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The blood-brain barrier (BBB) functions as a dynamic boundary that protects the central nervous system from blood and plays an important role in maintaining the homeostasis of the brain. Dysfunction of the BBB is a pathophysiological characteristic of multiple neurologic diseases. Glycocalyx covers the luminal side of vascular endothelial cells(ECs). Damage of glycocalyx leads to disruption of the BBB, while inhibiting glycocalyx degradation maintains BBB integrity. Heparin has been recognized as an anticoagulant and it protects endothelial glycocalyx from destruction. In this review, we summarize the role of glycocalyx in BBB formation and the therapeutic potency of heparin to provide a theoretical basis for the treatment of neurological diseases related to BBB breakdown.
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Introduction

The blood-brain barrier (BBB) acts as a blockade to prevent harmful substances from entering the brain and thus protects the normal operation of cerebral cells. This protective function depends on the unique and dynamic structure of the BBB, which is composed of capillary endothelial cells with tight junction, basement membrane and astrocytic endfeet (1, 2). Damage to this structure leads to the dysfunction of the BBB and subsequent disorder of brain activity, which has been demonstrated in various neurological diseases (3, 4).

Glycocalyx refers to glycoproteins and proteoglycans that covers the luminal surface of endothelial cells with a gel-like characteristic. This special structure contributes to the formation of a physical and charged barrier (5–8) and mediates mechanical transduction (9, 10), vascular permeability and the inflammatory response (11, 12). The role of this proteoglycan coat in activating antithrombin has been well demonstrated. Dysfunction of the BBB has been associated with aberrations in glycocalyx generation and function.

Heparin is a strongly acidic polysulfated mucopolysaccharide that was named based on its first identification in liver tissue. It also resides in tissues such as the lung, vascular wall and intestinal mucosa as a natural anticoagulant. Heparin protects endothelial glycocalyx from degradation and thus shows efficacy in mitigating cerebral cell impairment and improving prognosis in diseases with BBB dysfunction, such as subarachnoid hemorrhage (13, 14), traumatic brain injury (TBI) (15)and epilepsy (16). In this brief review, we summarize several recent studies on BBB derangement, focusing on the role of glycocalyx as well as the therapeutic value of heparin. We further discuss several hypothetical mechanisms underlying the benefits of these two regulators.



BBB

The BBB is present between the brain and vascular tissues in the central nervous system, including penetrating arteries and arterioles, dense capillary beds, posterior capillary venules, and drainage venules (17). It is mainly composed of brain microvascular endothelial cells, pericytes, astrocytes and acellular components of the basement membrane (BM) (18, 19). The crucial utility of BBB in maintaining the environmental balance within the brain has been investigated in detail. Its protective function is achieved by inhibiting the entry of peripheral immune cells to brain tissue, delivering nutrients, removing toxic substances, and controlling the solute exchange between blood and brain. The BBB also works as a semi-permeable barrier to regulate the inflow and outflow of molecules (20, 21).

Nerve signaling within the central nervous system (CNS) requires a highly controlled microenvironment. BBB, Blood-CSF barrier and arachnoid barrier form barriers between the blood and CNS. The BBB at the level of cerebral microvascular endothelium is the main site of blood exchange in the central nervous system. All organisms with well-developed central nervous systems have a BBB (22). In the brain and spinal cord of mammals, including humans, the BBB is produced by ECs that form the walls of capillaries. The combined surface area of these microvessels constitutes by far the largest blood-brain exchange interface, with the total area used for exchange, in the average adult brain being between 12 and 18 square centimeters. CNS vessels are continuous, non-porous vessels, but also contain a range of additional properties that enable them to tightly regulate the movement of molecular ions and cells between the blood and CNS (17, 23). The severe restrictions on the barrier ability makes the BBB to strictly regulate the steady state of the central nervous system, the function and protect the central nervous system neurons in the normal from the effects of toxin pathogens inflammatory injury and disease is very important. The BBB is characterized primarily within ECs, but is induced and maintained through key interactions with parietal cells, immune cells, glial cells, and nerve cells that interact at the neurovascular unit.

