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Neurovascular Uncoupling Is Linked to
Microcirculatory Dysfunction in Regions
Outside the Ischemic Core Following
schemic Stroke
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BACKGROUND: Normal brain function depends on the ability of the vasculature to increase blood flow to regions with high meta-
bolic demands. Impaired neurovascular coupling, such as the local hyperemic response to neuronal activity, may contribute
to poor neurological outcome after stroke despite successful recanalization, that is, futile recanalization.

METHODS AND RESULTS: Mice implanted with chronic cranial windows were trained for awake head-fixation before experiments.
One-hour occlusion of the anterior middle cerebral artery branch was induced using single-vessel photothrombosis. Cerebral
perfusion and neurovascular coupling were assessed by optical coherence tomography and laser speckle contrast imaging.
Capillaries and pericytes were studied in perfusion-fixed tissue by labeling lectin and platelet-derived growth factor receptor £.
Arterial occlusion induced multiple spreading depolarizations over 1 hour associated with substantially reduced blood flow in
the peri-ischemic cortex. Approximately half of the capillaries in the peri-ischemic area were no longer perfused at the 3- and
24-hour follow-up (45% [95% Cl, 33%—-58%)] and 53% [95% ClI, 39%—-66%] reduction, respectively; P<0.0001), which was as-
sociated with contraction of an equivalent proportion of peri-ischemic capillary pericytes. The capillaries in the peri-ischemic
cortex that remained perfused showed increased point prevalence of dynamic flow stalling (0.5% [95% ClI, 0.2%-0.7%)] at
baseline, 51% [95% Cl, 3.2%-6.5%] and 3.2% [95% ClI, 1.1%-5.3%] at 3- and 24-hour follow-up, respectively; P=0.001).
Whisker stimulation at the 3- and 24-hour follow-up led to reduced neurovascular coupling responses in the sensory cortex
corresponding to the peri-ischemic region compared with that observed at baseline.

CONCLUSIONS: Arterial occlusion led to contraction of capillary pericytes and capillary flow stalling in the peri-ischemic cortex.
Capillary dysfunction was associated with neurovascular uncoupling. Neurovascular coupling impairment associated with
capillary dysfunction may be a mechanism that contributes to futile recanalization. Hence, the results from this study suggest
a novel treatment target to improve neurological outcome after stroke.
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balanced coupling between neuronal tissue activ- supply of oxygen and nutrition to active brain regions.!

In the central nervous system, there is an accurately Neurovascular coupling ensures a rapidly increased
ity and the function of the supplying vasculature. The communication on which this is dependent is

Correspondence to: Christian Staehr, Department of Biomedicine, Aarhus University Heegh-Guldbergs Gade 10, DK-8000 Aarhus C, Denmark. Email: chst@
biomed.au.dk

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.029527

This article was sent to Kori S. Zachrison, MD, MSc, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Preprint posted on bioRxiv August 26, 2022. DOI: https://doi.org/10.1101/2022.08.26.505245

For Sources of Funding and Disclosures, see page 13.

© 2023 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2023;12:e029527. DOI: 10.1161/JAHA.123.029527 1


https://orcid.org/0000-0001-5431-4409
mailto:
https://orcid.org/0000-0002-4483-2971
https://orcid.org/0000-0003-0820-8247
https://orcid.org/0000-0001-6532-8283
https://orcid.org/0000-0002-0753-2742
https://orcid.org/0000-0002-6709-7711
https://orcid.org/0000-0002-3303-1095
mailto:chst@biomed.au.dk
mailto:chst@biomed.au.dk
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.029527
https://doi.org/10.1101/2022.08.26.505245
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha

Staehr et al

RESEARCH PERSPECTIVE

What Is New?

The local increase in blood flow in response to
neuronal activity, as neurovascular coupling, is
impaired after ischemic stroke reperfusion.

e The impaired neurovascular coupling after
stroke is associated with capillary dysfunction
in peri-ischemic brain regions.

e Capillary dysfunction after stroke is associated
with contraction of pericytes and capillary flow
stalling.

What Questions Should Be
Addressed Next?

Future research should clarify whether capillary
dysfunction and neurovascular uncoupling are
correlated with neurological outcomes in pa-
tients with ischemic stroke.

e |dentifying pharmacological interventions that
target pericyte contraction could improve cap-
illary function and restore neurovascular cou-
pling after stroke.

Nonstandard Abbreviations and Acronyms

LSCI laser speckle contrast imaging
MCA  middle cerebral artery
OCT optical coherence tomography

believed to be transmitted through release of vasoac-
tive substances from the active neuronal tissue, which
in turn dilate parenchymal arterioles, increasing blood
flow.?® Furthermore, the capillary circulation plays an
important role in the modulation of neurovascular cou-
pling. It has been suggested that pericytes associated
with cerebral capillaries contain smooth muscle actin
and are contractile,*® with the related mechanism
preferentially shunting capillary blood flow for specific
tissue perfusion.” Nevertheless, whether pericytes ac-
tively regulate capillary diameter in response to neu-
ronal activity and thus contribute to neurovascular
coupling remains controversial.6-°

Futile recanalization, as poor neurological outcome
despite successful recanalization, is observed in more
than 50% of patients with ischemic stroke."""® The
mechanism behind futile recanalization remains un-
certain. Impaired neurovascular coupling, which may
contribute to neurological deterioration over time,® has
been reported in patients following ischemic stroke.'#'®
Importantly, these studies suggest that reduced neu-
rovascular coupling is also observed in brain regions
apart from the ischemic core. Hence, it has been
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speculated that impaired neurovascular responses
in patients with stroke were caused by a preexisting
diffuse vascular pathology.*"" The present study
aimed to address this unanswered question by com-
paring neurovascular responses in the peri-ischemic
area before stroke and after ischemia reperfusion. It
was hypothesized that impaired neurovascular cou-
pling in the peri-ischemic area is caused by disrupted
capillary microcirculation. The hypothesis was tested
in an awake mouse model of stroke by performing a
thorough characterization of cerebrovascular function
in the peri-ischemic area before, during, and after ce-
rebral ischemia. By studying the dynamic changes in
cerebral blood flow during arterial occlusion and after
reperfusion, a uniqgue mechanistic insight into the cere-
brovascular events in ischemic stroke was obtained.
With state-of-the-art imaging techniques, a mecha-
nism that may underlie widespread neurovascular un-
coupling contributing to futile recanalization in patients
with stroke was uncovered.

