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Temporal alterations in pericytes at the acute phase of 
ischemia/reperfusion in the mouse brain
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Abstract  
Pericytes, as the mural cells surrounding the microvasculature, play a critical role in the regulation of microcirculation; however, how these cells respond to 
ischemic stroke remains unclear. To determine the temporal alterations in pericytes after ischemia/reperfusion, we used the 1-hour middle cerebral artery 
occlusion model, which was examined at 2, 12, and 24 hours after reperfusion. Our results showed that in the reperfused regions, the cerebral blood flow 
decreased and the infarct volume increased with time. Furthermore, the pericytes in the infarct regions contracted and acted on the vascular endothelial cells 
within 24 hours after reperfusion. These effects may result in incomplete microcirculation reperfusion and a gradual worsening trend with time in the acute 
phase. These findings provide strong evidence for explaining the “no-reflow” phenomenon that occurs after recanalization in clinical practice. 
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Introduction 
Ischemic stroke is a serious disease of the central nervous system (CNS) 
causing high morbidity and mortality (Benjamin et al., 2017). Although our 
understanding of the pathological alterations in ischemic stroke, such as 
neuronal degeneration and glial activation, has progressed, the pathological 
impact of ischemic stroke remains poorly understood. Recent stroke research 
has shifted the focus from the neuron centered view to the microvascular 
system. Increasing evidence suggests that successful neuroprotection 
depends on microvascular protection. In addition to the recognized role of 
astrocytes and microglia in the pathogenesis of stroke, pericytes play an 
important role in the progression and recovery after stroke (Gautam and Yao, 
2018; Wen et al., 2021). It is increasingly recognized that neuroprotection 
cannot be achieved without the protection of microvessels. 

In the CNS, pericytes account for the highest proportion of cells (ElAli 
et al., 2014; Courtney and Sutherland, 2020). However, a recent in-
depth exploration of pericytes provided further insights into the study of 
microcirculation regulation (Dalkara et al., 2019). “No-reflow”, a typical 
phenomenon that occurs with ischemic stroke, which has been observed 
for more than half a century, indicates that the ischemic area cannot 
receive adequate blood perfusion when the blocked blood vessel is opened 
again. However, the explanation of this phenomenon is still a perplexing 
issue with ischemic stroke. Reflow of occluded vessels is crucial for tissue 

preservation and restoration (Kloner et al., 2018). After stroke, pericytes 
contract brain capillaries, resulting in the no-reflow phenomenon. When 
Rouget (1873) discovered pericytes, because of their position and shape on 
the microvessels, he suggested that they may have the ability to contract and 
regulate the blood flow in the microcirculation. Several studies (Peppiatt et 
al., 2006; Yemisci et al., 2009) made outstanding contributions to the study of 
the capillary contracting effect of pericytes on the phenomenon of no-reflow. 
Their contractibility is mediated by a unique cytoskeletal organization formed 
by filaments of actin that allows pericyte deformability with the consequent 
mechanical force transferred to the extracellular matrix to change the 
diameter of the vessel (Yemisci et al., 2009; Hall et al., 2014; Alarcon-Martinez 
et al., 2019; Kureli et al., 2020).

Pericytes are parietal cells that are mainly located on the microvessels, which 
are distributed on the precapillary arterioles, capillaries, and postcapillary 
venules (van Dijk et al., 2015). They are generally considered to be related to 
vascular smooth muscle cells and belong to the same cell lineage, but their 
position in the endothelium, their morphology, and their markers’ expression 
are different from vascular smooth muscle cells (Armulik et al., 2005, 2011). 
As observed in the CNS phenotype (Armulik et al., 2005; Caporarello et al., 
2019), pericytes extend around the capillaries, mostly in the circumferential 
direction on the arteriole side and branch points of the capillary bed, and 
more longitudinally in the middle of the capillary bed, and they have a stellate 
shape on the venule side (Hartmann et al., 2015).
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Graphical Abstract The temparal relationship between pericytes and capillaries at different 
time points after reperfusion in a mouse model of middle cerebral artery 
occlusion
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Identification of pericyte biochemical markers is of great significance to 
the field of cerebrovascular biology. It is difficult to identify pericytes with 
molecular markers because of the lack of specific pericyte markers. In general, 
the relatively accurate identification of brain pericytes relies on a combination 
of at least two markers (Yang et al., 2017). One of the classic markers used 
for pericyte identification is alpha-smooth muscle actin (α-SMA), whose 
expression is related to the pericyte regulatory function of capillary blood flow 
(van Dijk et al., 2015). Platelet-derived growth factor receptor beta (PDGFR-β) 
is another common marker of pericytes. It is widely expressed on pericyte 
surfaces and is necessary for pericyte proliferation and survival (Armulik et 
al., 2011). After ligand binding and receptor dimerization, phosphorylated 
tyrosine in the intracellular domain of PDGFR-β recruits scaffold proteins to 
induce multiple signaling pathways (Dubrac et al., 2018).

In view of these findings, 2,3,5-triphenyltetrazolium chloride (TTC) staining 
and laser speckle measurement of cerebral blood flow (CBF) were conducted 
in this study to evaluate the changes in cerebral infarction volume and CBF, 
respectively, at different time points after cerebral ischemia/reperfusion (I/R) 
(Liu et al., 2018; Trotman-Lucas et al., 2020; Zhang et al., 2020). Fluorescence 
histochemistry and immunohistochemistry were used to analyze the 
expression changes in pericytes and endothelial cells after cerebral I/R. Here, 
PDGFR-β, α-SMA, and CD31 were selected to label pericytes and endothelial 
cells in the microvasculature (Sweeney et al., 2016; Grant et al., 2019). 
Through this study, we hope to characterize the expression changes in the 
relationship between pericyte contraction of microvessels and reperfusion 
time after early stroke from the perspective of histochemistry, which may 
contribute to a better understanding of the role of pericytes in blocking 
ischemic tissue reperfusion. Furthermore, we attempted to classify the 
diversity of mural cell phenotypes. By staining α-SMA and PDGFR-β, distinct 
pericyte morphologies were observed and classified in the mouse brain.
 
