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Significance

 Deterioration of the capillary 
network is a characteristic of 
many neurological diseases and 
can exacerbate neuronal 
dysfunction and degeneration 
due to poor blood perfusion. 
Here, we show that focal capillary 
injuries can induce vessel 
regression and elicit sustained 
vasoconstriction in upstream 
transitional vessels that branch 
from cortical penetrating 
arterioles. This reduces blood 
flow to broader, uninjured 
regions of the same 
microvascular network. These 
findings suggest that widespread 
and cumulative damage to brain 
capillaries in neurological disease 
may contribute more broadly to 
cerebral hypoperfusion through 
their remote actions.
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In the brain, a microvascular sensory web coordinates oxygen delivery to regions of 
neuronal activity. This involves a dense network of capillaries that send conductive sig-
nals upstream to feeding arterioles to promote vasodilation and blood flow. Although 
this process is critical to the metabolic supply of healthy brain tissue, it may also be a 
point of vulnerability in disease. Deterioration of capillary networks is a feature of many 
neurological disorders and injuries and how this web is engaged during vascular damage 
remains unknown. We performed in vivo two-photon microscopy on young adult mural 
cell reporter mice and induced focal capillary injuries using precise two-photon laser 
irradiation of single capillaries. We found that ~59% of the injuries resulted in regres-
sion of the capillary segment 7 to 14 d following injury, and the remaining repaired to 
reestablish blood flow within 7 d. Injuries that resulted in capillary regression induced 
sustained vasoconstriction in the upstream arteriole-capillary transition (ACT) zone at 
least 21 days postinjury in both awake and anesthetized mice. The degree of vasomotor 
dynamics was chronically attenuated in the ACT zone consequently reducing blood flow 
in the ACT zone and in secondary, uninjured downstream capillaries. These findings 
demonstrate how focal capillary injury and regression can impair the microvascular 
sensory web and contribute to cerebral hypoperfusion.

capillary | cerebral blood flow | pericyte | microbleed | two-photon imaging

 Vascular contributions to cognitive impairment and dementia (VCID) include small, but 
wide-spread ischemic and hemorrhagic injuries called microinfarctions and microbleeds, 
respectively ( 1 ,  2 ). These lesions are <3 mm in size and may only occupy 1 to 2 mL of the 
total brain volume. However, their remote effects can depress neural function and con-
tribute more broadly to brain dysfunction and cognitive decline ( 3 ). While these microle-
sions are well-known features of VCID and believed to result largely from pathologies of 
brain arterioles, even smaller disruptions occur in capillaries, the finest and most delicate 
vessels in the brain. Capillaries are the site of amyloid beta buildup during Type 1 cerebral 
amyloid angiopathy, a form of small vessel disease ( 4 ), and reactive oxygen species induced 
by amyloid beta toxicity can cause damage to the capillary endothelium and neighboring 
pericytes ( 5 ). Microbleeds can occur in the absence of capillary amyloid and may result 
from proteolytic degradation of the endothelium by pericytes or trapped neutrophils 
( 6   – 8 ). These events contribute to capillary network rarefaction, as commonly seen in aging 
and VCID ( 9 ,  10 ), and evade detection by clinical imaging due to their exceedingly small 
size. Yet, they likely contribute to disease progression in covert and insidious ways. Since 
the capillary network is dense and redundant in its connectivity ( 11 ,  12 ), it is unclear 
whether focal capillary changes could lead to broader, yet unrecognized impairments of 
brain perfusion.

 Capillaries sense neuronal activity via Kir2.1 and TRPA1/Panx1 channels in the 
endothelium ( 13 ,  14 ) and possibly through Kir2.2 on pericytes ( 15 ). Both the activity of 
neurons and astrocytes could lead to release of K+  in the vicinity of cerebral microvessels 
( 16 ). This initiates a capillary-to-arteriole conductive hyperpolarization that is propagated 
to upstream arteriole-capillary transition (ACT) vessels and penetrating arterioles (PAs) 
leading to reduced intracellular Ca2+ , mural cell relaxation, and increased blood flow back 
downstream into the capillary networks ( 17 ). In the retina, the conductive properties of 
the microvasculature have also been shown to be dependent upon endothelial and pericyte 
gap junctions ( 18 ). The ACT zone is where many vasomodulating signals converge, making 
it an important locus for blood flow control ( 19   – 21 ). Vessel segments in this region are 
surrounded by α-smooth muscle actin-expressing ensheathing pericytes and may also 
include precapillary sphincters at upstream branch points. The ACT zone is highly sensitive 
to brain activity and is the first to dilate during neurovascular coupling ( 22 ,  23 ). However, 
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it is also susceptible to pathology and exhibits sustained constric-
tion after transient cerebral ischemia ( 24 ). Critically, depolarizing 
electrical stimulation of capillary pericytes leads to a conductive 
wave of Ca2+  increase upstream that elicits robust vasoconstriction 
in ACT vessels ( 18 ). These findings cast the capillary network as 
a “sensory web” that responds to physiological activity, but also 
potentially to pathophysiological stimuli.

 To test this possibility, we used in vivo two-photon imaging in 
the mouse cerebral cortex to induce precise capillary injuries, and 
then tracked the consequence of these injuries over weeks in both 
anesthetized and awake mice. We asked: 1) Does capillary injury 
affect dynamics of upstream ACT and PA zones? 2) Are there 
lasting effects of capillary injury on local blood flow? 

