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Spontaneous vasomotion propagates
along pial arterioles in the awake mouse
brain like stimulus-evoked vascular

reactivity S Sage
Leon P MuntingI , Orla Bonnar' ®, Mariel G Kozberg"z,
Corinne A Auger', Lydiane Hirschler?? , Steven S Hou',

2

Steven M Greenbergz, Brian J Bacskai' and Susanne J van Veluw"

Abstract

Sensory stimulation evokes a local, vasodilation-mediated blood flow increase to the activated brain region, which is
referred to as functional hyperemia. Spontaneous vasomotion is a change in arteriolar diameter that occurs without
sensory stimulation, at low frequency (~0.1 Hz). These vessel diameter changes are a driving force for perivascular
soluble waste clearance, the failure of which has been implicated in neurodegenerative disease. Stimulus-evoked vascular
reactivity is known to propagate along penetrating arterioles to pial arterioles, but it is unclear whether spontaneous
vasomotion propagates similarly. We therefore imaged both stimulus-evoked and spontaneous changes in pial arteriole
diameter in awake, head-fixed mice with 2-photon microscopy. By cross-correlating different regions of interest (ROls)
along the length of imaged arterioles, we assessed vasomotion propagation. We found that both during rest and during
visual stimulation, one-third of the arterioles showed significant propagation (i.e., a wave), with a median (interquartile
range) wave speed of 405 (323) um/s at rest and 345 (177) um/s during stimulation. In a second group of mice, with
GCaMP expression in their vascular smooth muscle cells, we also found spontaneous propagation of calcium signaling
along pial arterioles. In summary, we demonstrate that spontaneous vasomotion propagates along pial arterioles like
stimulus-evoked vascular reactivity.
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Introduction . : : :
neurons in the visual cortex and ensuing stimulus-

Local increases in cerebral blood flow in response to
neuronal activation are referred to as functional hyper-
emia and rely on neurovascular coupling (NVC)." As a
result of the local increase of oxygenated blood out of
proportion to the consumption of oxygen, the concen-
tration of deoxyhemoglobin decreases locally, which
forms the basis for detection of activated brain areas
with imaging techniques such as blood oxygenation
level dependent (BOLD)-fMRI? and optical intrinsic
signal imaging.> To evoke neuronal activation in such
imaging studies, participants are frequently subjected
to sensory or motor stimulation paradigms. A widely
used example is visual stimulation — during which the
participant is presented with a screen displaying a
flashing checkerboard — leading to activation of

evoked vascular reactivity (i.e., functional hyperemia).
Motor tasks such as finger tapping can also be used to
evoke NVC in the motor cortex.*
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Mechanistically, these blood flow increases are
mediated by the relaxation of contractile mural cells,
which results in an increase of the vessel diameter.
After neuronal activation, the signal to dilate is prop-
agated upstream along penetrating to surface arterio-
les, commonly referred to as pial or leptomeningeal
arterioles.® Upstream stimulus-evoked vasodilation
propagation has been observed both with intravital
microscopy’ ® and with BOLD-fMRI.’

Vessel diameter changes have also been observed
without evoking neuronal activity. These spontaneous
vessel diameter changes are referred to as vasomotion
and occur at low frequency, generally around 0.1 Hz.'
Vasomotion occurs spontaneously in isolated arterio-
les,'! but can be entrained in cerebral vessels by neuro-
nal activity.'?> Vasomotion has also been observed in
other organs than the brain, including the skin'® and
the mesentery.'"* Furthermore, vasomotion has been
observed across species, such as in awake mice with
2-photon microscopy'® and in humans undergoing
brain surgery.'® Together with cardiac and respiratory
fluctuations, vasomotion has been shown to drive flow
of cerebrospinal fluid (CSF) in the perivascular
spaces.'>!"18 These spaces form important drainage
pathways for clearance of metabolic waste from the
brain extracellular space.'” Failure of perivascular
clearance is implicated in pathologic protein accumu-
lation in neurodegenerative diseases, such as
Alzheimer’s disease (AD) and cerebral amyloid angiop-
athy (CAA).>° We previously found that perivascular
clearance can be enhanced by driving vessel diameter
changes at the vasomotion frequency with visual stim-
ulation in awake mice.'””> The exact mechanisms of
vasomotion-mediated clearance are however still
unclear. Previous modeling work suggests that an out-
ward flow could be created if vasomotion waves travel
upwards to the brain surface, against the direction of
blood flow.?! 1t is still unclear however, whether vaso-
motion indeed propagates along cortical arterioles
in vivo.