Materials and Methods   
Ethics statement
This study was approved by the Animal Care Committee, Beijing University of 
Traditional Chinese Medicine, China (approval No. BUCM-4 20191015074007) 
on October 15, 2019. All experiments related to the operation were 
performed in accordance with the National Institutes of Health Laboratory 
Animal Care Methods and Use Guidelines. 

Animals
Generally, male mice have better physical health indicators than female mice 
(Gibson et al., 2006), thus 48 male C57BL/6 mice (6–8 weeks old, weighing 
22–25 g, specific pathogen free level) were purchased from Sibeifu (Beijing) 
Laboratory Animal Technology Co., Ltd. (Beijing, China). All experimental 
operations were performed under the same conditions between 9:00 am 
and 6:00 pm. All mice were kept under a 12-hour light/dark cycle with 
controlled temperature and humidity and had free access to food and water. 
Experimental mice were divided into sham operation group, cerebral I/R 2 
hours group (I/R 2 h), cerebral I/R 12 hours group (I/R 12 h), and cerebral I/R 
24 hours group (I/R 24 h) by a random number method.

Stroke model
Mice were deeply anaesthetized with 3% isoflurane (Shenzhen Reward 
Life Technology Co., Ltd., Guangzhou, China), and then maintained under 
anesthesia with 1.5% isoflurane using a mask (Li et al., 2020). Briefly, the 
right common carotid artery (Chiaverina et al., 2019) and ipsilateral external 
carotid artery were exposed, and then the external carotid artery was ligated. 
Using ophthalmic forceps, the internal carotid artery was carefully separated 
and clamped with microvascular arterial clamps. A sensory monofilament 
was advanced through the external carotid artery, followed by the carotid 
artery bifurcation; it was then entered into the internal carotid artery and 
gently inserted until it reached the starting point of the middle cerebral 
artery, where it was fixed with the blood vessel with sutures. Middle cerebral 
artery occlusion (MCAO) in the right side of the brain was completed at this 
time. After 1 hour of occlusion, we achieved reperfusion by drawing out the 
monofilament. The sham operation group underwent the same operation 
except for the occlusion of the middle cerebral artery. After the operation, the 
mice were placed on an electric blanket to maintain their body temperature 
to improve the survival rate.

Laser speckle contrast imaging procedures and analysis
At 2 (hyperacute phase), 12, and 24 hours (acute phase) after I/R,  
the mice were anesthetized by an animal anesthesia ventilator system 
(R520, Shenzhen Reward Life Technology Co., Ltd.), which was fixed on the 
stereotaxic apparatus. The mice were in the prone position, the hair at the 
top of the head was removed, and the scalp was gently excised to expose the 
brain under the parietal bone. The laser speckle blood flow imaging system 
(Moor Instruments Ltd., Axminster, UK) was placed on the skull to measure 
CBF. The cerebral laser speckle blood flow contrast map of each mouse was 
collected, and the changes in CBF in the cerebral cortex during the monitoring 
period and the imaging characteristics were analyzed. To improve the signal-
to-noise ratio, one speckle contrast image was calculated for every 100 
consecutive original speckle images; the measurement time was 1 minute 
We selected the region of interest (ROI) with the most middle cerebral artery-
supplied areas on both sides of the brain as the measurement area (ROI1 and 
ROI2). The ROI was defined as two rectangular areas of 4.5 mm × 2.5 mm 
(2 mm lateral and 1 mm anterior). From the measurements obtained, the 
relative ipsilateral/contralateral CBF ratio was calculated. 

Tissue preparation
At 2, 12, and 24 hours post operation, all mice were anesthetized by 
intraperitoneal injection of pentobarbital sodium (50 mg/kg, Cat# 020402, 
Beijing Chemical Reagent Research Institute Co., Ltd., Beijing, China), followed 
by cardiac perfusion with normal saline and 4% paraformaldehyde. The intact 
brain was carefully dissected after perfusion, fixed with 4% paraformaldehyde 
for 2 hours, and stored overnight in a 25% sucrose solution at 4°C. After 
removing the brain tissue from the sucrose solution, it was placed on a 
cryostat (Thermo, Microm International GmbH, Walldorf, Germany) for 
continuous cross-sectional sectioning, with a thickness of 40 µm. The sections 
were placed in a six-well plate containing 0.1 M phosphate buffer (pH 7.4).

TTC staining
TTC staining of brain tissues was performed to verify the establishment 
of the model preparation. Briefly, the brain tissues from the sham group 
and the model group were collected and frozen at –20°C for 20 minutes to 
facilitate sectioning. Then, the brain tissue was placed on ice for sectioning 
at a thickness of 2 mm. The slices were incubated with 2% TTC solution 
(MilliporeSigma, St. Louis, MO, USA) at 37°C for 20–30 minutes. Subsequently, 
the brain slices of each group were imaged and the photos were analyzed 
with Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Bethesda, MD, 
USA). The infarct volume is expressed as a percentage of total infarct volume/
total brain volume.

Fluorescence immunohistochemistry 
Fluorescence immunohistochemistry was used to examine colocalization of 
PDGFR-β and α-SMA, PDGFR-β and CD31 (a marker for endothelial cells in 
the microvasculature), and α-SMA and CD31 in brain sections. All sections 
were blocked in 0.1 M phosphate buffer (pH 7.4) solution containing 3% 
donkey serum (MilliporeSigma) and 0.5% Triton X-100 for 30 minutes at room 
temperature. Next, each group of sections was incubated on a slow shaker 
at 4°C overnight with the following primary antibodies: rabbit anti-PDGFR-β 
(1:1000; Abcam, Cambridge, UK, Cat# ab32570, RRID: AB_777165), mouse 
anti-α-SMA (1:1500; Abcam, Cat# ab7817, RRID: AB_262054), and goat anti-
CD31 (1:1000; RD, St. Louis, MO, USA, Cat# AF3628, RRID: AB_2161028). 
On the following day, the sections were washed 3 × 5 minutes with 0.1 M 
phosphate buffer (pH 7.4), and then incubated with the corresponding 
secondary antibodies and 4′,6-diamidino-2-phenylindole (1:50,000; Molecular 
Probes, Eugene, OR, USA) solution for 1.5 hours at room temperature. 
The secondary antibodies were: donkey anti-mouse Alexa Fluor 594 
(1:500; Thermo Fisher Scientific, Waltham, MA, USA, Cat# R37115, RRID: 
AB_2556543), donkey anti-rabbit Alexa Fluor 488 (1:500; Thermo Fisher 
Scientific, Cat# R37118, RRID: AB_2556546), donkey anti-mouse Alexa Fluor 
488 (1:500; Thermo Fisher Scientific, Cat# R37114, RRID: AB_2556542), 
and donkey anti-goat Alexa Fluor 594 (1:500; Thermo Fisher Scientific, Cat# 
A-11058, RRID: AB_2534105). The brain slices were washed three times with 
0.1 M phosphate-buffered saline (pH 7.4). Before observation, the samples 
were mounted with 50% glycerin.

