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Abstract

The myogenic tone and thus diameter of brain arterioles varies on multiple time scales. These
variations result from coordinated contraction and relaxation of electrically coupled smooth muscle
cells in the arteriole wall that drive constriction. A prominent feature is a broad-band ~ 0.1 Hz
rhythmicity, designated vasomotion, in the pial arterioles spanning the cortical mantle and the
penetrating arterioles that nourish the capillary bed. As characterized in the murine brain,
vasomotion supports propagating waves with a typical wavelength of 20 mm (speed of 2 mm/s)
that modulate perfusion with a magnitude equal to that of functional hyperemia. The spectral and
spatial properties reflect the interaction of smooth muscle dynamics with the underlying neuronal
drive. Possible functional roles of vasomotion are to mitigate capillary stalls and to facilitate the
exchange of solutes between interstitial and cerebrospinal fluid. Indeed, loss of vasomotion has
been implicated in the pathophysiology of vascular disease, such as cerebral amyloid angiopathy.



INTRODUCTION

Vasomotion refers to the phenomenon of active vascular constriction and dilation that is driven by
the smooth muscle cells (SMCs) that surround arteries and arterioles. While the designation is
quite general, we specifically refer to the slow and somewhat irregular process that occurs about
once every 10 seconds, or with a frequency centered around 0.1 Hz. This rate is 100-times less

than the heart rate in mice and ten times less than the heart rate in human primates.

Our focus is rhythmic vasomotion in the brains of mammals. These rhythms are observed
during wakefulness as well as non-REM (NREM) sleep. Current evidence indicates that
vasomotion in brain arterioles is driven by mechanisms confined to lie within the brain(1). Yet,
much as we have considerable knowledge about the phenomenology of brain vasomotion, the
cellular mechanism of the oscillations remains an open challenge. Vasomotion in the brain can
phase-lock, and unlock, with systemic oscillations that are close in frequency. This includes input
from the heart and baroreceptor reflex, designated as Mayer waves in humans (2), or the

peripheral vascular system (3-9).

PHENOMENOLOGY OF CORTICAL VASODYNAMICS

Long-Range Coherence of Oscillations

Vasomotion is a brain-wide phenomenon. The earliest data supporting this concept come from
functional magnetic resonance imaging (fMRI) studies in humans (10). Here, the fMRI signals are
based on inference from changes in blood oxygenation that is tied, albeit imperfectly, to the extent
of deoxy- versus oxygenated blood and referred to as blood oxygenation level dependent (BOLD)
fMRI. The pioneering study of Biswal and Hyde (11) showed that cortical regions that are mirrored
across the two hemispheres show similar, concurrent activation under periods devoid of sensory
simulation or motor acts. These so-called "resting state" signals occur across regions in which the
underlying neurons are connected by long-range white matter connections, i.e., transcallosal
projections in the case of interhemispheric signals (12). The results and interpretation of the fMRI
studies are bolstered by the pioneering in vivo optical imaging studies of Mayhew (13) and
subsequent fMRI (14-16) and additional optical studies (17-22); reviewed in (23-27).

Direct measurements in rodents support the view of transcallosal neuronal interactions

enabling transhemispheric correlation in vessel diameter. Here, in vivo two-photon laser scanning



microscopy (TPLSM) was used to scan the diameter of individual vessels in mirrored
transhemispheric locations using mice prepared with a thinned but intact skull (28) (Figure 1a-c).
Notably, there are no common downstream arterioles that connect mirrored regions in the two
hemispheres (29). Yet the mirrored regions show rhythmic vasodilations that are well
synchronized, with a coherence near one (23) (Figure 1c,d).

The observation of long-range vasomotion synchrony at the vasomotion frequency leads to a
model in which neuronal communication spanning the corpus collosum that links the two
hemispheres will synchronize the ultraslow neuronal activity between mirrored regions. This in
turn will partially entrain oscillations intrinsic to the vasculature, so that vasomotion across the
mirrored regions is synchronous as well (23) (Figure 1e). This transhemispheric synchrony was
attenuated but not eliminated in acallosal I/LnJd mice, implicating callosal pathways as a dominant
substrate for bilateral coordination of vasomotion while leaving room for additional mechanisms.
These oscillations, regardless of their origin, then drive oscillations in blood oxygenation that form
the basis of changes in the BOLD fMRI signal (Figure 1e) or, equivalently, the intrinsic optical
signal (I0S).

Irregular Rhythm

Vasomotion, as observed by a change in arteriolar diameter in healthy animals, is an irregular
oscillation (23, 30) (Figure 1c). This means that the rhythm is not a pure sine wave, but rather
one whose distribution of amplitudes for each spectral component has a maximum value or so-
called center frequency near 0.1 Hz, with amplitudes that diminish both above and below this
value over a half-width-half-maximum range of ~ 0.05 Hz. One possibility is that the underlying
constrictive force generated by SMC actin in the arteriole walls is perfectly periodic, while the
change in diameter is irregular because of fluctuations in the downstream hydrodynamic
resistance. To test for this possibility, we can infer the nature of the drive to muscle constriction
through a measurement of intracellular SMC Ca?* (Figure 1a,f). More so, this measurement is
performed concurrent with that of the diameter of the vessels (31). We find that the spectral
distribution is broad for the measurement of SMC Ca?* just as it was for diameter, and essentially
unchanged over time (Figure 1f-h). We conclude that irregular oscillations are a fundamental
aspect of vasomotion.