METHODS

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request. All experiments were in accordance with institu-
tional guidelines and were approved by the Institutional
Animal Care and Use Committees at Boston University.
Experiments were conducted following the Care and
Use of Laboratory Animals guidelines and reported in
accordance with the Animal Research: Reporting in
Vivo Experiments guidelines. Female C57BL/6 mice
(Jackson Laboratory, Bar Harbor, ME) were used
(Table S1). Only females were included because of their
calm behavior during awake imaging, easier housing
after the implementation of chronic cranial window, and
to prevent sex-dependent variability because estrogen
and testosterone affect the vascular function,'® binding
of blood cells to the endothelium,'® and infarct size after
experimental stroke.?® The experimental group size was
estimated based on a power calculation suggesting 6
to 7 mice to detect a statistical difference (P<0.05) in
neurovascular coupling responses at baseline versus
3-hour follow-up with the power of 0.8 (80% chance
to determine 5 percentage points difference). Mice
were 18 weeks old when chronic cranial windows were
prepared and 24 to 26weeks old when the stroke-
reperfusion protocol commenced. Mice were housed
under a 12:12 light/dark cycle, and food and water were
provided ad libitum.

Surgical Procedure and Habituation
Training

Four hours before the surgical procedure, 4.8mg/kg
dexamethasone (@4 mg/mL) was administered IP to
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minimize cerebral tissue swelling during surgery. Two
hours before anesthesia, 0.5mg/kg slow-release bu-
prenorphine (1 mg/mL) and 5mg/kg meloxicam (5mg/
mL in 0.9% NaCl) were injected subcutaneously. Body
temperature was maintained at 37 °C during surgery
and controlled with a rectal probe. Surgery was per-
formed under isoflurane anesthesia (2%-3% induction,
1%—-2% maintenance, in 1 L/ min oxygen). Craniotomy
over 1 hemisphere was performed. Dura mater was
left intact. The brain surface was covered with a piece
of curved glass (LabMaker, Berlin, Germany) that was
shaped to fit the cranial window and sealed with den-
tal acrylic and instant super adhesive glue. A circular
aluminum bar was attached to the skull around the
cranial window for head fixation during experiments.
Meloxicam (5mg/kg) was administered every 24 hours
3days after surgery. Mice were allowed to recover from
surgery for at least 14 days before starting habituation
training. Mice were gradually habituated to longer peri-
ods of head-fixation over 7 training sessions starting at
a duration of 10 minutes and ending at 1.5hours. While
head-fixed, mice were able to readjust body position.
After each habituation session, mice were rewarded
with sweetened milk.

Photothrombosis

Single-vessel photothrombosis was performed as pre-
vious?' to occlude the anterior middle cerebral artery
(MCA) branch while causing minimal damage to the
surrounding parenchyma (Figure 1A and 1B). Under
brief isoflurane sedation (1% in 1 L/min oxygen), 100 uL
of Rose Bengal (15 mg/mL in 0.9% NaCl; Sigma Aldrich,
St. Louis, MO) was injected retro-orbitally. Rose Bengal
is activated with green light. Therefore, blue light was
used to visualize the vasculature with a multispectral
camera and thus did not lead to photoactivation. The
green laser diode (520 nm) was tuned to a postob-
jective power of 0.6mW and focused to a diameter of
Bum. Real-time laser speckle contrast imaging (LSCI)
was used to detect when the target vessel was oc-
cluded. When no blood flow was observed, the green
laser was left on for another 2 minutes and then turned
off. In the case of spontaneous reperfusion during the
1-hour occlusion, the green laser was turned on until
the vessel was occluded again. Collateral blood flow
supply can prevent single-vessel occlusion from hav-
ing a significant reduction in blood flow in mice and
thus resulting in the formation of an ischemic core.?!??
Therefore, a collateral artery was targeted if it ap-
peared after occlusion and supplied the perfusion field
for the occluded MCA branch. Collateral blood supply
was targeted in 50% of the mice. All measurements
were acquired longitudinally, implying that cerebral
blood flow and arterial diameter were measured from
the same subject over time.
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Optical Coherence Tomography

A spectral-domain optical coherence tomography
(OCT; Telesto lll, Thorlabs, Newton, NJ) system with a
1310nm center wavelength and a bandwidth of 170nm
was used. The axial spatial resolution was 3.5um in
the brain, which was determined by the light source.
A x10 objective NA=0.28 (Mitutoyo, Kawasaki, Japan)
was used to image the cerebral microcirculation.?® The
focused beam was adjusted at a depth of around 150
to 200 um, which enabled acquisition of blood flow sig-
nal down to ~300 um from the brain surface. The blood
vessels were imaged with OCT angiography,?* which
detects the intrinsic dynamic contrast of the moving red
blood cells by taking the difference of repeated OCT
B-scans. A larger 3x3mm field of view region and a
smaller 600x600 um field of view region were obtained
at the baseline and at the 3-hour and 24-hour follow-
up. The location of the 600x600 um region of inter-
est was based on the supply area of the MCA branch
neighboring the occluded anterior MCA branch. Both
MCA branches were fed by the same upstream artery.
This region of interest was determined at baseline to
image the same location at the follow-up time points.
For the larger 3x3mm field of view, 5 angiograms were
obtained and averaged. For the smaller 600x600 um
field of view, 90 sequential OCT angiograms were ob-
tained over 10 minutes. Maximum intensity projections
over a range of 90um were extracted for analysis in
the depth of 210 to 390 um from the brain surface. This
range was selected because of the dense capillary
network at this depth.

