JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2021, Vol. 41(8) 18731885

© The Author(s) 2021

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0271678X211007957
journals.sagepub.com/home/jcbfm

®SAGE

Original Article

Role of endothelium-pericyte signaling
in capillary blood flow response to
neuronal activity

Wenri Zhang"*, Catherine M Davis'* ®,

Douglas M Zeppenfeld' ®, Kirsti Golgotiu', Marie X Wang*? ®,
Mariya Haveliwala®®, Daniel Hong', Yuandong Li4,

Ruikang K Wang?*, Jeffrey J 1liff"">* and Nabil J Alkayed'*

Abstract

Local blood flow in the brain is tightly coupled to metabolic demands, a phenomenon termed functional hyperemia. Both
capillaries and arterioles contribute to the hyperemic response to neuronal activity via different mechanisms and
timescales. The nature and specific signaling involved in the hyperemic response of capillaries versus arterioles, and
their temporal relationship are not fully defined. We determined the time-dependent changes in capillary flux and
diameter versus arteriolar velocity and flow following whisker stimulation using optical microangiography (OMAG)
and two-photon microscopy. We further characterized depth-resolved responses of individual capillaries versus capillary
networks. We hypothesized that capillaries respond first to neuronal activation, and that they exhibit a coordinated
response mediated via endothelial-derived epoxyeicosatrienoates (EETs) acting on pericytes. To visualize peri-capillary
pericytes, we used Tie2-GFP/NG2-DsRed mice, and to determine the role of endothelial-derived EETs, we compared
cerebrovascular responses to whisker stimulation between wild-type mice and mice with lower endothelial EETs (Tie2-
hsEH). We found that capillaries respond immediately to neuronal activation in an orchestrated network-level manner, a
response attenuated in Tie2-hsEH and inhibited by blocking EETs action on pericytes. These results demonstrate that
capillaries are first responders during functional hyperemia, and that they exhibit a network-level response mediated via
endothelial-derived EETs’ action on peri-capillary pericytes.
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Introduction

Neuronal activity in the brain induces local increases in
blood flow, a process termed functional hyperemia.
Historically, it was doubted whether capillaries play
an active role in this process; capillary function was
regarded as a mere interface for exchange between
blood and parenchyma. In recent years, elegant studies
have shown that capillaries are in fact involved in the
generation of functional hyperemia.'*?

While participation of capillaries in control of brain
blood flow and functional hyperemia is now accept-
ed,>* details regarding the precise temporal and signal-
ing mechanisms contributing to this phenomenon
remain  contradictory.  Specifically,  there s
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disagreement regarding the timing of the responses of
different order vessels to neuronal activation, with
some studies demonstrating that the arteriolar response
precedes the capillary response, and vice versa.'>>
Furthermore, whereas arteriolar dilation serves to
increase blood flow in response to increased energy
demand, it is not clear what function the capillary
response serves, how different it is from that of arterio-
les, and how the two are coordinated.

Capillaries were traditionally thought of as passive
players in the hyperemic response due to their lack of
contractile vascular smooth muscle cells (VSMCs).
However more recent studies, both in cerebral cortex
and retina, have shown that pericytes are contractile
cells that are can regulate capillary blood flow."*>
8 Pericytes are part of the neurovascular unit (NVU),
lodged between capillary endothelium and astrocytic
end feet. Brain capillaries have a much higher coverage
of pericytes than peripheral capillaries, highlighting
their importance to cerebrovascular regulation.
Pericytes are analogous to VSMCs in that they express
contractile proteins such as alpha-smooth muscle
actin.” However, the concept that pericytes control
brain capillary blood flow, basally or during functional
hyperemia, remains controversial; some studies suggest
that pericytes mediate functional hyperemia, others
show that while perictyes are contractile they do not
mediate physiological functional hyperemia, and yet
others suggest that pericytes are not contractile and
that functional hyperemia is solely regulated by arteri-
olar smooth muscle cells, not by capillary
pericytes. 1011

Finally, the identity of the specific cell-cell signaling
involved in regulating capillary blood flow has not
been fully elucidated.* We previously demonstrated a
role for astrocyte-derived metabolites of arachidonic
acid called epoxyeicosatrienoates (EETs) in arteriolar
dilation following neuronal activation.'*!* In light of
new knowledge implicating capillaries in functional
hyperemia, we investigated the role of EETs in cou-
pling neuronal activity to capillary blood flow
response.