ECs are connected by tight junctions (TJs), a key feature of the BBB that significantly reduces the penetration of polar solutes through paracellular diffusion channels between plasma and brain cell extracellular fluid via endothelial cells (24, 25). In addition, CNS ECs contain two types of transporters. The first type is efflux transporter, which uses ATP hydrolysis to transport a wide range of small molecules back to the blood along concentration gradient (26). The second is a highly specific nutrient transporter that promotes the passage of specific nutrients into the central nervous system through the blood-brain barrier, as well as the clearance of specific wastes from the central nervous system into the blood (27). The outer membrane surface of EC is covered by the basement membrane. These membrane surfaces merge around capillaries, but separate behind capillaries at venules, forming a perivascular space for cerebrospinal fluid drainage for immunosurveillance (28). Pericytes play an important role in regulating angiogenesis, extracellular matrix deposition, wound healing, immune cell infiltration, and blood flow induced by neural activity, which locate outside the ECs and embed in the vascular basement membrane (29). Moreover, the BBB also contains Astrocytes. Astrocytes are a major glial cell type that tends to polarize cellular processes surrounding neuronal processes or blood vessels (30). The ends of the basal processes almost completely surround blood vessels and contain a discrete set of proteins including dystroclycan, dystrophin, and aquaporin 4. This astrocyte endothelial interaction is critical in regulating blood flow (31). Finally, CNS-associated macrophages are elongated cells located between astrocyte terminals and parenchymal blood vessels (mainly arteries and veins), and when they are inactive they extend along the perivascular space and provide the first line of natural immunity by phagocytic debris (32, 33).



BBB Dysfunction

Breakdown of the BBB occurs in a variety of neurological diseases, such as multiple sclerosis (MS), stroke, Alzheimer’s disease, vascular dementia, cerebral microvascular disease, brain trauma and epilepsy (34–43). BBB disruption leads to ion dysplasia edema and neuroinflammation, leading to neuronal dysfunction increased intracranial pressure and neuronal degeneration. However, the mechanisms of BBB dysfunction and their role in disease onset and progression or recovery are not fully understood. The term BBB breakdown conjudes up images of physical walls being broken down, allowing molecules to flow continuously from the blood into the brain. However, the BBB is not a wall, but a set of physiological properties, and changes are just one property (transcytosis transport) that can significantly alter the neural environment (44). Various mechanisms of BBB dysfunction cause different characteristics of central system diseases. Therefore, the BBB is not a switch, and it is crucial to understand the characteristics and consequences behind each instance of dysfunction.



Multiple Sclerosis (MS)

Central nervous system immune infiltration is a key step in the pathophysiology of MS. The primary sites of central nervous system immune monitoring in healthy persons are the blood CSF barriers of the choroid plexus and meninges, both of which are important sites of initial lymphocyte activation in experimental autoimmune encephalomyelitis (EAE) model (45–51). These immune cells first enter the perivascular space around posterior venules of capillaries (52), and enter the parenchyma after decomposition of basement membrane (53, 54). Leukocyte derived cytokines activate CNS ECs and induce expression of leukocyte adhesion molecules (50, 55, 56), resulting in a large number of immune cell infiltrates into the parenchyma. Limiting immune cell transport across the BBB has been shown to be effective against MS through preventing immune cells from interacting with endothelial VCAM1, greatly reducing the formation of new lesions (57). The time course of leakage was studied by dynamic magnetic resonance enhancement (58–61). Although barrier leakage is almost always present in new lesions, it is rarely observed in older lesions (58, 59). Interestingly, MRI evidence suggests that BBB permeability is the initial event for the formation of lesion subsets, but in other cases, lesion formation precedes barrier dysfunction (60).



