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Blood-brain barrier (BBB) disruption following ischemic stroke (IS) contributes to hemorrhagic transformation, brain

edema, increased neural dysfunction, secondary injury, and mortality. Brain endothelial cells form a para and transcellular

barrier to most blood-borne solutes via tight junctions (TJs) and rare transcytotic vesicles. The prevailing view attributes

the destruction of TJs to the resulting BBB damage following IS, recent studies define a stepwise impairment of the

transcellular barrier followed by the paracellular barrier which accounts for the BBB leakage in IS. The increased

endothelial transcytosis that has been proven to be caveolae-mediated, precedes and is independent of TJs

disintegration. Thus, our understanding of post-stroke BBB deficits needs to be revised, these recent findings could

provide a conceptual basis for the development of alternative treatment strategies. Presently, our concept of how BBB

endothelial transcytosis develops is incomplete and treatment options remain limited. This entry summarizes the cellular

structure and biological classification of endothelial transcytosis at the BBB and reviews the related molecular

mechanisms. Meanwhile, relevant transcytosis-targeted therapeutic strategies for IS and research entry points are

prospected.

Keywords: transcytosis ; caveolae ; blood-brain barrier ; ischemic stroke

1. Introduction

Endothelial transcytosis in the CNS is practically negligible under basal conditions, but a prominent feature following acute

neurologic injury. Specifically, the rapid increase of this process in IS brings forth the exact role and contribution of

endothelial transcytosis in the formation of a sound functional barrier. Delineating this fundamental question in normal

development and physiology provides fundamental understanding and key mechanisms dysregulated in stroke. To this

end, Chenghua Gu’s team employed a zebrafish model to investigate the involvement of endothelial transcytosis in a

vertebrate BBB development. In leveraging this powerful optically transparent model organism with live EM, Gu et al.

visualized in real-time the dynamic formation of the zebrafish BBB . Early development of the BBB corresponded with

high levels of neural endothelial, a process that is subsequently suppressed later in life. Notably, the timing of suppression

of brain endothelial transcytosis coincides with the establishment of BBB function . Similarly, in mice, the same group

reported that the formation of the functional blood-retinal barrier (BRB) was similarly conditional on the gradual

suppression of brain endothelial transcytosis . Furthermore, because functional TJs were already established on CNS

vasculature, the vascular leakage of the immature BRB was attributed exclusively to the process of endothelial

transcytosis . Correspondingly, Mfsd2a +/+ and Mfsd2a −/− mutant mice, with either increased or decreased

transcytosis, mirrored the aforementioned relationship between BRB integrity and transcytosis levels; elevated

transcytosis resulted in delayed BRB sealing and mice with suppressed transcytotic activity displayed earlier BRB sealing

. Therefore, CNS endothelial transcytosis governs the development of a functional BBB and BRB. The contingent

suppression of this process is informed by developmental stage, and time is a principal contributor to the formation of a

functional barrier.

2. Cellular Basis of BBB Structure and Endothelial Transcytosis

The remainder of this review briefly summarizes the cellular composition, biological classification, and molecular

regulatory mechanisms which underlie BBB endothelial transcytosis. Meanwhile, relevant transcytosis-targeted

therapeutic strategies for IS and research entry points are prospected.

The “sandwich” structure of the BBB determines that its constituent components, the ECs, pericytes, and astrocytes, are

structurally adjacent and functionally coordinated to control the influx and efflux of substances into the CNS. Pericytes

envelop ECs and are embedded within the basement membrane to facilitate extensive and reciprocal intrasignaling.

Several influential studies have shown that the precise ratio of pericytes to ECs is critical to BBB integrity; pericytogenesis

 results in BBB impairment, due to increased endothelial transcytosis. In pathological conditions such as IS, an
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increase of CNS endothelial vesicles is accompanied by a change of coverage from pericytes at the basement

membrane, the swelling of astrocytic end-feet and their mitochondrial dysfunction  ( Figure 1 ). In young mice,

ischemia led to a significant increase in the pericytes process area and vessel coverage over 72 h post ischemia whereas

these changes were abrogated with aging. Besides, Caveolae-like vesicles similar to those found in the ECs were also

observed in pericytes at 3 and 72 h after ischemia . An influential study found that the physiological blood-brain plasma

protein uptake is impaired with age by a shift in transcytosis from ligand-specific receptor-mediated to nonspecific

caveolar transcytosis, and this age-related shift in transport occurred alongside a specific loss of pericytes coverage .