A confocal imaging system (FV1200, Olympus, Tokyo, Japan) was used 
to observe and record the stained sections. Imaris 7.7.1 software (www.
bitplane.com) was used to reconstruct the co-expression structure of brain 
tissue capillaries and pericytes in three dimensions. Finally, all images were 
organized using Adobe Photoshop/Illustration CS6 (Adobe Systems, San Jose, 
CA, USA), without making any modifications.

Western blot assay
The ischemic hemisphere was homogenized in radioimmunoprecipitation 
assay lysis buffer (Shanghai BestBio Science Biotechnology, Shanghai, 
China) and clarified by centrifugation (12,000 × g, 15 minutes, 4°C). 
The protein concentration was determined using a bicinchoninic acid 
protein quantification kit (Cat# CW0014, CWbio, Beijing, China). Equal 
amounts of protein were then resolved in 10% or 12% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis gels, and then transferred to 
polyvinylidene fluoride membranes (Millipore Corporation, Billerica, MA, 
USA). Next, the membranes were blocked for 1 hour with 5% nonfat dry milk 
at room temperature followed by incubation overnight with the primary 
antibodies rabbit anti-PDGFR-β (1:1000; Abcam, Cat# ab32570, RRID: 
AB_777165) and mouse anti-α-SMA (1:1500; Abcam, Cat# ab7817, RRID: 
AB_262054) at 4°C. After three washes, the membranes were incubated 
for 1 hour at room temperature with the secondary antibodies horseradish 
peroxidase conjugated Affinipure goat anti-mouse IgG (H+L) (1:10,000;  
Proteintech, Cat# SA00001-1, RRID: AB_2722565) and goat anti-rabbit IgG 
(H+L) (1:5000; Proteintech, Cat# SA00001-2, RRID: AB_2722564), respectively. 
The signal was visualized with high-sensitivity enhanced chemiluminescence 
luminous liquid and the images were captured using an Azure Bioimaging 
system (Azure C500, Azure Biosystems, Dublin, Ireland). The protein bands’ 
intensity was quantified using Image-Pro Plus 6.0 software and normalized to 
the value of the corresponding tubulin (mouse, 1:5000; Abcam, Cat# ab8226, 
RRID: AB_306371) as an internal control.  

Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM). Statistical 
analysis was performed using SPSS 22.0 software (IBM Corp., Armonk, NY, 
USA). One-way analysis of variance followed by least significant difference 
test was used to determine the significance of differences among multiple 
independent samples. Differences were considered statistically significant at P 
< 0.05.
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Results
Temporal alterations in CBF and infarct volume after cerebral I/R 
The changes in the CBF before and after the operation were determined in all 
mice by laser speckle contrast imaging, which showed that the MCAO induced 
a significant CBF decline (28.63 ± 2.07% of the baseline, Figure 1A–F). The 
CBF after 2 hours of I/R (I/R 2 h) was significantly increased compared with 
that during the MCAO (65.09 ± 2.38% of the baseline, Figure 1F), however, it 
gradually decreased after 12 and 24 hours, returning to the level during the 
MCAO (Figure 1A–H). Furthermore, the brain infarct volume was significantly 
increased in the I/R groups relative to the sham group (I/R 2 h and 12 h: P < 
0.01; I/R 24 h: P < 0.001), and the severity of ischemia positively correlated 
with the reperfusion time, with the highest severity observed after 24 hours 
of reperfusion (r = 0.9852, P < 0.0001; Figure 1I, J and J1). 

(Figure 2A). We selected two markers, α-SMA and PDGFR-β, to identify 
pericytes. The results showed that α-SMA was barely expressed in normal 
mouse brain tissues, and that it did not colocalize with PDGFR-β (Figure 2B 
and C). In the MCAO model mice, the cortex and hippocampus in the ischemic 
side of the brain tissue generally co-expressed α-SMA and PDGFR-β (Figure 
2D and E).
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Figure 1 ｜ The level of perfusion deficits increases with time after ischemia/
reperfusion.
(A–E) Representative CBF pseudocolor images in the ischemic cortex before and 
during the MCAO, and 2, 12, and 24 hours after ischemia/reperfusion. The color bar 
represents the CBF capacity (in perfusion units). As the reperfusion time increased, 
the CBF decreased. (F) Quantification of the relative CBF in the region of interest (ROI; 
% of the baseline of each animal group). (G, H) CBFs in contralateral and ipsilateral 
ROI before and during MCAO, and 2, 12, and 24 hours after ischemia/reperfusion. 
(I) Representative images of 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain 
slices. The volume of cerebral infarction (white) increased with the prolongation of 
reperfusion time. (J) Quantitative analysis of cerebral infarct volume. Data are reported 
as mean ± SEM (n = 6 per group). †††P  < 0.001, vs. pre-MCAO; #P < 0.05, ##P  < 
0.01, vs. during MCAO; ***P < 0.001 (one-way analysis of variance followed by least 
significant difference test). CBF: Cerebral blood flow; MCAO: middle cerebral artery 
occlusion; ROI: region of interest.