In this study, we characterize the capillary response
to the generation of functional hyperemia in the murine
whisker barrel cortex, and further define the source and
role of EETs. We asked first whether capillaries are
involved in the hyperemic response to whisker stimula-
tion, and if so, how is the capillary response temporally
related to that of arterioles. Furthermore, we compared
responses of individual capillaries versus capillary net-
works, and responses of capillaries at different cortical
layers. We used in vivo two-photon microscopy (2-PM)
to directly visualize cortical capillaries of the mouse
whisker barrel cortex through an open skull window
preparation before, during, and after whisker

stimulation. To visualize pericytes and cerebral vessels,
we either used wild-type (WT) mice injected with
FITC- conjugated dextran, or Tie2-GFP/NG2-DsRed
mice, which have endothelial cells and pericytes fluo-
rescently labeled in green and red, respectively.
Additionally, we used optical microangiography
(OMAG) as previously described'®!” to measure cap-
illary flux, a parameter assessing the number of RBCs
passing per unit time that is directly related to oxygen
delivery. We found that capillaries respond ahead of
arterioles, and in contrast to arterioles, they exhibit a
coordinated response that serves to redistribute blood
flow within the capillary network. Finally, the response
involves endothelial-pericyte crosstalk in part mediated
via the action of endothelia-derived EETs on pericytes.

Materials and methods

Animals

This study was conducted in accordance with the
National Institutes of Health guidelines for the care
and use of animals in research, and protocols were
approved by the Institutional Animal Care and Use
Committee at Oregon Health and Science University,
Portland, OR, USA. Reporting of results conforms to
ARRIVE 2.0 (Animal Research: Reporting on In Vivo
Experiments)  guidelines.'®  Adult male mice
(34months old, 25-30g) were used. Wild-type
C57BL/6J, Tg(TIE2GFP)287Sato/J and Tg(Cspgd-
DsRed.t1)1Akik/J mice were purchased from the
Jackson Laboratory. To generate mice with endothelial
cells and pericytes fluorescently labeled in green (GFP)
and red (DsRed), respectively, Tg(TIE2GFP)287Sato/J
mice were bred with Tg(Cspgd-DsRed.t1)1Akik/J; the
progeny termed Tie2-GFP/NG2-DsRed. Mice with
endothelial-specific over-expression of sEH (Tie2-
hsEH) were also used, as previously described.'”

Open skull window preparation

Twenty-four hours prior to experiment, cranial window
surgery was performed, please see Supplemental
Methods for details.

Air puff whisker stimulation

Please see Supplemental Methods for details of equip-
ment and animal preparation.

Whisker stimulus parameters

Mice were exposed to 15psi air puff whisker stimulus
of 5Hz for 10s (stimulus) or no air puff (control).
Whisker stimulus duration was 10 s, preceded by 30 s
of baseline recording (no stimulus), followed by 45 s of
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post-stimulus recording. Between the end of a post-
stimulus session and the beginning of the baseline ses-
sion of the next stimulus event, a 5-min wait time
occurred to allow vasculature normalization and recov-
ery between stimulus events. Air puff was delivered as
an air sheet with a pressure of 15 psi, at 5 Hz/s, with no
delay in between puffs.

Micropipette puff stimulation

For micropipette puffing experiments using Tie2-GFP/
NG2-DsRed mice, a craniotomy was performed in
place of the thin skull and the dura carefully removed.
The brain was protected with 1% agar and a coverslip
was placed over 60% of the window to allow a glass
pipette to access the cortex. A 3-um tip diameter glass
pipette pulled with a long taper was filled with one of
three solutions: (1) 14,15-epoxyeicosa-5(Z)-enoic acid
(14-15 EEZE; 100 uM; Cayman Chemical) in 0.1%
DMSO in artificial cerebrospinal fluid (aCSF;
125mM NaCl, 26.2mM NaHCO3, 2.5mM KCl,
1.25mM NaH2PO4, 1.0mM MgCI2, 2mM CaCl,
25mM glucose); (2) 100puM ATP (Sigma) in aCSF;
or (3) vehicle (0.1% DMSO in aCSF). The concentra-
tion of 14,15-EEZE was calculated to be 10 times the
effective concentration at the tissue target, with the
expectation that drug concentration will drop to its
effective concentration as it diffuses to the tissue
target. In previous studies conducted in vitro, we and
others have used EEZE at 10 pM.>*?! Texas Red
Dextran (10-kD; Sigma) was also added to visualize
the pipette with 2-PM. The glass pipette was carefully
lowered at least 100 um into the cortex at a 14° angle
without puncturing any major vessels with an
MMP225 micromanipulator (Sutter). A 70-ms, 30-psi
air puff was delivered to the pipette with a picospritzer
IIT (Harvard Apparatus), which ejected a small volume
of drug to the cortex. A 40-um 512 x 512 frame z-stack
with 2-um z-steps was continuously acquired at 0.2-
um/pixel before and after puff.

Two-photon image acquisition

All in vivo imaging was carried out with a Chameleon
laser (Coherent) attached to a Zeiss LSM 7MP scan
head. A 20x 0.9 NA water immersion lens was used
to image through the thinned skull window. An excita-
tion wavelength of 800, 840 or 980nm was used
depending on the fluorophore. Laser power was con-
trolled such that average power measured at the sample
never exceeded 40 mW.

