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Abstract

The breakdown of the blood- brain barrier (BBB) is related to the occurrence 

and deterioration of neurological dysfunction in ischemic stroke, which leads to 

the extravasation of blood- borne substances, resulting in vasogenic edema and 

increased mortality. However, a limited understanding of the molecular mecha-

nisms that control the restrictive properties of the BBB hinders the manipula-

tion of the BBB in disease and treatment. Here, we found that the glycocalyx 

(GCX) is a critical factor in the regulation of brain endothelial barrier integrity. 

First, endothelial GCX displayed a biphasic change pattern, of which the time-

scale matched well with the biphasic evolution of BBB permeability to tracers 

within the first week after t- MCAO. Moreover, GCX destruction with hyaluro-

nidase increased BBB permeability in healthy mice and aggravated BBB leak-

age in transient middle cerebral artery occlusion (t- MCAO) mice. Surprisingly, 

ultrastructural observation showed that GCX destruction was accompanied 

by increased endothelial transcytosis at the ischemic BBB, while the tight junc-

tions remained morphologically and functionally intact. Knockdown of ca-

veolin1 (Cav1) suppressed endothelial transcytosis, leading to reduced BBB 

permeability, and brain edema. Lastly, a coimmunoprecipitation assay showed 

that GCX degradation enhanced the interaction between syndecan1 and Src by 

promoting the binding of phosphorylated syndecan1 to the Src SH2 domain, 

which led to rapid modulation of cytoskeletal proteins to promote caveolae- 

mediated endocytosis. Overall, these findings demonstrate that the dynamic 

degradation and reconstruction of GCX may account for the biphasic changes 

in BBB permeability in ischemic stroke, and reveal an essential role of GCX in 

suppressing transcellular transport in brain endothelial cells to maintain BBB 

integrity. Targeting GCX may provide a novel strategy for managing BBB dys-

function and central nervous system drug delivery.

www.wileyonlinelibrary.com/journal/bpa
mailto:﻿
mailto:﻿
mailto:﻿
https://orcid.org/0000-0003-2744-1984
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pansuyue@smu.edu.cn
mailto:hkb@smu.edu.cn


2 of 20 |   ZHU et al.

1 |  INTRODUCTION

The blood- brain barrier (BBB) provides a controlled ho-
meostatic microenvironment for the central nervous sys-
tem (CNS) by strictly controlling the passage of materials 
between the blood and brain parenchyma (1). The integrity 
of the BBB is compromised by cerebral ischemia, which 
results in the unwanted entry of substances into the brain, 
leading to brain edema that critically worsens the clinical 
outcome (2). The BBB is mainly composed of vascular en-
dothelial cells (ECs) encapsulated by the basement mem-
brane and astrocytes. Enriched tight junctions (TJs) and 
a negligible rate of vesicular transcytosis, the two distinct 
features of brain capillary ECs, determine the restrictive 
properties of the BBB (3). However, the relative contribu-
tion of these two EC transport pathways to BBB integrity 
in ischemic injury remains unclear. A thorough study of 
these two processes may help us gain a deeper understand-
ing of the alteration and regulation of the BBB and provide 
novel insights into therapeutic applications.

In animal stroke studies, BBB opening has been demon-
strated to be biphasic (4, 5), with the first phase of enhanced 
permeability occurring 4– 6  h after reperfusion and the 
second phase occurring 2– 3 days (6) or 7 days (7, 8) after 
reperfusion. The disassembly and reassembly of endothe-
lial TJs are considered to account for the featured dynam-
ics of BBB disruption (4, 6). This hypothetical mechanism 
is supported by alterations in the protein/mRNA levels of 
TJs or by fluorescence imaging studies (9). However, it has 
never been convincingly proven at the ultrastructural level 
(10) and has been repeatedly questioned in recent years as 
accumulating experimental evidence shows that TJ mor-
phology remains normal despite abundant vascular ex-
travasation of tracers under stroke conditions (11– 14).

Recent advances have emphasized the importance 
of transcellular transport in limiting BBB permeability 
(11, 15– 18). Ultrastructural analysis has demonstrated 
that the significantly increased transcytosis after stroke, 
as evidenced by a rapid increase in endocytic vesicles, 
might be the initial response of ECs to ischemia (15). 
In addition, the uptake of albumin, horseradish per-
oxidase (HRP), and gold nanoparticles by EC vesicles 
is significantly increased (19– 21). Another recent study 
highlighted the governing role of transcytosis in imma-
ture vessel leakage during the formation of the zebrafish 
BBB (16). These findings suggest that the traditionally 
neglected process of transcytosis may play a critical role 
in maintaining the integrity of the BBB. However, the 
mechanisms underlying the formation of EC vesicles and 
the regulation of transcytosis remain largely unknown.

The glycocalyx (GCX) is a carbohydrate- rich, neg-
atively charged gel- like layer covering the surface of 

luminal ECs, which is vulnerable to be disrupted yet 
quickly reconstituted (22). Researches on the peripheral 
circulation system have shown that disruption of the 
GCX leads to increased permeability to plasma proteins 
and the exposure of EC adhesion molecules, resulting in 
local inflammation and edema (23). The endothelial cells 
that form the BBB are surrounded by the GCX, but the 
exact mechanism by which the GCX affects the BBB in 
the CNS remains unclear. As the brain capillary structure 
differs greatly from that in peripheral tissues because of 
its unique BBB barrier function and neurovascular cou-
pling, the role of their GCX may also be far different 
from its counterpart in the peripheral circulation.

Using brain injury animal models of cardiac ar-
rest (24) and status epilepticus (25), we have previously 
shown that the destruction of the GCX increases BBB 
permeability and aggravates brain edema, but the un-
derlying mechanism remains unclear. In this study, we 
investigated the changes in the GCX and its contribution 
to ischemic BBB damage using a mouse stroke model of 
transient middle cerebral artery occlusion (t- MCAO). 
We found that within the first week following t- MCAO 
onset, the endothelial GCX displayed a characteristic 
change pattern, that is, degradation, reconstruction, 
and redegradation. Surprisingly, the time course of 
GCX change matched well with the biphasic pattern of 
BBB opening. At the same time, we observed a signifi-
cant increase in the number of caveolae vesicles and an 
accelerated rate of transcytosis in the ECs of the isch-
emic BBB. Unexpectedly, the TJs of the ischemic BBB 
remained morphologically intact when observed under a 
transmission electron microscope (EM) for up to 7 days, 
which continuously halted the tracers to cross the gaps 
of the adjacent endothelial cells. More importantly, en-
zymatic degradation of the GCX not only aggravated t- 
MCAO- induced BBB leakage but also led to increased 
vesicular transcytosis and BBB leakage in healthy ani-
mals. Mechanistically, GCX degradation enhanced the 
interaction between syndecan1 and Src by promoting the 
binding of phosphorylated syndecan1 to the Src SH2 do-
main, thereby leading to rapid modulation of cytoskele-
tal proteins to promote caveolae- mediated endocytosis.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Animals

Male C57BL/6J background mice were obtained from 
the Experimental Animal Center of Southern Medical 
University and housed under a 12- h light/dark cycle 
in a pathogen- free facility with free access to water and 
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standard chow before and after the operation. The study 
was approved by the Animal Care and Use Committee of 
Nanfang Hospital, Southern Medical University and was 
performed in accordance with the National Guidelines for 
Animal Experimentation (No.NFYY2018117).

2.2 | Mouse ischemic stroke model

The 8-  to 10- week- old mice were subjected to t- MCAO 
using intraluminal filaments, as described previously 
(26). Ischemia was induced for 45 min, and reperfusion 
was restored.