These findings indicate that pericytes also produce barrier function by regulating endothelial transcytosis; however, the

specific genes in pericytes and the paracrine signal mechanisms regulating barrier function between pericytes and ECs

remain undefined.

Figure 1. Schematic representation of changes in blood-brain barrier (BBB) integrity and permeability in acute ischemic

stroke (IS). In physical conditions, the selective permeability of the BBB is attributed to rare vesicles and negligible

transcytosis in central nervous system (CNS) endothelial cells (ECs) and specialized tight junctions (TJ) between ECs.

The major facilitator superfamily domain containing 2a (Mfsd2a) is selectively expressed in BBB-containing blood vessels

and regulated by pericytes. Mfsd2a establishes a unique lipid environment that inhibits caveolae vesicle formation in CNS

ECs to suppress transcytosis and ensure BBB integrity. In IS, the number of endothelial caveolae and caveolae-mediated

transcytosis rates increase as early as 6 h after ischemia, macromolecular substances such as albumin can be

transported through caveolae-mediated transcytosis, while TJ displayed profound structural defects only after 48 h. The

increase of CNS endothelial vesicles is accompanied by a change of pericytes basement membrane coverage and the

swelling of astrocytes’ end-feet and their mitochondria.

3. Biological Classification of BBB Endothelial Transcytosis

Transcytosis is the vesicular trafficking of molecules between the luminal and abluminal cell membranes. Macromolecules

are first endocytosed or internalized by vesicles on one side of the cell, trafficked in vesicles, and then exocytosed or

released on the other side of the cell. It remains poorly understood what type of vesicles and different transcytosis

mechanisms are involved. How vesicle formation and transcytosis are maintained at low levels in brain ECs is also

unknown. The current consensus postulates that transcytosis in CNS endothelial cells can be divided into two categories:

receptor-mediated transcytosis (RMT), in which ligand-receptor binding mediates endocytosis such as transferrin and

insulin , and nonselective adsorptive transcytosis, in which charged interactions between the molecule and plasma

membrane facilitates cargo entry, such as with albumin. Interestingly, a recent study with C57BL/6 mouse revealed

decreased plasma protein transport activity through the BBB in the aged brain driven by an age-related shift in transport

from ligand-specific receptor-mediated to nonspecific caveolar transcytosis .

The two known major endocytic pathways at the BBB are clathrin-mediated and caveolae-mediated . Clathrin-mediated

transcytosis is the endocytosis of cargo through clathrin-coated vesicles and is ubiquitous in all cell types . Most RMT is

clathrin-mediated, such as transferrin and insulin transport . A review by Xu et al.  provides an in-depth description of

this complicated process. Prior reports point to the caveolae-mediated mechanism as predominant in CNS endothelial

transcytosis after acute IS . Consequently, IS-induced transcytosis has focused intensely upon alterations of

caveolae and relevant proteins. Caveolae are omega-shaped invaginations of the plasma membrane approximately 60–

80 nm in length, and are rich in cholesterol and glycosphingolipids . The caveolae were first observed by George

Palade et al., who also put forth the notion of caveolae vesicles as mass-carriers of fluid and solutes across the ECs .

Subsequent studies have confirmed Palade’s hypothesis, identifying macromolecular substances like albumin, which are

transported via caveolae-mediated transcytosis . Conversely, caveolae-deficient ECs showed deficiencies in the uptake

and transport of albumin in periphery  and CNS .
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Caveolin and cavin play a key role in the formation of caveolae. Cavin is an adaptive protein that forms oligomers crucial

for membrane bending, and caveolin is an integral membrane protein that binds to cytosolic cavin to form small vesicles

. Caveolin (Cav) can be subdivided into three groups based on their interactive functions with cavin: Cav-1, Cav-2,

and Cav-3. The latest data show that Cav-1 and cavin-1 act synergistically to generate a unique lipid environment in

caveolae . In the brain, Cav-1 and Cav-2 are mainly expressed in ECs, Cav-3 is expressed in astrocytes, and notably,

only Cav-1 is considered to be essential for caveolae formation .