Red blood cell (RBC) flux imaging — capillaries. Three suit-
able regions of interest within the cranial window view-
ing area were selected per mouse based on clarity

criteria and density of capillaries at a depth of
100-200 um below the pial surface. Capillaries were
identified according to the branching order classifica-
tion by Cai et al.,** with some modifications; we includ-
ed microvessels with branching orders 1, 2 and 3 that
were of similar diameter to RBCs (<5um) located
within 150-200 um below brain surface. RBC flux
was quantified using high-speed linescans perpendicu-
lar to capillaries. Continuous line scan imaging cap-
tures RBCs moving single-file through a capillary as
transient absences of the FITC-dextran fluorescent
signal. The total count of RBCs was normalized to
total scan time to determine flux in units of RBCs/
second.

Red blood cell velocity Imaging — Arterioles. Within the
above-mentioned three regions, arterioles were also
selected for measurement of RBC velocity. This param-
eter was selected as a proxy to RBC flux as the speed
and numbers of RBCs passing through larger diameter
arterioles is too great; thus velocity measurements are
more suitable for this vessel type. Arterioles were
selected, then confirmed as arterioles by positions,
vessel wall morphology, and identification of a pulse
(heartbeat) bulge in a preliminary perpendicular line
scan acquired prior to the parallel line scan required
for velocity measurements. Line scans were taken on
each individual vessel in separate treatment events with
a baseline, designated treatment, and post-stimulus
scan of 30, 10, and 45s, respectively. The line to mea-
sure velocity was drawn in the midline of the vessel
(parallel to vessel walls), and fluorescence intensity in
these images was used as a close approximation of vol-
umetric flow. Because FITC-dextran labels plasma in
bright green, RBCs remain unlabeled and appear dark.
The more RBCs passing by the line scan create a lower
(darker) mean intensity value for the field of view of the
scanned segment. Higher mean intensity values
(brighter) would reflect fewer RBCs and more plasma
(green fluorescence) passing across the line scan.
Therefore, florescence intensity is inversely related to
the number of RBCs passing across the line scan.

Optical microangiography

OMAG was performed as previously described.'®!’

This optical coherence tomography (OCT) based angi-
ography technique was used to visualize and quantify
blood flow at the capillary level based on intrinsic light
scattering properties of moving blood cells within bio-
logic tissue, with no need to use exogenous contrasting
agents.”> > A custom-built spectral domain OCT
system was used, please refer to Supplemental
Methods for a detailed description of the OMAG
system. The flux and vessel diameter analyses were
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targeted at a smaller volume on a 368 um thick swath
of tissue, yielding a physical volume with the x—y—z
dimensions: 0.5 x0.5x0.08mm, and divided into
four layers that are approximately 92 pm thick each.
En-face projection of each layer was made to determine
the average flux of the volume. To calculate diameter
change, we used a validated algorithm previously used
to assess retinal capillary diameters from the OMAG-
generated OCT angiograms.”®

Please see Supplemental Methods
description of image and data analysis.

For both imaging modalities, mortality rate was
below 15%. The only data excluded was from mice
that did not survive scanning. Experimenter was
blinded to genotype but not vessel type or stimulus.
Randomization was not carried out. Statistical analysis
was performed using GraphPad Prism 8.3.1 for
Windows (GraphPad Software, San Diego, CA, USA).

for detailed

Results

To assess the hyperemic response to whisker stimula-
tion, RBC flux and diameter and arteriolar velocity
and mean fluorescence intensity were measured in

barrel cortex of mice using in vivo 2-PM and
OMAG. Experimental set-up is illustrated in Figure |
(a) and Supplemental Figure S1.

Capillary response to whisker stimulation precedes
the arteriolar response. We first asked which vascular
segment responds first to neuronal activation elicited
by whisker stimulation. Capillary (flux) and arteriolar
(velocity) responses to 10-s whisker stimulation (15 psi
at SHz/s) were evaluated by 2-PM in wild-type (WT;
C57Black6/J) mice injected with 200 kD FITC-dextran
to visualize vasculature. Comparison of response time
between capillaries and arterioles in the barrel cortex
(Figure 1, n=5-12 vessels) show a delayed response in
the arterioles. Figure 1(b) shows an overlay of mean
RBC flux (dashed line) and RBC velocity (solid line) in
capillaries vs. arterioles, respectively, demonstrating
that the capillary response precedes, and reaches its
peak prior to the arteriolar response. When quantified
(Figure 1(c)), the time to 50% of peak response follow-
ing whisker stimulation is significantly shorter for
capillaries than arterioles, 4.55+2.19s for capillaries
compared to 16.72 £5.74 for arterioles (P < 0.0001, t-
test). In Supplemental Figure S2, we overlaid capillary
flux (red line) with arteriolar velocity (blue line) and
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Figure |. Capillary response to whisker stimulus precedes arteriolar response. Capillary and arteriolar responses to whisker
stimulation were evaluated using in-vivo two-photon microscopy in WT mice injected with 200 kD FITC-dextran to visualize vas-
culature: (a) schematic of in-vivo experimental set-up with representative two-photon and subsequent masked images; (b) red blood
cell flux (capillaries) and red blood cell velocity (arterioles) in response to 10-s whisker stimulus. Magnitude change was calculated
from the pre-stimulus baseline average, and data aligned by the 10-s stimulus timeframe; (c) time to 50% peak response following
whisker stimulation is shorter in capillaries than arterioles (unpaired t-test, ***P < 0.0001). Data represent mean =SD (n= 12

capillaries, n=>5 arterioles).
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inverse mean intensity for arterioles (black line; an
approximation of volumetric flow). As the figure
shows, the peak of the inverse mean intensity of the
arterioles has an even longer time delay than the peak
of the velocity.