A final point is that despite the wide bandwidth of the vasomotion oscillation, the center
frequency of the activity is well defined. The center frequency is stable over periods of hundreds



to thousands of seconds (Figure 1f-h). Yet, over a large cohort of murine individuals and separate
trials, the center frequency spanned the range 0.02 to 0.16 Hz. This distribution is neither normal
nor uniform; there is a peak at 0.11 Hz with a half-width-half-maximum of 0.02 Hz, and a broad

shoulder extending down to 0.01 Hz, the limit of these measurements (30) (Figure 1i).
Why Is the Spectrum of vasomotion So Broad?

One way to view the spectrum is as a mixture of multiple frequencies. A hint for the utility of such
dynamics comes from comparison with another slowly oscillating system - the gut. In the gut,
isolated segments have relatively pure oscillations with a single frequency (32, 33). Plus, there is
a natural shift in the frequency of isolated segments, with segments at the level of the stomach
higher in frequency than those toward the rectum. In the intact system, the frequency gradient is
replaced by a staircase of segments of the gut, with a decreasing frequency down the staircase.
This leads to a traveling wave from stomach to rectum as well as to a pinch-off in the diameter of
the gut at the boundary between segments. Pinch-off leads to a "chain of sausages" that allows
food to be churned and mechanically digested. Numerical solution of associated neuronal
equations confirms this behavior (34, 35), while the analytical solution of coupled oscillator

dynamics provides insight into the generality of the pinch-off (36).

In the bloodstream, pinch-off, or so-called "sausage-string" vessels are reportedly observed in
radiological images from human brains (37) and documented for pial arterioles of cynomolgus
monkeys made hypertensive by renal ischemia (38). While vasomotion was not recorded, we note
that the stroke prone spontaneously hypertensive rat is known to exhibit endogenous, almost
perfectly sinusoid oscillation (39). We thus speculate that brain arterioles in healthy animals
exhibit broad-band oscillations to avoid diminution of blood flow by pinch-off.

Is Vasomotion Autonomous?

Ex vivo preparations of pial and penetrating arterioles from healthy, wild-type animals do not show
oscillations. Vasomotion oscillations, with a relatively pure frequency, occur for the
aforementioned special case of hypertensive vessels or under pharmacological manipulation (39,
40). Brain arterioles are readily entrained to ongoing or sensory-induced neuronal activity in the
0 to 0.2 Hz range (31). What is the source of ultra-low ~ 0.1 Hz neuronal electrical activity in the
brain that can lock to or entrain the 0.1 Hz vasomotion activity? Measurements from humans (41),
non-human primates (42, 43), and rodents (23) show that ultra-low frequency electrical activity
originates as a modulation in the spectral power of the high-frequency gamma-oscillations. This



collective, ongoing activity overlaps with the natural frequency of the vessel response - either
active or passive. General theories of coupled oscillators imply that the two systems will phase-
lock, if their frequencies are close, for a sufficiently strong interaction (44). The details of their

interaction determine the particular phase shift.
Oscillations Correspond to Long-Wavelength Propagating Waves

So far, we have considered activity at either a single arteriole (Figure 1f-h) or at pairs of arterioles
mirrored across cortical hemispheres (Figure 1b-d). At the scale of the cortical mantle, we find
that the oscillations show continuous if noisy phase-shifts that correspond to waves of varying
wavelength, but typically on the order of 20 mm, equal to the entire extent of the cortical mantle.
The variability in phase can be extracted from full field images of the [Ca?'] in arterioles that
express SMC actin (30, 45). In the example 1 of Figure 1j, vasomotion waves travel on a lateral-
to-medial and rostral-to-caudal axis on average. The relation of rhythmic frequency to spatial
phase shift, which is proportional to the spatial frequency of the traveling waves, leads to an
estimate wave speed of 2 mm/s (30). This corresponds to the extracted speed for communication
of electrical signaling along capillary endothelial cells in mouse (46). We envision the network as
an arteriole with SMC oscillators that interact through their gap-junction connections with the
similarly electronically connected endothelial cells that form the lumen of the arteriole (Figure 1k).
Verification would involve a means to reversibly interrupt gap junction communication, perhaps

with tools based on specific subtypes of connexins in endothelial cells (47).

What of the penetrating arterioles? Here, detailed measurements of the diameter along the
length of penetrating arterioles show that they too support traveling waves (30), albeit phase shifts
are relatively small as the thickness of cortex, ~1 mm, is much less than one wavelength,
~ 20 mm. The directions of the waves appear to be random from arteriole to arteriole. Thus,
penetrating arterioles are compressing and relaxing the parenchyma in the cortex, which will mix
solutes, but the absence of coherent movement is unlikely to provide a field for the non-
displacement of solutes.

The available evidence, therefore, points to ultra-low frequency modulation of neuronal
gamma-band power as the principal driver of cortical vasomotion. This can be enhanced by
sensory stimulation. The remaining challenge is to define the vascular signaling architecture that
converts this activity into rhythmic changes in arteriole tone and diameter.

Correlative and Causal Impact of Neuronal Activity



We consider the temporal variation in the spectral power of the LFP in the upper layers of cortex
in relation to changes in the diameter of the surface arterioles (Figure 2b). The field potential
shows epochs of enhanced electrical activity across all frequency bands, yet variations in power
are greatest in y-band and are broadly distributed with a periodicity near 0.1 Hz. Crucially, changes
in the diameter of surface arterioles co-vary with the power in the y—band (Figure 2a). The timing
of the fluctuations is such that the electrical activity leads that of the diameter by ~ 2 s. More so,
the direction of propagation of the vasomotion traveling wave is biased by the propagation of the
underlying electrical activity, such that the choice of direction has a small but significant correlation
of about 0.3 (Figure 2b). Sensory activity, such as through stimulation of the vibrissae, barely
changes the correlation of vasomotion and the ongoing neuronal activity (Figure 2c). When
optogenetic excitation is used to drive pyramidal neurons, we see that the induced peak in the
gamma rhythm power leads the increase in vessel diameter (Figure 1d). In contrast, using
optogenetic inhibition of arterioles to drive their dilation does not impact neuronal activity (23).
These experiments add to the long-range correlation measurements and confirm the

neurovascular coupling scheme of Figure 1e.