4. Molecular Regulatory Mechanisms of Caveolae-Mediated Transcytosis
in IS

Increasingly, studies associate Cav-1 with the permeabilized BBB following various pathological conditions, including IS. It

has been found that Cav-1 expression increases in the rat cortical at 12 h after hypothermic brain injury, preceding the

decreased expression of occludin and claudin-5 at 48 h . Moreover, Phoneutria nigriventer spider venom (PNV)-

induced BBB breakdown and increased vesicle trafficking was related to increased Cav-1α expressions in cerebellar

capillaries and Purkinje neurons at 2, 5, and 24 h after brain injury. The major fraction of Cav-1 upregulation was localized

to the white matter and granular layers . The role of Cav-1 is highlighted in cortical spreading depolarizations (CSDs),

where injury-induced BBB permeability is specifically mediated by increased endothelial caveolae-mediated transcytosis

starting at 3~6 h and lasting up to 24 h . Notably, CSD-induced BBB leakage was conspicuously absent in Cav-1 −/−

mice compared with age-matched wild-type (WT) controls . Knowland et al. report that transcellular, but not

paracellular, permeability is reduced in the cortical vessels of Cav-1 null mice at 6 and 27 h after t-MCAO. Cav-1

deficiency only significantly reduced the amount of circulating albumin transported into the brain parenchyma with

endosome vesicles routed, but no effects on biocytin-TMR or IgG transportation were detected . Moreover, TJ

ultrastructural morphology expression levels and subcellular localization of major TJs, claudin-5, occludin, and ZO-1, in

healthy brain ECs are indistinguishable between those of Cav-1 −/− mice .

These findings endorse the notion that upregulation of Cav-1 is functionally related to an increase in BBB permeability via

increased endothelial transcytosis. Given the important role of caveolae and Cav-1 in early BBB breakdown following IS,

they are attractive targets of modulation to attenuate BBB dysfunction, and thus theoretically provide the downstream

benefits of arresting edema formation and infiltration of peripheral immune cells, crucial elements for improving stroke

outcomes. Still, it is worth mentioning that studies have also reported that Cav-1 deficiency can aggravate the injury of IS.

Work by Knowland et al. supports the divergent detrimental effects of deficiency, showing increased lesion volumes in

Cav1 −/− mice compared to WT controls . Hirt and colleagues demonstrated a protective role of endogenous Cav-1 in

the first week of IS which acted to promote neovascularization, astrogliosis and scar formation . Furthermore,

increased expression of Cav-1 was found in new blood vessels in the lesion and peri-infarct areas. Cav1 −/− mice also

displayed enhanced hemispheric swelling, lesion volume, and worsened neurological outcomes compared to WT controls.

These worsened outcomes coincided with reduced neovascularization and modified astrogliosis, without the formation of

proper glial scarring around the lesion at 3 days post injury , decreased perivascular AQP4 expression in peri-infarct

and contralateral cortical regions, and impaired perivascular AQP4 covering , of stroked Cav1 −/− mice. Gu et al.

recently showed that, unlike other vascular segments of ECs in the CNS, arteriolar ECs have abundant caveolae and

actively relay signals from the CNS to smooth muscle cells through a caveolae-dependent pathway to realize vasodilation,

which is independent of the endothelial NO synthase (eNOS)-mediated NO pathway . In patients, a clinical study

suggested that the loss of Cav-1 may be associated with the hemorrhagic transformation following IS. Castellanos M. et

al. tested the serum Cav-1 levels of 133 first-time stroke patients that underwent thrombolytic therapy with recombinant

tissue plasminogen activator (rt-PA) within 4.5 h after the onset of symptoms were detected. Results showed circulating

Cav-1 levels in stroke patients were higher than those of healthy controls, while the basic level of serum Cav-1 in patients

with substantive and symptomatic hemorrhage was lower than that in other patients. The level of serum Cav-1 in patients

with hemorrhagic transformation remained stable within 72 h after stroke, while the level of serum Cav-1 in other patients

decreased during this period, suggesting that a low serum Cav-1 level can be used as an independent predictor of

hemorrhagic transformation after r-tPA treatment .