Capillaries exhibit a network response to functional
hyperemia. We next investigated the nature of this cap-
illary hyperemic response to neuronal activation,
asking whether capillary flux uniformly increased in
all capillaries, or they exhibit a variable response
aimed at redistributing blood flow. When we moni-
tored capillary flux over time under control conditions
(without whisker stimulation) by 2-PM, we observed
that, while many capillaries exhibited minimal change
in flux as expected, both decreases and increases in flux
were apparent in others (Figure 2). Upon neuronal
activation, mean flux was increased from —0.33 +7.00
in control (n=6 animals; 80 capillaries) to 2.89 +
8.79% (n=9 animals; 57 capillaries) of baseline, illus-
trated by a rightward shift in the frequency distribution

curve (Figure 2(a); P < 0.001, nonlinear regression with
Gaussian fit). Median change in flux increased from
—0.66 in control to 3.39% after neuronal stimulation
(Figure 2(b); P<0.05, Mann—Whitney U test;
Kolmogorov—Smirnov test of normality showed that
the stimulus data do not follow a normal distribution,
D(0.19), P=0.0059, hence the Mann—Whitney U test
was used to compare the data distributions). Despite
this overall increase in flux, some capillaries exhibited a
decrease in flux, while many remained unchanged upon
whisker stimulation, evident in both Figure 2(a) and
(b). To further illustrate the capillary flow redistribu-
tion concept, we chose a cutoff threshold of 10%
change in flux in either direction to delineate capillaries
that show either an increase or decrease or no change in
flux. Figure 2(c) shows that in the unstimulated group,
approximately a third of capillaries undergo an
increase in flux, a third show a decrease and a third
show no change in flux. After whisker stimulation, we
observed a higher percentage of capillaries exhibiting
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Figure 2. Capillaries exhibit a network response to whisker stimulation. RBC flux, used as a surrogate measurement to capillary
dilation (increased flux) and constriction (decreased flux), was measured in capillaries following 10-s whisker stimulation (n =57
capillaries) as well as control (no stimulation; n =80 capillaries): (a) frequency distribution of capillary responses to whisker stimu-
lation, or no stimulation (control; P < 0.001, nonlinear regression with Gaussian fit); (b) violin plot showing distribution of responses
of every data point with median (thick red line) and interquartile ranges (thin red lines; *P < 0.05, Mann—Whitney U test); (c) pie
charts depict percentage of capillaries with increased (blue), decreased (red), or no change (green) in RBC flux, where a change is

classified as an increase or decrease of >10% of baseline.
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increased flux at the expense of capillaries that exhib-
ited a decrease in flux, with no difference in the per-
centage of capillaries that showed no change (P < 0.01,
Chi square test). This observation suggests that the
entire capillary bed responds to functional neuronal
activation by redistributing capillary blood flow,
likely shifting blood flow to capillaries adjacent to
active neurons.

Inhibition of 14,15-EET signaling induces capillary
constriction. We have previously reported that 14,15-
EET signaling contributes to neurovascular coupling,
signaling from astrocytes to arteriolar vascular smooth
muscles.*?” The eicosanoid is also released by endothe-
lial cells, where it has been postulated as an endothelial-
derived hyperpolarizing factor (EDHF) in small caliber
vessels.”® Pericytes are the only contractile cells in
capillaries, and have been proposed to regulate capil-
lary flux in response to neuronal activity. Therefore, we