Selection of the observation sites and successful marking of pericytes 
Initially, we planned to focus on the cortex-penetrating arterioles and the 
branches from the epithelial layer to the middle cortex because in our 
previous study, the in vivo two-photon imaging study of CBF focused on this 
area of the brain (Zhang et al., 2020). In view of the locations of cerebral 
infarction we observed, we decided to examine the cortex and hippocampus 

Figure 2 ｜ Determination of the observation area as the cortex and hippocampus and 
successful labeling of pericytes.
(A) According to the 2,3,5-triphenyltetrazolium chloride (TTC) staining, the observation 
sites of fluorescently stained brain sections were selected as the cerebral cortex (CC) and 
hippocampus (HIPP). (B–E) Representative photographs of the CC (B and C) and HIPP (D 
and E) showing alpha-smooth muscle actin (α-SMA; red, Alexa Fluor 594) and platelet-
derived growth factor receptor beta (PDGFR-β; green, Alexa Fluor 488)-labelled pericytes 
in the control (B and D) and experimental models (C and E). (B1–E1) Magnified images of 
the boxed areas in panels A–H showing α-SMA and PDGFR-β labeling in detail. (B2 and 
C2) Adjusted images of panels B and C with three-dimensional reconstruction in a sloping 
pattern. In the sham group, α-SMA was barely expressed. In the MCAO group, there 
were many cells co-labelled with α-SMA and PDGFR-β, which confirmed the success of 
pericyte labeling. α-SMA and PDGFR-β in all model mice presented similar patterns. The 
experiments were repeated six times. The co-expression sites of the two markers are 
shown by white arrows. Scale bars: 200 μm in B–E, 50 μm in B1–E1, 20 μm in B2 and C2. 
DAPI: 4′,6-Diamidino-2-phenylindole; PDGFR-β: platelet-derived growth factor receptor 
beta; α-SMA: alpha-smooth muscle actin.

The relationship between the expression of the pericyte marker PDGFR-β 
and the vascular endothelium 
As observed in the CNS, around the capillaries lableled with CD31, the 
pericytes labelled with PDGFR-β had prominent elliptical cell bodies and 
elongated protrusions (white arrow, Figure 3A1–H1), which were largely 
circumferential at the arteriole side of the microvascular bed and at branching 
points and were distributed more longitudinally in the middle of the 
capillary bed, compared with the model group. This structure is the typical 
morphology of pericytes and has been mentioned in most previous studies 
(Hu et al., 2017; Yang et al., 2017). The number of PDGFR-β-positive cells did 
not show an increasing trend in relation to the time after reperfusion. We 
observed that the sham operation group had unconstricted microvessels near 
the PDGFR-β-positive pericytes and no pathological changes (yellow arrows), 
such as narrowing of the tube diameter and external force contraction (yellow 
arrows, Figure 3A, B, A1, and B1). In contrast, in the I/R 2 h, I/R 12 h, and I/R 
24 h groups, the microvessels near the PDGFR-β-positive cells were narrowed 
in many places (Figure 3C–H, and C1–H1) and the microvessels were 
significantly deformed in the I/R 24 h group.

The relationship between the expression of the pericyte marker α-SMA and 
the vascular endothelium
Pericytes have been shown to express the contractile proteins needed to 
regulate blood flow, such as α-SMA. In the sham group, α-SMA expression 
was barely detected (Figure 4A, B, A1 and B1). In the I/R groups, α-SMA-
labelled pericytes demonstrated a mesh-like appearance. The microvessels 
with α-SMA expression showed narrowing of the vessel diameter in multiple 
sites. Furthermore, the increased α-SMA expression positively correlated 
with the I/R time course (Figure 4C–H and C1–H1). Compared with the other 
groups, in the I/R 24 h group, the α-SMA-positive blood vessels narrowed and 
deformed the most, and even closed completely. 

Changes in the α-SMA and PDGFR-β protein expression at different time 
points after cerebral I/R
We measured the pericyte location and the diameter of microvessels nearby 
by fluorescence immunohistochemistry and histochemistry (Figure 5A–
D). Quantification of the staining intensity revealed that the diameter of 
microvessels in the I/R group was significantly narrower than that in the sham 
group (Figure 6A). Furthermore, analysis of α-SMA expression showed that 
its increased expression positively correlated with the reperfusion time (I/R 2 
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Figure 3 ｜ Changes in the expression of the pericyte marker PDGFR-β at different 
time points after cerebral ischemia/reperfusion.
(A–G) Representative photographs of the cerebral cortex (CC; A, C, E, G) and 
hippocampus (HIPP; B, D, F, H) showing platelet-derived growth factor receptor beta 
(PDGFR-β; green, Alexa Fluor 488)-labelled pericytes and CD31 (red, Alexa Fluor 
594)-labelled blood vessels in the control (A and B), and 2 (C and D), 12 (E, F), and 24 
hours after ischemia/reperfusion (G, H). (A1–H1) Magnified photographs of the boxed 
areas in panel A–H showing PDGFR-β and CD31 labeling in detail. In the sham group, 
pericytes had a conspicuous protruding ovoid cell body with long thin processes that 
coursed along the capillary for long distances and were embedded within the basement 
membrane. After 2, 12, and 24 hours of cerebral ischemia/reperfusion, the morphology 
of the capillaries near the pericyte cell bodies (shown by white arrows) changed, 
with distortion and even narrowing of the tube diameter (shown by yellow arrows), 
which positively correlated with the reperfusion time. The constriction of pericytes on 
capillaries in all model mice presented a similar pattern. The experiments were repeated 
six times. Scale bars: 200 μm in A–H, and 50 μm in A1–H1. CC: Cerebral cortex; DAPI: 
4′,6-diamidino-2-phenylindole; PDGFR-β: platelet-derived growth factor receptor beta; 
HIPP: hippocampus.

h vs. sham, P < 0.001; I/R 12 h vs. I/R 2 h, P < 0.001, Figure 6B; r = 0.8552, P 
< 0.0001, Figure 6B1). Additionally, western blotting confirmed that cerebral 
I/R significantly upregulated α-SMA in the I/R 2 h, I/R 12 h, and I/R 24 h 
groups compared with the sham group, and that this upregulation was time-
dependent (I/R 12 h vs. sham, P < 0.05; I/R 24 h vs. sham, P < 0.001, Figure 
6C; r = 0.9277, P < 0.0001, Figure 6C1 and C2). Similarly, the expression 
level of PDGFR-β in the I/R group was significantly higher than that in the 
sham group (I/R 2 h vs. sham, P < 0.01; I/R 12 h vs. sham, P < 0.001; I/R 24 
h vs. sham, P < 0.05; Figures 6D and D1). However, the PDGFR-β expression 
increase was transient.