Results

Focal Capillary Injury Induces Vessel Regression. To understand 
how capillary injuries affect the microvascular network, we 
performed in vivo two-photon imaging on mural cell reporter mice 
(PdgfrβCre-tdTomato) (25) and used a modified model of focal 
capillary injury involving rupture of the vascular wall (26). Cortical 
capillaries were identified by distinguishing thin-strand and mesh 
pericytes on capillary vessels from morphologically distinguished 
ensheathing pericytes on ACT vessels (19). In general, ruptured 
capillary segments were 5 to 8 branch orders from PAs. Injuries 
were induced by focusing a <3 μm diameter circular laser line-scan 
(~100 to 154 mW at 800 nm) (SI Appendix, Fig. S1A) directly on 
the vessel lumen as visualized by the perfusion of intravenous (i.v.) 
dye (70 kDa FITC-dextran) (Fig. 1A). Laser power was applied in 
20 second (s) increments for a total of 20 to 80 s until there was 
indication of halting blood flow and dye leakage (Fig. 1 A and B). 
Sham injuries were performed in separate vascular networks using 
identical laser powers (SI Appendix, Fig. S1A) localized next to 
similarly sized capillary segments (SI Appendix, Fig. S1B) without 
damaging the vessel (Fig. 1B and SI Appendix, Fig. S1C). Capillary 
diameter did not influence the laser power or time needed to 
rupture the vessel (SI Appendix, Fig. S1 D and E). Although, an 
increase in laser power, but not irradiation time, was needed for 
injuries deeper into the cortex (SI Appendix, Fig. S1 F and G).

 To understand the consequence of focal capillary injury, injured 
regions were imaged longitudinally for 21 days (d). One to three 
days postinjury (dpi), the majority of vessels remained discon-
nected and lacked blood flow ( Fig. 1B   and SI Appendix, Fig. S1 H  
and I ). Quantification of vessel length revealed that most vessels 
(59% of injuries) had completely receded back to their branch 
points 7 to 14 dpi ( Fig. 1C  ). We defined these as regression events. 
A smaller portion of injured vessels (41%) reconnected and rees-
tablished blood flow 7 dpi ( Fig. 1C   and SI Appendix, Fig. S1 H  
and I ). We called these repair events. Sham injuries did not change 
the vessel segment length ( Fig. 1C  ). The occurrence of regression 
or repair events did not appear to be due to differences in laser 
power, time, diameter, or vessel length (SI Appendix, Fig. S2 A –D ). 
No consistent trend in capillary response was seen with vascular 
branch order (SI Appendix, Fig. S2E﻿ ), but superficial capillaries (0 
to 50 μm cortical depth) were more likely to regress (SI Appendix, 
Fig. S2F﻿ ) even though lower powers were needed to induce injuries 
(SI Appendix, Fig. S2G﻿ ). Overall, these findings show that precise 
laser line-scans can be used to induce focal capillary injury in vivo, 
with roughly ⅗ of injured vessels experiencing regression and ⅖ 
undergoing gradual repair.

 Capillaries may appear to regress if the lumen collapses. We 
therefore examined whether capillaries that appeared to regress by 
visualization of i.v. dye involved endothelial loss. AAV-BR1-GFP 
was administered retro-orbitally to express GFP in the 

endothelium of a mural cell reporter mouse with a cranial window 
( 27 ). Following a 2-wk incubation period, capillary injuries were 
performed. In three separate experiments, we found that the 
endothelium of injured capillaries indeed receded to their nearest 
branchpoints by 14 dpi ( Fig. 1D  ). This confirmed that capillary 
regression events were most likely a complete loss of the respective 
capillary segment.  

Pericyte Death May Be Induced by Capillary Injury, but 
Remodeling of Neighboring Pericytes Ensures Coverage. 
Following capillary injuries, death of nearby pericytes was 
occasionally observed 3 dpi (22% of injuries), leaving a portion 
of the capillary network transiently uncovered by pericytes 
(SI Appendix, Fig. S3A). Pericyte loss occurred occasionally when 
their processes were either directly injured by the line-scan, or 
indirectly in the absence of laser injury, presumably by exposure 
to leaked blood or alterations in blood flow. We did not observe 
pericytes migrating away from the injury site and all neighboring 
pericyte somas remained stable within their positions, suggesting 
that pericyte loss was most likely due to cell death (SI Appendix, 
Fig. S4). In contrast, pericyte loss was not observed following sham 
injuries, suggesting that local thermal damage to the parenchymal 
tissue does not drive pericyte loss.

 Pericyte death triggered remodeling of neighboring pericytes, 
which extended their processes into areas of the endothelium lacking 
pericyte coverage ( 28 ,  29 ) (SI Appendix, Fig. S3B﻿ ). Pericyte process 
growth was evident at 3 dpi, and in most cases, remodeling was 
complete by 14 dpi. In sham injuries, pericyte process territory nego-
tiation was observed, evidenced by small local fluctuations in process 
length, which are known to occur in the healthy mouse brain ( 28 ,  29 )  
(SI Appendix, Fig. S3C﻿ ). Remodeling pericyte processes achieved an 
average extension of 62.67 μm, compared to 8.93 μm for pericytes 
at sham sites (SI Appendix, Fig. S3D﻿ ). Analysis of uncovered vascular 
length following pericyte death confirmed that most vessels lacking 
pericyte contact were recovered by 7 to 14 dpi (SI Appendix, 
Fig. S3E﻿ ).

 As shown in past studies involving direct ablation of pericytes via 
their somata ( 28 ,  29 ), loss of pericyte coverage with capillary injury 
resulted in dilation of capillaries (SI Appendix, Fig. S3F﻿ ). On average, 
uncovered vessels dilated to 117.5% of baseline, and returned 
approximately back to their basal diameters following recoverage by 
pericyte remodeling (SI Appendix, Fig. S3G﻿ ). No significant vessel 
diameter changes were observed at sham injury sites. Thus, 
laser-induced capillary injury leads to loss of pericyte coverage in 
approximately ⅕ of cases, but remodeling of neighboring cells 
ensures that pericyte coverage is regained over days/weeks.  