Dynamic capillary flow staling was defined as
sudden intensity drop and thus disappearance of a
capillary segment in >1 of the 90 consecutive smaller
B600x600um field of view angiograms. Capillary seg-
ments that appeared at any of the 90 angiograms were
included when counting perfused capillary segments.
Previous analysis of dynamic flow stalling of capillaries
with the use of the same approach showed that day-
to-day variations between the measurements from the
same region of interest were minimal.?®> Counting of
capillaries was done manually using Imaged software
(National Institutes of Health, Bethesda, MD).

Phase-resolved Doppler-OCT was recorded with
25 repeated A-lines to assess the axial blood flow ve-
locities of cortical blood vessels penetrating the cortex
vertically.?>?® Phantom validation revealed a lower axial
velocity detection limit at ~0.2mm/s; upper detection
limit was ~15mm/sec, which depended on the OCT sys-
tem A-line scan rate. Phase-resolved Doppler-OCT was
done in the same region of interest as the smaller field-
of-view angiogram. Capillaries with diameters ranging
between 3 and 6 um penetrating the cortex in a vertical
direction were marked manually for each vessel in a sin-
gle depth. Vertical capillaries were included regardless
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Figure 1. Cerebral ischemia induced by single-vessel photothrombosis of the middle cerebral artery.

Representative laser speckle contrast images (LSCI) of the affected hemisphere in the awake mouse at baseline (A) and during
occlusion of the anterior middle cerebral artery (MCA) branch (B). Red arrows show the focus point for the green laser beam (=6 um)
used for photothrombosis of the anterior MCA branch (A and B). C, Image of the ratio of LSCI before vs during the occlusion. Bars,
300um; dotted boxes indicate the region of interest in the ischemic core (gray) and the peri-ischemic area (red; A-C). D, Representative
traces from these 2 regions show the changes in blood flow during the MCA occlusion. E, MCA occlusion was associated with a
drop in blood flow in the ischemic core and in the peri-ischemic area. Blood flow during occlusion was compared with baseline in 2
separate 2-tailed paired t tests for each of the areas. Error bars=SE. **P<0.01, ***P<0.001; n=6. BFl indicates blood flow index.

diode was controlled by current and temperature
controllers (LDC210C and TED200C, respectively;

of whether flow direction was ascending or descending;
capillaries with descending flow, for example, with a de-

tected velocity of —2mm/s, were included in the analysis
as having flow velocity of 2mm/s. Capillaries were se-
lected over a depth range of 180 to 300um. To mini-
mize background noise, a threshold was set to exclude
velocities slower than 0.1 mm/s. The OCT angiography
and phase-resolved Doppler-OCT MATLAB codes are
available at https:/github.com/BUNPC/OCTA.

Laser Speckle Contrast Imaging and
Air-Puff Whisker Stimulation

Coherent near-infrared light was delivered by a laser
diode (785 nm, LP785-SAV50, Thorlabs Inc.). The
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Thorlabs Inc.). Backscattered light was recorded using
a 2x lens (TL2X-SAP, Thorlabs Inc.) mounted on a
complementary metal oxide semiconductor camera
(acA2040-90um, Basler AG, Ahrensburg, Germany).
A 650nm long pass filter prevented the 520 nm pho-
tothrombosis laser from affecting the LSCI. The LSCI
data were analyzed by applying the commonly used
model of arbitrary blood flow index calculated by 1/K?
where K is contrast.?” LSCl is generally used to meas-
ure the relative change in blood flow, which is mostly
independent of the imaging system. However, an ab-
solute blood flow index can be compared within the
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same imaging system if the system parameters are
held constant.?”-2° By allowing the speckle size to be
more than 2 pixels and maintaining all other system pa-
rameters constant throughout the study, we were able
to maximize this comparison in our system.

Baseline and follow-up recordings were made over
180s with a frame rate of 194 Hz and a resolution of
1024x512 pixels. During the 60-minute occlusion, LSCI
frame rate was set to 5 Hz and resolution to 1800x1200
pixels. The pixel size for all LSCI recordings was 3 um.
The LSCI data were processed using temporal speckle
contrast analysis, where 25 frames were used to cal-
culate contrast. A segmentation algorithm?3° was used
to analyze single-vessel flow velocity as previously de-
scribed.®' Arbitrary flow velocity was based on the av-
erage laser speckle contrast value in the lumen of the
vessel segment.

Whisker stimulation was done using air-puff. Five
seconds of whisker stimulation was preceded by
5-second baseline and followed by 20 seconds with-
out stimulation. This 30-second protocol was repeated
20 times, and the relative change in blood flow to each
baseline period assessed by LSCI. In whisker stimula-
tion experiments, the frame rate was 40Hz, and data
were processed using spatial speckle contrast anal-
ysis to get a high temporal resolution. Custom-made
MATLAB scripts used to process and analyze LSCI
data are available at https:/github.com/BUNPC/laser
Specklelmaging.

