-day variations in human CBFV is not altered following 
30-h of sustained wakefulness, and therefore not dependent on sleep 
(Conroy et al., 2005). Similarly in rats, CBF measured a by laser-
Doppler flow probe (over 3–4 days) demonstrated diurnal changes 
independent of peripheral arterial blood pressure or locomotion 
(Wauschkuhn et  al., 2005). These studies were performed under 
12:12-h environmental light:dark conditions. This area would benefit 
from further studies under constant dark conditions to establish the 
endogenous nature of these oscillations across the circadian cycle.

Regional CBF has been measured by perfusion MRI. CBF in 
specific regions was altered in workers performing shift work for 
>2 years. When compared to daytime workers, the cuneus, fusiform/
parahippocampal gyri, and cerebellum of shift workers were 
significantly decreased, while the inferior occipital gyrus was increased 
(Park et al., 2019). Alterations in circadian rhythms of blood pressure 
may have significant consequences for cerebral microbleeds. Patients 
with cerebral microbleeds have higher nocturnal mean systolic blood 
pressure and lower nocturnal dipping rates (Chen et  al., 2022). 
Patients with cerebral small vessel disease (CSVD) show disturbance 

of the circadian rhythms in blood pressure (non-dippers and reverse-
dippers) as well as cognitive dysfunction (Xu et al., 2023).

7.3. Immune surveillance and repair

Disruption of circadian rhythms can have deleterious outcomes 
for immune surveillance and repair within the brain. Mice exposed to 
experimental jetlag exhibit increases in inflammatory markers in the 
blood (Castanon-Cervantes et al., 2010). Circadian rhythm disruption 
by irregular rest-activity cycles that involve light at night enhances 
pro-inflammatory cytokine expression following an immune 
challenge (Fonken et al., 2013). Loss of a functional molecular clock 
alters microglial immune responses. Pro-inflammatory cytokines were 
reduced in microglia isolated from Bmal1-deficient mice (Wang et al., 
2020). The induction of pro-inflammatory cytokines was attenuated 
under lipopolysaccharide (LPS) immune challenge of a microglial cell 
line model with Bmal1 knockdown and in Bmal1-deficient mice 
(Nakazato et al., 2017a; Wang et al., 2020). Disruption of Rev-erbα 
caused unprompted microglial activation in the hippocampus 
increased expression of inflammatory transcripts (IL-1β/Trem2) and 
elevated the inflammatory response to LPS. Together these data 
suggest that disruption of the circadian clock alters shifts the pro−/
anti-inflammatory balance necessary to maintain normal microglial 
responses to inflammatory challenges.

Circadian rhythm disruptions also can have profound effects on 
increasing risk and exacerbating disease states. This is likely mediate 

FIGURE 5

Circadian rhythm disfunction adversely effects physiology. Misalignment of circadian clocks between cells, brain regions, tissue, across the organism 
and the natural world can increase the risk of significant health consequences involving the neurovasculature and brain. Created by Biorender.com.
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via changes in immune and inflammatory responses to damage or 
disease, including to ischemia, traumatic brain injury, and 
neurodegenerative diseases (i.e., Alzheimer’s disease, Huntington’s 
disease, and Parkinson’s disease) (Li et al., 2016; Ramsey et al., 2020). 
Alterations to immune surveillance and repair functions within the 
NVU have significant effects. For example, in mice subjected to 
cerebral artery occlusion and reperfusion, then chronic circadian 
rhythm-disruption group displayed increased infarcts. The 
interpretation is that this is due to alterations in the ratio of pro-to 
anti-inflammatory cytokine expression (Ramsey et  al., 2020). 
Although circadian rhythm disruption is known to disrupt peripheral 
immune responses and to alter circulating proinflammatory cytokines 
and the complement immune system (Comas et al., 2017; Shivshankar 
et al., 2020), a defective central immune response also is likely to 
exacerbate diseases states requiring removal of pathogens and 
damaged cells in brain.

8. Conclusion

The development of the circadian clock in the neurovascular 
enables anticipation of rhythmic variations that adjust internal states 
to the 24-h day. In the brain, these changes include oscillations in 
metabolism, neurohormone secretion, and neurophysiological 
regulation along with neurovascular components, including cells that 
form the neurovascular unit and regulate blood flow and platelet 
aggregation/fibrinolysis. Disruption of the circadian clock has 
profound effects on mental and physical health. Many disease states 
are at elevated risk or exacerbated by misalignment of the internal 
circadian clock (Evans and Davidson, 2013; Foster, 2020; Schurhoff 
and Toborek, 2023).

Despite significant progress in understanding circadian clocks 
within the cells of the NVU, knowledge of how the neurovascular 
units and systems participate in acute responses to cerebrovascular 
challenges, neurodegenerative diseases, and the aging of the brain is 
still in its infancy. The roles and risk factors caused by alterations in 
the circadian system via shift work, travel, and social jet lag are now 

beginning to be understood. Integrated study of circadian clocks and 
neurovascular systems has the potential to contribute importantly 
to understanding cerebral vascular disease, neurodegenerative 
diseases, and aging, as well as identify isolated key nodes for 
translational interventions for chronotherapies and other 
therapeutic benefits.
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