asked whether pericytes regulate capillary flux via
14,15-EET. To test this hypothesis, we used a micropi-
pette attached to a picospritzer to apply EETs antago-
nist 14,15-EEZE (100 puM, mixed with Texas Red*)
directly to peri-capillary pericytes within cortical layer
II. Pericytes were identified as red cells surrounding
green capillaries in Tie2-GFP/NG2-DsRed mice by
2-PM (Supplemental Figure S3). As illustrated in
Figure 3, upon 14,15-EEZE puff onto pericytes, the
majority of capillaries constricted, suggesting a basal
tone of EETs that facilitates an overall dilated capillary
network. Figure 3(a) and (b) show the decrease in
diameter in three capillaries after 14,15-EEZE puff;
the red cloud in the right panel of Figure 3(a) repre-
sents the extent of EEZE reach (please see the video in
supplemental material). Assessment of all capillaries
affected by 14,15-EEZE (within the red cloud,
n=>57), revealed that compared to vehicle (n=38)
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Figure 3. 14,15-EEZE induces capillary constriction: (a) representative z-projections within a time series before (baseline) and after
puff of 100 uM 14,15-EEZE in Tie2-GFP/NG2-DsRedmice, which have endothelium fluorescently labeled green and pericytes red. Red
“cloud” indicates extent of 14,15-EEZE coverage, which was mixed with 10 kD Texas Red Dextran prior to puff; (b) intensity
projections over time (scale bar 20s) of the three capillary cross sections depicted in (a); (c) frequency distribution of capillary
responses for 14,5-EEZE, ATP and vehicle (P < 0.001, nonlinear regression with Gaussian fit); (d) violin plot (median, thick black line
and interquartile ranges, thin black lines) of capillary responses to vehicle, 14,15-EEZE and ATP, relative to baseline (*P < 0.05,
P < 0.001, one-way ANOVA, Dunnett’s multiple comparison test; n =38 vehicle, n=571,415-EEZE, n=51 ATP).
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which resulted in a 4.24+11.51% mean change in
diameter, 14,15-EEZE application resulted in a con-
striction with —10.41 +5.26% change in diameter, illus-
trated by the leftward shift in the distribution curve in
Figure 3(c) compared to vehicle (P <0.001, nonlinear
regression with Gaussian fit). The positive control,
ATP, also resulted in a decreased mean diameter of
—7.35+£3.63% (n=>51). The net effect of these changes
in diameter is a decrease in capillary volume by both
14,15-EEZE and ATP (Figure 3(d)). Interestingly, in
addition to the net changes in capillary diameter and
volume brought about by 14,15-EEZE and ATP, we
observed that even upon application of a vasoconstrict-
ing agent, some capillaries respond by increasing cap-
illary volume. Figure 3(d) shows the different
distribution patterns between 14,15-EEZE and ATP
compared to vehicle, with positive median values for
vehicle and negative for 14,15-EEZE and ATP.
Intriguingly, all three conditions show multimodal dis-
tributions, with peaks at approximately +10 and —10%
change in capillary diameter. This observation suggests
that unlike arteries and arterioles, in which vessel diam-
eter changes over a continuum of vascular tone, capil-
lary diameter seems to alternate between two distinct
states — plus and minus the same percentage of capil-
lary diameter (~10%). Intra-parenchymal arterioles
located within or adjacent to the volumes delineated
by the fluorescent dye cloud did not respond to either
EEZE or ATP, compared to vehicle, over 20 min of
imaging (Supplemental Figure S4).

Endothelial over-expression of sEH abolishes capil-
lary dilation to whisker stimulation. Since we demon-
strated that blocking the action of 14,15-EET on
capillary pericytes induced vessel constriction, indicat-
ing that endogenous 14,15-EET signals to pericytes to
regulate capillary response, we sought to determine the
source of this 14,15-EET. We investigated cerebrocort-
ical capillary response to whisker stimulation in mice
over-expressing the EET-degrading enzyme soluble
epoxide hydrolase (sEH; Tie2hsEH) compared to
their WT littermate controls.'"” Hyperemic response
was assessed at four levels, each 92 pm thick, of increas-
ing depth within the cerebral cortex by OMAG. When
averaged across all four layers, we see an increase in
capillary diameter of 4.18 +2.19% in response to stim-
ulation in WT; this response is abolished in Tie2hsEH
mice where vessel diameter decreases to —2.03 +2.01%
of baseline (=5, P<0.01, one-way ANOVA;
Figure 4(c)). Capillary diameter in unstimulated WT
sham mice remained unchanged over a time course sim-
ilar to that of stimulated mice under the same experi-
mental conditions and anesthesia (0.004 +0.006% of
baseline, n=3). Using flux as a readout, we also
found that the hyperemic response is attenuated in
Tie2hsEH mice compared to WT mice. At a depth of

93-183 um, WT mice increase flux by 3.58 +4.47% in
response to stimulation, while flux in Tie2hsEH mice
decreases to —2.88 +1.80% of baseline (=15, P <0.01,
one-way ANOVA; Figure 4(b)). As for diameter, flux is
stable over time in unstimulated WT mice (—0.25+
1.33% of baseline, n=3). Flux data across all layers
can be found in Supplement (n=35, P <0.05, two-way
ANOVA with Sidak’s multiple comparison test;
Supplemental Figure S5).

Discussion

Capillaries have recently been identified as active par-
ticipants in functional hyperemia, challenging the tra-
ditional dogma that they are merely surfaces for
exchange between blood and brain tissue parenchyma.
Fundamental questions about the nature of the role of
capillaries remain unresolved."*> By carefully studying
the hyperemic response to a physiological stimulus of
whisker barrel cortex stimulation, we provide addition-
al support to the notion that capillaries play a role in
neurovascular coupling during functional hyperemia,
and provide new details regarding the nature of the
capillary hyperemic response, its timing relative to arte-
riolar dynamics, relationship to other capillaries within
the network and across cortical layers, and cell-cell sig-
naling involved.