Labeling of Capillaries and Pericytes

For structural analyses, mice were perfusion fixed
through the left ventricle under 3% isoflurane with 4%
formaldehyde in Dulbecco’s CaCl, and MgCl, free
PBS. Brains were subsequently postfixed for 24 hours
in 4% formaldehyde in PBS at 21°C and afterwards
stored in PBS at 4 °C. The fixed brains were embedded
in paraffin and sectioned in 5um slices at the level of
the peri-ischemic sensory cortex, approximately cor-
responding to the region of interest for OCT angiog-
raphy assessment of capillary flow. Sections including
both hemispheres were incubated for 16 hours in pri-
mary antibody (1:500 rabbit anti-PDGFR, #ab32570,
Abcam, Cambridge, UK) at 4°C followed by 2hours
incubation in secondary antibody (1:500 goat anti-
rabbit IgG, Alexa Fluor 488, #ab150077, Abcam) at
21°C. Lipofuscin autofluorescence was reduced using
TrueBlack Autofluorescence Quencher (1:20, Biotium,
Fremont, CA) for 60 seconds. The whole sections were
imaged using Olympus VS120 slide scanner (Olympus,
Tokyo, Japan) at x40 magnification. After imaging the
pericytes, the samples were prepared for lectin labe-
ling. Samples were treated for 5minutes with pepsin
(@mg/mL PBS) at 37°C before 2-hour lectin incuba-
tion at 21 °C (1:100 Lycopersicon Esculentum [Tomato]
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Lectin, DyLight 649, DL-1178-1 [10pug/mL], Vector
Labs, Newark, CA). Nuclei were stained with 300nM
4, 6-diamidino-2-phenylindole (DAPI) before mounting.
The slide scanning was repeated, and the images with
the 3 different labels of the same tissue were regis-
tered and overlayed using Control Points Registration
in Matlab (ver. R2022a, Natick, MA). Capillary diam-
eter was assessed automatically in Imaged (National
Institutes of Health) using VasoMetrics.®? Assessment
of whether capillaries were associated with a peri-
cyte body was based on whether the capillary had
PDGFRB (platelet-derived growth factor receptor beta)
and DAPI-positive cells. The entire capillary segment
was included for diameter measurement. Criteria for
peri-ischemic capillaries to be included in the analysis
were (1) the capillary appeared in the peri-ischemic tis-
sue corresponding to the region of interest where laser
speckle and OCT imaging were obtained; and (2) the
assessment of contrast was determined automatically
by the VasoMetrics.

Statistical Analysis

MATLAB R2022a and GraphPad Prism software
(v.9.3.1) were used for graphing and statistical analy-
ses. Data are summarized as the mean value+SEM
of the sample group. Significant differences between
means were determined by either 1-way ANOVA with
Dunnet’s correction for multiple comparisons or 2-
way ANOVA with Bonferroni’s correction where ap-
propriate. Two separate analyses were conducted to
compare the blood flow in the ischemic core and peri-
ischemic cortex with their respective baselines. Thus,
the blood flow in each area was evaluated in distinct
analyses. Mixed-effect analysis with Dunnet’s cor-
rection was used instead of ANOVA to compare OCT
data on MCA diameter because 1 follow-up data point
from a single mouse was missing. In the mixed-effect
analysis, arterial diameter and time were the fixed ef-
fects and subjects were the random effect. A P level of
<0.05 was considered significant.

RESULTS

Arterial Occlusion Resulted in Spreading
Depolarizations

With the use of LSCI it was ensured that single-vessel
photothrombosis led to 60-minute no-flow in the an-
terior branch of MCA (Figure 1A and 1B). This out-
come was associated with 57+3% drop in perfusion
of the downstream cortex (Figure 1C through 1E).
Blood flow in the peri-ischemic area corresponding to
the whisker sensory cortex was reduced by 33+6%
during occlusion (Figure 1E). All 6 mice showed spon-
taneous reperfusion of the targeted artery within
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Figure 2. Spreading depolarizations were elicited by cerebral ischemia.

A, Representative laser speckle contrast image (LSCI) at baseline. B, Ratio of LSCI before vs during
the occlusion identified the ischemic region. Dotted white arrows show the propagation of spreading
depolarizations that were initiated from the lateral part of the penumbral cortex (B; see also Video S1). Two
regions of interest (ROls) were placed just outside the ischemic core (violet) and in the peri-ischemic area
(orange; B). Bars, 300pum; red arrows indicate the photothrombosis focus point (A, B). Representative
traces from these 2 ROls at the beginning of occlusion (C) and 25 to 50 minutes after initiation of the
occlusion (D). The black arrow indicates the time when the middle cerebral artery occlusion started (C).
Approximately 2minutes after the occlusion, the first spreading depolarization propagated. The solid
violet and orange arrows show the beginning of the hypoperfusion whereas the dotted arrows indicate the
subsequent hyperperfusion followed by sustained hypoperfusion (C). During this global hypoperfusion,
several spreading depolarizations propagated and were associated with waves of hyperperfusion (D).
The delayed changes in blood flow in the area corresponding to the orange ROI are caused by spreading
depolarization propagation. See Table S2 for details about the spreading depolarizations. BFI indicates
blood flow index.

3hours. Within minutes after onset of the occlusion,
spreading depolarizations propagated from the peri-
ischemic area to the rest of the hemisphere (Video S1
and Figure 2A and 2B). Spreading depolarizations
were observed during occlusion in all 6 mice. On av-
erage, 11 spreading depolarizations were observed
during the 60-minute occlusion period (Table S2). The
propagation velocity of the spreading depolarizations
was 3 to 5mm/min (Table S2). For the first observed
spreading depolarization, a period of hypoperfusion
preceded a subsequent period of hyperperfusion
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followed by sustained hypoperfusion (Video S1 and
Figure 2C). The duration of the initial hypoperfusion
was shorter than the subsequent hyperperfusion
(Table S2). After the first spreading depolarization,
blood flow was globally reduced. During this global
hypoperfusion, several spreading depolarizations
were propagated and associated with waves of hy-
perperfusion (Figure 2D and Table S2). The initiation
of spreading depolarizations was not associated with
the photothrombosis laser being on nor with sponta-
neous reperfusion.
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Reduced Neurovascular Coupling in the
Peri-lschemic Area After Ischemic Stroke
Neurovascular coupling was assessed at baseline
before arterial occlusion and at the 3-and 24-hour
follow-up. At baseline, 5-second air-puff whisker stim-
ulation was associated with a localized increase in
blood flow in the contralateral whisker sensory cortex
(Figure 3A and 3B). This neurovascular response was
reduced at the 3- and 24-hour follow-up (Figure 3B).
Neurovascular coupling was further reduced at the 24-
hour follow-up compared with the response observed
at the 3-hour follow-up.

Resting Perfusion of the Peri-Ischemic
Cortex was Reduced at the 3-Hour
Follow-up but Returned to the Baseline
Value After 24 Hours

Results from LSCI (Figure 4A) showed that perfusion
of the cortex downstream from the occluded MCA
branch remained suppressed at the 3- and 24-hour
follow-up (Figure 4B). In the peri-ischemic area, sup-
plied by the neighboring MCA branch of the occluded
anterior MCA branch, cortical perfusion was also re-
duced at the 3-hour follow-up compared with baseline
(Figure 4B). At the 24-hour follow-up, perfusion of the
peri-ischemic cortex was similar to that observed at
baseline.