2.3 | Drug administration and study protocol

A total of 267 mice were used in this study (Figure S1), which 
was divided into three parts. In the first part, we investigated 
the dynamic evolution of the GCX and its effects on BBB 
breakdown and brain injury under t- MCAO conditions. Of 
the 169 mice that underwent t- MCAO, 8 mice displayed cer-
ebral hemorrhage, 13 died before predefined time points and 
were thus excluded. First, the dynamic changes in BBB per-
meability and its ultrastructural components, including en-
dothelial GCX, TJs, and vesicular activity, were detected at 1, 
3, 6, 12 h, 1, 2, 5, and 7 days after reperfusion onset. Second, 
we examined the effect of the GCX on t- MCAO- induced 
brain injury. The mice subjected to t- MCAO were randomly 
allocated to different groups receiving vehicle, hyaluronidase 
(HAase, 20 mg/kg, Type IV- S, H3884, Sigma- Aldrich, USA), 
and hydrocortisone (hc, 30 mg/kg, H3160, Sigma Aldrich, 
USA). HAase was intravenously injected immediately after 
reperfusion onset via the tail vein and was used to degrade 
the endothelial GCX, while hc was administered via intra-
peritoneal injection and was used to preserve the GCX (24). 
Mice in the control group received an equivalent volume of 
saline. In the second part, whether caveolin1 (Cav1) knock-
down ameliorated BBB breakdown and the consequent for-
mation of brain edema after ischemic stroke were examined, 
and in the third part, under physiological conditions, the con-
tribution of the endothelial GCX to BBB properties and the 
potential molecular mechanisms were studied. In addition 
to HAase, heparinase (HPase, 1 unit/mouse, H8891; Sigma- 
Aldrich, USA) that degrades the endothelial GCX (27) was 
used to exclude the nonspecific effects of HAase. Brain tis-
sues were collected to detect BBB properties 6 h after intrave-
nous injection of each enzyme. Moreover, Cav1- knockdown 
mice were used to evaluate the regulatory effects of the GCX 
on caveolae vesicle- mediated transcytosis.

2.4 | Determination of GCX components 
(hyaluronan and syndecan1)

Following t- MCAO, serum samples were collected at 
varying time points to assess the shedding of hyaluronan 

and syndecan1, the two degraded GCX components. 
The concentrations of hyaluronan and syndecan1were 
determined using ELISA kits from R&D Systems 
(Minneapolis, MN, USA) and Diaclone Research 
(Besancon, France), respectively.

2.5 | Transmission EM and image analyses

EM imaging of the endothelial GCX was performed as 
previously described (24). Briefly, mice were anesthe-
tized and perfused with 0.1  mol/L sodium cacodylate 
buffer containing 2% lanthanum nitrate, 2.5% glutaral-
dehyde, and 2% paraformaldehyde. The ischemic cortex 
tissue was harvested and diced. Three or four 1- mm3 
tissue blocks were immersed in 2.5% glutaraldehyde 
overnight for fixation, soaked overnight in sodium caco-
dylate buffer, and washed in an alkaline (0.03/L NaOH) 
sucrose (2%) solution. The samples were then dehydrated 
using a series of graded ethanol solutions and embedded 
in epoxy resin. Ultrathin sections stained with uranyl 
acetate and lead citrate were examined using an EM (H- 
7500, Hitachi, Tokyo, Japan).

For the mice receiving HRP injection, HRP (1000 
units/mouse, P8250; Sigma Aldrich, USA) was dissolved 
in saline and injected into the tail vein 1 h before anes-
thesia. Brain tissue was harvested and fixed as described 
above and then cut into 100 μm thick slices using a vi-
brating microtome (Vt1000s, Leica), followed by incuba-
tion with diaminobenzidine (DAB) solution. Ultrathin 
sections were cut, collected on copper grids, counter-
stained, and examined under EM.

All ultrastructural quantifications were performed 
using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA). Quantitative assessments of the 
endothelial GCX occupation area and the correspond-
ing inner diameter of the capillary were performed on 
six capillary vessels randomly chosen from the EM im-
ages collected from each mouse. The thickness of the 
GCX was then defined as the ratio of the area of the 
endothelial GCX to the length of the capillary inside 
diameter.

Endothelial vesicles were manually counted in six 
capillary cross- sectional profiles at each time point after 
t- MCAO. Vesicle counts from six capillaries were aver-
aged within each animal to obtain a single data point 
per animal. Data were expressed as number per plasma 
membrane length (μm) for “free” cytoplasmic vesicles or 
HRP- filled vesicles.

2.6 | Two- photon in vivo imaging

Fluorescein isothiocyanate- labeled WGA (FITC- WGA) 
lectin (6.25 mg/kg body weight, L4895, Sigma- Aldrich, 
USA) was used to tag the GCX in vivo via tail vein in-
jection and circulated for 30  min before imaging. 
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Shortly before the two- photon imaging, 70  kDa dex-
tran (Rhodamine B, 1% in sterile saline, Sigma- Aldrich, 
USA) was administered via the tail vein to label the blood 
plasma. The cortex was imaged using a two- photon mi-
croscope (FV1200MPE; Olympus, Tokyo, Japan) cou-
pled to a femtosecond pulsed tunable Mai- Tai eHPDS 
laser (Spectraphysics, Newport, USA) set to 800  nm, 
with two fluorescence detection channels and water im-
mersion objectives.

2.7 | BBB permeability assay

Evans blue (EB, 2% in saline, 4  ml/kg, Sigma- Aldrich, 
USA) dye was injected via the tail vein and allowed to cir-
culate for 1 h. Then, the mice were perfused with saline to 
remove the residual dye from the vessels until the drain-
age became colorless. The brains were removed, separated 
into hemispheres, and weighed. Then, the hemispheres 
were placed in methanamide (Macklin, Shanghai, China) 
and soaked at 60°C overnight. The EB content of each 
hemisphere was calculated based on optical density using 
a microplate reader (SpectraMax M5, Molecular Devices, 
Sunnyvale) and expressed as μg per gram of brain.

2.8 | Determination of brain edema formation

At 24 h after t- MCAO, brain samples were weighed and 
dried in an oven at 60°C for 7 days and weighed to deter-
mine the dry weight. Brain water content (%) was calcu-
lated as (wet weight- dry weight)/wet weight × 100%.

Fifteen contiguous coronal images of each mouse were 
collected for cranial magnetic resonance imaging (MRI). 
Edema formation was visualized from T2- weighted images 
and diffusion- weighted images (DWI) and semiquantified 
as midline- shift (MLS) and relative ADC value (rADC) 
on restructured ADC images, respectively (26). MLS was 
calculated using the following formula: MLS =  (A−B)/2, 
where A and B represent the distance between the cortex 
outer border of the ipsilateral side and contralateral side 
and the middle of the third ventricle, respectively. rADC% 
was expressed as (ADCips/ADCcon) × 100%, where the cor-
responding ADC value was measured in the ipsilateral isch-
emic and contralateral symmetric regions. The above data 
were calculated by a researcher blinded to group allocation.

2.9 | TTC staining

TTC staining was performed as described previously 
(26). Briefly, the mice were sacrificed 24  h after the 
onset of reperfusion. Seven consecutive coronal sections 
were cut from the frontal pole with a brain matrix and 
incubated with 1% 2, 3, 5- triphenyltetrazolium chloride 
(TTC, Sigma- Aldrich) at 37°C for 10 min. Corrected in-
farct volume (%) was analyzed using ImageJ software 

by a researcher blinded to group assignment and quan-
tified as follows: corrected infarct volume (%)  =  [con-
tralateral hemisphere volume −  (ipsilateral hemisphere 
volume  −  infarct volume)]/contralateral hemisphere 
volume × 100%.

2.10 | Immunostaining and 
confocal microscopy

Mice were anesthetized with isoflurane and then tran-
scardially perfused with phosphate- buffered saline 
(PBS) followed by 4% paraformaldehyde (PFA) in PBS. 
The brains were removed, postfixed in 4% PFA for 1 h 
at room temperature, and submerged in 20% and 30% 
sucrose for gradient hydration. The brains were cryo-
preserved in OCT and sectioned using a cryostat (Leica 
CM1800, Leica Microsystems GmbH, Heidelberg, 
Germany). Following IgG staining, the sections were 
incubated with biotinylated anti- mouse IgG antibody 
(1:200, Proteintech) overnight at 4°C and then color- 
developed using DAB solution. If not stated otherwise, 
the images were acquired at room temperature using a 
Zeiss LSM880 confocal microscope (Carl Zeiss, Jena, 
Germany).