Figure 4 ｜ The expression of the pericyte marker α-SMA at different time points after 
cerebral ischemia/reperfusion.
(A–G) Representative images of the CC (A, C, E, G) and HIPP (B, D, F, H) showing α-SMA 
(green, Alexa Fluor 488)-labelled pericytes and CD31 (red, Alexa Fluor 594)-labelled blood 
vessels in the control (A and B), and 2 (C and D), 12 (E, F), and 24 hours after ischemia/
reperfusion (G, H). (A1–H1) Magnified photographs of the boxed areas in panels A–
H showing α-SMA and CD31 labeling in detail. In the sham group, α-SMA was often 
absent but readily detected in the pathological conditions. After 2, 12, and 24 hours 
of reperfusion, α-SMA-labelled pericytes demonstrated a mesh-like appearance. The 
α-SMA expression positively correlated with the reperfusion time, and it showed obvious 
characteristics of narrowing of the microvessel diameter (white arrows). The constriction 
and activation of pericytes on capillaries in all model mice presented a similar pattern. 
The experiments were repeated six times. Scale bars: 200 μm in A–H, and 50 μm in A1–
H1. CC: Cerebral cortex; DAPI: 4′,6-diamidino-2-phenylindole; α-SMA: alpha-smooth 
muscle actin; HIPP: hippocampus.

Figure 5 ｜ Three-dimensional reconstruction shows the spatial relationship between 
PDGFR-β and α-SMA expression and the capillaries.
(A1, A2–D1, D2) Adjusted images of panels A–D with three-dimensional reconstruction 
in a sloping pattern showing the PDGFR-β + CD31 (A1, A2: sham group; B1, B2: I/R 24h 
group) and α-SMA + CD31 (C1, C2: sham group; D1, D2: cerebral ischemia/reperfusion 
24 hours group) labeling. Compared with the sham group, the diameter of the capillaries 
near the pericytes in the cerebral ischemia/reperfusion 24 hours group was significantly 
reduced. The arrows in panels B and B2 indicate labeling in the same region. Scale bars: 
50 μm in A–D, and 20 μm in A1, A2–D1, D2. CC: Cerebral cortex; DAPI: 4′,6-diamidino-
2-phenylindole; HIPP: hippocampus; PDGFR-β: platelet-derived growth factor receptor 
beta; α-SMA: alpha-smooth muscle actin.

Discussion
In the present study, we demonstrated the pathological changes in mouse 
brain CBF and cerebral infarction at different time points after cerebral I/R. 
Taking advantage of this experimental model, we showed the morphology 
and the changes in different pericyte markers in normal brain tissue and after 
cerebral I/R (Figure 7). The contraction of pericytes plays an important role in 
the restoration of CBF. Thus, pericytes have become a promising target for the 
treatment of ischemic stroke.

Pericytes are closely related to cerebral capillaries
Microvessels of the CNS have the highest pericyte coverage of any organ. 
Pericytes are vascular mural cells embedded within the vascular basement 
membrane of blood microvessels (Sweeney et al., 2016; Zheng et al., 2021), 
where they make specific focal contacts with the endothelium and localize 
to terminal arterioles, capillaries, and postcapillary venules (Attwell et al., 
2016; Caporarello et al., 2019). Pericytes and endothelial cells form numerous 
direct contacts, including peg-socket contact, adhesion plaques, N-cadherin 
junctions, and gap junctions (Gautam and Yao, 2018). CNS pericytes exert 
a large variety of functions, including CBF regulation, maintenance of the 
blood-brain barrier integrity, and modulation of angiogenesis. These functions 
depend on appropriate interactions and signaling between pericytes and 
other cells at the blood-brain barrier, especially endothelial cells (Huang, 
2020). We used pericyte markers and a microvascular marker and found that 
a large number of pericytes were expressed in the periphery of the vascular 
endothelium. In previous studies of neurovascular units, pericytes have been 
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Figure 6 ｜ Cerebral ischemia/reperfusion 
promotes α-SMA and PDGFR-β expression.
(A) Diameter change at pericyte locations. (B, B1) 
Average fluorescence quantitative analysis of α-SMA. 
(C, D) α-SMA and PDGFR-β protein expression was 
analyzed by western blotting. (C1) The relative 
expression of α-SMA was normalized to tubulin 
expression. (C2) The correlation analysis between 
the α-SMA protein expression and the reperfusion 
time. (D1) The relative expression of PDGFR-β was 
normalized to tubulin expression. Data are reported 
as mean ± SEM (n = 6 per group). *P < 0.05, **P < 
0.01, ***P < 0.001, vs. sham group (one-way analysis 
of variance followed by least significant difference 
test). PDGFR-β: Platelet-derived growth factor 
receptor beta; α-SMA: alpha-smooth muscle actin.

Figure 7 ｜ A simplified illustration of the different morphology and expression 
changes in pericytes of brain capillaries.
Mesh pericytes were α-SMA-positive, and thin-stranded pericytes were PDGFR-β-
positive. In contrast to the normal area, the pericytes in the ischemic area have a 
contraction effect on the capillaries, which is an important cause of the no-reflow 
phenomenon. PDGFR-β: Platelet-derived growth factor receptor beta; α-SMA: alpha-
smooth muscle actin.

PDGFR-β-positive 
(thin-stand pericyte)

α-SMA-positive 
(mesh pericyte)

Pre-MCAO I/R 2 h I/R 12 h I/R 24 h

neglected for a long time. Furthermore, in previous studies of stroke, our 
observations of microvessels have increasingly focused on pericytes (Yang et 
al., 2017; Dalkara et al., 2019). Therefore, it is of great significance to study 
the relationship between pericytes and the CNS under physiological and 
pathological conditions.