Ischemia/Stroke

There are two stages of BBB dysfunction in stroke: increased nonspecific molecular endocytosis is the first stage of dysfunction, followed by structural changes in tight junctions (62). The leakage was evident in the first few hours after the initial injury, then decreased, and then reappeared the next day (63, 64). Most cell death resulting in neurological impairment occurs within a few days of stroke. Therefore, secondary BBB leakage may be an important therapeutic target. It also been reported to reduce infarct volume by leukocyte adhesion molecule knockout or antibodies to leukocyte adhesion molecules (65–68). So the importance of leukocyte infiltration in pathogenesis remains questionable.



Epilepsy

There is a clear link between epilepsy and BBB dysfunction. Experimental disruption of the BBB by osmotic shock can lead to epileptic seizures in patients (69), while diseases with impaired BBB such as infectious inflammatory stroke and traumatic brain injury also can lead to epileptic seizures and seizures (70). In addition, neuroinflammation has been speculated to be related to the etiology of epilepsy. The onset and recurrence of epilepsy can be inhibited by pharmacological or gene knockout blocking leukocyte vascular interactions (71). Interestingly, bbB-GLUT1-deficient patients develop epilepsy (72, 73), demonstrated the critical role of BBB transport in normal brain function. Brain tissue analysis of epileptic patients showed increased parenchymal albumin, suggesting large molecules of blood-brain extravasation (74, 75). At the visual level, there is also evidence that blood-brain barrier leakage can be seen on MRI enhancement in epileptic patients (76–78). In addition, patient samples showed a regional reduction of GLUT1 (79), and positron emission tomography showed reduced uptake and metabolism of epileptic foci (74, 80).



Alzheimer’s Disease (AD)

Cerebrovascular endothelial dysfunction and white blood cells crossing the BBB may be involved in the occurrence and development of neurodegenerative diseases such as AD and Parkinson’s disease (PD). Some imaging studies have found evidence of BBB leakage in AD patients and suggested that BBB dysfunction is an early biomarker of AD (4, 81–83). In addition to leakage, BBB Aβ transport dysfunction may also lead to pathological changes in AD (84, 85). Late glycation end-product receptor (RAGE) inputs Aβ into the central nervous system (86). RAGE activity was hypothesized to drive CNS amyloid deposition in AD patients (87). In contrast, soluble LRP and ApoE are both Aβ chaperones on the cell surface, which are associated with the clearance of receptors and promote Aβ extrusion from the brain back into the blood through the blood-brain barrier (88). In AD, these interstitial channels seem to be altered, which is hypothesized to lead to the accumulation of soluble Aβ in the perivascular space and the formation of toxic Aβ oligomers (89). Soluble amyloid B can also stimulate the metastasis of monocytes, enhance the pathology of Tau protein, induce the secretion of pro-inflammatory cytokines (TNF and IL-6) and chemokines, activate the activator MT1-MMP of MMP-2, stimulate the production of MMP-9, and activate the production of reactive oxygen species (ROS) (90). However, a recent study found that BBB dysfunction is an early marker of cognitive decline unrelated to Aβ or Tau accumulation (83), but more details are needed regarding the extent of BBB dysfunction at various points during the AD time course.



Glycocalyx in BBB Integrity and Activity

Glycocalyx covers the surface of the lumen side of vascular endothelial cells. Glycocalyx is mainly composed of proteoglycan (PG) of varying sizes and the negatively charged glycosaminoglycan (GAG) side chain (43). The core proteins of glycocalyx bind to the cell membranes through transmembrane domains (syndecans) or glycosylphosphatidylinositol anchors (glypicans). GAG side chains are divided into five types: heparin sulfate (which accounts for 50%–90% of GAG side chains), chondroitin sulfate, hyaluronan, keratin sulfate and dermatan sulfate. Endothelial glycocalyx constitutes neurovascular units, an important physiological structure that guarantees neuronal homeostasis and the integrity of the vascular wall (91).

However, what exactly is the relationship between glycocalyx and BBB? Nikolay Kutuzov.et al used two-photon microscopy to document the passive transport of four different sizes of luciferin sodium (376 Da), Alexa Fluor (643 Da), 40 kda dextran and 150 kda dextran from the blood to the brain at the individual cortical capillary level in anesthetized mice. This experiment supports that the BBB consists of a calyx glycosus on the lumen side of the endodermis, the endothelium itself, and the extravascular lumen (92) (Figure 1).