2.11 | Western blotting

Brain tissues from 2 to 4 mm posterior to the frontal pole 
were solubilized and immunoblotted as previously re-
ported (28). In brief, protein extracts were separated on 
sodium dodecyl sulfate- polyacrylamide gel electrophoresis 
(SDS- PAGE) gels and then transferred to polyvinylidene 
fluoride membranes (Millipore, Billerica, MA, USA). The 
membranes were blocked with 5% bovine serum albumin 
in Tris- buffered saline with 0.1% Tween- 20 (TBST), and 
then incubated overnight at 4°C with the following primary 
antibodies: anti- Cav1 (1:1000, Abcam), anti- phospho- 
Cav1 (1:1000, Cell Signaling Technology), anti- syndecan1 
(1:600, Proteintech), anti- PY102 (1:1000, Cell Signaling 
Technology), and anti- GAPDH (1:10,000, Proteintech). 
After washing with TBST, the blots were incubated with 
HRP- conjugated secondary antibodies (1:20,000; Abcam) 
and were then developed by incubation with Luminata 
Crescendo Western HRP substrate (Millipore). Protein 
bands were imaged, and their densities were quantified 
using ImageJ after normalization to GAPDH.

2.12 | Knockdown of Cav1 with shRNA

For the Cav1  gene, four different shRNAs were tested. 
Their ability to silence gene expression was determined 
using reverse transcription- polymerase chain reaction 
(RT- PCR) and immunoblotting. The two most potent shR-
NAs, including 5′CCGGCGACGTGGTCAAGATTGA  
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CTTCTCGAGAAGTCAATCTTGACCACGTCGTT  
TTTT3′ (shRNA1) and 5′CCGGGCAAGATATTCAGC  
AACATCCCTCGAGGGATGTTGCTGAATATCTTG  
CTTTTTT3′ (shRNA2), were selected to knockdown the 
expression of Cav1. Adeno- associated virus 9 (AAV9) 
vectors were prepared by Shengbo Biotechnology 
(Shanghai, China), which encodes the following shRNAs: 
AAV- Control- shRNA, AAV- Cav1- shRNA1, and AAV- 
Cav1- shRNA2. To test the efficiency of Cav1  shRNAs, 
six- week- old mice received intracerebroventricular injec-
tions of control virus (AAV9- mCherry, 2 µl of 1013vg/ml) 
or AAV9- mCherry- Cav1. Three weeks after injection, the 
distribution of AAV9- mCherry in brain sections was ob-
served under a confocal microscope, and the knockdown 
was detected by RT- PCR and western blot analysis.

2.13 | GST pull- down assay

GST fusion proteins, His- tagged fusion proteins, and 
GST empty vector were transformed into Escherichia 
coli BL21 cells for culture. After washing glutathione 
Sepharose 4B beads (GE Healthcare) twice with 1 ml of 
lysis buffer, and GST or GST fusion proteins were incu-
bated with His- tagged fusion proteins overnight at 4°C 
with constant shaking. The following four groups were 
achieved: GST  +  His- Src, GST- syndecan1  +  His- Src, 
GST + His- Src∆SH2, and GST- syndecan1 + His- Src∆SH2. 
After washing, the complexes were eluted with freshly 
reduced glutathione hormone for 10  min. Pull- down 
products were separated on 10% SDS- PAGE gels and 
then analyzed by western blotting using anti- GST and 
anti- His antibodies.

2.14 | Coimmunoprecipitation assay

After centrifugation at 10,000  g for 5  min at 4°C, the 
supernatant was obtained and quantified. An aliquot 
containing 500 μg protein was immunoprecipitated with 
1  μg rabbit anti- syndecan1 (Proteintech) at 4°C over-
night. The immune complexes were collected and incu-
bated with 30 μl of protein A/G magnetic beads (Bimake, 
Houston, USA) for 1  h at room temperature, followed 
by magnetic separation. After washing, the beads were 
resuspended in 35  μl of 1× loading buffer and boiled 
for 5 min. The protein complexes were immunoblotted 
as described above using rabbit anti- Src (Cell Signaling 
Technology) and rabbit anti- syndecan1 (Proteintech). 
Whole tissue lysate prepared for IP was used as an input, 
and homophytic IgG was used as the negative control.

2.15 | Statistical analysis

All data are expressed as the mean ± standard deviation 
(SD). Statistical differences among multiple groups were 

compared using one- way analysis of variance followed 
by Tukey's multiple comparisons test. The differences 
between the two groups were analyzed using unpaired t- 
tests. Statistical analysis was performed using GraphPad 
Prism version 6.0 (GraphPad, La Jolla, USA) and SPSS 
20.0 (IBM, Armonk, United States). Statistical signifi-
cance was set at p < 0.05.

3 |  RESU LTS

3.1 | Dynamic changes of endothelial GCX 
in brain capillary within the first week after t- 
MCAO

Initial experiments aimed to characterize the dynamic 
changes in the GCX during stroke progression and its 
time course by measuring the serous levels of two sol-
uble components of the GCX, hyaluronan, and synde-
can1, and monitoring the morphological changes in 
the GCX under EM at different time points after rep-
erfusion onset. As shown in Figure 1A, serum hyalu-
ronan started to increase at 1  h after ischemic stroke 
and reached the first peak level at 6 h with an approxi-
mately significant 4- fold increase compared to the sham 
control group (1926 ± 119.5 ng/ml vs. 546.8 ± 77.58 ng/
ml, p < 0.05), then decreased to 654.2 ± 146.4 ng/ml at 
1 day and peaked again at 7 days with 1459 ± 324.7 ng/
ml. Similarly, serum syndeacn1 peaked at 6 h and 7 days 
with approximately 7- fold (14.51  ±  3.96  ng/ml) and 10- 
fold (24 ± 3.28 ng/ml) increase compared to that of the 
sham group (2.32 ± 0.27 ng/ml), respectively (Figure 1B).

Morphologically, we used EM to observe the changes 
in the GCX of brain capillaries in the ischemic cortex at 1, 
3, 6, 12 h, 1, 2, 5, and 7 days after reperfusion. The overall 
view of the GCX is depicted in Figure 1C. The endothelial 
GCX densely covered the surface of the vascular endothe-
lium in the sham- operated group. At different time points 
after ischemia and reperfusion, the GCX appeared to be 
sparse and thinner, showing varying degrees of damage 
that progressively aggravated in a time- dependent man-
ner within the first 6  h. Quantitative analysis indicated 
that, compared with the sham group (with an average 
thickness of 271.1 ± 15.22 nm), the GCX thickness de-
creased significantly at 6 h and reached the lowest value 
(60.26 ± 9.61 nm), which was consistent with the first peak 
level of soluble serous GCX components. Next, although 
gradually increased from 2 to 5 days, the GCX thickness 
declined again at 7  days (60.91  ±  12.41  nm), consistent 
with the second peak level of the soluble serum GCX. 
Furthermore, apparent perivascular edema was visualized 
at 6 h, 1, 2, and 5 days after reperfusion.

