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A Window of Vascular Plasticity Coupled to Behavioral
Recovery after Stroke
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Stroke causes remodeling of vasculature surrounding the infarct, but whether and how vascular remodeling contributes to recovery are unclear. We established an approach to monitor and compare changes in vascular structure and blood flow with
high spatiotemporal precision after photothrombotic infarcts in motor cortex using longitudinal 2-photon and multiexposure
speckle imaging in mice of both sexes. A spatially graded pattern of vascular structural remodeling in peri-infarct cortex
unfolded over the first 2 weeks after stroke, characterized by vessel loss and formation, and selective stabilization of a subset
of new vessels. This vascular structural plasticity was coincident with transient activation of transcriptional programs relevant
for vascular remodeling, reestablishment of peri-infarct blood flow, and large improvements in motor performance. Local vascular plasticity was strongly predictive of restoration of blood flow, which was in turn predictive of behavioral recovery.
These findings reveal the spatiotemporal evolution of vascular remodeling after stroke and demonstrate that a window of
heightened vascular plasticity is coupled to the reestablishment of blood flow and behavioral recovery. Our findings support
that neovascularization contributes to behavioral recovery after stroke by restoring blood flow to peri-infarct regions. These
findings may inform strategies for enhancing recovery from stroke and other types of brain injury.
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Significance Statement
An improved understanding of neural repair could inform strategies for enhancing recovery from stroke and other types of
brain injury. Stroke causes remodeling of vasculature surrounding the lesion, but whether and how the process of vascular
remodeling contributes to recovery of behavioral function have been unclear. Here we used longitudinal in vivo imaging to
track vascular structure and blood flow in residual peri-infarct cortex after ischemic stroke in mice. We found that stroke created a restricted period of heightened vascular plasticity that was associated with restoration of blood flow, which was in turn
predictive of recovery of motor function. Therefore, our findings support that vascular remodeling facilitates behavioral recovery after stroke by restoring blood flow to peri-infarct cortex.

Introduction
The cerebral vasculature distributes nutrients to support metabolically demanding neural activity. Ischemic stroke interrupts
the vascular supply to part of the brain and produces an infarct
surrounded by a surviving but metabolically and functionally
impaired peri-infarct region (Carmichael et al., 2004; Summers
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et al., 2017). Structural and functional reorganization of multiple
cell types in residual peri-infarct tissue is critical for poststroke
behavioral recovery (Carmichael, 2006; Jones and Adkins, 2015;
Tennant et al., 2017; Kim et al., 2018). However, effective neural
repair and subsequent behavioral recovery depend on the reestablishment of a microenvironment capable of supporting such
reorganization.
Stroke-induced vascular remodeling is hypothesized to support the recovery of more normal neuronal function and neural
repair by restoring blood flow, thereby resolving metabolic stress
and enabling structural and functional changes in other cells
(Rust et al., 2019b). Across several animal models, peri-infarct
blood flow deficits are most pronounced soon after ischemia
(Schrandt et al., 2015; Clark et al., 2019b). While blood flow
deficits, at least over relatively large volumes, tend to resolve
by ;1 week after stroke (Lin et al., 2002; Schrandt et al., 2015;
Clark et al., 2019b), localized abnormalities in neurovascular
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coupling and neuronal function persist for at least several weeks
(Carmichael et al., 2004; Brown et al., 2009; Lake et al., 2017;
Summers et al., 2017; He et al., 2020). The formation of new vessels could help to restore blood flow to ischemic regions and alleviate regional perfusion deficits. Histologic evidence for vascular
structural plasticity has been found in stroke models (Lin et al.,
2002; Dijkhuizen et al., 2003; Ergul et al., 2012; Martín et al.,
2012; Liu et al., 2014; Lake et al., 2017; Clark et al., 2019b; Rust et
al., 2019a,c) and human stroke (Krupinski et al., 1994; Szpak et
al., 1999). Increases in vascular density and colabeling of vessels
with proliferation markers within peri-infarct cortex have been
found within the first several weeks after stroke (Dijkhuizen et
al., 2003; Martín et al., 2012; Liu et al., 2014; Lake et al., 2017;
Clark et al., 2019b; Rust et al., 2019a). However, the assumption
that changes in vascular structure underlie blood flow restoration
and subsequent behavioral recovery is largely based on the rough
temporal coincidence of histologic evidence of structural vascular changes, reestablishment of peri-infarct blood flow, and behavioral improvement (Lin et al., 2002; Dijkhuizen et al., 2003;
Ergul et al., 2012; Liman and Endres, 2012; Yanev and
Dijkhuizen, 2012; Lake et al., 2017; Clark et al., 2019b; Rust et al.,
2019b).
Whether and how vascular remodeling contributes to recovery of behavioral function have been unclear. Our goal was to
define the poststroke progression and association of vascular
structural plasticity, blood flow, and behavioral recovery. We
applied longitudinal multimodal in vivo imaging to track the
evolution of vascular structural plasticity and blood flow in a
mouse model of focal ischemic stroke. 2-Photon (2P) imaging of
endothelial cells allowed us to visualize structural changes at single capillary resolution across time and space. Concurrent multiexposure speckle imaging (MESI) produced blood flow maps
that we could relate to structural plasticity within defined
regions. We found that vascular structure was remarkably stable
over months in naive mice. In contrast, stroke instigated a period
of substantial change in the structure of the vascular network
within peri-infarct cortex, including formation and elimination
of capillary segments. This structural plasticity was spatially
graded and restricted to the first 2 weeks after stroke, coincident
with reestablishment of peri-infarct blood flow. Crucially, the
magnitude of structural vascular plasticity was strongly correlated with the reestablishment of blood flow. Subsequently, we
found that the degree to which peri-infarct blood flow was
restored predicted forelimb motor function on a day-to-day basis. These findings support the hypothesis that vascular structural
plasticity facilitates behavioral recovery after stroke by restoring
blood flow to peri-infarct regions.