Pericyte labeling and its limitations
While pericytes have many important functions in the CNS vasculature, their 
involvement in the regulation of CBF remains controversial. The morphological 
and genetic markers of pericytes compared with smooth muscle cells are not 
exclusive. Several markers have been used to identify pericytes, including 
α-SMA, desmin, NG-2, PDGFR-β, and CD13 (Smyth et al., 2018; Uemura et 
al., 2020). Currently, there is no single molecular marker that can be used to 
unequivocally and exclusively label pericytes (Costa et al., 2018). Pericytes are 
heterogeneous regarding their distribution, phenotype, marker expression, 
origin, and function (Sena et al., 2018), and their expression is dynamic. For 
example, α-SMA is not appreciably expressed by CNS pericytes under normal 
circumstances (Ozerdem and Stallcup, 2003). Furthermore, the claim that 
normally there is no detectable α-SMA in pericytes contradicts both early 
histology studies (Herman and D’Amore, 1985) and the observations that 
pericytes can constrict capillaries (Hall et al., 2014; Rungta et al., 2018). 
This may be related to the labeling method (Alarcon-Martinez et al., 2018). 
Presently, the state-of-the-art identification of pericytes in tissue preparations 
relies on at least two pericyte molecular markers; therefore, we must keep in 
mind that unambiguous positive identification of pericytes is still a problem.

We used immunofluorescence to stain brain tissue sections to label and 
observe pericytes. However, pericyte contraction is a dynamic process, hence 
dynamic observation in vivo is a better way to observe pericyte contraction 
of capillaries. For example, a two-photon microscope was used to compare 
pericyte transgenic mice before and after modeling (Hall et al., 2014). This 
is a great inspiration for our future research on the relationship between 
pericytes and microcirculation.

The no-reflow phenomenon
The no-reflow phenomenon refers to the observation that when an organ 
is made ischemic by occlusion of a large artery supplying it, restoration of 
patency in that artery does not restore perfusion to the microvasculature 
supplying the parenchyma of that organ (Kloner et al., 2018; Hørlyck et 
al., 2021). We showed that following 2 or more hours of ischemia, parts 
of the brain did not reperfuse after the proximal flow was restored. The 
size of perfusion deficits increased with longer periods of ischemia. These 
nonperfused brain regions were often interspersed within areas of perfusion 
and sometimes resulted in a mottled appearance. However, the contralateral 
flow was also decreased. When modeling cerebral ischemia on one side of 
a mouse brain, it will affect the overall CBF. Additionally, C57BL/6 mice have 
poor development of the posterior communicating arteries that connect the 
carotid artery and the vertebrobasilar arterial system in the brain, thus we 
speculated that this is the cause of the decrease in the contralateral CBF. In 
our previous research (Ma et al., 2019), the cerebral I/R injury that resulted 

in blood-brain barrier leakage caused an increase in brain water content and 
brain edema in the ipsilateral hemisphere. Hence, we think that the edema 
of the brain tissue on the ischemic side had a squeezing and oppressive effect 
on the contralateral side, causing different degrees of CBF decline in the 
contralateral brain tissue. Brain capillary pericytes have been suggested to 
play a role in the regulation of CBF under physiological and pathophysiological 
conditions (Peppiatt et al., 2006). Furthermore, pericytes have been shown 
to cause capillary constriction under ischemic conditions, and thus have 
been suggested to be involved in the “no-reflow” phenomenon (Yemisci et 
al., 2009; Hall et al., 2014; Zagrean et al., 2018; Uemura et al., 2020). Other 
studies suggest that swelling of glial cells, increased blood viscosity, and 
erythrocyte aggregation are the main culprits in causing no-reflow in the 
brain (Chiang et al., 1968). Although pericytes are involved in the no-reflow 
phenomenon, the molecular and cellular mechanisms involved in this process 
remain to be examined.

The significance of the expression of the two pericyte markers PDGFR-β 
and α-SMA
We subcategorized the pericytes into two groups based on the appearance 
of two markers: mesh and thin-stranded pericytes, with the latter being the 
canonical pericyte type, as all cells examined in microvessels had protruding 
ovoid cell bodies, a feature historically used to define pericytes in the brain 
and other organs (Kisler et al., 2017). Mesh pericytes are α-SMA-positive 
and thin-stranded pericytes are PDGFR-β-positive. Although the two markers 
showed different pericyte morphologies, our findings indicated that pericytes 
were involved in abnormal contraction during ischemia. In this study, we 
chose CD31 as a vascular marker. It has been shown that CD31 is preferably 
expressed in capillaries (Wang et al., 2020). Therefore, our findings suggest 
that we observed pericyte constriction through the capillary. Several studies 
have concluded that ensheathing pericytes should be considered a transitional 
mural cell form distinct from smooth muscle cells and capillary pericytes (Grant 
et al., 2019; Grubb et al., 2020; Khennouf et al., 2018). Furthermore, it has 
been suggested that ensheathing pericytes are α-SMA-positive and occupy 
proximal branches of penetrating arteriole offshoots. It should be noted that 
the cells described here as ‘‘ensheathing pericytes’’ have also been referred 
to as ‘‘precapillary smooth muscle cells’’ (Dalkara, 2019). We observed that 
the narrowing of the blood vessel diameter was mostly near PDGFR-β-positive 
pericytes, but the position of α-SMA-positive pericytes was often where the 
diameter of the blood vessel was narrowed, or even completely occluded. 
This may be related to the smooth muscle cell properties of α-SMA, which is 
a contractile protein that plays the role of pericytes in regulating the diameter 
of microvessels.

Contraction of pericytes is an important factor affecting the recovery of CBF 
after cerebral I/R
The contractile properties of pericytes have been suggested to contribute 
to the deterioration of CNS vascular reperfusion following ischemic stroke. 
Indeed, examining PDGFR-β and α-SMA labeling at the blockage sites revealed 
that many blockages occurred close to pericytes, in some cases with pericyte 
processes appearing to visibly constrict the capillary at the blockage location. 
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The western blot results showed that, slightly different from α-SMA, the 
protein expression of PDGFR-β in the model group was higher than that in 
the sham operation group, but there was no positive correlation with the 
reperfusion time. Therefore, we hypothesized that the shrinkage of pericytes 
positively correlates with the expression of α-SMA. It is uncertain whether 
over a long period of time, cerebral pericyte death in rigor occurs and 
contributes to a long-lasting reduction in blood flow (Hall et al., 2014), and 
whether prevention of pericyte death would produce a greater restoration of 
flow (O’Farrell et al., 2017). To reduce no-reflow therapeutically by preventing 
pericyte constriction of capillaries, it is necessary to develop agents that act 
selectively on pericytes.