These data clearly showed a biphasic change of the 
brain capillary GCX following t- MCAO in which GCX 
degradation occurred within the first 6 h after reperfu-
sion onset, followed by a brief reconstruction and then a 
second round of degradation at 7 days.
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F I G U R E  1  Evolutionary change pattern of endothelial GCX responded to ischemia- reperfusion injury within the first week. 
Measurements of constitutional parts of the GCX, hyaluronan (A) and syndecan1 (B), in plasma at a series of discrete time points after t- 
MCAO. (C) Transmission electron microscopic views of the cerebral capillaries endothelial GCX with lanthanum nitrate staining at different 
time points after t- MCAO. Scale bar, 1 μm. The endothelial GCX densely covered the surface of vascular endothelium in sham group, while 
appeared to be sparse and thinner at different time points after ischemia, and obvious perivascular edema was visualized at 6 h, 1, 2 and 5 days. 
(D) Quantitative analysis of the thickness of endothelial GCX of cerebral capillaries. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. 
sham group
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3.2 | Biphasic pattern of BBB damage 
within the first week after t- MCAO

We next studied the dynamics of BBB leakage dur-
ing stroke progression through in vivo two- photon 

microscopy, using two different tracers: lectin wheat 
germ agglutinin (WGA, 40 kDa) to visualize the GCX 
and rhodamine B- labeled dextran (70 kDa) to mark the 
blood vessels. At around 4  h after reperfusion onset, 
the mice were placed under a two- photon microscope 

F I G U R E  2  Dynamic evolution pattern of BBB permeability within the first week following cerebral ischemia/reperfusion onset. (A) 
Representative live two- photon imaging within the cortical infarct region over time after t- MCAO. The tracer leakage from blood vessels into 
the CNS parenchyma was visualized 30min after tail vein injection of lectin wheat germ agglutinin (WGA, green background) and 70 kDa 
dextran (red background). Scale bar, 50 μm. (B) Representative images showing EB extravasation over time after t-  MCAO. A column of images 
represents different brain slices of the same mouse. (C) Quantitative analysis of EB. Differences between operated and sham- operated controls 
were significant at the *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 levels 
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to directly visualize BBB leakage in the same field. As 
shown, both 40 kDa WGA and 70 kDa dextran leakage 
exhibited a gradual increase around the ischemic mi-
crovessels from 4 h and 20 min to 5 h and 50 min after 
reperfusion onset within the ischemic cortical area, but 
no leakage of either tracer was observed from the con-
tralateral side (Figure 2A, Movies S1– S4). Notably, the 
diffuse increase in extravascular 40 kDa tracer leakage 
was strongest near 6 h.

BBB leakage was further assessed at longer time 
points, up to 7  days, based on EB extravasation. 
Qualitative macroscopic evaluation showed varying in-
tensities of the characteristic blue coloration, which was 
strongest at 6 h and 7 days after reperfusion (Figure 2B), 
while dye extravasation was not observed in the non- 
ischemic hemisphere of all t- MCAO mice. Quantitative 
analysis showed that, compared with sham mice, EB 
leakage was consistently detected in the ischemic hemi-
spheric tissue of t- MCAO mice from 1 h to 7 days after 
reperfusion onset, with two peaks of EB leakage that 
appeared at 6 h and 7 days after reperfusion onset, re-
spectively (Figure 2C). These data indicated that BBB 
leakage occurred continuously within 7 d after reper-
fusion onset under our experimental conditions, with 
a biphasic pattern: the first increasing period from 1 to 
6 h, followed by a decreasing period from 6 h to 5 d and 
a second increasing period from 5 to 7 days, consistent 
with previous MRI findings (7, 8).

These data, combined with our observations of evo-
lutionary changes of the endothelial GCX, indicated 
that the dynamic changes in the GCX correlated well 
with the temporal evolution of BBB breakdown follow-
ing t- MCAO, implicating an essential role of GCX deg-
radation in BBB disruption within the first week after 
ischemic stroke.

3.3 | Dynamic changes in endothelial 
transcytosis and TJ ultrastructure within first 
week after t- MCAO

Next, we investigated whether TJs or transcytosis of 
CNS endothelial cells contributes to the biphasic evo-
lution of BBB permeability after t- MCAO. Therefore, 
we first examined the morphological changes of TJs in 
the ischemic region under EM using lanthanum nitrate 
as an electron- dense marker at a series of reperfusion 
time points following t- MCAO. Notably, in the periph-
eral enterocytes, EM analysis revealed disrupted TJs 
with paracellular leakage of lanthanum nitrate, which 
penetrated between two adjacent enterocytes and filled 
the whole paracellular space (29). As shown in Figure 3, 
in sham- operated mice, thick and intact GCX was ob-
served on the surface of the endothelium of the brain 
capillary (dark arrow). Between two adjacent endothe-
lial cells, electron- dense “kissing points” (green arrows) 
formed by TJs were clearly observed. In the t- MCAO 

group, the endothelial GCX became sparse and thin at 
1, 3, 6, 12 h, 1, 2, 5, and 7 days after reperfusion onset. 
Surprisingly, electron- dense TJs (green arrows) between 
adjacent ECs were clearly observed at each reperfusion 
time point. Moreover, the electron- dense marker lantha-
num remained intraluminally and was halted sharply 
at the “kissing points,” where the TJs were positioned. 
These results indicated that the TJs of the ischemic BBB 
at these time points remained structurally and function-
ally intact and thus unlikely to contribute to BBB leak-
age under our experimental conditions.

We then observed vesicular transcytosis at these 
various time points following t- MCAO. As shown in 
Figure 4A, the brain capillary ECs of the sham animals 
displayed very few lanthanum- filled vesicles. In con-
trast, in t- MCAO mice, a significantly increased number 
of free vesicles (blue arrows) and lanthanum- containing 
vesicles (red arrows) were found in the ischemic brain 
capillary ECs at all selected reperfusion time points. 
We quantified the number of vesicles and found that t- 
MCAO- induced increase in vesicles also showed a bipha-
sic pattern during the 7- day reperfusion, with the two 
peaks occurring at 6 h and 7 days after reperfusion onset 
(Figure 4B). Taken together, our data provided evidence 
that the time course of vesicle change synchronized well 
with the change in BBB permeability, implying that 
vesicle- mediated transcytosis might account for the 
increased BBB permeability under our experimental 
conditions.

3.4 | Extent of GCX degradation was 
positively correlated with endothelial 
transcytosis and BBB disruption following t- 
MCAO

Based on the well- matched timescale between GCX 
injury and BBB permeability changes in the ischemic 
brain, we speculated that the dynamic degradation and 
reconstruction of the GCX might account for the bipha-
sic disruption of BBB permeability following t- MCAO. 
To test this hypothesis, we pharmacologically potenti-
ated or protected against degradation of the endothelial 
GCX in t- MCAO mice using HAase or hydrocortisone, 
respectively, and assessed their impact on the t- MCAO- 
induced increase in BBB permeability.

Serum samples collected at 6  h after t- MCAO were 
used to assess the shedding of hyaluronan and syn-
decan1, which reflected the extent of GCX degradation. 
Results showed that HAase significantly increased the 
shedding of hyaluronan to 1903 ± 118.1 ng/ml compared 
with the 6 h- vehicle group (1277 ± 560.3 ng/ml, p < 0.05), 
while hydrocortisone decreased the amount of hyaluro-
nan to 854.5 ± 296.2 ng/ml (Figure 5A). Similarly, HAase 
treatment induced an approximately 2- fold increase in 
syndecan1 (45.26  ±  10.50  ng/ml, Figure 5B) compared 
with the 6 h- vehicle group (19.79 ± 7.33 ng/ml, p < 0.05), 
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while hydrocortisone remarkably lowered the release of 
syndecan1 to 7.72 ± 2.03 ng/ml (vs. 6 h group, p < 0.05).

Additionally, we observed ultrastructural changes 
in the GCX under EM. As depicted in Figure 5C, com-
pared to the GCX coverage on the cerebral capillary 
luminal surface in the mice subjected to t- MCAO with 
6 h reperfusion, HAase treatment led to a further reduc-
tion of endothelial GCX coverage, while hydrocortisone 
treatment partly prevented the t- MCAO- induced GCX 
degradation. Quantitative analysis showed that HAase 
treatment reduced the average thickness of the cerebral 

capillary endothelial GCX from 60.26 ± 9.61 nm at 6 h 
after reperfusion onset to 38 ± 6.50 nm (p < 0.05), while 
in hydrocortisone- treated animals, the GCX thick-
ness was returned to 82.21 ± 9.49 nm (p < 0.05 vs. 6 h). 
Together, the above results demonstrated that the GCX 
structure was severely degraded after t- MCAO, and this 
disruption could be exacerbated by HAase or protected 
by hydrocortisone.