Impaired Neurovascular Uncoupling in Penumbra

Blood flow was also assessed in the neighboring
MCA branch of the occluded anterior MCA branch
(Figure 4A). This neighboring MCA branch supplied
the peri-ischemic region of interest. Similar to the
observed changes in tissue perfusion of the peri-
ischemic area, blood flow in this neighboring artery
was reduced during the occlusion and at the 3-hour
follow-up but was not statistically different from base-
line at the 24-hour follow-up (Figure 4C). The diameter
of the neighboring MCA branch was evaluated using
absolute values. Although no change from baseline
was observed at the 3-hour follow-up, the neighboring
MCA branch exhibited vasodilation at the 24-hour fol-
low-up (Figure 4D and 4E).

Increased Flow Stalling of the Capillary
Circulation After Reperfusion in the Peri-
Ischemic Area

OCT angiography was obtained in the peri-ischemic
cortex (Figure 5A and 5B). Region of interest was lo-
cated in the same area as for LSCI recordings. The
distance from the border of the ischemic core to the
closest border of the region of interest was not statis-
tically different at the 2 follow-up time points (489+178
um versus 407169 um, 3- and 24-hour follow-up,
respectively; t test, P=0.75, n=6). The number of
perfused capillaries in the peri-ischemic tissue was re-
duced compared with baseline at the 3- and 24-hour

—— Baseline
—— 3h follow-up
24h follow-up

Relative change in flow, %

Time, sec

Figure 3. Neurovascular coupling responses in the whisker sensory cortex corresponding to the peri-ischemic area were
reduced after cerebral ischemia.

A, Image of the chronic cranial window preparation and the head fixation of the awake mouse 4 weeks after surgery. B, Representative
laser speckle contrast image illustrating the local increase in blood flow in the whisker sensory cortex in response to air-puff whisker
stimulation at baseline. The red arrow indicates the artery that later was occluded. C, The neurovascular coupling response was
reduced at the 3- and 24-hour follow-up compared with baseline. The gray area indicates the period when the 5-second whisker
stimulation was performed. Error bars=SE. Neurovascular responses were compared using 2-way ANOVA followed by Bonferroni’s
correction for multiple comparison. *P<0.01 for 3-hour follow-up vs baseline; *P<0.05 and ****P<0.0001 for 24-hour follow-up vs
baseline; *P<0.05 for 3-hour vs 24-hour follow-up; n=6.
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follow-up (Figure 5E). Furthermore, the incidence of
flow stalling, as the % of segments with >1 stall event
(Video S2, Figure S1A), and cumulative stalling dura-
tion (Figure S1B) were increased at the 3- and 24-hour
follow-up compared with baseline. Consequently, the
point prevalence of dynamic capillary flow stalling was
increased, that is, the share of stalling capillaries of
the total number of capillaries at any given time was
increased at the 3- and 24-hour follow-up compared
with baseline (Figure 5F). The stalling point prevalence
remained increased if calculated for the entire field of
view instead of being normalized to the total number of
perfused capillaries (Figure S1C). The mean duration
of each capillary stalling was increased at the 3-hour
follow-up but was not statistically different at the 24-
hour follow-up compared with baseline (Figure S1D).
The mean stalling frequency in capillary segments
that exhibited stalling was increased at the 3- and 24-
hour follow-up compared with baseline (Figure S1E).
The frequency distribution of the mean duration of
each capillary stalling is shown in Figure S2. Capillary
stalls were not correlated, that is, capillary segments
did not stall in a rhythmic nor synchronized manner
(Figure S3), although notably, this was with the excep-
tion of a single group of spatially related capillaries in
1 mouse that exhibited synchronized rhythmic stalling
with a frequency of ~0.1 Hz (Video S3, Figure S3). This
rhythmic stalling was both observed at baseline and at
the 24-hour follow-up.

Capillary Blood Flow Velocity Increased at
the 24-Hour Follow-Up

Blood flow velocity was assessed by phase-resolved
Doppler-OCT (Figure 6A through 6C). Blood flow ve-
locity of capillaries in a vertical direction in the peri-
ischemic area was assessed in the same region of
interest and depth range as the OCT angiograms used
for capillary flow stalling analysis. Capillary flow veloc-
ity was increased at the 24-hour follow-up compared

Impaired Neurovascular Uncoupling in Penumbra

with baseline, whereas there was no statistical differ-
ence in flow velocity between 3-hour follow-up and
baseline (Figure 6D). Mean inner capillary diameter
of perfused capillaries was similar at all 3 time points
(4.67£0.04 um [baseline; data from 47 capillaries],
4.53+0.12 um [3-hour follow-up; data from 28 capillar-
ies], and 4.69+0.06 um [24-hour follow-up; data from
37 capillaries], n=6).

Reduced Diameter of Pericyte-Associated
Capillaries in the Peri-lschemic Tissue
Capillary diameter was assessed in perfusion-fixed
brain tissue (Figure 7A and 7B, Figure S4A-D). The
diameter of capillaries surrounded by pericyte bodies
was narrower in the peri-ischemic tissue compared
with corresponding pericyte-surrounded capillaries
from the contralateral hemisphere (Figure 7C). Diameter
of capillaries, where no associated pericyte bodies
were observed, was similar in the peri-ischemic and
contralateral hemisphere. Capillary density was not
different between the 2 hemispheres in the perfusion-
fixed brains (Figure 7D).

DISCUSSION

Capillary Flow Heterogeneity and Its Role
in Ischemic Stroke

In this study, neurovascular coupling in the peri-
ischemic area was impaired following reperfusion
and associated with contraction of peri-ischemic
capillary pericytes. Pericyte contraction was associ-
ated with a reduced number of perfused capillaries,
although the total number of capillaries in the peri-
ischemic area was not different from that observed
in the contralateral hemisphere and similar to what
has previously been reported.®® The reduced cap-
illary capacity was further worsened by increased
dynamic flow stalling in the capillaries that were not
permanently occluded. Consistent with reduced

Figure 4. Cerebral perfusion was globally reduced 3 hours after ischemia-reperfusion but returned to baseline after 24
hours.