Figure 1 | Components of the tripartite BBB. Glycocalyx is located on the endothelial surface of blood vessels and is in contact with various components in the blood. It is the first line of defense of BBB.



Regarding the mechanisms underlying the protective function of glycocalyx in endothelial performance, the formation of a physical barrier between plasma and endothelial cells is the most critical factor as it reduces the chance for harmful circulatory components to contact the endothelial surface (93). A complete and stable endothelial glycocalyx inhibits the interaction between not only molecules but also blood cells and endothelial cells (94–96). The degradation of the endothelial glycocalyx during inflammation or ischemic disease enhances the interactions between blood cells and endothelial cells (95, 97), which causes endothelial dysfunction and damage to the BBB. Moreover, the physical barrier of the endothelial glycocalyx mitigates the oxidative stress–induced BBB dysorganization. As described above, the endothelial glycocalyx contains a charged side chain with a large number of sulfate residues, especially heparin sulfate. This feature confers endothelial glycocalyx a net negative charge, and thus it acts like a giant molecular sieve that resists negatively charged molecules. This kind of surface also forms an electrostatic barrier for plasma cells and proteins (8).

Another trait of glycocalyx in regulating shear stress imposed on vascular endothelium has been uncovered. Some studies demonstrated the role of glycocalyx in mechanical transduction (9, 10) as its specific structure translates mechanical forces into biochemical signals, such as the activation of endothelial nitric oxide synthase and the formation of nitric oxide (NO) (98). Under normal physiological conditions, the adhesion molecules of endothelial cells, such as PECAM, VCAMs and ICAMs, are hidden in the structure of glycocalyx (11), which also prevents the interaction of platelets or leukocytes with endothelial cells. During inflammation, the endothelial glycocalyx is destroyed by TNF-α and LPS as well as activated mast cells, which release cytokines, proteases, histamine, and HPSE. Disruption of the glycocalyx exposes endothelial cells to adhesion molecules, triggering the rolling and adhesion of leukocytes and platelets (12) and leading to the coagulation of blood. In addition, antithrombin III blocks thrombin activation factor IX and activation factor X. This anticoagulant activity is enhanced by binding heparin sulfate. Moreover, heparin cofactor II is activated after the stimulation of GAG by dermatan sulphate. Thromboxane contains chondroitin sulfate, another GAG that interacts with thrombin to mobilize protein C anticoagulant pathways. Tissue factor pathway inhibitors depress the activity of VIIA and Xa by binding to heparin sulfate (11) (Figure 2).




Figure 2 | Diagram of the relationship between glycocalyx and the blood-brain barrier in health and dysfunctional states. In health: The intact glycocalyx can limit vascular wall permeability to macromolecules (including albumin).In dysfunction: When damage affects both the glycocalyx, increases in the vascular wall permeability will result, resulting in leukocyte adhesion and thrombosis. BM, basement membrane; TJ, tight junction; EC, endothelial cell.



Endothelial glycocalyx coats healthy vascular endothelium and plays an important role in vascular homeostasis. Although cerebral capillaries are categorized as continuous, as are those in the heart and lung, they likely have specific features related to their function in the blood brain barrier (99). In a previous experiment, C57BL6 mouse brain hearts and lungs were treated with an alkaline Fxative containing lanthanum, which preserves the structure of glycocalyx and is examined by scanning and transmission electron microscopy. It found that endothelial glycocalyx is present over the entire luminal surface of cerebral capillaries. The percent area physically covered by glycocalyx within the lumen of cerebral capillaries was about 40%, which is significantly more than in cardiac and pulmonary capillaries. Upon lipopolysaccharide-induced vascular injury, the endothelial glycocalyx was reduced within cerebral capillaries, but substantial amounts remained. By contrast, cardiac and pulmonary capillaries became nearly devoid of glycocalyx. These findings suggested the denser structure of glycocalyx in the brain is associated with endothelial protection and may be an important component of the blood brain barrier (99). However, in contrast with glycocalyx on other blood vessels, the specificity of the protective mechanism of glycocalyx on BBB is not known.