PHYSIOLOGY OF CORTICAL VASODYNAMICS

We now examine how neuronal activity is linked to vasomotion at the level of capillaries,
endothelial cells, and arteriolar SMCs in the brain. Rhythmic contractile activity can occur in other
organs, but the frequency distribution and underlying mechanisms differ from arteriolar diameter
oscillations in the brain. The portal vein is a classic model for spontaneous rhythmic smooth-
muscle activity, although this behavior is more commonly described as spontaneous rhythmic
contraction, slow-wave activity, or peristalsis rather than vasomotion in the arteriolar sense (48).
The portal vein is unusual among blood vessels because it contains a prominent longitudinal
smooth-muscle layer and exhibits phasic smooth-muscle behavior that is more reminiscent of gut
or bladder than of resistance arteries. Accordingly, isolated portal veins generate spontaneous
bursts of action potentials associated with rhythmic contractions. By contrast, arterial SMCs do
not fire action potentials under physiological conditions, except when damaged or experimentally

manipulated to disrupt normal membrane-potential regulation.

The focus here is therefore on the particular cellular and ionic mechanisms that govern
arteriolar dynamics in the brain, with particular emphasis on neuronal activity detection and



intercellular electrical conduction pathways through which signals arising in the capillary bed are
transmitted to upstream resistance vessels. Together, these processes provide the mechanistic
framework for coupling changes in membrane potential, intracellular Ca?*, and contractility to

generate rhythmic diameter oscillations.
Setting the Tone

The dilator component of vasomotion results from coordinated relaxation of electrically coupled
arterial SMCs in the vessel wall. Graded changes in SMC membrane potential (Em) and
intracellular [Ca?*] drive changes in contractility and diameter (49) (Figure 3a-c). Depolarization
increases Ca?* influx through voltage-dependent Cay1.2 channels and promotes constriction;
hyperpolarization has the opposite effect. Under physiological pressures, SMCs sit in a partially
depolarized state that sustains steady-state myogenic tone, and this baseline excitability is
continuously tuned by additional inputs, such as endothelium-derived signals, circulating factors,
perivascular neurons, astrocytes, microglia, and local metabolites, that nudge En, SMC [Ca?'],
and luminal diameter to appropriately match tissue demand or other situational requirements. The
steep voltage dependence of Cay1.2 gating (50) imparts exquisite sensitivity, and a shift of a few
millivolts in Em produces disproportionately large changes in SMC [Ca?*] and diameter (49). Based
on simplified transfer functions relating SMC Eu, intracellular Ca?*, and arterial diameter from
Figure 3a-c and the empirical data of Knot and Nelson (49), a 20% dilation is estimated to require
only ~5 mV of hyperpolarization and an accompanying ~ 30 nM decrease in global intracellular
Ca?*. As aresult, arterial SMCs can be viewed as high-gain amplifiers, converting subtle electrical
signals into meaningful changes in diameter. Importantly, diameter changes during vasomotion
are phase-locked to oscillations in SMC [Ca?*] (30) (Figure 2a), providing strong evidence that
this process is driven by corresponding electrical signals.

What Sets the Electrical Rhythm In Vivo?

A key consideration arises from a large body of literature showing that vasomotion in the 0.1-Hz
range is rarely observed in isolated, pressurized cerebral arteries studied ex vivo using standard
pressure myography techniques (51). Instead, when pressurized to a physiological range, e.g.,
40-80 mmHg, cannulated cerebral pial arteries and arterioles typically develop stable SMC Ew
and corresponding levels of myogenic tone (49). Diameter changes under these conditions can
be evoked by pharmacologic interventions acting directly on SMCs or indirectly via the
endothelium (Figure 3f). The few studies reporting arterial oscillations ex vivo are typically



contingent on special circumstances, such as the use of arterioles from stroke-prone hypertensive
rats (39) or on specific perturbations, such as the addition of potassium channel blockers, and
may occur at frequencies that do not match the ~ 0.1-Hz band (39, 52). This disparity indicates
that the in vivo rhythm depends on hyperpolarizing electrical inputs that are amputated during
pressure myography and is not driven by innate pace-maker processes normally active at the
level of SMCs or the endothelium. Missing elements that could provide the appropriate input in
vivo include an electrically coupled capillary network with associated pericytes and the brain’s