Here, we use 2-photon microscopy in awake, head-
fixed mice to detect vasomotion and compare its
properties to visually-evoked vascular reactivity (i.e.,
functional hyperemia). We use plasma-labeling and
genetically encoded calcium indicators expressed by
mural cells, to measure the vessel diameter and to visu-
alize changes in calcium concentration in individual
vascular smooth muscle cells (VSMCs), which ulti-
mately determines smooth muscle cell tone.” By
cross-correlating different segments along the imaged
arterioles, we found that spontaneous vasomotion
indeed propagates along pial arterioles, with similar
properties as stimulus-evoked vascular reactivity.

Materials and methods

Animals

The first cohort consisted of a group of 7 male C57Bl/
6] mice that were ordered from the Jackson
Laboratory (Bar Harbor, ME, USA), stock number
000664. They were imaged at the age of 4-6 months.
An additional single C57Bl/6]J mouse was imaged at
Smonths of age for the data in supplementary
figure 1. Furthermore, a second cohort of mice was
used, which consisted of 5 transgenic mice (4 females)
that express a genetically-encoded calcium indicator
(GCaMP6f) in VSMCs and pericytes. They were
imaged at the age of 6-10months and were on a
mixed background (C57Bl/6]J and FVB). The mice
were obtained by crossing the Ai95 mouse (stock
number 028865) of the Jackson Laboratory (C57BL/
6J background), which expresses GCaMPo6f after Cre
exposure, with a transgenic mouse that expresses Cre
under the platelet-derived growth factor receptor-f3
(PDGFR-B) promotor*® (FVB/NJ background). The
latter mouse was a kind gift from Dr. Andy Shih
from the Seattle Children’s Research Institute. Small
sample sizes were used, because of the exploratory
nature of the study, where the intention was to collect
basic evidence for propagation of vasomotion along
cortical arterioles. Mice were housed in groups of up
to four littermates on a 12 h day/night circle in individ-
ually ventilated cages supplied with bedding, unlimited
chow food, and water. After cranial window surgery,
the mice were housed individually.

All experiments were approved by the Massachusetts
General Hospital Animal Care and Use Committee
under protocol number 2018N000131. The studies
were compliant with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
Reporting of this study was in compliance with the
ARRIVE guidelines.*

Surgery

The cranial window procedure employed has been
described before.'>** In short, mice were anesthetized
with isoflurane anesthesia in pure oxygen (induction at
5% and maintenance at 1.8-2.0%). They were then
placed in a stereotactic frame, and the scalp skin was
disinfected and subsequently removed to expose the
skull. After craniotomy, a cover glass was positioned
over the exposed cortex and sealed with a 1:1 mix of
dental cement and KrazyGlue. Thereafter, a custom-
ized headpost made of stainless steel (Ponoko) was
fixed to the skull with C&B Metabond (Parkell), to
facilitate head fixation for awake imaging. The mice
in the first cohort underwent a craniotomy at the
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level of the right visual cortex (1.5mm lateral and
I mm caudal from lambda), with a diameter of 3 mm,
allowing to study vascular responses to visual stimula-
tion. Since mice on an FVB background are born
blind, the window in the second cohort of mice was
placed over the bilateral somatosensory cortices (span-
ning from I mm rostral of bregma to 1 mm caudal
from lambda, Omm lateral), with a diameter of
Smm, allowing to study vascular responses to whisker
stimulation.

2-Photon microscopy

Mice were given at least 3 weeks of recovery time after
surgery and before imaging. Each mouse from the first
cohort underwent three awake imaging sessions, during
day-time, with 2 weeks in between the sessions. Before
imaging, the mice were briefly anesthetized with iso-
flurane to intravenously (i.v.) administer 200 uL of
70 kDa fluorescein-labeled dextran (2mg/mL in sterile
PBS; Invitrogen). Thereafter, they were head-fixed and
allowed to freely walk on a circular treadmill placed
under the microscope objective. To limit the potential
effect of the brief isoflurane exposure (to administer
i.v. dextran) on hemodynamics, we waited to start
the experiment until the mice were fully active again.
Imaging was performed with a FluoView FV1000MPE
2-photon laser scanning system (Olympus) with a Mai
Tai® DeepSee'™ Ti:Sapphire laser (Spectra-Physics),
installed on a BX61WI Olympus microscope with a
25X, 1.05NA objective. Emission light was detected
with two photomultiplier tubes (Hamamatsu) after fil-
tering out green (495-540 nm) light, and in cohort 2
also red (575-630 nm) light. The laser power was opti-
mized per imaging session, but detector sensitivity
settings were kept constant.