Significant differences differentiate barrier characteristics and vesicle numbers between central and peripheral ECs;

whether BBB ECs express a specific set of genes that govern the formation and maintenance is a major outstanding

question. Again, innovative work from the Gu team illuminated answers to this question. Gu et al. identified over 200

highly expressed differential genes in cortical ECs that are barely expressed in lung ECs . Among these differentially

expressed genes, the major facilitator superfamily domain containing 2a (Mfsd2a) stands out as selectively expressed in

BBB-containing blood vessels and regulated by pericytes . Previously, Mfsd2a was reported to be a transmembrane

protein expressed in the placenta and testis, which have highly restrictive barrier properties . Mfsd2a mutants display

continuous BBB leakage from embryo to adulthood , and EM imaging shows a dramatic increase in CNS ECs
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transcytosis without obvious TJs abnormality . Further studies showed that the lipid transport function of Mfsd2a may

lead to a significant difference in lipid signaling between the CNS and peripheral ECs; lipids transported by Mfsd2a

establishes a unique lipid environment that inhibits caveolae vesicle formation in CNS ECs to suppress transcytosis and

ensure BBB integrity . These findings identify Mfsd2a as a key regulator of BBB function that may act by

suppressing caveolae-mediated transcytosis in CNS ECs. Based on the reviewed literature, it is our belief that the

preclinical experimental data indicate that caveolae-mediated transcytosis is actively inhibited in CNS ECs to ensure BBB

integrity, which presents a promising therapeutic target that warrants future study ( Figure 1 ).

Increased BBB permeability is correlated to hemorrhagic transformation, which represents the main limitation of rt-PA

thrombolytic therapy in IS. Presently, tPA remains the only approved therapeutic treatment available for IS patients;

however, strict inclusion criteria and a limited therapeutic time window limit its ubiquitous usage for patients. Creative

strategies to overcome these realities would substantially alter the treatment approach for IS and benefit many patients

yearly. Suzuki et al. showed that the transient increase of BBB permeability is related to the endothelial transcytosis in the

ischemic area, which is partially regulated by vascular endothelial growth factor (VEGF) . They found that rt-PA

treatment at 4 h after MCAO transiently increased BBB permeability, accompanied by increased endothelial transcytosis

in ischemic regions that could be inhibited by low-density lipoprotein receptor family (LDLRs) or VEGF receptor-2

(VEGFR-2) antagonists. In the immortalized bEnd.3 ECs ischemic model, rt-PA upregulated VEGF expression and

VEGFR-2 phosphorylation in an LDLR-dependent manner. rt-PA treatment further increased monolayer endocytosis and

transcytosis of bEnd.3 ECs, which could also be inhibited by antagonists such as LDLR, VEGF, or VEGFR-2. The authors

suggested that rt-PA increases the permeability of BBB in IS by inducing VEGF, which partially mediates the subsequent

increase of endothelial transcytosis. Although the investigation is still in an early phase, modulating endothelial

transcytosis may improve tPA efficacy or tolerability, and studies inhibiting the production of VEGF may complement

thrombolytic therapy of rt-PA after stroke ; Interestingly, recent studies have indicated that besides the most well-

studied angiogenic growth factors, the guidance molecules also play a role in post stroke BBB leakage . Rust et al.

demonstrated that anti-Nogo-A antibodies partially reverse the VEGF-induced BBB leakage when coadministrated

through implanted mini-osmotic pumps for seven consecutive days after stroke. Moreover, anti-Nogo-A antibodies have

similar proangiogenic effects as local VEGF treatment and do not increase vascular permeability in the peri-infarction

regions . Whether their mechanism of action is related to the inhibition of endothelial transcytosis remains unclear.

However, this does provide a novel therapeutic strategy, and considering the broad impact of expanding tPA access all

promising avenues should be investigated.
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