We show that the capillary hyperemic response is
generated locally to the activated neurons, and that it
precedes the increase in arteriolar velocity and RBC
flow. We also show that the hyperemic response of
capillaries is accompanied by decreases in blood flow
in other capillaries within the network. Finally, we
show that the capillary functional hyperemic response
is attenuated in mice with lower endothelial EETSs, and
that EETs inhibition constricts pericytes. Taken
together, we conclude that endothelial EETs contribute
to the capillary functional hyperemic response to neu-
ronal activation by relaxing pericytes, and that this
action is coordinated within the capillary network, as
depicted schematically in Figure 5. These findings
advance our understanding of CBF regulation and
interpretation of blood oxygen level-dependent func-
tional magnetic resonance imaging (BOLD fMRI),
which relies on changes in blood flow and oxygen
levels to define regions of brain activity."**>” While
BOLD is the standard technique used to generate
images in fMRI studies, many aspects of the source
of BOLD signal remain unexplained by current
models, such as the spatial and temporal features of
the underlying hemodynamic response to neuronal
activity. The possibility that endothelial signaling is ini-
tiated at the capillary level, close to active neurons,
which then travels retrogradely would explain the selec-
tive recruitment of specific arterial branches and the
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stimulation in Tie2hsEH (endothelial-specific over-expression of sEH) and WT control mice (*P < 0.05, **P < 0.01, n/s not significant,

one-way ANOVA). Data represent mean &= SD (n = 3-5).

optimal, locally localized blood flow response. Most
neurovascular coupling research has focused on the
role of extravascular cells, such astrocytes and neurons,
in generating the vasoactive mediators of neurovascu-
lar coupling. Our data support a model whereby EETs
are released by the capillary endothelium, removing the
need for extravascular signaling at the level of arterio-
les. Although the dilation of arteries and arterioles can
be significant, their small volume and high oxygenation
means that arteries themselves contribute relatively
little to the fMRI BOLD signal. Veins, on the other
hand, exhibit large increases in deoxyhemoglobin that
contribute significantly to the fMRI BOLD signal.
However, these increases are expected to be both
delayed, and to be weighted superficially and medially
with respect to the active capillary beds, as a result of
the venous drainage pattern.”® Our findings are also
relevant to the concept of capillary transit time hetero-
geneity (CTH), a determinant of delivery of substances
from the blood to the brain tissue originally suggested
by Kuchinsky and Paulson.’’ Recent studies have

shown that capillary blood flow heterogeneity changes
during functional hyperemia, reflecting a locally coor-
dinated capillary response to neuronal activation, a
response that may be impaired in disease states.’>>*
Finally, “resting-state” fluctuations in resting-state
fMRI (rsfMRI), used to assess functional connectivity
of distant component of large-scale neural systems,
likely reflects capillary fluctuations in response to
basal neuronal activity.*>’

The question of the temporal onset of hyperemia in
different caliber vessels lacks a consistent answer, with
studies in retina and somatosensory cortex suggesting
that arterioles dilate prior to capillaries in response to
stimulus, and studies in the olfactory bulb showing that
capillaries and arterioles have similar response
times.>>’ Our study using high-resolution, multi-
modal imaging of physiological functional hyperemia
in the whisker barrel cortex demonstrates that the
increase in capillary flux precedes the changes in arte-
riolar velocity and flow, supporting a previous study in
the barrel cortex.! Taken together with another study
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Figure 5. Schematic illustration of the capillary-arteriolar response to neuronal activation: (a) at baseline, capillaries alternate
between dilation (upward arrow), constriction (downward arrow) and no change in diameter (left-right arrow), with an approxi-
mately similar proportion of capillaries in each state at any given time (same thickness of dotted yellow line and a single capillary
representing each state); (b) upon increased neuronal activity, more capillaries dilate (hyperemia; thicker upward arrow and more
capillaries within red area) than constrict (thinner downward arrow, with less number of capillaries within a smaller blue area), with a
maintained fraction of capillaries that show no change in diameter (left-right arrow of same thickness as baseline within the green
area). The result is an overall increase in arteriolar blood flow. The increase in capillary blood flow in response to neuronal activation
is dependent on endothelial-derived EET’s action on pericytes, which is also required to maintain capillaries in a dilated state at

baseline (inset in (a)). Created in BioRender.com.

in sensory cortex,*® these contradictory reports regard-
ing the temporal relationship between the capillary
versus arteriolar response to neuronal activation may
be related to the following reasons: (1) regional differ-
ences in the brain, with barrel cortex capillaries dilating
prior to arterioles, (2) differences in the temporal res-
olution of imaging methods, (3) differences in the
method used to elicit neuronal activity; i.e., a physio-
logical in vivo stimulus such as whisker stimulation
used in our study, compared to non-physiological stim-
uli such as electrical stimulation, either in vivo or in
brain slices, used in other studies, and finally, (4) differ-
ences in spatial coverage of the hyperemic response;
e.g., focusing on a capillary network in a cortical
layer that may not be adjacent to the activated neurons
(discussed further below).