First, a middle-caliber pial arteriole (~20 um) was
identified through the eyepiece. Arterioles could be
readily distinguished from a venule by their morphol-
ogy and the ability to exhibit spontaneous dilations.
After acquisition of a 200-300 um Z-stack centered
around that arteriole, and unless indicated otherwise,
the following imaging parameters were used to acquire
two S-minute time-lapses: 800nm excitation; uni-
directional pixel scanning rate at 2 us/pixel;
255 x 255um? field of view (FOV); 256 x 256 matrix;
2.33Hz framerate; 700 repetitions. Each FOV was
acquired twice, once at rest and once during visual
stimulation. Imaging was performed at two different
regions in each mouse, per imaging session, and the
same FOVs were re-imaged at the subsequent 2 imag-
ing session. Thus, in total, there were 14 pial arterioles
imaged in the dataset of cohort 1. They were imaged 6
times (3 times at rest, 3 times with different frequencies
of wvisual stimulation). Visual stimulation was

performed using a computer screen (197, Acer) that
was placed in the left visual field of the mouse, on
which a checkerboard (2x2 cm white and black
squares) was flashing at 5Hz. The visual stimulation
additionally contained an enveloping frequency, during
which it was on (flashing at 5 Hz), or off. Three differ-
ent enveloping frequencies were used, which were cen-
tered around the vasomotion frequency:

e 10 imaging frames on/10 frames off (4.3 seconds (s)
on/4.3s off, 0.12Hz)

e 20 frames on/20 frames off (8.6s on/8.6s off,
0.06 Hz)

e 40 frames on/40 frames off (17.2s on/17.2s off,
0.03 Hz)

The visual stimulation paradigm lasted for the dura-
tion of one S5-minute time-lapse, and during the “off”
durations of the paradigm, the computer screen dis-
played a grey screen. A custom-made black piece of
fabric was placed between the objective and the head
of the mouse to shield the light from the computer
screen entering the objective and held in place with
black light-tight tape. Every arteriole underwent all
the three types of visual stimulation paradigms once,
at separate imaging sessions, where the order of the
displayed frequency was random. To confirm that the
identification of arterioles was done correctly, line
scans were acquired (for 2.5s at 4.1 kHz frame rate
and 0.331 um pixel size) in 13 of the 14 vessels, as
well as in 13 vessels that were assumed to be venules,
to measure red blood cell velocity, as previously
described.?* Indeed, the red blood cell velocity was
higher in all vessels that were classified as arterioles
(supplementary figure 1), confirming our visual identi-
fication was correct.

In the second cohort of mice, 13 different pial arte-
rioles were imaged using the same microscope as in
cohort 1, with the same settings, except for the follow-
ing: the mice were injected with 70kDa Texas red-
labeled dextran i.v. instead of fluorescein-labeled
dextran, to allow for GCaMP imaging in a separate
channel than the vessels; 2-photon excitation was per-
formed at 900 nm instead of 800 nm for imaging of
both GCaMP and Texas red at the same time; the
field of view was increased to 510 x 510 um?, but with
the same matrix size, thus leading to a twofold increase
in pixel size. All vessels were imaged at rest, two vessels
were imaged twice, and in one of the vessels, an extra
time-lapse was acquired while the mouse was subjected
to 0.05Hz whisker stimulation. The stimulation was
done with a T-shaped wooden rod moving up and
down at 4 Hz, while the rod movement was initiated
using a servo coupled to an Arduino.
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Image processing

Images in the timelapses were first aligned with
translation-only registration, using the imwarp func-
tion in the MATLAB Image Processing Toolbox (ver-
sion 2017a, Mathworks, USA). Thereafter, a pixel
timing correction was applied, because pixels within 1
image were acquired at different times (note that at our
framerate, there is a ~429 ms timing difference between
the first and last acquired pixel), explained in more
detail in.>> The correction was done using linear inter-
polation of each pixel value over time, where the timing
of the first acquired pixel in each image was the refer-
ence time. One dataset was acquired with different pixel
readout directions (parallel or perpendicular to the
vessel orientation), and different framerates, to test
the robustness of the pixel timing correction (supple-
mentary figure 2A). Indeed, the correction successfully
removed biases introduced by the different pixel acqui-
sition times (supplementary figure 2B).