A, Tissue perfusion was measured by laser speckle contrast imaging. Regions of interest for tissue perfusion (gray and red dotted
boxes in the ischemic core and peri-ischemic area, respectively) and the vessel segmentation (lumen outlined by red line) of the middle
cerebral artery (MCA) branch neighboring to the occluded artery are shown. Red arrow indicates the focus point for photothrombosis.
Bar=300um. B, Tissue perfusion was globally reduced 3hours after ischemia reperfusion in both the ischemic core and the peri-
ischemic area (data points for baseline and during occlusion are also shown in Figure 1E). At the 24-hour follow-up, the tissue perfusion
of the peri-ischemic area returned to a level similar to the perfusion observed at baseline. C, Blood flow in the MCA branch supplying the
peri-ischemic area was reduced during the occlusion of the anterior MCA branch and at the 3-hour follow-up but was not statistically
different from baseline at the 24-hour follow-up. D, Representative optical coherence tomography (OCT) angiogram showing the
segment (red box) of the MCA branch neighboring to the occluded artery; same MCA segment as in A. Bar=400um. E, The diameter of
the neighboring MCA branch was assessed from this angiogram and revealed vasodilation at the 24-hour follow-up. The MCA diameter
was evaluated in absolute values and compared with the baseline using mixed-effects analysis. Error bars=SE. Blood flow (B and
C) was compared with baseline using 1-way ANOVA followed by Dunnett’s multiple comparisons tests. Two separate analyses were
conducted to evaluate the change in blood flow compared with baseline in the peri-ischemic cortex and the ischemic core (B). *P<0.05,
**P<0.01, ***P<0.001; n=6. BFIl indicates blood flow index.

J Am Heart Assoc. 2023;12:e029527. DOI: 10.1161/JAHA.123.029527 8
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capillary capacity, overall parenchymal perfusion
was reduced in the peri-ischemic area at the 3-
hour follow-up. However, at the 24-hour follow-up,
upstream arterial vasodilation was associated with
parenchymal perfusion similar to that observed at
baseline, although capillary capacity remained sup-
pressed. Consequently, capillary blood flow velocity
was increased.

J Am Heart Assoc. 2023;12:e029527. DOI: 10.1161/JAHA.123.029527

Unequal blood flow distribution in the capillary bed
increases capillary transit time heterogeneity asso-
ciated with impaired oxygen extraction capability.3*
Such undesired blood flow distribution will induce an
increasing proportion of erythrocytes passing through
the capillary at transit times too short to allow optimal
oxygen extraction, also known as “functional shunt-
ing.”"" Cerebral blood flow distribution in patients with
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Figure 5. Reduced number of perfused capillaries and increased dynamic capillary flow stalling afterischemia-reperfusion.
Representative optical coherence tomography (OCT) images of the affected hemisphere at baseline (A) and at the 3-hour follow-up
(B). The red arrow indicates the location of photothrombosis (A). Yellow and green dotted areas indicate the ischemic core and the
whisker sensory cortex, respectively (B). The high-magnification OCT angiograms were used to assess capillary flow stalling (see
Video S2). Representative stallograms from the same mouse at baseline (C) and 3 hours after reperfusion (D) showing the timeline of
stalling capillary segments through the 90 consecutive angiograms (stallograms for all mice are shown in Figure S3). E, The number
of perfused capillaries was reduced at the 3-hour follow-up and 24-hour follow-up compared with that at baseline. F, The prevalence
of dynamic flow stalling was increased at the 3-hour follow-up and 24-hour follow-up compared with that at baseline. Error bars=SE.
Data were compared with baseline using repeated measures 1-way ANOVA followed by Dunnett’s multiple comparisons test. *P<0.05,

**P<0.01, ***P<0.001; n=6.

ischemic stroke assessed by perfusion-weighted
magnetic resonance imaging revealed increased cap-
illary transit time heterogeneity in the peri-ischemic
regions.®® Hence, increased capillary transit time het-
erogeneity may prevent sufficient oxygen delivery to
active brain regions mediated through neurovascular
coupling in patients with stroke. Accordingly, previ-
ous blood oxygenation level dependent functional
magnetic resonance imaging studies on patients with
stroke reported impaired oxygen extraction in peri-
ischemic areas in response to the performance of sim-
ple motor tasks.'*'® Considering data from the present
study, disrupted capillary circulation, and thus reduced
capillary capacity, may underlie disturbances in neu-
rovascular coupling contributing to futile recanalization
in these patients. Neurovascular coupling was further
impaired at the 24-hour follow-up compared with the
3-hour follow-up although the stalling point prevalence
and number of perfused capillaries were not statisti-
cally different at the 2 time points. The upstream artery
supplying the sensory cortex was more dilated at the
24-hour follow-up and therefore closer to the maxi-
mum dilated state. Hence, reduced capacity for arterial
dilation in response to neurovascular activation at the
24-hour follow-up may therefore contribute to impaired

J Am Heart Assoc. 2023;12:e029527. DOI: 10.1161/JAHA.123.029527

neurovascular coupling. In accordance with this possi-
bility, neurovascular coupling was demonstrated to be
compromised in predilated systems.3®

Disrupted Capillary Perfusion in
Peri-lschemic Brain Regions

Capillary blockage downstream from the occluded ar-
tery has been suggested to explain the no-reflow phe-
nomenon in the ischemic core."” There may be several
explanations for this outcome, including arterial va-
sospasm®” and blood-brain barrier disruption leading
to cerebral edema.®® Another possible explanation is
the contraction of capillary pericytes with such activity
being potentiated in the brain following ischemia.639-4!
Contraction of capillary pericytes under ischemic
conditions has also been observed in the kidney and
heart.#>-44 This implies that pericyte contraction as-
sociated with microvascular failure may be initiated by
ischemia after stroke. Another possible explanation is
that the pericyte contraction in the peri-ischemic area
was elicited by the multiple spreading depolarizations
that occurred during arterial occlusion. Experimentally
induced spreading depolarization was recently dem-
onstrated to cause contraction of capillary pericytes

10
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Figure 6. Capillary flow velocity was increased at the 24-hour follow-up.