Materials and Methods
Subjects. Three- to 6-month-old (18–29 g) Tie2-GFP mice (GFP-labeled endothelial cells, JAX stock #003658) on an FVB background and
WT C57BL/6J mice of approximately equal numbers of each sex were
used. Mice were bred locally. Animals were housed 2–5 per cage in a
room with lights on at 07:00 to 19:00. Animals had free access to food
and water, except during training and testing on the single-seed reaching
task when they were placed on restricted feeding to maintain ;90% free
feeding weight. Protocols were approved by an Institutional Animal
Care and Use Committee. Sample sizes were based on previous published (Schrandt et al., 2015; Clark et al., 2019b) and unpublished work
using MESI and the single-seed task, as well as calculations from pilot
data to determine the minimum number of animals needed to achieve a
power level of 80% for key measures.
Experimental design. We performed three experiments. First, we
used 2P imaging and MESI in Tie2-GFP mice (N = 6) to assess the stability of cortical vascular structure and cerebral blood flow in the intact
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brain over a period of 3 months. Second, we used 2P imaging and MESI
to track vascular structure and blood flow before and after photothrombotic cortical infarcts in Tie2-GFP mice (N = 6). Tie2-GFP mice are useful for imaging vascular structure but become blind early in life. A
cohort of Tie2-GFP mice failed to establish proficiency on our skilled
reaching task. Rodents normally do not depend on vision to perform
skilled reaching tasks but could conceivably do so in the presence of
forelimb sensorimotor impairments induced by infarcts (HermerVazquez et al., 2007). Therefore, for the third experiment, we used
C57BL/6J mice. We repeatedly imaged blood flow with MESI and
assayed motor function with the single-seed reaching task to relate the
reestablishment of blood flow with motor recovery (N = 12). In the last
experiment, 1 mouse died after photothrombosis, 1 was euthanized
because of skull regrowth under the window, and 1 was excluded from
behavioral measures because of a lack of behavioral impairment after
photothrombosis (success rate .100% of baseline performance on
day 3).
Cranial windows. Cranial windows were created over the forelimb
region of motor cortex as before (Holtmaat et al., 2009; Clark et al., 2019b).
Mice were anesthetized with isoflurane (3% induction, 1%-2% maintenance) in oxygen and placed in a stereotaxic frame. Dexamethasone (2 mg/
kg) and carprofen (2.5 mg/kg) were given subcutaneously. A craniotomy
(;4.5 mm) centered 1.5 mm lateral to bregma was made with a dental drill
leaving the dura intact. Saline-soaked Gelfoam (Pfizer) was used to control
bleeding. Cyanoacrylate and dental cement were used to secure a 4-mm-diameter #1 cover glass (Warner Instruments) in place. Buprenorphine
(0.05 mg/kg, s.c.) was given for pain management. Carprofen (2.5 mg/kg)
was given daily for 1 week to limit inflammation.
2P imaging and analysis. 2P imaging was used to image cortical vasculature. Mice were anesthetized with isoflurane (3% induction, ;1.5%
maintenance) in oxygen and placed in a frame. During some sessions,
40 ml of 1% w/v 70 kDa Texas Red-conjugated dextran (Invitrogen,
D1830) was injected retro-orbitally to label plasma. Body temperature
was maintained with a heated pad. 2P imaging was performed using a
mode-locked femtosecond multiphoton microscope (MaiTai, Spectra
Physics) tuned to 870 nm. Image stacks were acquired with 512  512
pixel resolution and 2.0 mm z step size using a water-immersion 20/
1.0 NA objective (Olympus). A Pockels cell adjusted laser power with
imaging depth to maintain fluorescence intensity along the z axis (Clark et
al., 2019a). Fluorescent emission was detected by photomultiplier tubes after passing through a 595 6 35 nm (Texas Red) or 525 6 25 nm (GFP)
bandpass filter. The pattern of leptomeningeal vessels from widefield
speckle images was used to identify the same regions across imaging days.
Vessel segments were defined as the region between vascular branch
points. In order to quantify changes in vascular structure, we applied
methodology commonly used to assess dendritic spine plasticity (Xu et
al., 2009; Clark et al., 2019a). z-stack images collected on separate days
were analyzed simultaneously. Segments were counted as stable if they
appeared in both the currently analyzed image as well as that from the
previous time point. Segments were classified as new if not present in
the image from the previous time point. Eliminated segments were
counted if not present in the current image but were present in that of
the previous time point. The percentage of new or eliminated segments
at a given time point was calculated relative to the total number of segments from the previous time point. A newly formed segment was
defined as persistent if it was visible at subsequent time points. The proportion of persistent segments is presented relative to the total number
of new segments formed at a given time point. We did not analyze
regions within the infarct core, which was determined by MESI at day 2
(parenchymal flow ,20% baseline flow) (Clark et al., 2019a,b) and confirmed by bright autofluorescence in 2P images. Distance from the
infarct border was measured from the center of the image. Vessel segments of each type (capillary, venule, arteriole) were analyzed separately.
Capillaries were defined by cross-sectional diameter 3-9.5 mm measured
using GFP fluorescence. Penetrating arterioles and venules, regardless
of diameter, were not counted as capillaries. Regions with poor visibility
(e.g., beneath a large superficial pial vessel) were excluded from analysis.
Images are presented as maximum or average intensity projections,
except where otherwise stated.
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Figure 1. Optical methods. A, A laser speckle contrast image of the surface of motor cortex through a cranial window. Darker pixels represent higher blood flow. B, In vivo 2P image of the
superficial cerebral vasculature from the region indicated in A (50 mm depth). Vessels are labeled with genetically encoded GFP (Tie2-GFP) and intravenous Texas Red-conjugated dextran. C, 3D
projection of cortical vasculature from the region indicated in A to a depth of 300 mm. D, Schematic diagram of the instrument used for inducing photothrombotic infarcts with live laser speckle
contrast imaging. E, Example laser speckle contrast images before, during, and after photothrombosis. Green circle represents the photothrombotic (green laser) target, which is centered on a
penetrating arteriole. F, Schematic diagram of the instrument used for MESI. AOM, Acousto-optic modulator. G, Example of MESI before (top) and 2 d after (bottom) photothrombosis.

For analysis of stalled capillaries, two-channel Tie2-GFP and Texas
Red z stacks with 2 mm optical sections were manually searched for capillary segments (GFP channel) lacking blood cell movement (visible in the
Texas Red channel as an absence of streaking blood cells, which exclude
the Texas Red label) (Villringer et al., 1994; Reeson et al., 2018; Cruz
Hernández et al., 2019). Each segment was visible for at least 5.4 s. We
classified a capillary as stalled if there was no flow during the entire time
it was visible. We present the proportion of stalled capillaries relative to
the total number of counted capillary segments per animal.
MESI. MESI was used to collect quantitative images of cortical blood
flow (Kazmi et al., 2013; Schrandt et al., 2015; Clark et al., 2019b).
Imaging sessions lasted ,10 min. Mice were anesthetized with isoflurane
(3% induction, 1.25% maintenance) in oxygen and headfixed. The same
oxygen flow rate and amount of isoflurane were used for each imaging
session to minimize effects of anesthesia on blood flow. Body temperature was maintained with a heated pad. The craniotomy was illuminated
obliquely with a 685 nm laser (see Fig. 1F). Backscattered light was collected by a camera (Basler) over 15 exposure durations ranging from
0.05 to 80 ms. An acousto-optic modulator controlled the amplitude of
illumination. Raw images were processed with MATLAB to produce
inverse correlation time (ICT) images (Schrandt et al., 2015), where ICT
is proportional to blood flow (Clark et al., 2019b). Two baseline images
were collected on different days at least 3 weeks after cranial windows
were implanted, but before photothrombosis. Additional images were
collected on multiple days after photothrombosis dependent on the
experiment, typically days 2, 5, 7, 14, 21, and 28.
Processed ICT images were quantified using ImageJ. For baseline
images, the mean ICT values from 8 to 10 discrete, randomly sampled
parenchymal regions were averaged to yield a baseline parenchymal flow
value. The infarct border was defined from day 2 MESI using a threshold
of 20% of baseline parenchymal flow, which we have found corresponds