ongoing neuronal activity.
Capillaries Catch the Wave

Arterial SMCs provide system gain, translating small voltage perturbations into disproportionately
large changes in Ca?* and diameter. However, the absence of corresponding ultra-low frequency
oscillations in isolated and pressurized cerebral vessels indicates that the mural cell machinery is
not, by itself, sufficient to generate vasomotion under normal physiological conditions. This
observation shifts attention to the broader neurovascular unit, particularly to the brain’s enormous,
electrically continuous capillary network, a structure that is ideally positioned to receive and filter
ongoing neuronal activity and transmit this information to upstream vascular segments.
Compelling evidence that capillaries act as sentinels of brain activity came from Longden et al.
(46), who showed that inwardly rectifying K* (Kir2.1) channels in capillary endothelial cells sense
modest increases in extracellular K* released by active neurons and generate retrograde
hyperpolarizing signals that relax upstream SMCs and dilate arterioles, thereby producing
functional hyperemia (46, 53). This concept is illustrated by experiments shown in Figure 3d-f.
Parenchymal arterioles can be isolated from brain slices with intact capillary beds, mounted in
pressure myography chambers, and, after the spontaneous myogenic tone develops, imaged ex
vivo (Figure 3d,e) as pulses of K* (~ 10 mM) are pico-ejected onto the capillary segments. This
intervention causes robust and reproducible conducted dilation of upstream arterioles (Figure 3f).
Subsequent studies demonstrated that activation of transient receptor ankyrin 1 (TRPA1) cation
channels (54) and prostaglandin E(2) (PGE-z) receptors (55) with appropriate agonists can also
orchestrate this response. This capillary-to-arteriole signaling mechanism is now recognized as a

fundamental component of neurovascular coupling (56).

Inward rectifying K* channels are particularly well suited for this sensory role because their
activity increases at negative membrane potentials and can therefore reinforce and propagate



hyperpolarizing signals through the capillary syncytium (46, 53). Consequently, the capillary
network architecture provides two essential properties for converting gamma-band neuronal
activity into an ultra-low frequency vasomotion rhythm. First, it provides nonlinear gain, i.e.,
modest increases in local extracellular [K*] can amplify changes in endothelial cell Em through the
unique voltage- and [K*]-dependent activation properties of Kir 2.1 channels (46). These changes
in Em are transmitted to overlying SMCs via myoendothelial gap junctions to cause vasodilation.
Second, it provides spatial and temporal integration, i.e., in principle, the capillary bed samples
neuronal activity over the entire brain, averaging over local variability in spiking activity and
generating a coherent territory-level signal. These observations are bolstered by computational
analyses that further suggest that the capillary network behaves as a nonlinear electrical sensor
and amplifier, allowing small inputs to evoke disproportionately large vasodilatory responses (53).
In the case of brain-wide gamma-band activity, extracellular K* dynamics are already low-pass
filtered by diffusion, buffering, and mixing, and the capillary network imposes an additional layer
of spatial averaging and electrical integration. Together, these processes enable the capillary bed
to function as a biological gamma-band envelope receiver, transforming structured high-frequency
neuronal activity into slowly varying endothelial and SMC voltage signals, thereby driving the

dilator component of vasomotion.

The extracellular K* hypothesis predicts that if capillary Ki:2.1 channels serve as the primary
demodulator, then pharmacologic inhibition or endothelial cell-specific genetic deletion of the
channel should reduce the coherence and spectral prominence of ~ 0.1 Hz vasomotion, while
preserving or enhancing basal myogenic tone. Likewise, perturbations that alter extracellular
handling of K*, such as ablating astrocytic Ki4.1 or Na*/K*-ATPase activity, should shift the center
frequency, stability, or spatial coherence of the rhythm by changing the kinetics of extracellular K*
accumulation and clearance. This framework does not exclude contributions from other capillary
signals, including the generally much slower purinergic pathways, metabolic cues, or pericyte-
derived electrical influences, but it places Ki-mediated capillary conduction at the center of the
frequency-transforming step. These observations support a phenomenological model in which an
ultra-low frequency gamma-band envelope drives a nonlinear capillary Kir amplifier that modulates
upstream SMC Ewm, which is converted to intracellular Ca?* and diameter changes using
empirically derived sigmoidal transfer functions to produce the dilation component of the
vasomotion process (Figure 3g). However, the Longden et al. (46) and Moshkforoush et al. (53)

framework is fundamentally vasodilatory and does not explain the vasoconstrictive component of



arteriole vasomotion. Experimental evidence suggests that vasoconstriction following a single,
transient Kir channel-mediated hyperpolarizing signal most likely reflects restoration of basal
myogenic tone (Figure 3f).

IMPLICATIONS OF VASOMOTION IN NORMAL PHYSIOLOGY AND DISEASE

What Is the Purpose of Vasomotion?

Despite the renewed interest and growing literature on vasomotion, its exact role in the brain is
incompletely understood (57). In this section, we provide a few thoughts on possible physiological

functions of vasomotion.

Prevention of capillary stalls. The capillary network in the brain consists of narrow vessels in
which red blood cells (RBCs) proceed in single file through vessels that meet as triadic nodes
(58). At any moment, blood flows in the vast majority capillary branches, i.e., only 0.4 % of
capillaries are stalled in normal animals yet substantially more in the APP/PS1 and 5xFAD mouse
models of Alzheimer's pathology (1.8 %) (59). This extent of perfusion in normal mice appears
remarkable, as one qualitatively expects a capillary network to have some branches with
negligibly small pressure differences. While flow in the capillary network largely follows linear
hydrodynamic equations, there is a minimum speed to capillary flow in mice, i.e., ~0.02 mm/s
(60). This minimum speed is a factor of 50-times less than the typical flow speed. We hypothesize
that the capillaries with stalled RBCs have pressure differences that drop below a minimum level
that will sustain flow of RBCs, and asked if vasomotion can alleviate stalls. Vasomotion leads to
changes in perfusion of about 20 % on a per cycle basis in mouse (30). Noting that the mean
distance between penetrating arterioles is ~ 0.2 mm (61), or 100-times less than the typical
wavelength of vasomotion waves (30), we could expect that vasomotion leads to shifts of 0.2 %
in pressure across a capillary territory that is sufficient, albeit just barely so, to drive a stalled RBC
past the threshold speed. This hypothesis gains credence from the observation that many stalls
tend to last for only ~ 10 s (62), consistent with vasomotion fluctuations. This mechanism, if
confirmed experimentally, bears on transient hypoxia (63) and cognitive decline (59, 64) in the
face of impaired vasomotion. It complements changes in capillary hydrodynamics resistance
caused by ensheathing pericytes (65-67).