Conclusion
Our current results demonstrated that after stroke, ischemia causes pericytes 
to contract capillaries, and as the reperfusion time increases, the pericytes’ 
contraction increases. Thus, this study provides more neurovascular 
information for evaluating the clinical no-reflow phenomenon after vascular 
recanalization, i.e., pericytes regulate CBF by changing the diameter of 
microvessels. Furthermore, we demonstrated that different pericyte 
biomarkers have different expression patterns.

Author contributions: Study conception and design: FFC, WZB; model 
establishment: SZ, XJL, HFS; histochemical staining and sample observation: 
SZ, JW, YS, CYM, MYX, XW; data analysis: YZ, QGW, XQW; manuscript draft: SZ, 
FFC, WZB. All authors read and approved the final manuscript.
Conflicts of interest: YZ is an employee of Shineway Pharmaceutical Group 
Ltd. No other actual or potential conflict of interese is declared. 
Open access statement: This is an open access journal, and 
articles are distributed under the terms of the Creative Commons 
AttributionNonCommercial-ShareAlike 4.0 License, which allows others 
to remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.
Open peer reviewers: Alberto Pérez de Vargas Martinez, Hospital Universitario 
Puerta del Hierro Majadahonda, Spain; Rodolfo Pinto-Almazán, Hospital 
Regional de Alta Especialidad Ixtapaluca, Mexico.

References
Alarcon-Martinez L, Yilmaz-Ozcan S, Yemisci M, Schallek J, Kılıç K, Can A, Di Polo A, 

Dalkara T (2018) Capillary pericytes express α-smooth muscle actin, which requires 
prevention of filamentous-actin depolymerization for detection. Elife 7:e34861.

Alarcon-Martinez L, Yilmaz-Ozcan S, Yemisci M, Schallek J, Kılıç K, Villafranca-Baughman 
D, Can A, Di Polo A, Dalkara T (2019) Retinal ischemia induces α-SMA-mediated 
capillary pericyte contraction coincident with perivascular glycogen depletion. Acta 
Neuropathol Commun 7:134.

Armulik A, Abramsson A, Betsholtz C (2005) Endothelial/pericyte interactions. Circ Res 
97:512-523.

Armulik A, Genové G, Betsholtz C (2011) Pericytes: developmental, physiological, and 
pathological perspectives, problems, and promises. Dev Cell 21:193-215.

Attwell D, Mishra A, Hall CN, O’Farrell FM, Dalkara T (2016) What is a pericyte? J Cereb 
Blood Flow Metab 36:451-455.

Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti SD, Floyd 
J, Fornage M, Gillespie C, Isasi CR, Jiménez MC, Jordan LC, Judd SE, Lackland D, 
Lichtman JH, Lisabeth L, Liu S, Longenecker CT, Mackey RH, et al. (2017) Heart Disease 
and Stroke Statistics-2017 Update: a report from the American Heart Association. 
Circulation 135:e146-e603.

Caporarello N, D’Angeli F, Cambria MT, Candido S, Giallongo C, Salmeri M, Lombardo C, 
Longo A, Giurdanella G, Anfuso CD, Lupo G (2019) Pericytes in microvessels: from 
“mural” function to brain and retina regeneration. Int J Mol Sci 20:6351.

Chiang J, Kowada M, Ames A, 3rd, Wright RL, Majno G (1968) Cerebral ischemia. III. 
Vascular changes. Am J Pathol 52:455-476.

Chiaverina G, di Blasio L, Monica V, Accardo M, Palmiero M, Peracino B, Vara-Messler M, 
Puliafito A, Primo L (2019) Dynamic interplay between pericytes and endothelial cells 
during sprouting angiogenesis. Cells 8:1109.

Costa MA, Paiva AE, Andreotti JP, Cardoso MV, Cardoso CD, Mintz A, Birbrair A (2018) 
Pericytes constrict blood vessels after myocardial ischemia. J Mol Cell Cardiol 116:1-4.

Courtney JM, Sutherland BA (2020) Harnessing the stem cell properties of pericytes to 
repair the brain. Neural Regen Res 15:1021-1022.

Dalkara T (2019) Pericytes: a novel target to improve success of recanalization therapies. 
Stroke 50:2985-2991.

Dalkara T, Alarcon-Martinez L, Yemisci M (2019) Pericytes in Ischemic Stroke. Adv Exp 
Med Biol 1147:189-213.

Dubrac A, Künzel SE, Künzel SH, Li J, Chandran RR, Martin K, Greif DM, Adams RH, 
Eichmann A (2018) NCK-dependent pericyte migration promotes pathological 
neovascularization in ischemic retinopathy. Nat Commun 9:3463.

ElAli A, Thériault P, Rivest S (2014) The role of pericytes in neurovascular unit remodeling 
in brain disorders. Int J Mol Sci 15:6453-6474.

Gautam J, Yao Y (2018) Roles of pericytes in stroke pathogenesis. Cell Transplant 27:1798-
1808.

Gibson CL, Gray LJ, Murphy SP, Bath PM (2006) Estrogens and experimental ischemic 
stroke: a systematic review. J Cereb Blood Flow Metab 26:1103-1113.

Grant RI, Hartmann DA, Underly RG, Berthiaume AA, Bhat NR, Shih AY (2019) 
Organizational hierarchy and structural diversity of microvascular pericytes in adult 
mouse cortex. J Cereb Blood Flow Metab 39:411-425.

Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Sutherland BA, O’Farrell FM, 
Buchan AM, Lauritzen M, Attwell D (2014) Capillary pericytes regulate cerebral blood 
flow in health and disease. Nature 508:55-60.

Hartmann DA, Underly RG, Grant RI, Watson AN, Lindner V, Shih AY (2015) Pericyte 
structure and distribution in the cerebral cortex revealed by high-resolution imaging 
of transgenic mice. Neurophotonics 2:041402.

Herman IM, D’Amore PA (1985) Microvascular pericytes contain muscle and nonmuscle 
actins. J Cell Biol 101:43-52.

Hørlyck S, Cai C, Helms HCC, Lauritzen M, Brodin B (2021) ATP induces contraction of 
cultured brain capillary pericytes via activation of P2Y-type purinergic receptors. Am J 
Physiol Heart Circ Physiol 320:H699-712.