to histologically defined lesions (Clark et al., 2019b). Peri-infarct blood
flow was quantified by averaging the mean ICT values from 8-10 discrete, randomly sampled parenchymal regions within ;500 mm of the
infarct border and was expressed as a percentage of baseline parenchymal blood flow. The same regions were measured in all postinfarct
images and were identified using multiple surface vessels as landmarks.
For analysis of parenchymal flow within 2P-imaged regions, flow in each
parenchymal region corresponding to a single 2P image was measured
separately. Poststroke blood flow deficits and restoration were not different between Tie2-GFP and C57BL/6J mice (two-way repeated measures
ANOVA, strain main effect: F(1,14) = 0.007, p = 0.936).
Focal ischemia. Photothrombotic infarcts were produced in the forelimb area of motor cortex (see Fig. 1D,E) (Clark et al., 2019a,b). Mice
were anesthetized with isoflurane (3% induction, 1.5% maintenance) in
oxygen and placed in a frame. Body temperature was maintained with a
heated pad. Pial vessels were visualized with real-time laser speckle contrast imaging. A penetrating arteriole supplying the forelimb motor
region (Tennant et al., 2011) was identified, and 0.15 ml of 15 mg/kg
rose Bengal was given intraperitoneally. 3 min later, a 20 mW 532 nm
laser was used to illuminate a ;300 mm diameter region centered on the
chosen penetrating arteriole for 15 min (Schrandt et al., 2015; Clark et
al., 2019b). Successful occlusion was confirmed by speckle imaging.
Behavioral testing. The single-seed reaching task was used to examine upper extremity impairments caused by cortical infarcts. This task is
sensitive to deficits in skilled forelimb use and has been described in
detail previously (Xu et al., 2009; Clark et al., 2019b). During the shaping
phase, animals were placed in a clear Plexiglas chamber with access to a
tray of millet seeds through a 4-mm-wide opening. The preferred paw
for reaching was defined as the paw used for the majority of reach
attempts across 15-30 reach attempts during a 15 min session. Beginning
2 weeks after cranial window surgery, animals were trained to use their
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Figure 2. Comparison of in vivo 2P imaging of vasculature with intravascular Texas Red-conjugated dextran and genetically encoded endothelial cell GFP expression (Tie2-GFP). A, Maximum
intensity projection images (50 mm) of cortical vasculature spanning from the pial surface to 300 mm deep. B, Line profiles of fluorescence intensity across representative capillaries by depth.
Measured regions are indicated with red (Texas Red) and green (Tie2-GFP) lines in A.
preferred paw (contralateral to the window) to reach for a single millet
seed placed on a platform outside the chamber. Training was done during 5 sessions per week for 2 consecutive weeks. Training and testing sessions consisted of up to 30 trials and lasted up to 15 min. Trials were
scored as successes or failures. A trial was defined as up to 2 consecutive
reach attempts. If the first reach attempt resulted in missing the seed, a
second consecutive attempt was allowed. If the second attempt resulted
in another miss, knocking the pellet out of its well, or dropping the seed
before bringing it to the mouth, the trial was scored a failure. Knocking
the pellet out of its well or dropping the seed before bringing it to the
mouth on the first attempt was also scored as a failure. If either reach
attempt resulted in the mouse grasping the seed and bringing it to its
mouth, the trial was scored a success. Test sessions were done on days 3,
5, 7, 14, 21, and 28 after photothrombosis.
Tissue processing and histology. Mice were given Euthasol (0.1 ml,
i.p.) and transcardially perfused with 0.1 M PB followed by 4% PFA in

PB. Brains were postfixed overnight and sectioned coronally with a
vibratome (VT1000S, Leica Microsystems) at 35 mm thickness.
One set of every fifth section was Nissl-stained. Cortical area of each
hemisphere was determined with ImageJ, and Cavalieri’s method was
used to estimate cortical volume as the summed area of cortex across
sections multiplied by distance between section planes. Lesion volume
was calculated as the difference in contralesional and ipsilesional cortical
volume (Kim et al., 2018; Clark et al., 2019b).
C57BL/6J mice were retro-orbitally injected with 0.1 ml of
DyLight 488-conjugated tomato lectin (Vector Laboratories, DL1174) 5 min before perfusion to label perfused vasculature 28 d after
infarct (Robertson et al., 2015). At least four free-floating sections
per animal spaced 175 mm were stained with isolectin B4 as before
(Wälchli et al., 2015; Clark et al., 2019b). Sections were washed three
times for 5 min in PBS, incubated in 50 mM NH4Cl for 30 min, 80°C
50 mM glycine for 5 min, and 0.3% Triton for 10 min. Sections were
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Figure 3. Incomplete labeling of vasculature with intravascular dye. Three examples of capillary segments visible by GFP expression but not intravascular dye. Some segments completely
lacked intravascular dye, whereas others were partially filled. Images are 30-50 mm projections.
then incubated in blocking solution (50 mM CaCl2, 50 mM MgCl, 50
mM MnCl2, 0.05% Triton, 2% goat serum in PBS) with 1:50 biotinylated isolectin B4 (Vector Laboratories, B-1205) for 72 h at 4°C.
After washing with PBS, sections were incubated in blocking solution with 1:500 AlexaFluor-647-conjugated streptavidin (Jackson
ImmunoResearch Laboratories, 016-600-084) overnight at 4°C,
washed, and mounted.
Images were acquired with a TCS SP5 confocal microscope (Leica
Microsystems, 20/0.7 NA objective); 1024  1024 pixel images were collected with 2 mm z-step size and 3-frame averaging. Acquisition parameters
were consistent across all samples and images. Images were analyzed using
ImageJ. Maximum intensity projections were uniformly processed with a

custom macro. A Gaussian filter (s = 1) was applied. Then, background
was subtracted using a 15 pixel rolling ball radius with the sliding paraboloid option checked. Images were then thresholded and denoised. The area
fraction of binarized images was calculated with the Analyze
Particles tool. For measurement of branches and vascular length
from images of tomato lectin-labeled vasculature, the Skeletonize
tool was applied to binary images and the Analyze Skeleton tool was
used to analyze the resulting skeletons.
Analysis of an endothelial cell transcriptome resource. We analyzed
data from a resource in which the brain endothelial cell transcriptome
was sequenced in health and disease (Munji et al., 2019). Gene expression changes were evaluated from peri-infarct endothelial cells isolated 3
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Figure 4. Stability of vascular structure and blood flow in intact cortex. A, Timeline for repeated imaging of vascular structure (2P) and blood flow (MESI). B, 50 mm projection images of stable vessels taken 3 months apart. C, Example of an eliminated capillary (arrows). D, Example of a newly formed capillary (arrows). E, Quantification of capillary segment changes over the
3 month interval. Percentages are relative to the total number of capillaries at the first imaging time point. F, Representative MESI images of cortical blood flow. Example ROIs for each region
type are indicated: P, Parenchymal (G); A, artery/arteriole (H); V, vein/venule (I). G–I, Correlations of regional blood flow between defined ROIs over the 3 month interval (N = 6 mice, N = 8
ROIs per region type per mouse). Diagonal dashed lines indicate the line of equality. Cortical blood flow was highly consistent within defined regions across the interval.
or 30 d after permanent middle-cerebral artery occlusion relative to
brain endothelial cells in sham-operated mice (Munji et al., 2019).
Differentially expressed genes were defined as log2(fold change) .1 or
,1 and FDR-adjusted p , 0.05. Metascape was used to evaluate gene