Cerebrospinal and interstitial fluid movement. Accumulating evidence suggests that
vasomotion may facilitate the movement of cerebrospinal fluid (CSF) and interstitial fluid (ISF),
resulting in the clearance of solutes from the brain (68-70). Specifically, vasomotion has been
postulated to drive fluid transport along perivascular compartments where CSF exchanges with
ISF, thereby promoting the efflux of soluble, e.g., metabolic waste, products (71) (Figure 4). The
overarching idea is that dilation of the arteriole walls will lead to net movement of solutes in the
ISF and permit them to be drained by transport through perivascular compartments. This implies
that there is a mechanism to break the bidirectional movement of solutes and/or a mechanism to
absorb soluble products, such as amyloid-$3, that have moved to a downstream target.

Although insights from computational modeling studies remain inconclusive with regard to the
individual physiological driving forces of CSF-ISF exchange (70), ultra-low frequency arteriolar
oscillations have emerged as a likely candidate (72, 73). This conclusion follows from the shorter
wavelength of vasomotion compared to cardiac pulsations in the brain (72), and the low-pass
nature of pial arterioles, whose vaso-elastic compliance leads to a cut-off frequency of ~ 0.22 Hz
in mice (30). Indeed, when perivascular clearance pathways were modeled as poroelastic tissue
materials, vasomotion was predicted to induce a net volume flow rate (74), notably owing to the
asymmetry of the arteriolar oscillations during functional hyperemia (45, 75, 76).

It is possible that there is no mechanism that results in advection, i.e., directed flow.
Nonetheless, even in the absence of a net volume flow rate, dissolved or even suspended proteins
in the CSF and ISF will spread because of diffusion, with a net excursion that increases as
distance « vtime rather than distance « time in the presence of a convective field. Yet any
movement of brain compartments because of expansion of tissues, as occurs with vasomotion of
arterioles (30, 45), changes in water balance or volume between compartments (77), can lead to
sloshing and mixing of CSF and ISF that exceeds the excursion from diffusion. This model is
analogous to the churning of clothes in a washing machine (78). Indeed, recent work in rodents
shows that peristaltic vasomotor waves in neighboring penetrating arterioles move both inward
and outward without apparent order (30), supporting the idea of mixing rather than advection. For
either mixing or advection to be effective, the excursions of the dissolved or suspended proteins
in the CSF and ISF must extend to clearance routes among proximal borders in the brain (79-85)
as unambiguously observed using endogenously expressed tracer proteins (86). Of course, for

either mixing or advection, an increase in vasomotion would increase clearance (87, 88).



Evidence that vasomotion may be a facilitator of CSF and ISF movement. Experimental
evidence supporting the hypothesis that vasomotion may be a facilitator of CSF and ISF
movement is mainly derived from studies with mice that rely on the delivery of tracers directly into
the CSF, e.g., intra-cisternal or ISF compartments via intra-parenchymal delivery, although the
field is moving towards developing novel non-invasive tracing methods (86) (Sidebar 1). Initial
observations suggested that tracer movement was coupled to cardiac pulsatility (83, 89).
However, the imaging parameters in these studies did not capture ultra-low frequency vessel
oscillations, and they were performed under anesthesia, which can diminish vasomotion. In a
subsequent in vivo TPLSM imaging experiment, vasomotion was recorded in head-fixed
unanesthetized awake mice and found to be correlated with the loss of signal amplitude from a
fluorescent tracer surrounding pial surface arterioles in the subarachnoid space (87) (Figure 4f-
h). Moreover, during 0.05 Hz visual stimulation with an alternating checkerboard pattern that
rapidly flickered (8 Hz), tracer cleared faster than under the absence of visual stimulation (grey
screen). This result was interpreted to be the consequence of greater oscillation amplitude
induced by functional hyperemia during visual stimulation (Figure 4a-e). As an additional control,
administration of isoflurane anesthesia, which is a potent vasodilator (90), resulted in a complete
loss of vasomotion, as well as response to visual stimulation, and was associated with slower
tracer clearance rates (87). A subsequent study similarly found that functional hyperemia in
response to 0.017 Hz vibrissa stimulation in ketamine/xylazine anesthetized mice that received
intra-cisternal injections of fluorescent tracers led to both an increased tracer signal influx as well
as tracer efflux (91) (Figure 4i,j). Furthermore, using SM22-Cre:Ai32-ChR2 mice, optogenetic
stimulation over a 30-minute recording period and targeted to the vascular SMCs of the middle
cerebral artery resulted in an increase of tracer signal influx compared to the unstimulated
hemisphere (91). In total, these findings suggest that the rhythmic slow oscillations of brain
arterioles are sufficient to facilitate fluid movement in the brain and that augmenting vasomotion
through functional hyperemia may increase CSF-ISF exchange. More so, vagus nerve stimulation
(92) and NREM sleep (88, 93, 94), albeit these latter claims are controversial (95), may further
augment CSF-ISF exchange.