Focal Capillary Injury Induces a Local Inflammatory Response. To 
assess the focality of the capillary injuries, we utilized PdgfrβCre-
tdTomato; Cx3cr1-GFP mice to observe Cx3cr1-expressing 
microglia and macrophages following injury. Cx3cr1+ cells rapidly 
migrated to the injury site 1 dpi, which were presumably microglia 
from the surrounding parenchyma and vasculature (30) (Fig. 2 
A and B). In regression events, Cx3cr1+ cells at the injury site 
remained significantly high 7 and 14 dpi. In contrast, Cx3cr1+ 
cells at the injury site decreased to baseline 14 dpi in repair events. 
Sham injuries did not result in a robust or prolonged inflammatory 
response at the site of laser ablation (Fig. 2 A and B). Outside 
of the irradiation site, we observed no change in Cx3cr1+ cell 
density following regression, repair, or sham events (Fig. 2C). This 
demonstrates that laser-induced capillary injuries initiate a highly 
focal inflammatory response that is prolonged in the event of vessel 
regression, but does not induce inflammatory conditions along 
other regions of the broader vascular network.
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Constriction of the Arteriole-Capillary Transition Zone Following 
Capillary Regression. We next examined the effect of capillary injury 
on the broader microvascular network. For each experiment, we 
mapped the territory of morphologically distinct mural cells along 
the vascular tree to identify different vascular zones, including the 

PA, ACT zone, capillaries, and ascending venules (AVs) (Fig. 3A). 
We then measured the resting diameter of each vessel segment to 
understand whether focal capillary injury initiates a response in other 
vascular zones. We monitored diameter throughout two phases: 1) 
the acute phase, when the injured vessel was either reconnected 
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Fig. 1.   Focal capillary injury induced by optical laser ablation. (A) Schematic of a cortical microvascular network with location of two-photon laser-induced capillary 
injury. Microvascular zones are highlighted including the pial artery and PA (red), arteriole-capillary transition zone (orange), capillary zone (green), AV and pial 
vein (blue). (A’) Representative in vivo image of a capillary injury in a PdgfrβCre-tdTomato mouse preinjury with line-scan path (cyan) and ~10 min postinjury. 
Pericytes are shown in red and i.v. dye (70 kDa FITC-Dextran) labeling vessels in green. (B) Representative in vivo images of a capillary regression, repair, and 
sham event pre- and postinjury (~10 min), and then at various days postinjury. (C) Graphs of percent change in length of the injured (gray; Left) or sham (black; 
Right) capillaries based on visible i.v. dye in the lumen preinjury (0 d) and various days postinjury. Overall, 12/29 injuries (41%) resulted in capillary repairs and 
17/29 (59%) resulting in regressions, in experiments conducted over 15 mice. Sham injuries = 17 conducted over 13 mice. (D) Representative in vivo images of 
endothelial cells after capillary regression. In 3/3 regression experiments, GFP+ endothelial labeling was no longer present 14 dpi. Pericytes are shown in red 
and endothelial cells are shown in green.
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(repaired) or undergoing regression (3 to 7 dpi), and 2) the chronic 
phase, when the regression had been completed and repaired vessels 
had been reconnected for at least a week (14 to 21 dpi). Strikingly, 
we found a specific decrease in vessel diameter in the upstream ACT 
zone following capillary regression during both the acute and chronic 
phases (Fig. 3 B and C). Some diameter changes were noted within 
the capillary zone with regression events, but no consistent pattern 
was maintained.

 We found ACT zone constriction to be a consistent phenom-
enon following capillary regression in the acute and chronic phase 
( Fig. 3D  ). This pattern was observed in animals that underwent 
imaging experiments in either awake or anesthetized states 
(SI Appendix, Fig. S5 ). In the chronic phase, capillaries upstream 
from regressed vessels also exhibited decreased diameters in the 
anesthetized state, but this was not observed in the awake state 
(SI Appendix, Fig. S5 ).

 Prominent constriction of the ACT zone was also seen as early 
as 10 min post capillary injury in awake, but not anesthetized, 
animals (SI Appendix, Fig. S6 ). Capillaries downstream of the 
injuries also exhibited a reduction in diameter 10 min post injury 
in both awake and anesthetized animals, likely due to loss of 
perfusion in those vessels (SI Appendix, Fig. S6 ). Overall, these 
data demonstrate that ACT zone constriction is a rapidly initi-
ated, but lasting response irrespective of anesthetic state and 
occurs specifically with capillary regression after distal capillary 
injury.  

Constriction of the Arteriole-Capillary Transition Zone Is 
Independent of the Distance to the Capillary Injury Site and 
Inflammation Following Capillary Injury. We next examined 
whether the likelihood of ACT zone constriction was related 
to its proximity to the injury site, and thus potential exposure 
to leaked blood components or inflammation surrounding the 
injury site. The Euclidean and vessel distances between the ACT 
zone and injury site were comparable between sham, repair, 
and regression events (Fig. 4 A and C). Furthermore, we did 
not observe a relationship between the degree of ACT zone 
constriction with either Euclidean or vessel distance in the acute 
and chronic phases (Fig. 4 B and D). This demonstrates that 
proximity to the injury site does not play a role in ACT zone 
constriction.