ontology enrichment in upregulated genes (Zhou et al., 2019). Gene sets
related to “angiogenesis” and “extracellular matrix organization” ontology terms were derived from GO:0001568 and R-HSA-1474244 gene ontology identifiers, respectively.
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Statistical analysis. Statistical analysis was
done using GraphPad Prism version 8.4.
Two-tailed t tests, Mann–Whitney U tests,
one- or two-way ordinary or repeated-measures ANOVAs, and linear regressions were
used as noted in the text and as appropriate.
Independent means with normally distributed data and similar variance were compared with two-tailed t tests. Variance was
compared with F tests or Brown-Forsythe
tests. Mann–Whitney U tests were used
when data were not normally distributed.
Significant ANOVAs were followed by post
hoc Holm-Sidak corrected multiple comparisons. a was set at 0.05. Data are presented as
mean 6 SEM.

Results

Figure 5. In vivo 2P time-lapse imaging reveals a spatially graded, temporally restricted window of vascular plasticity after
stroke. A, Timeline for multimodal imaging of vascular structure and blood flow in Tie2-GFP mice (N = 6). B, Diagram indicating approximate 2P imaged regions relative to the infarct and rostral (RFA) and caudal (CFA) forelimb areas of motor cortex.
Numbers indicate millimeters relative to bregma. C, 2P time-lapse images showing examples of vessel elimination, formation,
and new vessel persistence. There was a period of heightened structural vascular plasticity in peri-infarct cortex during the
first 2 weeks after infarct characterized by increases in capillary formation (D) and elimination (F). *p , 0.05; **p , 0.01;
***p , 0.001; versus pre-infarct (Holm-Sidak tests). E, Persistence of new segments. More than 90% of new capillaries
formed after infarct persisted to 28 d after infarct. All new capillaries that survived to the next imaging time point survived
to day 28. G, High-magnification example of formation and persistence of a new capillary segment. H, High-magnification
example of elimination of a single capillary segment. The magnitude of structural vascular plasticity was spatially graded.

Vascular structure and cortical blood
flow are largely stable in the intact adult
brain
All experiments used mice with chronic
cranial windows implanted over motor
cortex. We used in vivo 2P imaging to visualize vascular structure in the uppermost
300 mm of cortex in Tie2-GFP mice, which
express GFP in endothelial cells (Fig. 1).
While intravascular dye (Texas Red-conjugated dextran) provided somewhat better
signal-to-background than Tie2-driven
GFP expression (Fig. 2), a small proportion of capillaries (0.09 6 0.03%, excluding those with a pinched appearance)
were only partially filled or completely
lacked the intravascular label (Fig. 3).
Therefore, time-lapse imaging that relies
on intravascular dyes may give a false
appearance of changes in perfusion status as changes in vascular structure.
We never observed vessels labeled with
intravascular dye that did not express
GFP. Furthermore, leakage of intravascular
dyes can obscure images after stroke when
vascular permeability is increased (Schrandt
et al., 2015). Therefore, Tie2-GFP mice
provide a reliable way to visualize vascular structure independent of momentary
perfusion status and without undesirable
dye leakage. To map cortical blood flow,
we used MESI, a quantitative, label-free
optical method suitable for longitudinal
measurements (Kazmi et al., 2013;
Schrandt et al., 2015; Clark et al., 2019b;
He et al., 2020) (Fig. 1F,G). Combining
these imaging modalities in the same
animals over weeks to months allowed
us to monitor and compare changes in
/
The rates of capillary formation (I) and elimination (J) were
significantly greater in regions within 500 mm of the infarct
border compared with those further. *p , 0.05; **p , 0.01;
between distance bins (t tests).
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Figure 6. Formation of a new penetrating arteriole after stroke. White box on the speckle contrast image represents the region of 2P images. The new arteriole segment was visible on day
14 (green arrow) and subsequent imaging time points (yellow arrows).

vascular structure and blood flow with high spatiotemporal
precision.
First, we assessed the stability of vascular structure and blood
flow in intact cortex. We imaged vascular structure and cortical
blood flow in Tie2-GFP mice (N = 6) twice with a 3 month interval between imaging sessions (Fig. 4A). We chose this somewhat
long interval because of the expected rarity of vascular structural
changes in the intact adult brain (Harb et al., 2013). Consistent
with previous studies (Harb et al., 2013; Reeson et al., 2018), we
observed relatively little structural plasticity (Fig. 4B–E). We
observed both infrequent formation (;0.2% of all capillaries)
and elimination (;1.4%) of capillary segments (3572 unique
capillary segments were analyzed; Fig. 4E). This observation of
net capillary loss is in line with estimates of age-related vascular
rarefaction in mouse cortex (Reeson et al., 2018). We did not
observe any gain or loss of arterioles or venules.
Cortical blood flow was also stable in the intact brain (Fig.
4F). There was a 1.7 6 2.7% change in mean parenchymal blood
flow over the 3 month interval. Flow in pial arterioles (1.3 6
2.3% change) and venules (1.3 6 2.2% change) was similarly stable. In order to evaluate the magnitude of change within defined
regions, we randomly selected 8 ROIs per vessel type (parenchymal, artery/arteriole, and vein/venule) per animal and computed the correlation coefficient of regional blood flow
(quantified as ICT) (Kazmi et al., 2013; Clark et al., 2019b)
between the two imaging time points. Regional blood flow
was highly consistent between imaging time points in all vessel types (Fig. 4G-I). Overall, these data indicate that vascular
structure and blood flow are largely stable over months in
the intact adult cortex. Moreover, they establish the utility of
our multimodal imaging approach.