Contractile pericytes, apposed to capillaries, extend
processes both along and around capillaries, as demon-
strated in Supplementary Figure S3.>'° The ability of
pericytes to control brain capillary blood flow, either
basally or during functional hyperemia, remains con-
troversial."1%!! Hall and colleagues suggested that the
presence of pericytes underlies capillary dilation, with
resting capillary diameter being larger in capillary seg-
ments in contact with pericyte somata and processes,
than in those segments lacking pericytes.! A more
recent study further supported the role of pericytes in
blood flow regulation, demonstrating diminished cap-
illary responses to functional hyperemia in pericyte-
deficient mice, with capillaries showing both reduced

RBC flux and a lag in response time compared to
pericyte-intact mice. Interestingly, arteriolar response
to neuronal stimulus was unaffected.** Our observation
that capillaries respond prior to arterioles, implies that
capillary-associated pericytes may ecither sense, or bring
about changes in tone, faster than VSMCs found on
arterioles. This would be consistent with the idea of
retrograde dilation proposed in the study by Longden
et al.** Specifically, in that study, authors proposed a
central role for capillary endothelial cells in sensing
neural activity and communicating it to upstream arte-
rioles in the form of an electrical vasodilatory signal.
While the contribution of pericytes to capillary dila-
tion is still somewhat disputed, the contribution of
some vasoactive mediators, namely the vasodilator
prostaglandin E, and nitric oxide, and the vasocon-
strictor 20-HETE have been implicated in regulation
of pericyte tone.! No studies have investigated the
role of 14,15-EET, previously implicated in arteriolar
functional hyperemia,'? "> in pericyte-mediated regula-
tion of capillary tone. Our observation that local appli-
cation of 14,15-EEZE (14,15-EET antagonist) directly
onto capillary pericytes induces capillary constriction
indicates that endogenous 14,15-EET may relax peri-
cytes to keep capillaries patent at baseline, and poten-
tially contribute to increased capillary perfusion during
hyperemia. This endogenous basal release of
14,15-EET likely reflects basal neuronal activity and
contributes to “resting-state” fluctuations of capillary
blood flow. The source of endogenous 14,15-EET is
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either astrocytes'>?’ or endothelial cells. Endothelial

cells both release EETs (a putative EDHF) and express
EETs-generating enzymes, and capillary endothelium
shares a basement membrane with pericytes and has
been suggested to sense neuronal activity, making it
an ideal candidate for both sensing the need for hyper-
emia as well as affecting pericyte tone.>*'** In support
of an endothelial origin of 14,15-EET, we show that
mice with reduced endothelial EETs, due to endothelial
overexpression of EETs-metabolizing enzyme sEH,
exhibit an attenuated capillary response to whisker
stimulation. Nonetheless, the role of astrocyte-derived
EETs cannot be ruled out. Using a brain slice prepara-
tion, Mishra et al.*® showed that electrical stimulation-
evoked capillary dilation is reduced after blockade of
PGE?2 receptor EP,. Based on that evidence and lack of
effect of EETs synthesis inhibition, authors concluded
that EETs do not play a role in capillary functional
hyperemia. However, inhibition of EETs synthesis
does not eliminate the pool of already formed EETs,
which is known to be stored in membrane phospholi-
pids and ready to be released upon activation.’
Furthermore, as we have previously demonstrated,*®
14,15-EET can activate EP,, raising the possibility
that the effect observed in that study could also be
mediated via 14,15-EET.

When we observed capillaries over time under basal
conditions (no whisker stimulation), we discovered that
approximately one third of capillaries undergo an
increase in flux, one third show a decrease and one
third show no change. This observation is consistent
with capillary fluctuations and transit time heterogene-
ity. However, overall, since each of the three activities
(increase/decrease/no change in flux) happens at an
equal frequency, the net result is no change in overall
flow in the capillary network in the resting state.
During neuronal activation, the percentage of capillar-
ies exhibiting a rise in flux increases at the expense of
capillaries showing a drop in flux, with no difference in
the percentage of capillaries undergoing no change.
This suggests that capillaries respond to neuronal acti-
vation by redistributing blood flow, likely shifting
blood flow to capillaries adjacent to active neurons.
Since the proportion of capillaries with enhanced flux
increases, while those with reduced flux decreases, there
is a net effect in the capillary bed of increased flow.
This concept has been validated by a recent study.*
Using mouse retinal preparation, authors show that
pericytes residing at capillary junctions differentially
constrict to regulate capillary branch-specific blood
flow, and that pericytes receiving propagating retro-
grade hyperpolarization channel RBCs toward active
neurons. We should note here that although most
capillaries within a network show increased flux,
some do not respond to neuronal activation, and

others even exhibit reduced flux. This network-level
response may help resolve some controversies regard-
ing capillary involvement in the generation of function-
al hyperemia. For example, capillaries that showed
constriction in response to whisker stimulation have
been regarded as “random changes and measurement
error.”! Furthermore, studies that reported no change
in capillary diameter during functional hyperemia'®
may have looked at single capillaries in isolation,
rather than as part of a network.