Representative phase-resolved Doppler optical coherence tomography images obtained 33, 53, and
180um from the brain surface (A-C, respectively). Pial arteries/veins can be seen on the brain surface,
and penetrating arterioles/venules (green arrows) and capillaries (white arrows) are seen in deeper layers
of the cortex in a vertical direction. Bars, 50um (A-C). Red/yellow and blue/turquoise colors indicate
ascending and descending flow, respectively. D, The weighted average capillary flow velocity was similar
3hours after reperfusion but increased at the 24-hour follow-up compared with that observed at baseline.
Error bars=SE. Measurements from capillaries for each mouse at each time point were averaged and
plotted as a bar graph. Individual capillary velocity measurements from all mice are plotted on top of bar
graphs. The weighted average of capillary flow velocities at the 2 follow-up time points were compared
with baseline using repeated measures 1-way ANOVA followed by Dunnett’s multiple comparisons test.
*P<0.05 n=6, measurements from 47, 28, and 37 individual capillaries at baseline, 3-hour, and 24-hour

follow-up, respectively.

associated with neurovascular uncoupling in anesthe-
tized mice.*® In the present study, the first of multiple
spreading depolarizations was observed within min-
utes after the targeted MCA branch was occluded.
This caused a significant drop in blood flow in the peri-
ischemic area. At the 3-hour follow-up, where a sub-
stantially reduced number of perfused capillaries was
observed, the perfusion in the peri-ischemic area re-
mained suppressed to a similar level to that observed
during the occlusion. This implies that spreading
depolarizations during arterial occlusion led to peri-
cyte contraction and thus microvascular failure in the
peri-ischemic area. Although spreading depolariza-
tions may cause pericyte constriction in brain tissues,

ischemia has also been shown to induce pericyte con-
striction in other tissues that cannot exhibit spreading
depolarization.*>=*4 The specific contributions of re-
duced oxygen availability and spreading depolarization
to pericyte constriction in peri-ischemic brain capillar-
ies after stroke should be further investigated.

In addition to microcirculatory failure, we also ob-
served increased dynamic flow stalling in the peri-
ischemic area. Such dynamic stallings were recently
reported in penumbra in preclinical animal models of
cerebral ischemia.*64” Although done in anesthetized
mice, the incidence and point prevalence of the cap-
illary stallings are similar to those observed in awake
mice in the present study.
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Figure 7. Diameter of capillary segments surrounded by pericyte bodies was reduced in the peri-ischemic cortex.

Representative images from the peri-ischemic cortex showing platelet-derived growth factor receptor beta-positive cells in green and
lectin in red in low (A) and high magnification (B). White and turquoise arrows indicate capillary segments with and without pericyte
bodies, respectively (B). Bars, 100um (A) and 25um (B). C, Measurements of capillary diameters in each hemisphere for each mouse
were averaged and plotted as a bar graph. The diameter of capillaries associated with pericyte bodies in the peri-ischemic cortex
was reduced compared with the contralateral cortex. There was no difference in the diameter of capillaries that were not associated
with pericyte bodies between the hemispheres. D, The density of capillary segments was similar in both hemispheres. Error bars=SE.
Capillary diameter and density in peri-ischemic cortex vs contralateral hemisphere were compared using unpaired t test. **P<0.01,

n=6. See splitting of the channels including nucleus staining with 4’, 6-diamidino-2-phenylindole in Figure S4.

Some limitations need to be considered in this
study. Although an optimized protocol for photo-
thrombosis was used that limits the occlusion to a
specific narrow location, it is possible that a few cap-
illaries right below the targeted artery were also oc-
cluded. However, surrounding capillaries and larger
vessels are not thrombosed when using this proto-
col.?" As blood flow was not continuously monitored
during the first 3hours following arterial occlusion, the
time to spontaneous reperfusion might vary between
subjects and thus affect the outcome. However,
all vessels were reperfused within 3hours. Using a
mouse model to study cerebrovascular pathology in
ischemic stroke has inherent limitations in reflecting
the human state. Thus, it remains to be investigated
whether microcirculatory failure in the peri-ischemic
area also takes place after ischemic stroke in patients,

J Am Heart Assoc. 2023;12:e029527. DOI: 10.1161/JAHA.123.029527

although this has been suggested by indirect mea-
surements.®® Electrical activity in the brain was not
measured because mice were carrying a chronic
cranial window. Therefore, spreading depolarizations
were assessed indirectly based on changes in blood
flow. For the same reason, we cannot exclude the
possibility that neuronal dysfunction after spreading
depolarization may also contribute to impaired neu-
rovascular coupling. Locomotion of the awake mouse
was not corrected for, which may affect neurovascu-
lar coupling in the sensory cortex.*®4° Further, poten-
tial hypoxia during the perfusion-fixation procedure
may affect the morphology and contractile state of
pericytes, although the unchanged contractile state
of pericytes from the contralateral hemisphere sug-
gested that this was not the case. Finally, only the
hemisphere where the arterial occlusion took place
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was examined in vivo. Whether disruption of the mi-
crocirculation and thus impaired neurovascular cou-
pling is also affecting the contralateral hemisphere
remains to be investigated.

Conclusions

Findings from the present study contribute to an
improved understanding of the cerebrovascular
changes outside the ischemic core that may con-
tribute to futile recanalization. Key insights into the
vascular events during and after cerebral ischemia
are provided, and a novel link between these micro-
circulatory changes and dysfunctional neurovascu-
lar coupling after stroke is proposed. These findings
call for future studies on how to enhance overall
passage of blood cells through the capillary circula-
tion and thus restore coupling between the neuronal
tissue and the vasculature in patients with ischemic
stroke.
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Table S1. Baseline characteristics of mice.