Cortical infarcts produce a window of heightened vascular
structural plasticity
To track poststroke vascular remodeling and blood flow in the
same animals, we repeatedly imaged young adult Tie2-GFP mice
(N = 6) before and after cortical infarcts induced by photothrombosis (Figs. 1D,E, 5A,B). Infarcts were targeted to the caudal forelimb area of motor cortex. Imaging analyses focused on
surrounding peri-infarct cortex in which we expected substantial
changes in blood flow and where structural and functional
remodeling of multiple cell types is associated with behavioral recovery (Kim et al., 2018; Clark et al., 2019a,b). We 2P imaged
vascular structure weekly out to 4 weeks after infarct (Fig. 5A).
MESI was performed on the same days as 2P imaging, except for
3 weeks after infarct, when we expected to see little blood flow
change based on previous studies (Schrandt et al., 2015; Clark et
al., 2019b) as well as unpublished data. In addition, MESI was
performed on days 2 and 5 to capture rapid changes in periinfarct blood flow soon after stroke (Schrandt et al., 2015; Clark
et al., 2019b).
We tracked vascular structure in the same regions before and
after infarcts were produced, analyzing a total of 1275 unique
capillary segments. At least three regions per mouse were 2P
imaged before stroke in a manner that yielded sampling regions
within and further than 500 mm from the infarct border after
stroke (except for one mouse in which we were unable to evaluate a region .500 mm from the lesion border) (Fig. 5B). Infarcts
caused a large increase in capillary plasticity, including loss (oneway repeated measures ANOVA, F(4,20) = 10.11, p = 0.0001), formation (one-way repeated measures ANOVA, F(4,20) = 8.27,
p = 0.0004), and selective stabilization (persistence) of new segments (Fig. 5C–H). Importantly, this structural plasticity was
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Figure 7. Microvascular plasticity is associated with recovery of peri-infarct blood flow. A, Time-lapse MESI of cortical blood flow before and after photothrombosis. B, Longitudinal measurements of peri-infarct blood flow after stroke. Sampled regions were within ;500 mm of the infarct border. Restoration of blood flow was coincident with the period of heightened structural
vascular plasticity. C-E, Local capillary formation during the peak of plasticity was correlated with increases in blood flow within the same region over several time scales. F-I, Acute blood flow
deficits (day 2 after infarct) predicted the magnitude of later regional capillary plasticity. Changes in blood flow are presented as the difference in blood flow, expressed as a percentage of baseline blood flow, between the indicated time points.

restricted to the first 2 weeks after infarct; later time points
showed minimal levels of change similar to those before the
infarct (days 7 and 14 vs pre-infarct, Holm-Sidak test, t(20) 
2.806, p  0.0324). Among newly formed capillary segments,
.90% were maintained throughout the remaining imaging
sessions (Fig. 5E). All new segments that survived at least 1
week persisted throughout the remaining imaging sessions.
Analysis of vascular plasticity by distance from the infarct
border revealed that stroke-induced plasticity was spatially
graded: the relative magnitude of change in regions .500 mm
from the infarct border was ;25% relative to those within
500 mm (Fig. 5I,J).
We also observed one possible case of formation of a new
penetrating arteriole (Fig. 6), but it did not have any discernible
lower-order branches in the region imaged. We cannot completely rule out the possibility that this arteriole came into view
because of significant tissue shifting, although that seems
unlikely given that lack of extreme displacement in surrounding
vessels. The relative lack of formation of new arterioles and venules indicates that capillary remodeling is the predominant mode
of poststroke structural vascular plasticity.
Together, these data reveal that focal infarcts create a temporally restricted window of heightened microvascular plasticity in peri-infarct cortex in a spatially graded manner.
They also reveal that the formation of new vascular segments
is a somewhat conservative process; the number of new capillary segments was small relative to the stable network, and
few new segments were formed that did not persist to subsequent
imaging sessions.

Structural vascular plasticity is associated with the
reestablishment of peri-infarct blood flow
Having established the spatiotemporal dynamics of poststroke vascular structural plasticity, we next assessed its relationship with
blood flow. Repeated MESI revealed a delayed recovery of periinfarct (within ;500 mm from the infarct border) parenchymal
blood flow by approximately day 7 after infarct. Following a mild
hyperemia at day 14, blood flow returned to nearly pre-infarct levels
at day 28 (Fig. 7A,B). This reestablishment of blood flow was temporally coincident with the window of structural vascular plasticity.
We then measured parenchymal blood flow in the same regions in
which vascular structure was repeatedly imaged. Importantly,
within discrete regions, high rates of new capillary formation were
significantly correlated with the reestablishment of parenchymal
blood flow (Fig. 7C–E). Therefore, regional vascular capillary formation is associated with local changes in blood flow. This finding is
consistent with the idea that vascular structural plasticity supports
the reestablishment of peri-infarct blood flow.
If structural vascular plasticity is an adaptive response to ischemia, we would hypothesize that the severity of ischemia would predict the amount of plasticity. Correlations between the relative
blood flow 2 d after infarct and the magnitude of capillary formation and elimination measured at days 7 and 14 revealed that the
initial severity of regional ischemia was indeed significantly correlated with the amount of new and eliminated capillary segments
during the peak in plasticity (Fig. 7F–I). The variability in initial severity of ischemia across discrete regions likely reflects differences
in the ability for residual vascular pathways to compensate for
reduced flow. The variability in capillary formation rates is likely
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because of both the severity of ischemia and
the effectiveness of new capillaries in restoring blood flow.
Capillary stalls are frequent in periinfarct cortex
Previous studies have reported spontaneous stalls in capillary blood cell flux (i.e.,
lack of flow) (Villringer et al., 1994;
Reeson et al., 2018; Cruz Hernández et al.,
2019; Erdener et al., 2019, 2020). Capillary
stalls are visible in 2P raster scanned
images by an absence of blood cell streaks
in plasma labeled with intravascular dyes
(Reeson et al., 2018) (Figs. 8, 9). Capillary
stalls are implicated in age-related vascular
rarefaction (Reeson et al., 2018; Schager
and Brown, 2020), acute postischemic
penumbral tissue loss (Erdener et al., 2020),
and cognitive impairments in Alzheimer’s
disease model mice (Cruz Hernández et al.,
2019). The duration of stalls is variable
in the uninjured mouse cortex: ;0.45%
of cortical capillaries are estimated to be
stalled at a given moment (Erdener et
al., 2019), and ;0.12% of capillaries are
obstructed for at least 20 min over a 2 h
period (Reeson et al., 2018).
Serendipitously, we noticed that stroke
dramatically increased the incidence of capillary stalls in peri-infarct cortex at 28 d after
infarct (Fig. 8). Intravascular Texas Red was
administered during the 2P imaging session
28 d after stroke in 5 of 6 mice. Initially, we
had intended to confirm that new, persistent
capillary segments formed after infarct were
perfused. At least at day 28, all new, persistent capillaries had blood flow, as indicated
by a lumen filled with Texas Red.
Surprisingly, we noticed large numbers
of capillaries lacking blood cell flux:
3.8 6 1.3% of all capillaries were stalled
in peri-infarct cortex (4360 capillaries
counted across 5 animals; Fig. 8A–E). In
contrast, in naive mice, we observed
that 0.38 6 0.09% of all capillaries were
stalled (4788 capillaries counted across
/