Subsequently, for cross-correlation analysis (see
below), regions of interest (ROIs) were manually
drawn perpendicular to the arterioles in all the data-
sets, using the line tool in the software Imagel
(National Institutes of Health, Bethesda, Maryland,
USA). Each line-ROI was spaced 15um from the
next line-ROI, as seen from the middle of the vessel,
and the line-ROIs were drawn along the full length of
the arteriole, see Figure 3 for an example. Thereafter,
the line-ROIs were imported into MATLAB and the
vessel diameter was estimated at each line-ROI using
an in-house developed MATLAB script. Since single
line signal profiles often gave a noisy vessel diameter
output, a pre-processing step was performed to increase
the signal to noise ratio (SNR). First, 10 additional
lines were automatically created next to each hand
drawn line-ROI: 5 lines to the left and 5 lines to the
right of the hand drawn line-ROI, all with the same
length and spaced 1 pixel apart from each other.
Subsequently, line signal profiles were retrieved for
all 11 lines and averaged into 1 signal profile. The
vessel diameter was then calculated by estimating the
full width at half maximum (FWHM) of this averaged
signal profile. For the calcium signal, the same line-
ROIs as for the vessel diameter calculations were
used. However, in this case, the lines were converted
into boxes with the same length as the line-ROI, and a
width of 7 pixels. The local calcium signal was then
calculated by averaging the signal of all the pixels in
the box.

For the averaged vessel responses in Figure 2(a), an
adapted demeaning method was applied. It was
observed that different frequencies of stimulation led
to similar durations of the vessel response (around
Sseconds before returning back to baseline, see

Figure 2(a)). Thus, subtracting the mean diameter for
each diameter time-profile, to compare the magnitude
of the vessel response between different stimulation fre-
quencies, may introduce bias in the results, given that
at higher frequencies, response durations are relatively
longer. Therefore, to better compare the magnitude of
the vessel responses for the different visual stimulation
frequencies in Figure 2(a), the diameter time-profiles
were first normalized to the corresponding averaged
diameter measured in the resting state time-lapse
(acquired just before the time-lapse with visual stimu-
lation). For the spectral density plots in Figures 1
and 2, MATLAB’s fft function was used.

To estimate if there was propagation of vessel diam-
eter change or calcium signaling along the pial arteri-
ole, cross-correlation was performed between the
retrieved diameter/calcium time-profiles, using an in-
house developed MATLAB script and the chronux
MATLAB library (http://chronux.org/). In this script,
the time profile was first demeaned, detrended (using
60 knots) to remove any drift in the data, and low-pass
filtered (<0.2 Hz) to remove any non-vasomotion/non-
visual stimulus related higher frequency fluctuations.
See supplementary figure 3 for the effect of these proc-
essing steps on the raw diameter time-profiles. Then, a
reference ROI was chosen for each dataset, usually the
most distal ROI, but sometimes 1 or 2 ROIs more
towards the center from the most distal ROI if the
time profile in the most distal ROI was noisier than
the others. The time profiles for all ROIs were then
cross-correlated to the reference ROI using the xcorr
MATLAB function. Time-lags were retrieved for every
ROI, and a linear correlation was performed between
the ROIs distance from the reference ROI and their
time-lags, to determine if there was significant propa-
gation along the arteriole. Additionally, the demeaned,
detrended and filtered diameter time-profiles were used
to estimate total vessel diameter change, by calculating
the area under the curve (AUC) for each ROI and
averaging them per vessel.

Statistics

All statistical testing was done using non-parametric
tests, given that the data was not always normally dis-
tributed. Shapiro-Wilk tests were used to test for nor-
mality. To test if vessel diameter changes were
significantly different between datasets acquired at rest-
ing state and those acquired during visual stimulation,
a paired Wilcoxon signed rank test was applied. To test
if there was an effect of the different stimulation fre-
quencies (0.12 Hz, 0.06 Hz, 0.03 Hz), a paired Friedman
test was applied. To test if vasomotion wave speeds
were different between resting state and visual stimula-
tion datasets, non-paired tests were applied because of
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Figure I. Examples of diameter time profiles measured in one pial arteriole with different frequencies of visual stimulation. The rows
represent the different frequencies (0.12, 0.06, 0.03 Hz or no stimulation, from top to bottom). The images in the left column show
the example arteriole, where the red square highlights a region that is shown at higher magnification in the second column from the
left. In blue, the region of interest (ROI) is shown where the diameter was measured. The middle column shows the diameter time-
profiles measured in the blue ROI; the grey areas show when the checkerboard was on. In the right column, the data of the middle
column is displayed in the frequency domain. Note the respective peaks at the stimulation frequencies, highlighted in red circles. The
vasomotion peak is highlighted for the resting state example. Note the different y-axis scaling in the resting state spectral plot.