 We also examined whether activation of Cx3cr1+  microglia 
occurred around the ACT zone to determine whether inflam-
mation could be inducing ACT zone constriction following 
capillary regression. We found no overt difference in how micro-
glia interacted with the ACT zone via their processes or soma 
following sham, repair, or regression events ( 30 ) (SI Appendix, 
Fig. S7A﻿ ). To determine whether microglia take on an ameboid 
morphology indicative of inflammation, Sholl analyses were 
performed on microglia surrounding the ACT zone in sham, 
repair, and regression experiments ( 31 ) (SI Appendix, Fig. S7B﻿ ). 
Microglia maintained a consistent elaboration of processes 
extending from their soma (SI Appendix, Fig. S7C﻿ ) as well as 
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Fig. 2.   Focal capillary injury induces a local inflammatory response. (A) Representative in vivo images of a capillary injury in a PdgfrβCre-tdTomato; Cx3cr1-GFP 
mouse pre, post (~10 min), 1-, and 14-dpi. Pericytes are shown in red, Cx3cr1+ microglia and macrophages in green, and i.v. dye (2 MDa Alexa 680-Dextran) 
labeling vessels depicted in blue. Microvascular zones such as PA, ACT, and AVs are shown to depict the highly focal nature of the laser-induced capillary injuries 
and resulting neuroinflammatory reaction (25 μm radius; white dashed circle). Insets of these regions are shown in grayscale (1 d post blue outline and 14 d post 
red outline) indicating a possible mixture of soma and processes of Cx3cr1-GFP+ cells at the injury site. There may also be some autofluorescence occurring at 
the injury site in the regression example due to the robust inflammatory processes. Note: For the preinjury image of the regression event, the red and green 
channels were imaged separately from the far-red channel (shown in blue), within 5 min of each other, however there was a slight shift in the imaging frame 
resulting in an imperfect overlay of channels for that time point. (B) Graph of percent area of Cx3cr1-GFP+ cells at injury site preinjury (0 d) and 1-, 7-, and 14-dpi. 
ANOVA followed by Dunnett’s multiple comparison test were performed: Regression event: 0 vs. 1 d **P = 0.0074, 0 vs. 7 d: *P = 0.0109, 0 vs. 14 d: *P = 0.0385. 
Sham injuries n = 3, regression events n = 3, repair events n = 3; 2 mice. Data are shown as mean ± SEM. (C) Graph of Cx3cr1-GFP+ cell density surrounding injury 
site (excludes injury site) preinjury (0 d) and 1-, 7-, and 14-dpi. ANOVA tests were performed and no significant differences in microglia density were detected. 
Data are shown as mean ± SEM.
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Fig. 3.   Chronic constriction of arteriole-capillary transition vessels occurs following laser-induced capillary regression. (A) Schematic of vessel network mapping by 
tracing pericyte territories (pink) and branch order from PA and arteriole-capillary transition (ACT) zone through the capillary network including the injury site to the 
AV. (A’) Representative in vivo image of a capillary injury with pericyte territories in a PdgfrβCre-tdTomato mouse preinjury with the line-scan path (cyan) and ~10 min 
postinjury (Inset). Pericytes are shown in red and i.v. dye (70 kDa FITC-Dextran) labeling vessels depicted in green. In the Right panel, pericyte territories are shown 
in pink, as well as vascular branch order and blood flow direction (dash line and arrow). (B) Graph of percent change in vessel diameter from baseline across the 
microvascular zones (PA, ACT, Capillary, AV) in a vessel network of a sham (black), regression (purple), and repair (blue) event. Changes in diameter are reported for 
each branch order in the acute phase (3 and 7 d) and the chronic phase (14 and 21 d). Branch order of injury sites in the capillary networks of the three case examples 
is denoted with color coded arrows. (C) Representative in vivo image of upstream ACT vessel segments from a sham, regression, and repair event preinjury and in the 
acute and chronic phase following capillary injury. Pericytes are shown in red and i.v. dye (70 kDa FITC-Dextran) labeling vessels depicted in green and grayscale. Soma 
of ensheathing pericytes are indicated with arrows. Baseline vessel diameter is indicated (dashed blue lines) to demonstrate ACT zone constriction following capillary 
regression. (D) Graphs of percent change in the diameter of vessel segments throughout the microvascular zones (PA, ACT, Capillary, AV) of sham (black), repair (blue), 
and regression (purple) events. Change from preinjury is shown during the acute (3 or 7 d) and chronic (14 or 21 d) phase following capillary injury. ANOVA followed 
by Tukey’s or Dunnett’s multiple comparison tests were performed depending on distribution of data. ACT zone: Acute: sham vs. regression ****P < 0.0001; repair vs. 
regression ***P = 0.0002. Chronic: sham vs. regression ***P = 0.0005; repair vs. regression **P = 0.0039. Each datapoint is the diameter from a single vessel segment. 
Sham = 12 experiments in 9 mice; repair = 8 experiments in 8 mice; regression = 14 experiments in 10 mice.
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Fig. 4.   Proximity to the capillary injury site does not influence arteriole-capillary transition zone constriction. (A) Schematic showing Euclidean distance between 
arteriole-capillary transition (ACT) zone and capillary injury site. (A’) Euclidean distance between ACT zone and injury site in sham (black), repair (blue), and regression 
(purple) events. ANOVA indicated no significant difference. Sham = 12 experiments in 9 mice; repair = 8 experiments in 8 mice; regression = 14 experiments in 10 mice. 
(B) Scatter plots of Euclidean distance of ACT zone to capillary injury site versus ACT zone diameter change from baseline during the acute (3 or 7 d) and chronic (14 or 
21 d) phases in sham, repair, and regression events. Pearson correlation tests did not show a correlation between diameter change and proximity to the injury site. 
Respective r and P values are indicated on all graphs for each experimental group. (C) Schematic showing vessel distance between ACT zone and capillary injury site. 
(C’) Shortest vessel distance between ACT zone and injury site between sham, repair, and regression events. ANOVA indicated no significant difference. (D) Scatter plots 
of vessel distance versus ACT zone diameter change from baseline during the acute (3 or 7 d) and chronic (14 or 21 d) phases in sham, repair, and regression events. 
Pearson correlation tests did not show a correlation between diameter change and proximity to the injury site. (E) Schematic showing capillary branch order from PA 
with (E’) scatter plots of vessel diameter changes at each branch order during the acute (3 or 7 d) and chronic (14 or 21 d) phases in sham, repair, and regression events. 
Pearson correlation indicated a significant correlation between diameter change in upstream vessels and proximity to the PA. (F) Schematic showing capillary branch 
order from AVs with (F’) scatter plots of vessel diameter changes at each branch order during the acute (3 or 7 d) and chronic (14 or 21 d) phases in sham, repair, and 
regression events. Pearson correlation tests did not show a correlation between diameter change in downstream vessels and proximity to the injury site.
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total process length and number of processes (SI Appendix, 
Fig. S7D﻿ ) in sham, repair, and regression events at 3 and 14 
dpi. This contrasts with microglia surrounding the injury site 
1 dpi (SI Appendix, Fig. S7E﻿ ) which showed a decrease in the 
elaboration of their processes from their soma (SI Appendix, 
Fig. S7F﻿ ) as well as total process length and number of processes 
(SI Appendix, Fig. S7G﻿ ). These data indicate that constriction 
of the ACT zone in regression events is not likely caused by 
injury and inflammatory processes elicited by microglia around 
the ACT zone.