Figure 8. Stroke increases the frequency of capillary stalls in peri-infarct cortex. Stalled capillaries were identified by an
absence of blood cell movement in 2P images. A, Example of a stalled capillary in peri-infarct cortex 28 d after stroke (dashed
box). Images are maximum projection images. B, Depth distribution of stalled capillaries summed across mice. In naive mice,
stalled capillaries tended to be located within the superficial 100 mm of cortex. At 28 d after stroke, stalled capillaries were
observed more evenly throughout the imaged depth of cortex. C, Proportion of stalled capillaries in naive mice compared
with 28 d after infarct. Stalled capillaries were ;3-20 times more frequent after stroke relative to naive mice. **p , 0.01
(Mann–Whitney U test). D, Time-lapse imaging of the stalled capillary in A through z steps. Note the immobile bright (labeled plasma) and dark (plasma excluded) regions. E, Example of a flowing capillary (maximum projection images). F, Timelapse imaging of the capillary in E through z steps. Narrow dark streaks represent blood cell movement. G, Example of a
stalled capillary in cortex of a naive, uninjured mouse (dashed box). Images are maximum projection images. H, Time-lapse

imaging of the stalled capillary in G through z steps. I,
Percent of capillaries that were stalled in peri-infarct cortex
28 d after infarct by distance from the infarct border. Each
point represents a single animal for the indicated distance
bin. Distances .500 mm could only be analyzed in a subset
of animals. There was no effect of distance on the incidence
of capillary stalls (one-way ANOVA, F(2,8) = 0.005,
p = 0.995). J, Scatter plot of the incidence of capillary stalls
in each 2P imaged region and day 28 parenchymal blood
flow measured in the same region (N = 18 regions; each
point represents a single region) from N = 5 mice. The incidence of capillary stalls did not predict regional blood flow,
indicating that any effect of stalls on blood flow was highly
localized.
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The majority of capillary stalls in naive
mice were in the uppermost 100 mm
of cortex (Fig. 8B), consistent with
previous work (Reeson et al., 2018).
However, at 28 d after stroke, stalls were
somewhat more evenly distributed
throughout the depth of imaged cortex;
3.2% of capillaries formed after stroke
were stalled on day 28, which is in line
with the overall incidence of stalls, indicating similar incidence in new and preexisting vessels. The regional incidence
of capillary stalls at 28 d after infarct
was not correlated with parenchymal
blood flow (Fig. 8J). Therefore, we suspect that the impact of stalls on blood
flow and oxygen availability is highly
localized (Erdener et al., 2020). When
blood flow was stalled, there were typically either several stationary blood cells
visible along the length of the vessel segment (e.g., Fig. 8A) or large lengths of
the segment lacking Texas Red (e.g.,
Fig. 8G). Therefore, we were unable to
quantify the precise location of stalls
along individual capillary segments.
In 3 cases, we observed transiently
stalled capillaries (i.e., blood cells were
immobile for only part of the time the segment was in view; Fig. 9). These cases
demonstrate that stalls are dynamic and
can last ,10 s, as previously reported
(Erdener et al., 2019, 2020). Furthermore,
since almost all stalled capillaries were
stalled for the entire time they were visible,
stalls generally persist for .10 s. In summary, these data indicate that capillary
stalls, which represent a deficit in microvascular hemodynamics, are surprisingly
common in peri-infarct cortex, even 28 d
after the induction of ischemia. Therefore,
highly localized perturbations in capillary
blood flow persist for at least weeks after
stroke despite substantial restoration of regional blood flow to the majority of periinfarct cortex.
The reestablishment of peri-infarct
blood flow is associated with behavioral
Figure 9. Example of a transiently stalled capillary. A, Maximum intensity projection of a capillary that was transiently
recovery
stalled. Red box represents the segment that was stalled. B, Time-lapse images of the transiently stalled capillary in A,
In order to examine how the reestablishthrough 2 mm z steps. For comparison, streaks of moving blood cells are visible in all images in the capillary at the top right.
ment of peri-infarct blood flow is related
Red arrow indicates an obstruction.
to recovery of motor function, we repeatedly imaged blood flow with MESI and
measured performance on the single-seed
6 animals; Fig. 8G), consistent with other studies in intact
reaching task before and after photocortex (Reeson et al., 2018; Erdener et al., 2019). Therefore,
thrombotic infarcts were induced in forelimb motor cortex of
the incidence of capillary stalls was on average 10-fold higher
C57BL/6J mice (Clark et al., 2019a,b) (final N = 10) (Fig. 10A).
at 28 d after infarct compared with naive mice (Fig. 8C;
The single-seed reaching task is a highly sensitive measure of
Mann–Whitney U test, U = 0, p = 0.004). Capillary stalls were
skilled forelimb use that is analogous to human reaching (Klein
widespread throughout peri-infarct cortex. There was no difet al., 2012). Skilled forelimb use is a translationally relevant beference in the proportion of capillaries stalled with distance
havioral measure because upper limb impairment is the most
common poststroke deficit (Lawrence et al., 2001).
from the infarct border as measured out to 1500 mm (Fig. 8I).
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Figure 10. Behavioral deficits and histologic evidence of vascular remodeling after stroke. A, Timeline for behavioral training and testing and repeated imaging of blood flow in C57BL/6J
mice. B, Infarcts caused transient deficits on the single-seed reaching task. *p , 0.05; ***p , 0.001; versus day 28 (Holm-Sidak test). N = 9. C, Lesion volume measurements. D, Schematic
reconstructions of lesions. Darker regions represent more overlap between animals. N = 10. E, Representative confocal images (maximum intensity projections) of IB4 and tomato lectin labeling
of vasculature in peri-infarct and homotopic contralateral cortex. Top, Schematic represents sampled regions (red boxes). F, Example of binarization and skeletonization of vessels labeled with
tomato lectin. Infarcts increased the area fraction of IB41 (G) and tomato lectin1 (H) vessels in peri-infarct cortex relative to the intact contralateral cortex. **p , 0.01; ***p , 0.001; contralateral versus peri-infarct (t tests). Vascular length (I) and branch density (J), measured from tomato lectin-labeled vessels, were also significantly increased in peri-infarct cortex relative to contralateral cortex. **p  0.007, t(18)  3.04 (t tests). K–M, Area fraction, vascular length, and branch density were all strongly correlated with one another. Measurements are from tomato
lectin-labeled vessels. N–Q, Area fraction, vascular length, and branch density in peri-infarct cortex were positively, but not significantly, correlated with behavioral performance on day 28 after
infarct. O–Q, Measurements from tomato lectin-labeled vessels.

Motor cortical infarcts caused transient deficits on the singleseed task that reached an asymptote of recovery by 7 d after
infarct (Fig. 10B–D; repeated measures ANOVA, F(5,40) = 5.531,
p , 0.001). Lesion size, measured at day 28, was not significantly
correlated with behavioral performance at any time point (r(1,8) =
0.51 to 0.20, p  0.104). All infarcts mainly occupied the caudal
forelimb area of motor cortex (Fig. 10D), as we have previously
defined by intracortical microstimulation and cytoarchitecture
(Tennant et al., 2011), which contains representations for the
digits, wrist, and elbow. Representations for the shoulder, trunk,
and hindlimb were likely also affected, but to a lesser extent.
Retro-orbital injections of tomato lectin were given immediately before perfusion to label perfused vessels (Robertson et al.,