Evidence from Human imaging

The development of non-invasive MRI sequences enabled the relationship between ultra-low
frequency vascular oscillations and CSF movement in the human brain to be studied (96). In an

in vivo 3 tesla BOLD fMRI study that used young healthy volunteers during nighttime sleep, large



oscillations in an MRI signal indicative of CSF flow within the fourth ventricle were coupled with
~ 0.05 Hz BOLD oscillations in the cortical gray matter during NREM sleep (97). These temporally
coupled CSF-BOLD oscillations were strongly anticorrelated. Of note, slow delta neuronal waves,
as measured with EEG, were found to precede CSF waves by ~6.4s (97). These findings
demonstrate that ultra-low frequency oscillations in neuronal activity, blood, and CSF flow are
tightly coupled in the human brain, in line with the Monro-Kellie doctrine, which dictates that — due
to the rigid skull and fixed intracranial volume — any increase in brain tissue or blood volume will
necessarily require a decrease in CSF to maintain normal intracranial pressure. Ongoing
developments in the field are now starting to generate the first measurements of CSF flow within
the smaller perivascular spaces of the human brain. A recent study introduced a 0.45 mm isotropic
voxel resolution in vivo 7 tesla MRI sequence with T2-preparation to isolate the CSF signal in the
human brain and motion-sensitizing gradients of 3.5 mm/s to calculate tensors. This method,
termed CSF-STREAM, realizes quantitative measurements of CSF mobility within the
subarachnoid spaces as well as the perivascular spaces surrounding individual arterioles in the
human brain (98). Both cardiac pulsations as well as respiration were associated with CSF
mobility in perivascular spaces, although cardiac pulsations were associated with larger CSF
mobility oscillations in the larger CSF spaces, e.g., the fourth ventricle and the subarachnoid
space around the middle cerebral artery, compared to respiration. Of note, driving vasomotion
with a 0.1 Hz visual stimulation paradigm increased CSF mobility in the occipital cortex, although

the effect was modest, i.e., 1.2 % on average (98).

Whether vasomotion is implicated in the removal of soluble proteins typically associated with
neurodegenerative disorders, e.g., amyloid- and tau, remains experimentally unresolved (Box
1). Likewise, it is not clear whether enhancing vasomotion, e.g., using optogenetic stimulation,
functional hyperemia, hypercapnia, sleep, or vagus nerve stimulation could promote clearance of
these substances, although a recent study was suggestive of increased protein clearance after a
period of intermittent hypercapnia (99).

Vasomotion is decreased in cerebral amyloid angiopathy. Impaired vasomotion has been
implicated in cerebral amyloid angiopathy (CAA) — one of the most common forms of cerebral
small vessel disease and a major cause of microvascular brain injury and hemorrhagic stroke
(100). Cerebral amyloid angiopathy is characterized by the deposition of amyloid-f in the walls of
pial surface vessels, penetrating arterioles, and the capillaries (101). The gradual accumulation

of vascular amyloid- coincides with a loss of SMC contractility, thereby resulting in reduced



vascular compliance (102, 103). Indeed, impaired vascular reactivity as measured with BOLD
fMRI in response to a visual stimulation has been observed in patients with sporadic CAA (104,
105) as well as individuals with hereditary Dutch-type CAA, as early as in pre-symptomatic
mutation carriers (106). Interestingly, the 5xFAD mouse model exhibits diminished neurovascular
coupling due to dysfunction of endothelial Ki2.1 channels (107). Our model predicts that this
defect would also impair vasomotion. A gradual loss of vasomotion was observed in the APP23
mouse model that exhibits CAA, coinciding with the gradual accumulation of amyloid-f in pial
arterioles (108). Furthermore, impaired vasomotion in mouse models with CAA has been found
to be associated with reduced tracer clearance (87, 109). Notably, in patients with CAA a 20 %
increase in CSF mobility was found in the subarachnoid space immediately adjacent to the middle
cerebral artery, compared to age-matched controls (98), but not the perivascular spaces in the
brain. These initial observations of altered CSF dynamics in the context of CAA are in line with
previous findings of altered tracer dynamics injected into the CSF in rats with CAA (110) and
suggest a disruption in the efficiency of CSF-ISF exchange.

Vasomotion and amyloid-f8. An essential concept linking vasomotion and health is that amyloid-
B, which is mainly produced in the cortical parenchyma, ends up in the vessel wall because of
impaired clearance, either through a reduction of effective enzymatic degradation, failed transport
across the blood-brain barrier, or via ISF drainage routes. Initial amyloid-B depositions in the
vessel wall may act as “sticky seeds” that can induce subsequent accumulation along the
vasculature in a propagating fashion (111). This results in a feed-forward detrimental cycle of
further loss of SMC contractility, thickening of the vessel wall, extracellular matrix remodeling, and
most likely obstruction of the perivascular compartments, thereby negatively impacting CSF-ISF
exchange and solute clearance. Whether any of these pathophysiological processes are
reversible remains unclear. Future studies are needed to determine whether entraining
vasomotion in the context of CAA can effectively enhance CSF-ISF exchange and promote

amyloid-3 drainage.

EPILOGUE

Vasomotion is intrinsic to the vessels in the brain, but, like all oscillators, vasomotion can lock,
and unlock, with a multitude of systemic oscillators throughout the body. The overall spatial
pattern of vasomotion in the brain is largely fixed, even when locked in part to an external stimulus.



A fast mechanism for partial locking of vasomotion to neuronal activity is through electrical
communications from neurons to capillaries to arterioles. This can be altered by neuromodulators
and impacted by vascular disease. One critical future direction is the development of a Hodgkin-
Huxley-like analysis of coupled smooth muscle cells. Another is a clearly defined role, if any, for
vasomotion in clearance of soluble waste products generated in the brain, how vasomotion is
compromised in pathologies, such as CAA, and how we can modulate vasomotion to improve

clearance.
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SIDEBAR: Technical Considerations Regarding In Vivo Imaging of Vasomotion and CSF-
ISF Exchange

= Surgical preparations: cranial windows are often required to gain optical access to the
cerebrovasculature. Open craniotomies may diminish vasomotion, even after closure and
especially in the acute phase. Thin skull windows are recommended (112, 113), which are more
likely to preserve vasomotion in vivo.