Importantly, we observed that ECs in the HAase- 
treated group displayed more intensive free vesicles (black 
arrows, Figure 5C), while the hydrocortisone- treated 

F I G U R E  3  Continuous appearance of functional TJs structure throughout the period of BBB breakdown induced by t- MCAO. At different 
time points after t- MCAO, endothelial TJs showed no apparent ultrastructural defects and remained sealed, as assessed by electron- dense 
lanthanum (black) diffused into intercellular clefts but stopped sharply at the junction (green arrows). Scale bar, 200 nm 
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group showed less. We further examined the trans-
port function of these increased vesicles following 
the intravascular HRP injection. Results showed that 

degradation of the GCX by HAase exacerbated the t- 
MCAO- induced trafficking of HRP- filled vesicles (red 
arrows, Figure 5D) in ECs of the brain capillary, while 

F I G U R E  4  Active and abundant vesicular activity in cortical endothelium after ischemia and reperfusion. (A) Increased free vesicles (blue 
arrows) and lanthanum- containing vesicles (red arrows) in endothelial cells appeared continuously during the whole course of BBB impairment. 
Sham endothelium displayed very few vesicles. Upper panel showed EM images (Scale bar, 500 nm) of individual capillary at different time 
points after reperfusion and the lower panel showed high magnification images of the areas boxed in upper panel, respectively. (B) Free 
vesicular density quantification. *p < 0.05, **p < 0.01 and ****p < 0.0001 vs. sham group 
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F I G U R E  5  Further degradation of GCX activated more endothelial transcytosis and increased the BBB permeability after t- MACO. (A, 
B) Serum levels of hyaluronan and syndecan1were measured in different treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
vs. the sham group; &p < 0.05, &&&&p < 0.0001 vs. the 6h- vehicle group; ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the 6h+HAase group. (C) 
Representative EM images at 6h after t- MCAO revealed increased number of vesicles in HAase group. Scale bar, 500 nm. (D) Representative 
EM images of mice injected with HRP tracer illustrating increased HRP- filled vesicles (red arrows). ECs of HAase- treated mice at 6h after 
t- MCAO possessed more HRP filled vesicles. Scale bar, 500 nm. (E) Quantification of lanthanum- stained endothelial GCX of the cerebral 
capillaries in ischemic cortex at 6h after t- MCAO. &p < 0.05 vs. the 6h- vehicle group; ##p < 0.01 vs. the 6h+HAase group. (F) Quantification of 
endothelial vesicles. *p < 0.05 vs. the 6h group; ##p < 0.01 vs. the 6h+HAase group. (G, H) Representative images and quantitative analysis of 
EB extravasation from experimental groups. *p < 0.05 vs. the 6h- vehicle group; ###p < 0.001 vs. the 6h+HAase group. (I) Schematic diagram 
of BBB biphasic events and GCX degradation and recovery associated with cerebral ischemia and reperfusion time- course. Endothelial GCX 
displayed an evolutionary change pattern, whose timescale unexpectedly matched well to the biphasic evolution of BBB permeability to tracers, 
accompanying by increased number of endothelial vesicles and accelerated rates of transcytosis, during the first- week mornitoring- phase after 
t- MCAO 
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preservation of the GCX by hydrocortisone treatment 
significantly suppressed the vesicle- mediated transcellu-
lar transportation induced by t- MCAO. These data sug-
gest that further degradation of the GCX activates more 
endothelial transcytosis after t- MCAO.

To further establish a causal link between GCX degra-
dation and BBB disruption following t- MCAO, we assessed 
the effect of HAase and hydrocortisone on t- MCAO- 
induced EB extravasation in the ischemic brain tissue. 
As shown in Figure 5G, HAase treatment augmented EB 
leakage in t- MCAO mice after 6 h of reperfusion, while 
hydrocortisone treatment reduced t- MCAO- induced EB 
leakage. Taken together, these data indicate that GCX 
degradation critically contributes to BBB disruption after 
t- MCAO, possibly by promoting vesicle- mediated trans-
cellular transportation across the BBB.

3.5 | GCX degradation aggravated infarct 
volume and brain edema after t- MCAO

BBB destruction can cause vasogenic brain edema and 
exacerbate cerebral infarction (30). Thus, we investigated 
whether GCX degradation leads to increased infarct 
volume and brain edema following t- MCAO. As stated 
above, we used HAase to potentiate or hydrocortisone 
to protect against t- MCAO- induced GCX degradation. 
Infarction volume and brain edema were assessed in 
t- MCAO mice with 24  h reperfusion by TTC staining, 
MRI scanning, and brain water contents. As shown in 
Figure 6, TTC- staining and MRI scanning (T2WI and 
ADC map) clearly showed that HAase treatment sub-
stantially increased t- MCAO- induced infarct volume, 
while hydrocortisone treatment significantly reduced 
infarction size. Similar effects were observed for HAase 
and hydrocortisone on t- MCAO- induced brain edema in 
which degradation of the GCX by HAase significantly 
aggravated MLS and increased brain water contents 
(85.95 ± 0.49%) compared with that of the t- MCAO group 
(83.08 ± 0.31%) (p < 0.05), while preservation of the GCX 
by hydrocortisone significantly reduced MLS and de-
creased the brain water content to 81.79 ± 0.92% when 
compared with the t- MCAO group (p < 0.05). These data 
indicate that the extent of GCX degradation in ischemic 
cerebral capillaries is closely associated with infarction 
size and brain edema severity following t- MCAO.

3.6 | GCX degradation triggered endothelial 
transcytosis and increased BBB permeability 
under physiological conditions

We then wondered whether GCX degradation would still 
increase BBB permeability through endothelial transcy-
tosis under physiological conditions. First, we examined 
the impact of HAase or HPase on vesicular trafficking 
of cerebral capillary endothelial cells in healthy control 

mice using EM. Six hours after the administration of 
HAase or HPase, the mice were sacrificed for vesicu-
lar trafficking assessment. Surprisingly, as shown in 
Figure 7A, only a few vesicles were found in the cerebral 
capillary endothelial cells of control mice, while deg-
radation of the GCX by HAase or HPase led to a re-
markable increase in the number of free vesicles (black 
arrows) in cerebral capillary ECs. Increased vesicles con-
taining shedding GCX components (black arrowheads) 
were also observed in ECs treated with HAase or HPase. 
These results indicate that brain capillary endothelial 
cells can rapidly respond to enzymatic degradation of 
the GCX by increasing the number of vesicles.

Second, we evaluated the transcellular transport 
function of these vesicles by intravenous administration 
of HRP to HAase or HPase- treated mice. The mice were 
sacrificed to assess vesicle trafficking at 1 h after HRP 
injection. As shown in Figure 7C, ECs of either HAase-  
or HPase- treated mice were scattered with HRP- filled 
vesicles (red arrowheads) but few in control mice. These 
results demonstrate that enzymatic degradation of the 
GCX could trigger and enhance vesicle- mediated endo-
thelial transcytosis of the brain capillary under physio-
logical conditions.

To further demonstrate whether GCX degradation- 
induced transcytosis could increase substance transpor-
tation across the BBB, we intravenously injected 40 kDa 
FITC- conjugated dextran into HAase- treated mice and 
monitored its extravasation. We found that in the cor-
tex of HAase- treated mice, the 40  kDa dextran tracer 
leaked out of capillaries and was dotted in the nonvascu-
lar brain parenchyma (Figure 7D, upper panel). In con-
trast, the tracer was not detectable in the surrounding 
brain parenchyma of the control mice. Similarly, in the 
hippocampus, the tracer sporadically appeared in the 
brain parenchyma in the HAase- treated mice but not in 
the control mice. Our observations of the BBB leakage 
caused by HAase were consistent with a previous study 
that HAase induced a significantly higher rate of plasma 
leakage of both low molecular weight sodium fluores-
cein and 155 kDa dextran into the surrounding tissue in 
the blood- retinal barrier (31). In addition, we visualized 
IgG in the whole brain by peroxidase- based immunohis-
tochemistry, which revealed a macroscopically visible 
leakage of IgG in the HAase group (Figure 7E).

The above data demonstrate that enzymatic degra-
dation of the GCX could promote transcellular trans-
portation to increase BBB permeability in healthy mice, 
further supporting the GCX as an essential component 
in maintaining the normal barrier function of the BBB.