 To determine whether there was directionality in vasoconstric-
tion toward upstream or downstream vessels centered around 
capillary regressions, we performed a deeper analysis of all vessels 
within each vessel network. We differentiated vessel segments 
based on their branch order from PAs or AVs for vessels upstream 
( Fig. 4E  ) or downstream ( Fig. 4F  ) of the injury site, respectively. 
During the acute phase, there was a significant correlation driven 
by the constriction of vessels proximal to the PA only during 
regression events ( Fig. 4E’  ). This trend was also observed in the 
chronic phase. No relationship regarding the degree of vessel con-
striction and proximity to the AVs was observed on the down-
stream side of the network during the acute and chronic phases 
in sham, repair, or regression events ( Fig. 4F’  ). These data, along 
with the prominent constriction occurring within the ACT zone 
10 min following a capillary injury in the awake state (SI Appendix, 

Fig. S6 ), suggest that upstream vessels have more prominent vaso-
constriction from injured, regressing capillary networks.  

Vasomotor Dynamics in the Arteriole-Capillary Transition Zone Are 
Attenuated Following Capillary Injury. Vessel diameter in the ACT 
is dynamic, even during resting periods, and is generally inversely 
regulated by mural cell Ca2+ signaling fluctuations that influence 
the contractile and dilatory state of these vessels (15, 24). Thus, we 
next investigated whether resting vasomotion and mural cell Ca2+ 
dynamics were altered in the ACT zone following capillary regression. 
In vivo imaging was performed in awake PdgfrβCre-GCaMP6f mice, 
which express a genetically encoded calcium sensor in mural cells. By 
measuring the lumen diameter and GCaMP6f fluorescence intensity 
of mural cells in the ACT zone (Fig. 5A and SI Appendix, Fig. S8A) 
and PA (SI Appendix, Fig. S9 A and B) upstream of capillary injuries, 
we were able to study the dynamics and relationship between mural 
cell Ca2+ and vasomotion during periods of rest. Cross-correlation 
analyses were conducted to identify the timing shift needed for the 
strongest correlation between mural cell Ca2+ and vessel diameter, since 
Ca2+ changes should precede diameter changes. The linear slope, i.e., 
“coupling slope,” allowed us to determine the strength of the inverse 
relationship between mural cell Ca2+ and vessel diameter (SI Appendix, 
Figs. S8B and S9C). Diameter changes generally followed fluctuations 
in mural cell Ca2+ with a delay of 1 to 2 s for both the ACT zone 
and PAs. Following capillary regression, we found a weaker coupling 
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slope in the ACT zone during the acute and chronic phases (Fig. 5 
B and C) but not the PA (SI Appendix, Fig. S9D). In contrast, sham 
and repair events maintained strong coupling along ACT vessels and 
PAs throughout the time course (Fig. 5C and SI Appendix, Fig. S10A). 
The negative correlation typically observed between mural cell Ca2+ 
and diameter at the ACT zone diminished on day 3 and 7 following 
capillary regression (SI Appendix, Fig. S11C); however, this was not 
observed with PAs (SI Appendix, Fig. S11A). Further, we did not 
find any significant changes in coupling time for PAs (SI Appendix, 
Fig. S11B) and ACT zones (SI Appendix, Fig. S11D) indicating there 
is likely no effect in the physiological timing of mural cell Ca2+ and 
diameter following sham, repair, and regression events.

 Interestingly, we found an attenuation of diameter variance 
( Fig. 5D   and SI Appendix, Fig. S8C﻿ ), but not mural cell Ca2+  signaling 
variance ( Fig. 5E   and SI Appendix, Fig. S8D﻿ ), in the ACT zone 
upstream of regressed capillaries. Within the vasomotor frequency 
range of 0.025 to 0.2 Hz ( 32 ), the power of mural cell Ca2+  oscilla-
tions remained unchanged, while the power of vessel diameter oscil-
lations was reduced (SI Appendix, Fig. S12 A  and B ). However, the 
mean vasomotor frequency of ~0.1 Hz was maintained in both the 
diameter and mural cell Ca2+  oscillations (SI Appendix, Fig. S12 C  
and D ).

 Relatively normal vascular diameter and mural cell Ca2+  
variance was maintained along PAs following sham, repair, and 

regression events (SI Appendix, Figs. S9 E  and F and S10 B  
and C ). Altogether, these data highlight a chronic attenuation 
of ACT zone vasodynamics following capillary regression 
( Fig. 5F  ).  

Constriction of the Arteriole-Capillary Transition Zone Results 
in Blood Flow Deficits. To understand the effect of ACT zone 
constriction on blood flow, we used low power line-scans in awake 
animals to track blood cell movement in both the ACT zone and 
secondary off-shoots from a different branch of the ACT zone 
than the injury (Fig. 6A). In the event of a capillary regression, 
blood volume flux in the ACT zone was reduced to ~55 to 85% 
of basal levels, generally to greater degrees than sham and repair 
events (Fig. 6B). Blood cell flux in the secondary off-shoots was 
reduced to ~75% of basal levels in regression events for at least 
21 d (Fig. 6C). This trend was not observed in secondary off-
shoots in sham or repair events. Importantly, lumen diameter 
was unchanged in the secondary off-shoots, indicating that flow 
deficits were not due to local capillary constriction (Fig.  6D). 
Rather, the reduction in blood flow in the secondary off-shoots 
significantly correlated with the reduction in volume flux in the 
ACT zone (Fig.  6E). Thus, ACT zone constriction following 
capillary regression reduces blood flow into the downstream 
capillary bed (Fig. 6F).
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Fig. 6.   Capillary regression and chronic constriction of the ACT zone results in hypoperfusion of secondary off-shoot vessels. (A) Image and schematic showing 
location of secondary off-shoots relative to injury site. (B) Graph of upstream ACT zone blood volume flux over the course of 21 d following sham, repair, and 
regression events in awake mice. A mixed-effects model was performed: Time: P = 0.6531, Condition: P = 0.1137, Interaction: P = 0.6922. Sham n = 3 vessels 
(3 mice), repair n = 2 vessels (2 mice), regression n = 6 vessels (2 mice). Data are shown as mean ± SEM. (C) Graph of red blood cell flux over the course of 21 d 
in secondary off-shoots from ACT zone following sham (black), repair (blue), and regression (purple) events in awake mice. A mixed-effects model followed by 
Tukey’s multiple comparisons test was performed: Time: P = 0.2798, Condition: *P = 0.0329, *Interaction: P = 0.0356. Sham vs. regression day 3: *P = 0.0243. 
Sham n = 9 vessels (3 mice), repair n = 3 vessels (3 mice), regression n = 7 vessels (3 mice). Data are shown as mean ± SEM. (D) Graph of vessel diameter over the 
course of 21 d following injury in secondary off-shoots from ACT zone following sham, repair, and regression events in awake mice. A mixed-effects model was 
performed: Time: P = 0.0809, Condition: P = 0.6315, Interaction: P = 0.8773. Sham n = 9 vessels (3 mice), repair n = 3 vessels (3 mice), regression n = 7 vessels (3 
mice). Data are shown as mean ± SEM. (E) Scatter plot of ACT zone blood volume flux versus RBC flux in secondary off-shoots over 21 dpi in sham, repair, and 
regression events in awake mice. Pearson correlation tests were performed, respective r and P values are reported on graph. (F) Schematic demonstrating that 
capillary regression results in ACT zone constriction reducing blood flow into the microvascular network including uninjured, secondary off-shoots.
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Discussion