Hu X, De Silva TM, Chen J, Faraci FM (2017) Cerebral vascular disease and neurovascular 
injury in ischemic stroke. Circ Res 120:449-471.

Huang H (2020) Pericyte-endothelial interactions in the retinal microvasculature. Int J 
Mol Sci 21:7413.

Kisler K, Nelson AR, Montagne A, Zlokovic BV (2017) Cerebral blood flow regulation and 
neurovascular dysfunction in Alzheimer disease. Nat Rev Neurosci 18:419-434.

Kloner RA, King KS, Harrington MG (2018) No-reflow phenomenon in the heart and brain. 
Am J Physiol Heart Circ Physiol 315:H550-H562.

Kureli G, Yilmaz-Ozcan S, Erdener SE, Donmez-Demir B, Yemisci M, Karatas H, Dalkara T 
(2020) F-actin polymerization contributes to pericyte contractility in retinal capillaries. 
Exp Neurol 332:113392.

Li L, Dong L, Xiao Z, He W, Zhao J, Pan H, Chu B, Cheng J, Wang H (2020) Integrated 
analysis of the proteome and transcriptome in a MCAO mouse model revealed the 
molecular landscape during stroke progression. J Adv Res 24:13-27.

Liu Q, Chen S, Soetikno B, Liu W, Tong S, Zhang HF (2018) Monitoring acute stroke in 
mouse model using laser speckle imaging-guided visible-light optical coherence 
tomography. IEEE Trans Biomed Eng 65:2136-2142.

Ma C, Wang X, Xu T, Yu X, Zhang S, Liu S, Gao Y, Fan S, Li C, Zhai C, Cheng F, Wang Q (2019) 
Qingkailing injection ameliorates cerebral ischemia-reperfusion injury and modulates 
the AMPK/NLRP3 Inflammasome Signalling pathway. BMC Complement Altern Med 
19:320.

O’Farrell FM, Mastitskaya S, Hammond-Haley M, Freitas F, Wah WR, Attwell D (2017) 
Capillary pericytes mediate coronary no-reflow after myocardial ischaemia. Elife 
6:e29280.

Ozerdem U, Stallcup WB (2003) Early contribution of pericytes to angiogenic sprouting 
and tube formation. Angiogenesis 6:241-249.

Peppiatt CM, Howarth C, Mobbs P, Attwell D (2006) Bidirectional control of CNS capillary 
diameter by pericytes. Nature 443:700-704.

Rouget C (1873) Memoire sur le developpement, la structure et les proprietes 
physiologiques des capillaries sanguins et lymphatiques. Arch Physiol Norm Pathol 
5:603-663.

Rungta RL, Chaigneau E, Osmanski BF, Charpak S (2018) Vascular compartmentalization 
of functional hyperemia from the synapse to the pia. Neuron 99:362-375.e4.

Sena IFG, Paiva AE, Prazeres P, Azevedo PO, Lousado L, Bhutia SK, Salmina AB, Mintz 
A, Birbrair A (2018) Glioblastoma-activated pericytes support tumor growth via 
immunosuppression. Cancer Med 7:1232-1239.

Smyth LCD, Rustenhoven J, Scotter EL, Schweder P, Faull RLM, Park TIH, Dragunow M 
(2018) Markers for human brain pericytes and smooth muscle cells. J Chem Neuroanat 
92:48-60.

Sweeney MD, Ayyadurai S, Zlokovic BV (2016) Pericytes of the neurovascular unit: key 
functions and signaling pathways. Nat Neurosci 19:771-783.

Trotman-Lucas M, Wong R, Allan SM, Gibson CL (2020) Improved reperfusion following 
alternative surgical approach for experimental stroke in mice. F1000Res 9:188.

Uemura MT, Maki T, Ihara M, Lee VMY, Trojanowski JQ (2020) Brain microvascular 
pericytes in vascular cognitive impairment and dementia. Front Aging Neurosci 12:80.

van Dijk CG, Nieuweboer FE, Pei JY, Xu YJ, Burgisser P, van Mulligen E, el Azzouzi H, 
Duncker DJ, Verhaar MC, Cheng C (2015) The complex mural cell: pericyte function in 
health and disease. Int J Cardiol 190:75-89.

Wang J, Xu D, Cui J, Wang S, She C, Wang H, Wu S, Zhang J, Zhu B, Bai W (2020) A new 
approach for examining the neurovascular structure with phalloidin and calcitonin 
gene-related peptide in the rat cranial dura mater. J Mol Histol 51:541-548.

Wen SJ, Zheng XM, Liu LF, Li NN, Mao HA, Huang L, Yuan QL (2021) Effects of primary 
microglia and astrocytes on neural stem cells in in vitro and in vivo models of ischemic 
stroke. Neural Regen Res 16:1677-1685. 

Yang S, Jin H, Zhu Y, Wan Y, Opoku EN, Zhu L, Hu B (2017) Diverse functions and 
mechanisms of pericytes in ischemic stroke. Curr Neuropharmacol 15:892-905.

Yemisci M, Gursoy-Ozdemir Y, Vural A, Can A, Topalkara K, Dalkara T (2009) Pericyte 
contraction induced by oxidative-nitrative stress impairs capillary reflow despite 
successful opening of an occluded cerebral artery. Nat Med 15:1031-1037.

Zagrean AM, Hermann DM, Opris I, Zagrean L, Popa-Wagner A (2018) Multicellular 
crosstalk between exosomes and the neurovascular unit after cerebral ischemia. 
therapeutic implications. Front Neurosci 12:811.

Zhang S, Wang X, Cheng F, Ma C, Fan S, Xu W, Jin N, Liu S, Lv K, Wang Q (2020) Network 
pharmacology-based approach to revealing biological mechanisms of qingkailing 
injection against ischemic stroke: focusing on blood-brain barrier. Evid Based 
Complement Alternat Med 2020:2914579.

Zheng Z, Chopp M, Chen J (2021) Multifaceted roles of pericytes-interorgan interactions. 
Neural Regen Res 16:982-983. 

P-Reviewer: Vargas Martinez AP, Pinto-Almazán R; C-Editor: Zhao M; S-Editors: Yu J, Li CH; 
L-Editors: Yu J, Song LP; T-Editor: Jia Y