3.7 | GCX degradation induced BBB 
disruption via caveolae- mediated transcytosis

Under EM, the increased vesicles were identified as caveo-
lae vesicles rather than clathrin- coated vesicles because of 
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the lack of electron- dense coating. To distinguish between 
caveolin-  and clathrin- dependent mechanisms of GCX 
degradation- induced transcytosis, we knocked down 
Cav1, a crucial membrane- associated protein involved in 
caveolae formation, and observed subsequent changes in 
BBB permeability and brain edema after t- MCAO. AAV9- 
encoded Cav1- shRNAs and AAV9- control virus (red fluo-
rescence labeling) were observed in the brain parenchyma 
under confocal microscopy (Figure 8A). In addition, 
Cav1 mRNA and protein levels were evidently decreased 
in brain homogenates of mice injected with AAV9- Cav1- 
shRNAs compared with AAV9- control (Figure 8B– D), 
which indicated an effective knockdown of Cav1. Notably, 
the EB leakage and brain edema induced by t- MCAO were 
remarkably lower in Cav1 knockdown mice than in con-
trol mice (Figure 8E– I), suggesting that caveolae- mediated 
transcellular transport plays an essential role in BBB dis-
ruption and brain edema formation.

To further determine the Cav1- dependent mechanism 
of transcytosis induced by GCX degradation, we assessed 
40 kDa FITC- dextran extravasation in Cav1- knockdown 
mice treated with HAase. Compared with control mice, 
vascular leakage caused by HAase was significantly re-
duced in Cav1- knockdown mice (Figure 9A). Moreover, 
the vesicle- transport function evaluated by EM showed 
that Cav1- knockdown significantly reduced the number 
of HRP- filled vesicles in HAase- treated mice, compared 

with the control group (Figure 9B,C). These data, together 
with our observations of intact TJs under EM, suggest that 
GCX degradation- induced BBB disruption is dependent 
on caveolae- mediated transcytosis rather than TJs.

3.8 | Syndecan1/Src kinase complex is 
involved in caveolae- mediated endocytosis 
promoted by GCX degradation

Caveolae- mediated transcellular transport has been 
reported to play an important role in maintaining the 
integrity of the endothelial barrier in which the tyr14- 
phosphorylation of Cav1 induced by Src contributes to 
caveolae vesicle formation (32– 34). Therefore, we spec-
ulated that GCX degradation activated Src- induced 
phosphorylation of Cav1, which in turn promoted 
caveolae- mediated transcellular transport to increase 
BBB permeability under normal and stroke conditions. 
To test this hypothesis, we first examined the effects of 
GCX degradation induced by HAase or t- MCAO on the 
phosphorylation level of Cav1, a substrate of Src kinase. 
Compared with the control mice, the levels of p- Cav1 
were significantly increased when the GCX was de-
graded by HAase or ischemic injury (Figure 9D). These 
results indicate that GCX destruction induces Src- 
mediated Cav1 phosphorylation.

F I G U R E  6  Further degradation of GCX aggravated brain edema after t- MACO. (A, B) Representative images and quantification of 
TTC-  stained brain slices from each group. *p < 0.05 vs. the 6h- vehicle group; #p < 0.05 vs. the 6h+HAase group. (C) Quantitative analysis of 
brain parenchymal water content in different groups. ****p < 0.0001 vs. the sham group; #p < 0.05, ####p < 0.0001 vs. the 6h- vehicle group; 
&&&&p < 0.0001 vs. the 6h- HAase group. (D) Representative T2- weighted images of the tenth slice from each mouse in different groups. ADC 
images were re- structured on DWI. Normal signal presented in the left undamaged hemisphere. (E, F) Quantification of edema formation 
based on MRI images. *p < 0.05, **p < 0.01 vs. the vehicle group; #p < 0.05 vs. the 6h- HAase group 
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Tyrosine phosphorylation within the cytoplasmic 
domain of syndecan1 by Src kinase has been reported 
to mediate endocytosis via robust recruitment of cyto-
skeletal proteins (35). Syndecan1, a critical component of 
the GCX, is a transmembrane proteoglycan whose ecto-
domain shedding is accompanied by tyrosine phosphory-
lation within its cytoplasmic domain in the NMuMG cell 
model (36). Thus, we examined the tyrosine phosphory-
lation levels of syndecan1 (Figure 9D, last panel), which 
was detected in the HAase group and was enhanced after 
t- MCAO. The results suggest that GCX degradation re-
sults in the shedding of syndecan1 and phosphorylation 
of the cytoplasmic domain of syndecan1.

Second, we conducted coimmunoprecipitation and 
GST pull- down experiments to determine whether GCX 
degradation promoted the interaction between Src ki-
nase and syndecan1. Our data showed that syndecan1 
protein was associated with Src, and this association 
was enhanced when the GCX was disrupted by HAase 
(Figure 9F). Furthermore, we examined the structural 
domain of Src protein that mediated its association with 
syndecan1 by an in vitro binding assay using full- length 
Src protein or Src protein with SH2 domain deletion. 
As shown in Figure 9G, His- Src protein was efficiently 
precipitated by GST- syndecan1 but not by GST alone, 
clearly supporting an interaction between syndecan1 

F I G U R E  7  Endothelium displayed increased vesicular activity and evident transcytosis at 6h after enzymatic degradation of GCX under 
physiological condition. (A) Representative EM images were obtained after GCX was degraded by two enzymes (HAase and HPase) for 
6 h. The lower panel showed high magnification images of the areas boxed in upper panel illustrating increased free vesicles (Black arrows). 
Scale bar, 500 nm. In addition, the EM images (the bottom panel, scale bar, 200 nm) in the HAase and HPase groups showed increased 
vesicles containing shedding GCX component (black arrowheads), indicating increased endothelial transcytosis. (B) Free vesicular density 
quantification revealed a significant increase in endothelial vesicle number after either HAase-  or HPase- induced GCX degradation. **p < 0.01, 
***p < 0.001 vs. control group. (C) Increased transcytosis was evident in HRP- injected HAase-  or HPase- treated mice. Right panel showed 
high magnification images of the areas boxed in left panel. Red arrows indicate single HRP- filled vesicles (red arrows) either budding from 
the luminal membrane or traveling through the endothelial cytoplasm. ECs displayed functional TJs structure (green arrows). Scale bar, 
1 μm on the left panel and 500 nm on the right panel. HAase, hyaluronidase; HPase, heparinase. (D) Histological analysis of 40 kDa FITC- 
Dextran (green) leakage from isolectin- B4 (IB4)-  stained blood vessels (red) at 6 h after GCX degrasation induced by HAase. Upper and lower 
histological panels displayed BBB leakage in the cortex (Scale bar, 20 μm) and hippocampus (Scale bar, 50 μm), respectively. (E) IgG in the 
whole brain was visualized by peroxidase- based immunohistochemistry. There was a macroscopically visible leakage of IgG in HAase group. 
Right histological panels displayed high magnifications. Scale bar, 100 μm 
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and Src protein. Variants of Src carrying a deletion in 
the SH2 domain (Src∆SH2) could not be precipitated, 
indicating that the binding sites of syndecan1 and Src 
were located in the SH2 domain. These data suggest 
that GCX degradation enhances the interaction between 
syndecan1 and Src by promoting competitive binding 
of tyrosine- phosphorylated syndecan1 to the Src SH2 
domain. This association might enhance the efficiency 
of Src- mediated syndecan1 phosphorylation, leading to 
rapid modulation of cytoskeletal proteins and acceler-
ated caveolae- mediated endocytosis.