 While the conductive nature of the brain microvasculature is 
involved in normal blood flow regulation, this trait may become 
a source of vulnerability in neurological conditions involving cap-
illary injury. We show that injury and regression of single capil-
laries causes chronic and selective vasoconstriction in the upstream 
ACT zone, which can be located hundreds of micrometers away 
but supplies blood to the broader capillary network. This chronic 
vasoconstriction reduces blood flow to ~55 to 85% of basal levels 
in the ACT zone and ~75% of basal levels in downstream second-
ary capillaries, creating an unexpected link between capillary 
regression and local hypoperfusion. Capillary regression attenuates 
the degree of vasomotion in the ACT zone where mural cell Ca2+  
dynamics are preserved but fail to translate into lumen diameter 
changes. Our experiments ruled out inflammation and proximity 
to the injury site as potential factors in ACT zone vasoconstriction. 
However, aberrant upstream conductance of endothelial signals 
remains a potential explanation, and future mechanistic studies 
will be essential to test this possibility.

 Prior studies have shown that the ACT zone, along with the 
precapillary sphincter just upstream in select arterioles, can 
dilate rapidly to promote blood flow during functional hyper-
emia ( 20     – 23 ), or potently constrict to mediators such as 
endothelin-1 and ATP ( 33 ). Relating our findings to models of 
neurological disease, sustained vasoconstriction has been 
reported after reperfusion with both focal and global cerebral 
ischemia ( 24 ,  34 ). In these prior studies, the location of con-
striction was most prominent in the ACT zone. Further, vaso-
constriction in the ACT zone is observed with potassium-induced 
cortical spreading depolarization ( 35 ), and this may contribute 
to lasting blood flow deficits. Note that the ACT zone has also 
been referred to as “precapillary arterioles” or “first/second-order 
capillaries,” but reports of its unique sensitivity seem to be con-
sistent despite differing nomenclature.

 The degree of vasomotion was significantly reduced in the ACT 
zone following capillary regression. However, GCaMP6 signal 
variance in mural cells was unaffected. This translated to weakened 
coupling slopes throughout acute and chronic time frames. One 
possible explanation for this is uncoupling of mural cell Ca2+  from 
vasomotor dynamics. This could be due to alterations in 
Ca2+﻿-dependent pathways that stimulate actomyosin cross-bridging 
(calmodulin and myosin light chain kinase), alpha-smooth muscle 
actin and myosin, or other cytoskeletal elements that facilitate 
contractility ( 36 ). While uncoupling remains a possibility, the 
consistency in vasomotor oscillations following capillary regres-
sions would suggest that an unknown factor is eliciting a more 
permanent vasoconstrictive state and overriding mural cell Ca2+  
control of vessel diameter. This could be due to aberrant contrac-
tion of ensheathing pericytes through Ca2+﻿-independent mecha-
nisms. Rho kinase signaling promotes mural cell contraction by 
inhibiting myosin light chain phosphatase through rho-GTP. The 
upregulation of this pathway during ischemic injury and suba-
rachnoid hemorrhage is well known ( 37 ) and rho kinase inhibition 
has been shown to improve blood flow by attenuating cerebral 
vasospasm ( 38 ). Another candidate is endothelin-1, which is a 
potent vasoconstrictor up-regulated in hemorrhagic stroke, 
Alzheimer’s Disease (AD), and multiple sclerosis ( 39 ). It acts 
through the G-coupled protein receptor, endothelin receptor 
Type-A, to induce mural cell contraction through Ca2+﻿-dependent 
and independent mechanisms ( 40   – 42 ). Finally, there may be a 
physical change in the vessel wall that restricts vasoreactivity, such 
as thickening in the vascular basement membrane ( 43 ,  44 ). The 
mechanism/s underlying chronic vasoconstriction and disruption 

of vasodynamics in the ACT zone, whether through uncoupling 
or vasoconstricting factors, warrants further investigation.

 We observed a difference in outcome between capillary injuries 
that involved regression or repair of the targeted capillary, even 
though similar laser irradiation parameters were used (SI Appendix, 
Fig. S2 ). The severity of injury was comparable between groups, 
as both exhibited initial microbleeds followed by hyperacute con-
striction within 10 min of injury (SI Appendix, Fig. S6 ). Acute 
ACT constriction may be an initial response to limit leakage and 
bleeding following capillary rupture. However, only those involv-
ing capillary regression were associated with chronic ACT zone 
vasoconstriction and reduced vasomotor dynamics. It is conceiv-
able that loss of capillary connectivity creates lasting depression 
or disorganization in endothelial membrane voltage and Ca2+  
signaling, which reduces input to the ACT zone. Indeed, recent 
imaging studies have shown complex local Ca2+  signals within 
the endothelium, which are potentiated by conductive hyperpo-
larizing signals ( 45 ). These findings suggest that repair of the 
injured capillary segment, and potentially reestablishment of 
appropriate conductive responses, is a means to alleviate ACT 
zone constriction.