missing values. Thus, a Mann Whitney U test was
applied to test if there were differences between resting
state and visual stimulation, and a Kruskall Wallis test
for effects of the different stimulation frequencies. The
statistical tests were performed in the statistics software
package (SPSS), version 22 (IBM, Armonk, NY,
USA).

Results

The amplitude of the vascular response varies with
different visual stimulation frequencies

We first examined the individual responses of a single
pial arteriole to different visual stimulation frequencies
(0.12Hz, 0.06 Hz, 0.03 Hz or no visual stimulation) in
an awake head fixed C57BI1/6J mouse (Figure 1). The
gray area in the plots indicates when the flashing check-
erboard was on. Vessel diameters consistently increased
when the checkerboard was turned on. Furthermore, in
the spectral plots, peaks can be observed at the respec-
tive stimulation frequencies, while in the resting state
data, a smaller peak is seen around the vasomotion
frequency (0.1 Hz).

Subsequently, we averaged and normalized vascular
responses averaged over all vessels (n= 14 arterioles),
all ROIs, and all stimulation repeats (Figure 2(a)).
Lower stimulation frequencies appeared to result in
greater diameter changes: the stimulation frequencies
at 0.12Hz, 0.06 Hz, and 0.03 Hz resulted in respectively
5.2%, 8.7% and 9.1% median peak vessel diameter
increases above baseline — however this was not statis-
tically different (y*(2)=2.67, p=0.264).

Next, we calculated the AUC for all demeaned,
detrended and low-pass filtered time-curves (Figure 2(b)),
which allows to better compare the vessel diameter
changes during rest and stimulation. As expected, the
total vessel diameter change was significantly higher
during visual stimulation compared to rest (Z=4.55;
p <0.001). The total vessel diameter change was highest
at the 0.06 Hz stimulation frequency (42.0 at 0.06 Hz,
versus 37.6 and 30.2 at 0.12Hz and 0.03 Hz respective-
ly), although this was not statistically significant
(x*(2)=5.17, p=0.076). Peaks were observed at the
respective stimulation frequencies in the averaged spec-
tral density plots (Figure 2(c)). Furthermore, in the aver-
aged resting state spectral density plot, a smaller peak
appeared around the vasomotion frequency (0.1 Hz),
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Figure 2. Group averaged responses to the different frequencies of visual stimulation. a) shows the mean (+ standard deviation
[SD]) of the data over all mice (n =7, 2 vessels per mouse), all regions of interest (n =~ 18 per vessel) and all runs (n=34,n=17 and
n =8 for 0.12 Hz, 0.06 Hz and 0.03 Hz respectively). The grey area indicates when the visual stimulation was on. Note the increase in
peak diameter change with lower frequencies. Also note that the duration of the diameter change is approximately the same for the
three frequencies. b) shows a different way of measuring the total diameter change, i.e., by calculating the area under the curve of
the demeaned, detrended and low-pass filtered data. An example for one curve is shown on the left. In the middle, the area under the
curve for all datasets is displayed, showing that during visual stimulation, the total diameter change is significantly higher (Mann
Whitney U test, Z=4.55, p < 0.001). On the right, the data is grouped per visual stimulation type, showing a peak diameter change at
0.06 Hz, but this was not statistically significant (Friedman, y*(2) =5.17, p=0.076). On the bottom, mean (4 SD) Fourier transforms
are shown. Note the peaks highlighted in red at the respective stimulation frequencies, and the smaller peak at the vasomotion
frequency. Also note the different y-axis scaling in the resting state plot.

which is in line with previous observations in awake
mice.'?