In further characterizing the capillary response in
functional hyperemia, we make an intriguing observa-
tion that capillary diameter undergoes the same degree
of change (10% change in diameter) during dilation
and constriction. In other words, capillaries, seem to
alternate between two distinct states (plus or minus
10% diameter). We speculate that this change is suffi-
cient to either allow or block RBC passage through the
capillary. Since RBCs are very close in size to inner
capillary diameter, a slight decrease in diameter (the
10% that we see), may be sufficient to block RBC
flux through a capillary. The broader implication is
that unlike arterial and arteriolar blood flow, which
is regulated by changes over a continuum of vessel
tone,” capillary flow is regulated by switching “ON”
some capillaries, and turning others “OFF”; thus redis-
tributing RBCs within the network to ensure sufficient
perfusion pressure and blood flow to where it is
needed. Gonzales et al. determined the magnitude of
the change in retinal capillary diameter in response to
thromboxane A2 receptor agonist U46619, the depola-
rizing effect of 60mM K™, and the relaxing effect of
calcium-free solution.* Interestingly, they found vary-
ing responses in different branching order capillaries.
Specifically, they found that first to third order
capillaries constricted by ~35% in response to
U46619 and by ~15% in response to 60mM K™, and
dilated by 5% to in calcium-free solution. On the other
hand, fourth order capillaries and beyond responded
U46619 only by 5%, but did not respond to 60 mM
KCI or Ca’*-free solution. In our study, we find the
change in diameter around 10% for both dilation and
constriction regardless of the agent used. The discrep-
ancy between our study and the study by Gonzales
et al. could be related to their use of an isolated retinal
preparation compared to our in vivo cerebrocortical
imaging. For example, constriction could be exagger-
ated when capillaries are devoid of intraluminal fluids.
Furthermore, the differences in the magnitude of con-
striction or dilation in different capillary segments in
the study by Gonzalez et al. were attributed to different
pericyte coverage densities in different segments.
Therefore, differences in pericyte density between the
retina and cerebral cortex may account for different
results. Finally, it is possible that our analysis averaged
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changes across different capillary segments. However,
our analysis also focused on first to third branching
order capillaries. Nonetheless, differences in vascular
architecture between retina and cortex makes it diffi-
cult to perfectly match capillary segments between
cortex and retina.

Due to the technical limitations of intravital imaging
in mice, the results of our study should be interpreted
with caution. Specifically, we used two different
approaches to evaluate the vascular response to whis-
ker stimulation: OCT-based flux and diameter changes
in capillaries and two-photon microscopy (2PM)-based
velocity measurement in arterioles. The more straight-
forward and direct approach to compare vascular
responses to neuronal activation would have been to
measure vascular diameter changes (dilation). It should
be noted, however, that capillaries and arterioles are
regulated by multiple mechanisms, some of which are
specific to each segment, while others are shared by
both segments. For example, we have previously
reported that astrocyte-derived EETs mediate arterio-
lar dilation to neuronal activity.'>'* In such a scenario,
arteriolar dilation is directly linked to the activity of
adjacent neurons and is the first vascular parameter
to respond (see Figure 5). If, on the other hand, the
two vessel segments are linked by a shared mechanism,
as in retrograde vasodilation,**> whereby capillary
dilation drives upstream arteriolar dilation, then the
change in arteriolar diameter could be secondary to
an increase in arteriolar velocity as a result of decreased
downstream resistance and increased shear stress
(shear- or flow-mediated dilation). Others have been
able to calculate RBC flow based on diameter and
velocity, measured simultaneously using both longitu-
dinal and cross-sectional scans.”’ The advantage of
OCT is its deeper penetration and wider coverage of
brain tissue volume, whereas 2PM has the advantage of
higher resolution, but it is limited by a small and super-
ficial imaging area (<200pum vs. up 500pum for
OMAG). However, comparing flux to velocity in dif-
ferent size vessels may not be valid, since RBC velocity
can remain unchanged yet RBC flow (volumetic flow)
can increase if the vessel becomes dilated. Furthermore,
fluid and cell components of the blood move at differ-
ent rates and are likely affected differently by vessel
contraction. As can be seen in Supplemental Figure
2, when we overlaid capillary flux with inverse mean
intensity for arterioles (an approximation of volumetric
flow), the peak of the inverse mean intensity of the
arterioles has an even longer time delay than the peak
of the velocity. One interpretation of this difference is
that fluid picks up speed first, followed by a subsequent
increase in RBC flow. Finally, it is possible that our
results were impacted by tissue inflammation caused by
the cranial window surgery. This concern can be

alleviated by conducting measurements through a
chronically implanted window, at least two weeks
after surgery, or by using a thinned-skull cranial
window, rather than an open cranial window. Studies
in rats and mice have shown using GFAP and Iba-1
immunoreactivity that inflammation under a cranial
window resolves by two to fourweeks after
surgery. >

In summary, we provide evidence supporting the
idea that cortical capillaries are involved in functional
hyperemia, and that capillary response precedes that of
arterioles. We further characterize the physiological
response of capillaries, demonstrating that capillaries
respond in a coordinated network-level manner
Lastly, we establish the role of endothelial 14,15-EET
in pericyte-mediated maintenance of capillary basal
tone and response to neuronal activation.
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