 Capillary regression is a common event in normal aging, AD, 
VCID, and many other progressive neurological diseases ( 9 ,  10 ,  46 ). 
In aged animals, the ACT zone and precapillary sphincter exhibit 
impaired neurovascular coupling responses ( 47 ). This has been 
attributed to poor responsiveness to vasomodulators. Our data 
suggest that there may be an additional link to capillary regression 
in the same vascular networks. In this regard, future studies are 
needed to determine whether capillary regression co-occurs with 
ACT zone constriction in aging and disease. Interestingly, a recent 
study in the aged mouse brain reported ACT dilation  associated 
with age-related capillary density loss. However, cortical depth 
analysis revealed that deeper cortical layers exhibited more severe 
capillary rarefaction associated with ACT vasoconstriction ( 47 ). 
Further, deep two-photon imaging in awake mice showed 
age-related hypoperfusion was greatest in the callosal white matter 
( 48 ). Thus, brain location may be key during studies to relate 
capillary regression with cerebral blood flow.

 There are some limitations to these studies. First, it is unclear 
whether the optical ablation approach produces a form of vascular 
injury that is representative of disease pathology. For example, we 
observed a robust microglia response following capillary injury 
that may occur following a traumatic injury to the brain but is 
likely not representative of microglia responses during progressive 
pathology like aging. Therefore, other targeted approaches to 
induce capillary regression in a zone-specific manner will be 
instructive in determining whether the phenomenon is technique 
specific. Second, we did not apply our optical ablation approach 
to models with disease-relevant factors, and responses in these 
models may differ from healthy adult mice. Third, our studies are 
restricted to relatively superficial layers of the cortex (upper 200 
μm) because optical ablations could only be effectively generated 
at these depths due to light scattering. Layer-specific differences 
in vascular vulnerability and architecture will need to be consid-
ered in future studies. Finally, our experiments with Cx3cr1-reporter 
animal numbers are low and so while our observations were con-
sistent between animal and injury type, there remains a possibility 
that some of these studies are underpowered to detect small dif-
ferences in responses by Cx3cr1-expressing cells.

 In summary, our studies reveal how capillary-level pathology 
can produce outsized effects on perfusion by acting distally upon 
upstream ACT vessels. This link may be a contributing factor in 
the cerebral hypoperfusion detected in VCID, AD, and chronic 
phases of acute neurological injuries (stroke, hemorrhage, 
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traumatic brain injury). Since the ACT zone is a crucial gate for 
blood delivery in the brain, it is imperative to understand how 
this vascular zone is affected in various disease conditions and 
whether it might be a therapeutic target for improvement of cer-
ebral blood flow.  

Materials and Methods

Animals. Mice were housed in a specific pathogen-free facility approved by 
AAALAC and were handled in accordance with protocols approved by the Seattle 
Children’s Research Institute IACUC. PdgfrβCre-tdTomato and PdgfrβCre-
GCaMP6f mice were created by breeding Pdgfrβ-Cre mice (FVB and C57BL/6 
× 129 background) (49) with Ai14-flox (Jax #007914) (50) or Ai95-flox (Jax 
#028865) (51) mice (C57BL/6 backgrounds) to generate mural cell reporter lines. 
PdgfrβCre-tdTomato mice were crossed with Cx3cr1-GFP (Jax #005582) mice 
(C57BL/6 background) (52) to simultaneously label mural cells and microglia. 
Both male and female mice within 3 to 8 mo of age were utilized.

Cranial Window Surgery and In  Vivo Two-Photon Imaging. Chronic, skull-
removed cranial windows were placed over the somatosensory cortex for in vivo imag-
ing, as previously described (28). Mice were allowed to recover for at least 3 wk prior 
to imaging. For vascular labeling, various fluorescent dextrans were injected retro-
orbitally under deep isoflurane anesthesia (2% MAC in medical-grade air). PdgfrβCre-
tdTomato mice were injected with 25 µL of 5% (w/v in saline) 70 kDa FITC-dextran 
(Sigma-Aldrich; 46945), PdgfrβCre-tdTomato; Cx3cr1-GFP mice were injected with 
25 µL of 5% (w/v in saline) custom Alexa Fluor 680 (Life Technologies; A20008) con-
jugated to 2MDa Dextran (Fisher Scientific; NC1275021) (53), and PdgfrβCre-Ai95 
mice were injected with 25 µL of 2.5% (w/v in saline) 70 kDa Texas Red™ dextran 
(Invitrogen™; D1864). During imaging of PdgfrβCre-tdTomato and PdgfrβCre-
tdTomato; Cx3cr1-GFP mice, isoflurane was maintained at ~1.5% MAC in medical-
grade air. For awake imaging experiments, PdgfrβCre-Ai95 mice were habituated to 
head fixation on a treadmill (PhenoSys speedbelt) allowing free forward-backward 
movement during a 1 to 2 h imaging session. For subsequent imaging experiments, 
mice were briefly anesthetized with isoflurane to retro-orbitally inject fluorescent 
dextran, and then allowed to wake up for at least 10 min prior to imaging. Imaging was 
performed with a Bruker Investigator coupled to a Spectra-Physics Insight X3. The laser 
was tuned for 975 nm excitation when imaging PdgfrβCre-tdTomato mice, and 920 
nm excitation was used for PdgfrβCre-tdTomato; Cx3cr1-GFP and PdgfrβCre-Ai95 
mice. Collection of green, red, and far-red fluorescence emission was achieved with 
525/70, 595/50, and 660/40 emission bandpass filters respectively, and detected 
with Hamamatsu GaAsP photomultiplier tubes. A 20× (1.0 NA) water-immersion 
objective (Olympus; XLUMPLFLN) was used to collect high-resolution images. For 
structural imaging of the brain vasculature, z-stacks were collected at 1.0 μm z incre-
ments at 347 μm × 347 μm (512 × 512 pixel resolution) using 3.6 μs/pixel dwell 
time. For blood flow analysis, three trials of 1.3 s line-scans were collected along the 
ACT zone (1st and 2nd order vessels) and uninjured, secondary capillaries with at 
least 10 s lags in between each line-scan. For imaging of mural cell Ca2+ signaling 
and vasomotion in PdgfrβCre-Ai95 mice, movies were captured for 307.2 s at 1.951 
Hz at 295 μm × 295 μm (256 × 256 pixel resolution) averaging every two frames 
using 1.2 μs/pixel dwell time.