Vessel diameter changes propagate along pial
arterioles with the same speed at rest versus during
visual stimulation

We performed cross-correlation analyses to determine
if vessel diameter changes propagate along pial arterio-
les (Figure 3). Both during visual stimulation and at

rest, propagation of vessel diameter changes was
observed, for which an example is shown in Figure 3(a).
In supplementary figure 3, all the raw data is shown, as
well as two additional examples. Additionally, for the
visual stimulation datasets, the waves can be appreciated
by creating an average video of the different stimulation
dynamics (supplementary video 1), and further accentu-
ated by displaying each frame as the difference from the
mean frame (supplementary video 2). In 33% of the
resting state datasets, significant propagation was
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Figure 3. Detection of vessel diameter change propagation with cross-correlation analysis. a) shows an example of the cross-
correlation analysis in | arteriole, both during visual stimulation (top row) and at rest (bottom row). In the left column, the vessel is
shown with the line-ROls, from which diameter time-profiles are retrieved for further analysis. In the middle column, the curves with
different colors show the cross-correlation of the diameter time-profile from the correspondingly colored ROI on the left, with the
diameter time-profile from the reference ROI on the left (dark blue one on top). Note that the further you move away from the
reference ROI, the more of a shift is observed in the maximal correlation. In the right column, the distances along the vessel are
plotted against the lag time retrieved from the cross-correlation peak of that ROI. Using a linear correlation, the speed of the wave is
retrieved. b) shows a summary of the cross-correlation analysis of all vessels (n= 14) imaged in cohort | (n=7 mice). The graph on
the left shows the quantity of datasets that showed significant propagation (p-value lower than 0.05 in the linear correlation plot as in a).
The two plots on the right show the wave speeds in those datasets with significant propagation, for the different conditions.

observed, which was comparable to the 36% of signifi-
cant propagation in the visual stimulation datasets
(Figure 3(b)). The median (interquartile range) wave
speed at resting state was 405 (323) pum/s, which was
comparable to the wave speed of 345 (177) pm/s
during visual stimulation, (Z=0.32; p=0.75). The
wave speeds were also similar between the different fre-
quencies of stimulation (y*(2)=0.52, p=0.77). The
occurrence of spontaneous vasomotion waves was rela-
tively equal across the datasets: out of the 14 arterioles
in the cohort, 7 vessels showed propagation of sponta-
neous vasomotion at least once. Out of the 7 mice, 6
mice had at least one vessel that showed spontaneous
vasomotion at least once. The majority of the waves
moved against the direction of blood flow, but 1 vessel

consistently showed waves moving with the direction of
blood flow (not shown).

VSMC calcium signaling propagates along pial
arterioles at higher speed than vessel diameter
changes

We used a second cohort of mice with GCaMP expres-
sion in their vascular smooth muscle cells (VSMCs) to
investigate whether calcium signaling propagates along
pial arterioles during vasomotion, like the vessel diam-
eter changes. First, we studied calcium signal changes
at the local level following sensory stimulation (note
that whisker stimulation was used because of congeni-
tal blindness in the FVB background of the GCaMP
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Figure 4. Detection of calcium signal propagation during resting state with cross-correlation analysis. a) shows an example of
GCaMP expression in the vascular smooth muscle cells of one arteriole, and the square ROIs used to retrieve the calcium signal
(average of all pixels within the square). The middle graph shows the cross-correlation of all the signals retrieved from the differently
colored ROls with respect to the reference ROI (dark blue ROI on the right). The graph on the right shows the linear correlation of
the length along the arteriole and the lag time retrieved at the peak of the cross-correlation. b) shows a summary of the cross-
correlation analysis of all vessels (n = 13) imaged in cohort 2 (n =5 mice). The graph on the left shows the percentage of significant
propagations observed in the vessel channel, and the percentage of significant propagations in the calcium indicator (GCaMP) channel
(as shown in a). The graph on the right shows the wave speeds in those datasets with significant correlation. Note that the waves in
the GCaMP channel were significantly faster than those in the vessel diameter channel (Mann-Whitney U test, Z=2.55, p =0.009).

mouse model). Consistent with previous reports,?® fol-
lowing whisker stimulation, VSMCs calcium changes
occurred before vessel diameter changes. After an ini-
tial drop in calcium concentration, the vessel diameter
increased, followed by a subsequent calcium concentra-
tion increase, and a return to baseline of the vessel
diameter (supplementary figure 4). Next, we used
cross-correlation analysis to study the propagation
of calcium signaling along the vessel tree during
spontaneous vasomotion. Propagating calcium waves
were observed in 53% of the datasets, with a median
(interquartile range) wave speed of 972 (628) um/s
(Figure 4). Eight out 13 vessels showed propagation,
of which 6 against blood flow, and 3 out of 5 mice with
GCaMP expression showed spontaneous propagation
of calcium signaling at least once. In supplementary
figure 5, the cross-correlation analysis is also shown
for the whisker stimulation dataset, together with the
raw data. Surprisingly, the calcium waves and vessel
diameter waves (which were imaged simultancously in
two different colors in cohort 2) were out of step: waves
often occurred only in one channel, and not the other;