Lower Upper
95% CI  95% CI
Number of mice (n) 6 ) )
Age (weeks) 24-26 )
Sex Females )
Mouse strain C57BL/6 )
Avg. 2" MCA branch diameter (um) 34.02 28.16 39.87
Avg. 2" MCA branch blood flow (BFI) 482 242 722
Density of perfused capillaries (pr. 0.0324 mm?®) 202 182 222

The diameter and blood flow index (BFI) of the middle cerebral artery (MCA) were
assessed using optical coherence tomography and laser speckle contrast imaging,

respectively. CI, confidence interval.



Table S2. Properties of spreading depolarizations during arterial occlusion.

Mean £+ SEM  Lower Upper
95%CI  95% CI

Spreading depolarization propagation 4.16 £0.21 3.61 4.71
velocity (mm/min)
Time from beginning of occlusion to first ~ 143.30 £32.01 61.06 225.6
spreading depolarization (sec)
Initial spreading depolarization 36.25+1.25 32.27 40.23
hypoperfusion duration (sec)
Amplitude of initial spreading -33.60 £ 6.01 -52.71 -14.48
depolarization hypoperfusion (%)
Spreading depolarization hyperperfusion 96.38 £6.67 79.24 113.50
duration (sec)
Amplitude of spreading depolarization 72.49 £10.59  45.28 99.70
hyperperfusion (%)
Number of spreading depolarizations 11.33+1.86 6.56 16.10

during 60 min occlusion

The first spreading depolarization in each mouse led to initial hypoperfusion followed by
a wave of hyperperfusion and subsequently sustained hypoperfusion. The subsequent
spreading depolarizations during the sustained hypoperfusion were associated with a wave
of hyperperfusion. Peak amplitude was calculated as the maximal change in blood flow
during spreading depolarization compared to an average of flow 1 min preceding the
spreading depolarization. See Fig. 2 for representative traces and Video S1. CI, confidence

interval. n=6.



Figure S1. Dynamic capillary flow stalling was increased after reperfusion.
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A, The incidence of capillary flow stalling was increased at the 3 and 24h follow-up
compared with baseline. B, Cumulative stalling duration was increased at the 3 and 24h
follow-up compared with baseline. C, Stalling prevalence normalized to the field of view,
i.e., 600x600x90 pm, was increased at the 3 and 24h follow-up compared with baseline
(point prevalence normalized to the number of perfused capillaries is shown in Fig. 5F). D,
The mean stalling duration was increased at the 3h follow-up, but not statistically different
24h after reperfusion compared with baseline. E, The mean stalling frequency of capillary
segments that exhibited stalling was increased at the 3 and 24h follow-up compared with
baseline. Error bars as standard error. Data were compared with baseline using repeated
measures 1-way ANOVA followed by Dunnett’s multiple comparisons test. *, %, #**
P<0.05, 0.01, 0.001; n=6.



Figure S2. Frequency distribution of mean duration of each capillary stalling.
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A, Distribution of stalling durations for all capillary stallings as a violin plot. Histograms
show the frequency distribution of stalling durations at baseline (B), 3h (C) and 24h follow-
up (D). Optical coherence tomography framerate=0.167 Hz. n=6.



Figure S3. Point prevalence, stallogram, and Pearson correlation plot for each
mouse.

Left panel: Traces of point prevalence of capillary flow stalling (y-axis) is shown for each
frame (x-axis) and suggests that capillary stalls are not rhythmic at baseline nor after
reperfusion.

Middle panel: Stallograms in the middle panel showing the timeline of stalling capillary
segments through the 90 consecutive angiograms where black indicates capillary stalling.

Right panel: Person correlation analysis of capillary stalls suggested that capillary stalling
is not synchronized. One exception was a group of spatially related capillaries in mouse
#1 that exhibited synchronized and rhythmic stalling, which is indicated with red
rectangles in the stallograms. The rhythmic stalls are also shown in Video S3.



Figure S3
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Figure S3, continued
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Figure S3, continued
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Figure S4. Representative pericyte and endothelium labelling in peri-ischemic tissue.

PDGFRRP

DAPI

Tissue was perfusion-fixed at the 24h follow-up and pericytes and endothelium labelled
with platelet derived growth factor receptor p (PDGFRp; A; green), and lectin (B; red),
respectively; and nuclei highlighted with 4',6-diamidino-2-phenylindole (DAPI; C; blue).
D, Spatial relationships of the three labels are shown in the triple merged image. Bars, 100
um. See Fig. 7 for statistical analysis.



Video S1. Laser speckle contrast imaging during arterial occlusion. Laser speckle
contrast imaging ensured no-flow in the targeted artery during the 1h occlusion. The top
left panel shows absolute blood flow index (BFI) in each pixel. The top right panel shows
overlay of BFI values at the given time point relative to baseline. Only BFI changes
exceeding the threshold of +25% are overlayed as specified by the color bar on the right
side to show relevant BFI changes. Relative changes in blood flow (right panel) show the
drop in blood flow downstream from the targeted artery. The baseline in the right panel is
reset at 4 minutes and 10 seconds (as indicated 10 seconds into the video) to highlight the
changes in BFI after the first spreading depolarization (SD). Multiple spreading
depolarizations propagated through the peri-ischemic cortex during the arterial occlusion.
This was associated with a drop in BFI in the peri-ischemic cortex. The bottom panel
presents mean BFI over time in the three corresponding color-coded regions of interest.

Video S2. Increased capillary flow stalling after reperfusion. Capillary flow stalling
was assessed by optical coherence tomography angiograms. Representative angiograms
are shown at baseline (left) and 3h after reperfusion (right). Capillary flow stallings as
indicated with arrows.

Video S3. Rhythmic and synchronized capillary flow stalling. In one mouse, a group of
capillaries showed rhythmic stalling with a frequency of approximately 0.1 Hz. Capillary
flow dynamics were assessed by optical coherence tomography angiography. Video speed
x30. Stalling data from this mouse is shown in Figure S3, indicated Mouse #1.
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