Capillary Injury Using Two-Photon Irradiation. Capillary segments to target for 
injuries were chosen by identifying capillary segments both within the upper 200 
μm of the cortex and greater than 4 branch orders from a PA. The majority of injuries 
were induced by creating a circular line-scan path (<3 μm in diameter) to apply 
~100 to 154 mW of power at 800 nm excitation directly onto the vessel for 20 to 80 
s in 20 s increments at 3.6 μs/pixel dwell time. Scanning was stopped when blood 
flow halted (stalled dye and/or red blood cells) and leakage of i.v. dye was observed. 
Sham injuries were performed in separate vascular networks using similar parameters 
focused on a parenchymal region adjacent to a capillary segment. Extended details on 
how capillary injuries were optimized and performed are provided with SI Appendix. 
Generally, multiple experiments were performed in each animal. Each experiment 
was performed in entirely separate regions perfused by different PAs. Usually, 2 to 
3 experiments were performed along the same timeline in anesthetized mice. In 
experiments where the animals were awake, mostly one experiment was performed 
over a course of 3 wk to ensure all image/data types could be captured within a 2-h 
imaging limit with minimal animal movement.

Quantification of the Microglia Response to Focal Capillary Injury. Maximum 
projected images (347 μm × 347 μm × 50 μm) were created following experi-
ments performed in PdgfrβCre-tdTomato; Cx3cr1-GFP mice. Images encompassed 
the injured vessel segment and connecting vascular zones throughout all time points. 
Following thresholding of the Cx3cr1-GFP channel, the GFP-positive area in the 25 
μm radius (1,963.5 μm2) surrounding the injury site, which encompassed the initial 
Cx3cr1-GFP response, was measured in FIJI. The percentage of GFP-positive area 
occupying the 1,963.5 μm2 region of interest was calculated to identify the focal 
microglia response to capillary and sham injury. The number of Cx3cr1-GFP-positive 
microglia outside of the injury site in the respective images were counted using 
cell counter function in FIJI. Total tissue volume for each image was calculated and 
microglia density was normalized to µm3 of tissue.

Topological Analysis of Vessel Diameter. To analyze vessel diameter changes 
across the microvascular web following capillary injury and sham experiments, 
the territory of capillary pericytes along the vascular tree was mapped out using 
the SNT FIJI plugin to identify how each microvascular zone connects from PA to 
AV. Experiments in which pericytes died due to capillary injury were not included. 
Precapillary sphincters were not easily discerned in our datasets (region of vessel 
narrowing with distended bulb downstream) (20) and were therefore not sepa-
rately assessed. Vessel diameter at each branch point was measured in FIJI using 
the VasoMetrics plugin on maximum projections of each vessel segment (54). 
Vessel segments were measured at each time point and the percent change was 
calculated based on preinjury vessel diameter.

Analysis of Distance between the Injury Site and the ACT Zone. To measure 
the Euclidean distance between the injury site and the ACT zone, the distance 
between the focal plane of the injury site and the focal plane of the ACT zone 
(z) was determined. Then, the lateral distance between the injury site and the 
ACT zone in the x-y plane (d) was measured using the line function in FIJI on 
the max projected image. The equation 

√

z2 + d2 was then used to calculate 
the Euclidean distance. To measure the vessel distance between the injury site 
and the ACT zone, the length of each vessel segment between the two sites was 
measured using the SNT FIJI plugin.

Analysis of Vasomotion and Mural Cell Ca2+ Dynamics. In awake PdgfrβCre-Ai95 
mice, movies were collected of smooth muscle cells on PAs and ensheathing pericytes 
on the 1st and 2nd order ACT zone upstream of each injury. In contiguous movies, any 
imaging frames where the animal had moved and the imaging period of ~10 s after 
movement were excluded from analysis to only assess resting vasomotion. To analyze 
vasomotion, the VasoMetrics plugin was utilized to measure vessel diameter in each 
frame (54). To analyze mural cell Ca2+ signatures in FIJI, images were despeckled and 
a ROI was drawn around the smooth muscle cells and ensheathing pericyte processes. 
We always ensured the ROIs encompassed the regions we were measuring across 
all frames. In the event a major shift was observed, ROIs were redrawn for those por-
tions of the movies to always maintain consistency in where the GCaMP6f signal was 
being measured. The fluorescent intensity profile throughout the time series data was 
obtained using the plot z-axis profile function and the change in fluorescence divided 
by the median fluorescence intensity (dF/F0) was calculated. Vessel diameter and dF/
F0 were plotted against each other to analyze their relationship. The coupling slope 
was determined by performing correlation and linear regression analysis at each time 
point to determine the strongest correlation efficient (r) and slope (coupling slope), 
respectively. This also allowed us to determine the “coupling time,” or the lag time it 
took for the diameter to respond to fluctuations in mural cell Ca2+ signaling based on 
the strongest correlation and coupling slope. Raw data were used to calculate linear 
regression, cross-correlation, and variance.

Blood Flow Analysis. In awake PdgfrβCre-Ai95 mice, line-scans were collected 
of 1st- or 2nd-order ACT zone vessels upstream of the injury site, and of unin-
jured, secondary capillary off-shoots of a different branch of the ACT zone than 
the injured capillary. Following collection of blood flow images using line-scans, 
red blood cell (RBC) velocity was measured in the ACT zone using MATLAB code 
for line-scanning particle image velocimetry (55) and blood volume flux was 
calculated using F = ⅛(π)(velocity)(diameter)2. In the secondary capillary off-
shoots, RBC flux was measured by counting the number of RBC shadows in each 
line-scan using the CellCounter plugin in FIJI and normalizing the numbers to 
represent flux over a 1 s period. Blood flow measurements from the 3 line-scans 
were averaged for all blood flow measurements.

http://www.pnas.org/lookup/doi/10.1073/pnas.2321021121#supplementary-materials
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Statistics. All statistical analyses were performed in GraphPad Prism (ver. 9). 
Respective statistical analyses are reported in each figure legend. Normality tests, 
generally Shapiro–Wilk tests, were performed on necessary datasets prior to sta-
tistical tests. SD is reported in all graphs unless specified otherwise.

Data, Materials, and Software Availability. All data included in the article 
and have been deposited here: https://osf.io/xzt6r/ (56).
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