the calcium waves were significantly faster than the
vessel diameter waves (Z =2.55; p=0.009); in 1 data-
set, the calcium and vessel diameter waves traveled in
opposite directions (supplementary figure 6). During
whisker stimulation in this specific vessel, we observed
that in the average response traces, the temporal shift
between the calcium and vessel diameter traces changed
depending on the location along the vessel (supplemen-
tary figure 4), indicating that the opposing waves are
not just an artefact of the cross-correlation analysis.
Despite that, vessel diameter wave speeds between
cohort 1 and cohort 2 were comparable (Z=0.55;
p=0.58).

Discussion

In this study, we first examined some basic character-
istics of arteriolar diameter changes in the visual cortex
of awake mice at rest and during three different fre-
quencies of visual stimulation (0.03, 0.06, and 0.12 Hz).
The total vessel displacement was higher during visual
stimulation than when the mice were imaged at rest.
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Furthermore, the total vessel displacement peaked
around 0.06 Hz. Interestingly, this frequency is close
to the frequency of spontaneous vasomotion (~0.1 Hz).
We then used cross-correlation analyses to investi-
gate whether diameter changes — either spontaneously
occurring or evoked with visual stimulation — propa-
gate along pial arterioles. For both spontaneous and
evoked diameter changes, approximately 1 out of 3
times propagation was observed, with similar median
wave speeds around 400 pum/s. Several studies have
looked at wave speeds of evoked vessel diameter
changes. The wave speed found here is in the same
order of magnitude as the wave speed of 120 um/s
reported in Seppey et al.,*” and 730 um/s reported in
Dietrich et al.”® (the latter value was extracted by
dividing their average reported vessel length of
1,240 pm by the 1.7 s response time). These two studies
were performed in isolated and pressurized rat arterio-
les. However, our reported wave speeds are consider-
ably slower than the speed of 2,387 um/s reported in
Chen et al..* which was obtained with intrinsic optical
imaging in rats. Possibly, species differences as well as
an underestimation on our end due to a lower framer-
ate (and hence missing the faster waves), could explain
the discrepancy in these outcomes. Notably, these stud-
ies measured propagation of evoked vessel diameter
changes, whereas here we also performed measure-
ments in spontaneously occurring vessel diameter
changes. Previous studies have linked spontaneous vas-
omotion to changes in neural activity.'>?’ These
changes could be related to the low frequency envelope
occurring over gamma band activity during rest.'?
However, low frequency spontaneous motor actions
such as body movement or whisking have also been
shown to be accompanied by neural activity changes
in sensory and motor regions.*” The spontaneous vessel
diameter changes observed here are therefore likely
spontaneous occurrences of functional hyperemia,
and thus it is to be expected that its propagation prop-
erties are similar to visually-evoked functional hyper-
emia. This also indicates that the same hemodynamic
response functions can be used to model signal changes
in stimulus-evoked and resting-state fMRI data.
Given the intricate link between the calcium concen-
tration within the VSMC and its contractility, we
hypothesized that the change in vessel diameter waves
would be preceded by similar VSMC calcium waves.
We thus used a second cohort of mice with GCaMP
expression in their VSMCs, to visualize calcium signal-
ing in pial arterioles. On the local level, vessel diameter
changes were indeed coupled to calcium concentration
changes. Furthermore, calcium concentration changes
propagated along the vascular tree. Somewhat surpris-
ingly, the calcium wave speeds were significantly faster
than the diameter wave speeds. By studying local time