4 |  DISCUSSION

The mechanisms underlying BBB function and cerebro-
vascular integrity in physiological and pathological 

conditions are crucial but far from being fully under-
stood. In this study, we found that in response to ischemia- 
reperfusion injury within the first week following 
t- MCAO onset, the endothelial GCX displayed a char-
acteristic change pattern, that is, degradation, recon-
struction, and redegradation, and surprisingly, the time 
course of changes in the GCX matched well with the bi-
phasic pattern of BBB damage. In addition, we observed 
the continuous appearance of functional TJ structures 
between adjacent endothelial cells and active endothelial 
transcytosis in ischemic cortical capillaries under EM at 
a series of time points within the first week after t- MCAO 
onset, suggesting that vesicle- mediated transcytosis may 
account for the leakage of BBB observed at these time 
points. Moreover, under t- MCAO conditions, extensive 
destruction of the GCX aggravated BBB permeability, in 
conjunction with changes in the corresponding caveolae 

F I G U R E  8  Cav1- knockdown mice displayed reduced BBB permeability and lighter brain edema after t- MCAO. (A) Six- week- old mice 
received intracerebroventricular injections of control virus (AAV9- mCherry, two microliters of 1013 vg/ml) or one that decreased expression 
of Cav1(AAV9- mCherry- Cav1). Three weeks after injection, distribution of AAV9- mCherry on brain sections were examined under confocal 
microscope. Red fluorescence was clearly seen in brain parenchyma. Comparison of mRNA levels (B) and protein levels (C, D) in cortical lysate 
from animals injected with either AAV9- control or AAV9- Cav1 showed significant decreases in Cav1 expression. *p < 0.05, **p < 0.0 vs. the 
AAV9- control group. (E, F) Representative images and quantitative analysis of and EB extravasation at 6h after t- MCAO between the AAV9- 
control and AAV9- Cav1 group. (G- I) Representative T2- weighted images and comparison of brain edema index in different groups. *p < 0.05, 
**p < 0.01 vs. the AAV9- control group 



16 of 20 |   ZHU et al.

vesicles. Lastly, we demonstrated that enzymatic degra-
dation of the GCX in the normal BBB led to increased 
vesicular activity, evident transcytosis, and subsequent 

BBB leakage, which is Cav1- dependent, and the activa-
tion of the syndecan1/Src complex may be involved in 
this process. Our results emphasize the significance of 

F I G U R E  9  GCX degradation- induced BBB disruption is Cav1- dependent. (A) Histological analysis of 40 KD FITCDextran (green) 
leakage from isolectin- B4 (IB4)- stained blood vessels (red) in Cav1 knockdown mice at 6h after GCX degrasation induced by HAase. Upper 
and lower histological panels displayed BBB leakage in the cortex (Scale bar, 20 μm) and hippocampus (Scale bar, 50 μm), respectively. (B, 
C) EM evaluation of vesicles- transport function showed that Cav1- knockdown significantly reduced the the number of HRP- filled vesicles 
in HAase treated mice, compared with the control group. **p < 0.01 vs. the AAV9- control group. (D, E) Western blot results of p- Cav1, p- 
syndecan1. *p < 0.05 and ***p < 0.001vs. the sham group. (F) The association of syndecan1 and Src detected by immunoprecipitation at 6h after 
using HAase or t- MCAO. (G) The direct interaction between syndecan1 and Src detected by GST pull down 
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the low rate of transcytosis, which is closely related to 
the integrity of the endothelial GCX, to the BBB func-
tion, suggesting that the current understanding of BBB 
disruption in stroke must be reconsidered.

The endothelial GCX is a hot topic in the peripheral 
circulation system, and great progress has been made 
in determining its function and clinical relevance. The 
GCX, which covers the surface of vascular ECs, partici-
pates in a variety of physiological processes, such as mi-
crovascular permeability, inflammation, and endothelial 
mechanical conduction (23). Recently, increasing atten-
tion has been paid to the role of the vascular GCX in the 
CNS. At the level of single cortical capillaries, Kutuzov 
et al. (37) demonstrated that the GCX may serve as a 
barrier for large but not small molecules. We have pre-
viously shown that GCX degradation contributes to 
higher BBB permeability, deteriorated brain edema, and 
worse neurologic outcomes following cardiac arrest (24) 
or status epilepticus (25). These studies support the es-
sential role of GCX in maintaining BBB integrity. In this 
study, we assessed the time course of GCX destruction 
in a mouse model of t- MCAO and showed a biphasic 
change in the brain capillary GCX following t- MCAO 
in which GCX degradation occurred within the first 6 h 
after reperfusion onset, followed by a brief reconstruc-
tion and then a second round of degradation starting at 
7 days. In a previous study, Potter et al. (38) reported that 
it takes 5 to 7 days for the GCX to endogenously recover 
to its intrinsic thickness after acute degradation of the 
GCX in mouse cremaster muscle venules, indicating that 
an endogenous reconstructing mechanism repairs the 
disrupted GCX. In this study, we observed a transient 
reconstruction of the GCX from 2 d to 5 d after reper-
fusion onset. In a recent clinical study, multiple soluble 
components of the GCX have been reported to increase 
in the plasma of patients with mild ischemic stroke on 
day 7 (39), which is in line with our observations that 
increased GCX degradation is detected in the BBB of 
t- MCAO mice at 7 days after reperfusion onset. Future 
studies are required to determine the exact mechanism 
underlying the second round of GCX degradation start-
ing at 7 days. Multiple studies have reported the biphasic 
BBB opening after ischemic stroke. However, the time 
points for the second opening were quite inconsistent 
among these studies, including 72 h (5), 22 and 46 h (40), 
and 48 h (41) after reperfusion onset. These discrepancies 
may result from differences in the ischemia- reperfusion 
regime, selected time points, monitoring duration, and 
intervals. Our data show a continuous post- ischemic 
BBB leakage to EB from 1 h to 7 days after reperfusion 
onset with two peaks: the first appeared at 6 h and the 
second at 7  days, which is in line with previous MRI 
findings (7, 8).

Previous studies have emphasized the predominant 
role of the disassembly and reassembly of endothelial TJs 
in contributing to biphasic changes in ischemia- induced 
BBB leakage (3, 11, 14, 16). However, no ultrastructural 

evidence of TJ breakdown has been provided in these 
studies. In the current study, we studied the changes in 
BBB TJ ultrastructure in the ischemic cortex at a series of 
time points (1, 3, 6, 12 h, 1, 2, 5, and 7 days) after t- MCAO 
onset. We found a continuous appearance of functional 
TJ ultrastructure in the ipsilateral stroke cortex, charac-
terized by an abrupt cessation of tracer at the “kissing 
points” where the TJs are positioned. These data clearly 
demonstrate that increased BBB leakage is not because 
of changes in TJs under our experimental conditions. 
Surprisingly, we consistently observed significantly in-
creased free vesicles and lanthanum- containing vesicles 
in the ECs of ischemic BBB at all the time points, in-
dicating an increased rate of transcytosis. Notably, the 
t- MCAO- induced increase of vesicles in BBB ECs also 
showed a biphasic pattern during the 7- day reperfusion, 
and similar to BBB leakage, the two peaks were also de-
tected at 6 h and 7 days after reperfusion onset. These 
data indicate that the time course of vesicle change syn-
chronizes well with the increase in BBB permeability, 
suggesting that under our experimental conditions, ac-
tivation of previously neglected vesicle- mediated trans-
cytosis may be the primary cause of BBB permeability 
increase within the first week of ischemic stroke.

Consistent with our data, an early increase in endo-
thelial caveolae vesicles at 6 h has also been reported to 
be responsible for the first peak of BBB permeability in a 
previous study (15). However, unlike our results, in that 
study, TJ abnormalities, including gaps or protrusions, 
were observed at later time points (48– 58 h after reper-
fusion) and were proposed to account for the second 
increase in BBB permeability. This discrepancy may be 
because of the differences in stroke severity, monitoring 
time point selection, and TJ structure observation meth-
ods. The gaps or protrusions of a small segment of TJs 
detected under an EM may not mean a real abnormal 
function of the whole TJs.