2015). We also costained sections with the vascular label isolectin
B4 (Wälchli et al., 2015). The area fraction of vessels labeled
with both techniques was significantly greater in peri-infarct
cortex compared with homotopic contralateral cortex, providing histologic evidence for remodeling of peri-infarct vasculature (Fig. 10E–H; t(18)  3.305, p  0.004). Vessel length and
branch density, measured from images of tomato lectin-labeled
vessels, were also increased in peri-infarct cortex (Fig. 10I,J).
Vascular area fraction, vessel length, and branch density were
all tightly correlated with one another (Fig. 10K–M). Histologic
measures of peri-infarct vasculature were positively but not
significantly correlated with behavioral outcome (Fig. 10N–Q).
Histologic measures of vascular morphology likely reflect an
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Figure 11. Reestablishment of peri-infarct blood flow is associated with recovery of motor function. A, Time-lapse MESI of cortical blood flow before and after photothrombosis. B,
Correlations between peri-infarct parenchymal blood flow and motor performance on the single-seed reaching task by day. Data from each plot are from the time point indicated above in A.
Blood flow was significantly correlated with motor performance during the first week after infarct. Positive associations on days 14 and 21 did not reach significance. C, The time courses of recovery of peri-infarct blood flow and motor function showed a strong temporal association. D, Peri-infarct blood flow and behavioral performance were highly correlated across all days. E,
Acute (day 2) peri-infarct blood flow was not predictive of day 28 motor performance.

aggregate measure of vessel formation, elimination, densitypreserving reorientation (Schrandt et al., 2015; Kirst et al.,
2020), and tissue shifting because of collapse of the infarct
(Brown et al., 2007). These data indicate that single time point
histologic measures of vascular morphology throughout the
depth of cortex only weakly predicted spontaneous behavioral
recovery. Histologic measures were also not significantly correlated with restoration of peri-infarct blood flow (linear regressions, day 2!7, r(1,8)  0.16, p  0.651; day 2!14, r(1,8) 
0.39, p  0.271) or day 28 blood flow (linear regression, r(1,8)
 0.43, p  0.219).
The main goal of our final experiment was to evaluate the
relationship between the reestablishment of peri-infarct blood
flow and recovery of motor function. We took advantage of natural variability in spontaneous motor recovery and peri-infarct
blood flow restoration. In Figure 11, we present correlations
between peri-infarct blood flow and behavioral performance
throughout the 28 d postinfarct period. During the first week
after infarct, daily peri-infarct parenchymal blood flow was
strongly positively correlated with behavioral function (Fig.
11A,B). There were nonsignificant tendencies for similar correlations on days 14 and 21 (p  0.093, linear regression). Plotting
the time courses of recovery of blood flow and behavioral function revealed a strong temporal association; improvements in
motor function were coupled to peri-infarct blood flow (Fig.
11C). Indeed, across all time points, blood flow was strongly correlated with motor function (Fig. 11D). By contrast, acute (day
2) peri-infarct perfusion deficits were not predictive of later (day
28) motor performance (Fig. 11E), which indicates that motor
recovery was not dependent on acute severity of ischemia in
peri-infarct cortex, but rather on the reestablishment of more
normal blood flow. Together, our findings are consistent with
the idea that poststroke plasticity of vasculature structure functions, at least in part, to support restoration of blood flow, which
in turn facilitates behavioral recovery.

Transcriptional programs related to vascular remodeling are
transiently activated in peri-infarct endothelial cells
Finally, we hypothesized that transient gene expression changes
might underlie the temporally restricted period of vascular plasticity we have identified after focal ischemia. To evaluate this hypothesis, we analyzed RNA sequencing data from a resource on
the brain endothelial cell transcriptome in health and disease
(Munji et al., 2019). Specifically, we assessed changes in gene
expression in mouse peri-infarct endothelial cells 3 and 30 d after
middle cerebral artery occlusion relative to sham-operates. These
time points represent gene expression during and after the window of heightened vascular plasticity, respectively. We found
that the total number of differentially expressed genes was ;10fold greater at 3 (546 upregulated, 151 downregulated) versus
30 d (26 upregulated, 38 downregulated) (Fig. 12A,B). Among
upregulated genes, analysis of enriched gene ontology terms
showed strong enrichment for terms related to vascular remodeling (e.g., blood vessel development, extracellular matrix organization, cell division) at day 3, and relatively reduced enrichment
for the same terms at day 30 (Fig. 12C). Gene-level analysis of
genes related to angiogenesis (Fig. 12D) and extracellular matrix
organization (Fig. 12E) revealed higher expression of all relevant
genes at day 3 compared with day 30. Overall, these data provide
molecular level evidence to support that stroke creates a temporally restricted window of heightened vascular plasticity.

Discussion
Our study reveals the spatiotemporal evolution of vascular structural plasticity after stroke. We demonstrated that vascular structure is stable in the uninjured cortex even over months.
However, stroke creates a temporally restricted window of
heightened vascular remodeling that occurs in a spatially graded
manner from the infarct. We found that the extent of vascular
structural plasticity predicts the local reestablishment of blood