= Anesthesia: certain anesthetics may alter vasomotion and CSF-ISF exchange (114).

= Contamination or misattribution of signal: although vasomotion is most readily observed in
habituated head-fixed unanesthetized mice, confounding variables that can influence
vasomotion in this condition should be considered, such as movement associated with
locomotion, twitching, and fidgeting (18, 25, 115).

= Tracer injections: current study of CSF-ISF exchange relies on injection of tracers into CSF
or ISF compartments. This can induce artefacts from the added volume and pressure-induced
flow. Recall that 1 nL of solution is equivalent to a sphere of 90 ym in radius, or a sphere of
160 um in radius for injection into the interstitial space of brain tissue (116). Further, a typical
10 pL infusion into a ventricle (117) must be compared to the 50 pL total ventricular volume in a
mouse (118). A notable exception is to trace clearance of fluorescently tagged neuron-derived
and extruded proteins (86).

» Human studies: there is a need to advance and adopt methods for single-vessel resolution
with human MRI (119, 120).
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Figure 1. Phenomenology of vasomotion as observed with optical tools in the neocortex
of mouse. (a) Set-up with head-fixed awake mouse. A window above a thin skull provides
access for imaging into brain of one or both hemispheres, concurrent with measurements of
local field potential (LFP) across selected regions. Panel adapted with permission from
Reference 23; copyright 2017 Elsevier. (b) In vivo two-photon laser scanning microscopy
(TPLSM) imaging of vasomotion in pial arterioles across both hemispheres; blood plasma is
stained with fluorescein-dextran to permit measurements of diameter. Shown is the maximally
projected image stack across 500-um of the preparation. An arbitrary-line-scan path (yellow for
acquisition segments) spans both hemispheres. The expanded images are single planes in
each hemisphere and highlight the path of the line-scan through individual vessels whose
diameters were concurrently monitored. Panels b-d adapted with permission from Reference 28,
copyright 2015 Optica Publishing Group. (¢) Vasomotion oscillations measured simultaneously
from pial arteries in the right (green) and left (red) hemispheres of panel b. (d) Magnitude of the
spectral coherence between the two arterioles as calculated from 540 s traces and a bandwidth
(full-width-at-half-maximum amplitude) of 0.04 Hz. (e) Coupled oscillator model for vasomotion.
Variations in gamma-band electrical power leads to partial entrainment of the vasomotion
oscillations in the smooth muscle of cortical arterioles. Increases in neuronal activation, in turn,
dilates the arterioles and leads to an increase in the supply of fresh blood, as measured by a
positive change in the blood oxygenation level dependent functional magnetic resonant Imaging
(BOLD fMRI) signal. Abbreviation: cerebral blood volume functional magnetic resonant Imaging
(CBV fMRI). Panel adapted with permission from Reference 23, copyright 2017 Elsevier. (f)
Two-photon image showing labeling for concurrent measurements of both arteriole diameter,
with plasma labeled with Cy5-dextran, and arteriole activation, with the genetically encoded
calcium indicator GCaMP-8 expressed in arteriole smooth muscles. Panels f-k adapted with
permission from Reference 30, copyright 2024 Elsevier. (g) Spectrogram from concurrent
measurements of arteriole diameter and smooth muscle calcium. (h) Short-term spectral power
and coherence from two, 100 s periods in panel g. (i) Distribution of peak vasomotion frequency
from a cohort of 8,869 pial vessels across 24 mice. (j) Phase portraits of the dominant space-
frequency mode of widefield images of cortex at the vasomotion frequency for an example
resting-state trial; data obtained from arteriole GCaMP imaging data. Rostral is up and delay
increases with increasing phase. (k) Model of pial and penetrating vessel traveling waves. The

observed vasodynamics are influenced by both ongoing neuronal activity and neighboring



smooth muscle cell oscillators. Vascular phase, partially driven by neuronal activity, progresses
over millimeter scales but is variable on shorter length scales to potentially form constant-phase

parcels.

Figure 2. Phenomenology of vasomotion relative to neuronal drive for neocortex of
mouse. (a) Example trace of local field potential (LFP) and the time series of both the integrated
gamma-band power in the LFP and diameter for one arteriole in the field. Panel adapted with
permission from Reference 23, copyright 2017 Elsevier. (b) Scatterplot of pial arteriole phase
gradient versus neuronal envelope phase gradient. Arterioles whose vessel and neuronal waves
travel in the same direction have same-signed Kvaso and kneural (red points). Points with

kvaso = Kneural represent waves that travel in the same direction with equal speeds. Insert shows
the connected correlation, plotted cumulatively for all |K| = (k2neural + k?vas0)"%; standard error is
shown in gray. Adapted with permission from Reference 30; copyright 2024 Elsevier. (c)
Magnitude coherence between arteriole diameter, via the genetically encoded calcium indicator
GCaMP expressed in arteriole smooth muscle cells (SMCs), and neuronal envelope, via the
genetically encoded calcium indicator JRGECO1a expressed in vibrissa cortical excitatory
neurons, during air puff stimulation. Adapted with permission from (30). Note the slight shift in
coherence during vibrissa stimulation. Panels b and ¢ adapted with permission from Reference
30; copyright 2024 Elsevier. (d) Time series of arteriole diameter (red) and gamma-band power
(green) from optogenetically driving L5b neurons with light pulses modulated by 10 s sinusoidal
envelope (blue); note driven vasodilation. The lower trace is an expanded view. Set-up as in
panel a with addition of epi-illumination with 445 nm laser light concurrent with two-photon laser
scanning microscopy (TPLSM) imaging. Panel adapted with permission from Reference 23;

copyright 2017 Elsevier.