delays between calcium concentration changes and
vessel diameter changes, we observed that the time
delay between changes in calcium concentration and
diameter differs locally along the arteriole. This con-
firms that the different speeds between the calcium and
vessel diameter waves are related to these local timing
differences, and not decoupling of calcium concentra-
tion and vessel diameter altogether. The difference in
speed is also in line with data of Rungta et al.,” who
showed that propagation of calcium concentration
changes from penetrating arterioles to pial arterioles
was faster than propagation of vessel diameter changes.
Lastly, in one dataset we observed an opposing direc-
tion of the calcium and diameter waves. This might be
related to the origin of the signal to regain vascular
tone. Since this signal originates in larger arteries, by
adrenergic signaling through receptors that are specif-
ically expressed in larger arteries,’' this gives rise to a
second calcium wave, in the opposite direction and
with opposite polarity of the first wave. Possibly, the
cross-correlation analysis was more sensitive to the
opposite calcium wave in this dataset. In short, our
data confirms the existence of spontaneous calcium
waves in the VSMCs, but also shows that there are
local differences in how fast calcium concentration
changes lead to changes in vessel diameter.
Propagation of vasomotion waves from the paren-
chyma up towards the brain surface, against the direc-
tion of blood flow, is a prerequisite for the brain
clearance model of Aldea et al.’! In this model, the
basement membrane within the vessel wall is assumed
to be fluid-filled and compressible. Consequently, out-
ward traveling vasomotion waves would peristaltically
pump waste-containing fluid through the vascular
basement membrane out of the brain. Indeed, we
found that vasomotion propagated along pial arterio-
les, and mostly against the direction of blood flow.
However, it should be stressed that here, we studied
pial arterioles, not penetrating cortical arterioles, so it
should be confirmed in future studies whether penetrat-
ing arterioles show similar propagation. Furthermore,
the compatibility of the vascular basement membrane
itself with the proposed flow is questionable, since gaps
in between the sheets of mural cells *> would get rid of
the required pressure difference. Alternatively, this
peristaltic model could be applied to the perivascular
space (PVS) itself. In this case, an outward traveling
vasomotion wave would pump waste-containing fluid
from the PVS around penetrating arterioles to the PVS
around pial arterioles. The higher resistance from the
brain tissue and the lower resistance from the pial PVS
(due to its larger size®®), would indeed create the
required pressure difference. In such a peristaltic
pumping model, resistance and compliance should be
added as boundary conditions, given that their
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inclusion in models of cardiac effects on CSF flow has
shown to generate models that better reflect in vivo
observations.*® Interaction of the vasomotion wave
with compliant brain tissue should also be considered,
which would result in brain tissue deformations with
pressure changes in the PVS.»

An interesting area for future research is vasomotion
in penetrating arterioles, where the peristaltic pumping
of waste-containing fluid is supposed to take place.
However, this would require a more advanced technical
set-up (such as a microscope that allows for X-Z scan-
ning). Nevertheless, it is interesting to point out that
for both cohorts of mice, we found that most waves
were propagating against the direction of blood flow. It
thus seems likely that the waves we observed indeed
originated in smaller vessels in the tissue and propagat-
ed through the penetrating arterioles upwards to the
brain surface. Furthermore, future studies could also
look at whether the waste-containing fluid in the PVS
itself shows significant propagation during a vasomo-
tion wave, for example with fluorescent particle tracing
in the PVS. Previous in vivo studies have generally
observed movement of tracers from the subarachnoid
space along the arterial tree into rather than out of the
brain however.'®3%37 Lastly, it would be of interest to
study if the dynamics of vasomotion wave propagation
change with diseases such as CAA.

A limitation of this study is the low sampling rate, as
well as different pixel sampling times within one image.
Possibly, this prevented us from imaging faster waves,
and might thus have led to an underestimation of the
occurrence and speed of vasomotion waves. Using a
faster microscope for a future study would reduce
this drawback. Alternatively, one could increase the
FOV to increase the upper limit of wave speeds that
can be imaged. This would also allow to study how
vasomotion propagates through a network of vessels,
an important topic that needs to be further explored.
However, a larger FOV might make it more difficult to
detect vasomotion waves, as the same FOV could con-
tain two waves originating in different brain areas.
Another limitation is that we performed a craniotomy.
Even though we waited three weeks between surgery
and imaging, the craniotomy may have impacted
normal vascular physiology. Moreover, we cannot
completely rule out that the brief isoflurane exposure
at the start of the experiment to allow i.v. administra-
tion of dextran may have been a potential source of
bias affecting our hemodynamic measurements.
Lastly, this study was performed in awake mice,
while brain clearance is thought to be predominantly
occurring during sleep.® Future studies could therefore
employ imaging techniques that can penetrate through
the skull, or use a thinned skull preparation, as well as

focus on imaging methods that can be performed while
the animal is asleep.

In conclusion, in this study we show that, despite its
lower amplitude, spontaneous vasomotion propagates
along pial arterioles like stimulus-evoked vascular reac-
tivity. This is important to consider when modeling
perivascular soluble waste clearance, which is implicat-
ed in pathologic protein accumulation in neurodegen-
erative disease.
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