7664 • J. Neurosci., September 30, 2020 • 40(40):7651–7667

Williamson et al. · Vascular Plasticity after Stroke

flow. In turn, the degree to which periinfarct blood flow is restored predicts recovery of motor function. Our findings
support that vascular structural plasticity
is a mechanism for the restoration of
blood flow in peri-infarct cortex, which
facilitates behavioral recovery.
Past studies of vascular remodeling
after stroke have largely relied on histologic and other single time point measures. Such measures lack the ability to
observe dynamic changes. With timelapse imaging of the same regions of vasculature before and after stroke, we were
able to resolve the elimination, formation, and selective stabilization of single
capillary segments. The majority of this
structural plasticity occurred during the
first 2 weeks after stroke. The concurrent
elimination and formation of capillary
segments we observed are a departure
from the stereotypical pattern of initial
growth and subsequent pruning that
happens during developmental brain
angiogenesis (Harb et al., 2013) and
developmental and postnatal angiogenesis in other vascular beds (Korn and
Augustin, 2015). We speculate that vessel
formation is both triggered and limited
by ischemia surrounding the infarct core.
Moreover, vessel elimination may be
driven largely by pruning of occluded vessels (Korn and Augustin, 2015; Reeson et
al., 2018; Erdener et al., 2020).
Even small infarcts cause long-lasting
deficits in blood flow, metabolism, and
neuronal function that extend broadly
throughout surrounding peri-infarct tissue (Carmichael et al., 2004; Shih et al.,
2013; Schrandt et al., 2015; Summers et
al., 2017). Such deficits are implicated in
hindered neural repair and disrupted behavioral function (Brown et al., 2009;
Mostany et al., 2010; Shih et al., 2013).
Consistent with past studies (Mostany et
al., 2010; Schrandt et al., 2015; Clark et
al., 2019b), we observed a broad reduction in blood flow in residual peri-infarct
cortex that resolved on average by 7 d
after stroke. However, ischemia often
persisted longer within subregions of
peri-infarct cortex. Importantly, the mag- Figure 12. Transient activation of transcriptional programs related to vascular remodeling in peri-infarct endothelial cells in
nitude of capillary structural plasticity a mouse stroke model. Volcano plot showing upregulated (green) and downregulated (red) genes in peri-infarct endothelial
cells 3 d (A) and 30 d (B) after middle cerebral artery occlusion relative to sham animals. C, Heatmap comparison of enriched
was strongly associated with blood flow
gene ontology terms among upregulated genes between 3 and 30 d after ischemia. Clustering is based on overlap of gene
recovery, indicating that the formation sets. Heatmap comparisons of expression of angiogenesis-related (D) and extracellular matrix organization-related genes (E) at
of new microvascular connections is a 3 and 30 d after ischemia relative to sham. Genes are sorted by fold change relative to sham at 3 d. Fold change was not calcumechanism underlying reestablishment lated for one gene (COL11A1, black bars) at 30 d after ischemia because of very low read counts.
of blood flow. We also found that the
degree to which perfusion deficits in
flow likely facilitates behavioral recovery through two mechaperi-infarct regions were restored prenisms. First, the resolution of metabolic stress likely enables
dicted behavioral function. These findings are consistent with
proper neuronal function in tissue with otherwise depressed acthe hypothesis that reestablishment of peri-infarct blood flow is
linked with behavioral improvement. Reestablishment of blood
tivity (Carmichael et al., 2004; Summers et al., 2017; He et al.,
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2020). Second, adequate blood flow is required for neural
repair, including behaviorally relevant synaptic remodeling
(Mostany et al., 2010; Kim et al., 2018; Clark et al., 2019a).
Thus, we suggest that the restoration of blood flow via vascular plasticity contributes to resolution of abnormalities in
neuronal function, promotes neural repair, and facilitates behavioral recovery.
The extent of vascular plasticity in peri-infarct regions likely
depends on several factors. Occlusion of a penetrating arteriole
causes progressive pathology over the course of hours in downstream capillaries, including constriction and reduced flow
(Taylor et al., 2016). The extent to which microvascular flow is
reduced, initial and residual flow in the occluded arteriole, and
the ability of nearby penetrating arterioles and microvasculature
to compensate for reduced blood flow all contribute to the severity of ischemia and infarct growth (Schaffer et al., 2006; Blinder
et al., 2010; Taylor et al., 2016). Our finding that the initial severity of ischemia was associated with ensuing capillary formation
suggests that capillary formation is most prevalent in regions
where the residual vascular network poorly compensates for
reduced flow. By contrast, regions in which blood flow can be
maintained and restored by residual vessels likely undergo little
vascular plasticity. Thus, we would expect the prevalence of vascular plasticity and its contributions to recovery to vary with the
severity of peri-infarct blood flow deficits and the size of the ischemic penumbra.
Acute increases in the incidence of capillary stalls were
recently reported in the ischemic penumbra within 24 h after distal middle cerebral artery occlusion (Erdener et al., 2020). We
unexpectedly found an ;10-fold increase in their incidence in
peri-infarct cortex at 4 weeks after infarct relative to the incidence in cortex of uninjured mice. Although we found that
parenchymal blood flow averaged over relatively large volumes
generally returned to normal in peri-infarct cortex by day 7,
stroke causes persistent neuronal dysfunction and hypometabolism in peri-infarct regions (Carmichael et al., 2004; Brown et al.,
2009; Summers et al., 2017). In addition, long-lasting perturbations in neurovascular coupling after cortical infarcts were
recently reported after even very small infarcts (He et al., 2020).
We suggest that chronic impairments in microvascular blood
flow, including capillary stalls, could contribute to these features
of poststroke pathophysiology. Interestingly, anti-Ly6G antibodies, targeting neutrophils, have been demonstrated to at least
transiently reduce the incidence of capillary stalls after acute experimental stroke and in an Alzheimer’s disease model (Cruz
Hernández et al., 2019; Erdener et al., 2020). Such a therapy
could reduce chronic capillary stalls after stroke if neutrophil
plugs are the cause. Alternatively, or perhaps in addition, injury
could induce chronic contraction of capillary pericytes that
increases the likelihood of stalls by reducing capillary diameter
(Yemisci et al., 2009; Li et al., 2017; Hartmann et al., 2020). An
in-depth study of the progression and cause of peri-infarct capillary stalls is warranted.
The stability of vascular structure in the uninjured brain and
the short temporal window of plasticity after stroke suggest that
vascular structure is resistant to change. We found that gene
expression changes in peri-infarct endothelial cells were transient, coinciding with the window of structural remodeling. Two
previous studies similarly showed that angiogenesis-related genes
are upregulated in bulk peri-infarct tissue over a similar time
course (Buga et al., 2014; Rust et al., 2019a), corroborating
the transient nature of vascular remodeling-related gene expression changes. These findings suggest a natural limitation in
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spontaneous vascular repair. Subsequently, therapeutic enhancement of vascular plasticity is a potential treatment strategy.
Indeed, several treatments shown to improve behavioral recovery
in rodent models have also been associated with increased periinfarct vascular density (Ergul et al., 2012; López-Valdés et al.,
2014; Nih et al., 2018; Rust et al., 2019a).
Therapeutic enhancement of vascular growth must be carefully balanced with excessive blood-brain barrier leakage (Weis
and Cheresh, 2005). For example, exogenous VEGF promotes
angiogenesis but also disrupts barrier function (Weis and
Cheresh, 2005; Ergul et al., 2012). Vascular guidance cues are
another potential therapeutic target that might avoid unintended
effects on vascular permeability (Wälchli et al., 2013; Rust et al.,
2019c). Recently, it was demonstrated that anti-Nogo-A antibody
treatment, which is known to augment neuronal plasticity (Lee
et al., 2004), increased vascular density and improved behavioral
outcome in a mouse stroke model without exacerbating vascular
permeability (Rust et al., 2019a,b). However, because of significant overlap of the array of guidance molecules that act on neuronal growth cones and endothelial tip cells (Lee et al., 2004;
Carmeliet and Tessier-Lavigne, 2005; Wälchli et al., 2013; Rust et
al., 2019b), it is difficult to disentangle whether beneficial effects
on recovery of guidance molecule manipulations can be attributed to neuronal or vascular plasticity, or both.
Given that the majority of strokes occur in an aged population (Feigin et al., 2014), understanding how age influences the
vascular response to stroke has significant translational relevance. Harb et al. (2013) demonstrated an age-related diminishment in the angiogenic response to long-term hypoxia, which
suggests that the aged brain is particularly resistant to vascular
plasticity. A comparison of gene expression in bulk peri-infarct
tissue between 3–4- and 19–20-month-old rats revealed a
marked age-related perturbation in the expression of many
angiogenesis-related genes (Buga et al., 2014). Specifically, there
was a delayed and often diminished upregulation of genes related
to vascular sprouting and extracellular matrix remodeling in
aged rats. These findings suggest that the window of vascular
plasticity may be delayed and diminished in older animals relative to the young adults we studied. Histologic measurements
have found relatively reduced peri-infarct vessel density in older
rodents and humans (Szpak et al., 1999; Ergul et al., 2012; Buga
et al., 2014). Based on our current findings, we speculate that the
blunting of poststroke vascular plasticity with age could contribute to worse functional outcome.
We demonstrated that the vascular remodeling response
following stroke involves a window of microvascular structural plasticity. Our data support that vascular structural
plasticity is a mechanism that contributes to the restoration
of blood flow in residual peri-infarct cortex. We hypothesize
that reestablished blood flow permits neural repair and normal neuronal function, which facilitate behavioral recovery.
Chronic localized perturbations in microvascular flow because of
capillary stalls may hinder recovery by limiting repair and disrupting neuronal function.
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