In addition to increased transcytosis within the ECs 
of the ischemic BBB, we observed biphasic loss of the 
endothelial GCX, which covers the luminal surface of 
the capillary endothelium following t- MCAO. Moreover, 
the dynamic loss of the GCX correlates well with the 
temporal evolution of BBB breakdown, implicating 
a significant role of GCX degradation in BBB disrup-
tion. In addition, there is good synchronization between 
the vibration (increase/decrease) of vesicle number and 
GCX degradation/reconstruction during the 7- day 
reperfusion after t- MCAO. These data strongly suggest 
that GCX degradation may promote transcellular trans-
port and thus increase BBB permeability. Indeed, we ob-
tained several additional lines of evidence to support our 
hypothesis.

First, under physiological conditions, enzymatic deg-
radation of the GCX of the normal BBB induces evident 
endothelial transcytosis and tracer leakage across the 
BBB, indicating that decreased GCX coverage itself can 
promote transcellular transportation across the brain 
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capillary endothelium to increase BBB permeability in 
healthy mice. Surprisingly, the thickness of the cerebral 
endothelial GCX is much higher than that of the car-
diac and pulmonary capillary endothelial GCX (42), yet 
the number of caveolae vesicles in brain ECs was only 
one- tenth of that in peripheral vascular ECs (10). These 
findings raise an interesting hypothesis that the thick en-
dothelial GCX and low abundance of caveolae vesicles 
may be an intrinsic structural feature of the brain capil-
laries (i.e., the BBB) that maintains a very low transcel-
lular transport rate of the BBB and brain homeostasis.

Second, under ischemic stroke conditions, our data 
show that pharmacologically enhancing or protecting 
against endothelial GCX degradation in t- MCAO mice 
accordingly increases or decreases the number of func-
tional HRP- filled vesicles, leading to aggravated or alle-
viated BBB permeability, respectively. Therefore, our data 
emphasize that transcytosis is the key factor limiting BBB 
permeability under physiological conditions or stroke con-
ditions in which the integrity of the GCX plays a key role.

From a clinical point of view, the finding that the 
GCX plays an essential role in the regulation of BBB 
permeability by regulating BBB transcytosis is of great 
significance. Brain edema caused by BBB disruption is 
the main cause of high mortality and disability in pa-
tients with various CNS diseases, especially stroke (2). 
However, current medical treatments focused on osmotic 
therapy, such as hypertonic saline and mannitol, and 
surgical interventions, such as decompressive craniec-
tomy, are often ineffective or incompletely understood 
(43). Our findings suggest that the effective treatment of 
brain edema can start from the new perspective of BBB 
transcytosis and targeting the GCX may not only be a 
new strategy for the prevention and treatment of brain 
edema but also be helpful for BBB drug delivery in the 
treatment of some life- threatening diseases.

It is generally accepted that vasogenic brain edema is 
directly caused by the leakage of vascular fluid from TJ 
rupture (2). However, within the first week after t- MCAO, 
we detected edema formation but no ultrastructural ev-
idence of TJ destruction. Is the endothelial transcytosis- 
mediated BBB breakdown a previously unrecognized 
contributor to cerebral vasogenic edema? We found that 
Cav1  knockdown significantly reduced BBB permea-
bility and brain edema induced by t- MCAO, suggesting 
that caveolae- dependent endothelial transcytosis plays 
an essential role in BBB disruption and secondary va-
sogenic brain edema. Notably, a recent study has shown 
that cerebrospinal fluid provides the earliest source of 
fluid that drives acute ischemic tissue swelling (44). On 
this basis, we propose that endothelial transcytosis plays 
a key role in vascular fluid influx, which directly results 
in brain edema in later stages when the BBB is open after 
stroke. This finding was further supported by the effect 
of the GCX degradation- induced vesicular transcytosis 
on brain edema formation. Our data showed that aggra-
vating GCX degradation with HAase or ameliorating 

GCX degradation with hydrocortisone augmented or 
reduced t- MCAO- induced brain edema, supporting a 
positive correlation between the extent of GCX degra-
dation and brain edema severity. In addition to its asso-
ciation with brain edema, we also showed that the extent 
of GCX degradation in ischemic cerebral capillaries is 
closely associated with infarction size. Although we did 
not further explore how GCX degradation augments 
brain infarction following t- MCAO, secondary injuries 
resulting from brain edema may be an important con-
tribution, such as high intracranial pressure, worsened 
blood supply, and augmented inflammation.

Src is a nonreceptor protein tyrosine kinase that acts 
as a critical regulator of the actin cytoskeleton and en-
dothelial permeability. It consists of a kinase domain, an 
Src- homology 2 (SH2) domain, and a 3 (SH3) domain (45). 
Src SH2 domain can be competitively bound by tyrosine 
phosphorylation molecules, thus promoting various im-
portant cellular functions by stimulating Src kinase ac-
tivation or enhancing downstream signal transduction 
(45, 46). Our data showed that GCX destruction induced 
Src- mediated Cav1 phosphorylation, which contributed 
to caveolae vesicle formation. Besides, the tyrosine phos-
phorylation level of syndecan1 increased, and this change 
was accompanied by the shedding of its ectodomain shed, 
which was consistent with the results obtained from the 
in vitro cell model (36). Moreover, we have demonstrated 
that syndecan1 is intrinsically bound to the SH2 domain 
of Src, and interestingly, this interaction is enhanced when 
GCX is destroyed. In a previous study, Src- mediated 
phosphorylation of syndecan1 has been shown to recruit 
cortactin and thus promote efficient actin- dependent en-
docytosis (35). Moreover, this enhanced interaction be-
tween Src and syndecan1 enhances the efficiency of Cav1 
trafficking and syndecan1 phosphorylation, leading to 
rapid modulation of cytoskeletal proteins and activation 
of caveolae- mediated endocytosis. Given the multitude 
of potential signaling molecules simultaneously released 
after GCX degradation in vivo, future studies using in 
vitro cellular models are required to identify the specific 
signal transduction involved in this process.

There are several limitations to this study. First, 
Mfsd2a has been shown to regulate BBB integrity in 
Mfsd2a−/− mice (3, 11), which is accompanied by in-
creased vesicle trafficking; however, the TJs appear to 
be intact, which is similar to what we observed for GCX 
damage in our t- MCAO model. However, we did not 
examine the possibility that Mfsd2a may regulate CNS 
endothelial transcytosis by modulating GCX or that 
Mfsd2a mediates the effect of GCX on endothelial tran-
scytosis. Second, although, consistent with our observa-
tion, emerging studies have found no TJ loss, we cannot 
completely exclude the possibility of TJs being open and 
closed instantaneously, and we may miss the time points 
to see these changes. Third, we did not design experi-
ments to determine the specific mechanisms underlying 
GCX redegradation at 7 days after reperfusion onset.
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In conclusion, this study is the first to reveal the essen-
tial role of the GCX in suppressing transcellular trans-
port in CNS endothelial cells to maintain BBB integrity. 
Our data also emphasize that GCX- regulated transcel-
lular transport across the BBB contributes significantly 
to the barrier function of the BBB in both normal and 
diseased conditions. GCX may be an essential target for 
manipulating BBB permeability to help with drug deliv-
ery to the brain or to protect against BBB injury under 
diseased conditions.
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Fig S1 Experimental procedure and flow diagram of 
the study. (A) Experimental procedures, drug delivery, 
and measurements after t- MCAO. (B) Flow diagram 
of the experiment. t- MCAO, temporary middle cere-
bral artery occlusion; EM, Electron Microscope; EB, 
Evans blue; TTC, 2,3,5- triphenyltetrazolium chloride; 
MRI, magnetic resonance imaging; GCX, glycocalyx; 
BBB, blood brain barrier; HAase, Hyaluronidase; hc, 
Hydrocortisone; HPase, heparinase; Cav1, caveolin1; 
HRP, horseradish peroxidase; WT, wild- type mice; i.v., 
intravenous injection; i.p., intraperitoneal injection.
Video S1 Live two- photon imaging within the cortical 
infarct region at 4 h and 20 min after t- MCAO
Video S2 Live two- photon imaging within the cortical 
infarct region at 5 h and 10 min after t- MCAO
Video S3 Live two- photon imaging within the cortical 
infarct region at 5 h and 50 min after t- MCAO
Video S4 Live two- photon imaging of the contralateral 
side after t- MCAO.
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