Figure 3. High-gain electromechanical coupling amplifies capillary-initiated
hyperpolarizing signals into arteriolar dilation. Shaded regions in panels a—c denotes the
high-gain physiological range in which small electrical signals are converted into
disproportionately large changes in [Ca?*] and diameter. (a) Sigmoidal relationship between
smooth muscle cell (SMC) membrane potential (Em) and global intracellular [Ca?*], illustrating

the steep voltage dependence of Ca?* entry over the physiological operating range. The red



point marks a representative resting state, and a ~ 5-mV hyperpolarization is predicted to
reduce global SMC [Ca?*] by ~ 30 nM. (b) Composite relationship between SMC Ewm and arterial
diameter, showing that a ~ 5-mV hyperpolarization is sufficient to produce an ~ 20 % dilation. (c)
Inverse sigmoidal relationship between SMC [Ca?*] and arterial diameter, indicating that a ~

30 nM reduction in global SMC [Ca?"] is sufficient to generate an ~ 20 % dilation. (d) Schematic
of the experimental paradigm in which local K* application to the capillary bed is used to evoke
upstream vasodilatory responses. Panels d-f adapted with permission from Reference 87,;
copyright 2020 Elsevier. (e) Representative image of the stimulating pipette positioned adjacent
to capillaries. (f) Example trace showing dilation of an upstream arteriole in response to brief K*
(10 mM) pulses applied to capillaries. (g) Working model in which slow fluctuations in gamma-
band power increase extracellular K*, activate capillary Kir channels, and generate conducted
hyperpolarizing signals that hyperpolarizes SMCs, lowers intracellular [Ca?*], and produces
dilation.

Figure 4. Low frequency stimulation entrains vasomotion and promotes clearance of
exogenous tracers in the mouse brain. (a) Schematic illustration of an awake mouse
receiving visual, vibrissa, or optogenetic stimulation to drive vasomotion. Created in BioRender.
(b) Schematic illustration of vasodilation during stimulation, coinciding with a narrowing of the
perivascular space. Created in BioRender. (¢) Representative example of an arteriole (art.) and
a venule (ven.) captured with in vivo two-photon laser scanning microscopy (TPLSM) in an
unanesthetized head-fixed mouse with a chronic cranial window over the right visual cortex.
Fluorescein dextran was injected intravenously to label the vessel lumens. Panels c-h adapted
with permission from Reference 87; copyright 2020 Elsevier. (d) Representative example of the
change in diameter of a single arteriole measured with in vivo TPLSM; region of interest (ROI)
indicated in panel c. Low frequency visual stimulation (0.05 Hz) was found to entrain vasomotion
at the stimulation frequency. Grey bar = visual stimulation ON, white bars = visual stimulation
OFF. (e) A peak at the stimulation frequency was observed in the plot of spectral power density.
(F) Representative example of measuring signal decay in the perivascular space of a pial
surface arteriole, as a proxy for perivascular clearance. A fluorescently-labeled exogenous
tracer, i.e., 70 kDa dextran, which was injected intravenously prior to imaging, was released into
the subarachnoid space with laser irradiation of a nearby venule (arrow). (g) The fluorescent

signal decay measured along the pial surface arterioles (ROl indicated in panel f) was found to



be correlated with the amplitude of vasomotion. (h) Low frequency visual stimulation (0.05 Hz)
resulted in faster clearance of the tracer. (i) Representative example of measuring signal decay
along the middle cerebral artery with wide-field optical microscopy. A fluorescently-labeled
exogenous tracer was injected into the cisterna magna and allowed to circulate for 30-minutes
prior to imaging. Panels i and j adapted with permission from Reference 91; copyright 2023
Springer Nature. (j) Low frequency unilateral vibrissa stimulation (0.01 Hz) in ketamine/xylazine
anesthetized mice, resulted in faster clearance of tracer from the stimulated hemisphere.



a Two photon excitation b
Fixation

Left hemisphere

Right hemisphere

—

hinned
kull window

c d e
— 26 Us Arteriole y-band y-band Arteriole
€ o4 Vascular dilation power power dilation Vascular
S _o pen‘usion‘ Corpus callosum perfusion
=22 ge >
— —
g 5o Interstitial &~ Midbrain and A herstitial
220 g2 forces  (CBV fMRI) medulla (CBVIMRI)  forces
1S »n S [Coesl
S 18 S
S W— —
16 100 % 0.7 02 03
Time Frequency (Hz)
f g Diameter spectral density h Period 1 Period 2 i 1500
~ 03 s e 100
N 9]
z I
? g § 10/—\\\ /\\
g e
1000
5 0.01
I o € -
S32 0.1 c
T o : 8
—~0 O o 5]
E O 20.001
< 500
(] pa
=i ° e
o DD
o o<
[ Per o8 0 0
200 300 400 0 0102030 010203 0 0.1 0.2
Time (s) Frequency (Hz) Frequency (Hz) Center frequency (Hz)
w2 Phase
Smooth
muscle
- oscillators
L]
2
g Pial /7N "I e s s s e
o arteriole p——————Vasomotor wave ———» K
0 8— ...................................................... L aten
] o
= S Neurons
3 =
a Q
) S
e 2
IS
©
c
[0}
—m/2 o

Figure 1. Earley, Kleinfeld and Van Veluw.
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