As an important protector of BBB integrity (100), glycocalyx is fragile and highly susceptible to adverse episodes such as ischemia-reperfusion, inflammation, trauma, sepsis, and high blood volume (11, 101). Major constituents of the glycocalyx, including syndecans, heparan sulphates and hyaluronan, are shed from the endothelial surface into blood and urine in a variety of acute and chronic clinical conditions (102, 103). Matrix metalloproteases may shed syndecans and heparanase, released from activated mast cells, cleaves heparan sulphates from core proteins. According to new data, not only hyaluronidase but also the serine proteases thrombin, elastase, proteinase 3 and plasminogen, as well as cathepsin B lead to loss of hyaluronan from the endothelial surface layer, suggesting a wide array of potentially destructive conditions (102) (Figure 3). It is worth mentioning that there are four types of Syndecans (numbered 1 through 4), but Syndecan-1 (sdc1) appears to be the most common type of endovascular endothelial surface, usually sdc1 has been measured in human studies. Although in SDC1 (-/-) mice it can be replaced by other proteoglycans to form hydrodynamically related glycocalyx (104), the loss of sdc1 induces a pro-inflammatory endothelial phenotype (105). The breakdown of physical barrier caused by the degradation of glycocalyx leads to the contact of endothelial cells with blood cells and other harmful components, evoking local inflammation, edema, platelet aggregation, oxidative stress, and loss of vascular reactivity (106, 107). In the nervous system, the degradation of endothelial glycocalyx increases the BBB permeability, promotes cerebral edema and impairs vasodilation. Previous studies revealed blood-brain membrane leakage and brain edema upon glycocalyx degradation after asphyxia, cardiac arrest and cardiopulmonary resuscitation in rats (108). Therefore, the repair of glycocalyx has emerged as a potential therapeutic target for multiple brain dysfunctions with BBB breakdown.




Figure 3 | Degradation of glycocalyx. Heparanase directly cleaves the heparan sulfate chains attached to core proteoglycans. Matrix metalloproteinases (MMPs) cleave proteoglycans (e.g. syndecan-1) directly from the endothelial cell membrane. Hyaluronidase cleaves the hyaluronan. HS, heparan sulfate; HA, hyaluronic acid; HPSE, heparanase; HAase, hyaluronidase; MMP, matrix metalloproteinase.



Organ or whole body ischemia followed by reperfusion, as found in cardiopulmonary bypass, repair of aortic aneurysms and deep hypothermic cardiac arrest, consistently give rise to elevated levels of sdc1 and heparan sulphate in blood (109). Cardiac arrest syndrome has also been associated with increased plasma syndecan, heparan sulphate and hyaluronan (110). Such phenomena presumably reflect shedding of the endothelial glycocalyx and may account for the development of edema and exacerbated leukocyte and platelet adhesion in reperfused tissue, which contributed to reperfusion damage (111–114). The mediators of ischemia and hypoxia-induced endodermis shedding may be adenosine and inosine, both of which are produced in large quantities by degradation of high-energy adenine nucleotides (ATP, ADP) under hypoxia. Both are stimulants of adenosine type 3 receptors found on human mast cells (115, 116). At least those resident mast cells found in the human myocardium contain granular stores of the enzyme heparanase, release of which into the extracellular space will cause cleavage of heparan sulphate from the endothelial glycocalyx (117, 118). Mast cells also contain a large number of proteases cytokines and chemokines, and potential inducers of sinticon and hyaluronan sheddin (116, 119–121).

The relationship between glycocalyx destruction and disease may be most obvious in sepsis. An increase in plasma sdc1 concentration in individual patients is highly negatively correlated with survival (122–124). Similarly, serum hyaluronan concentration in critically ill patients, most of whom were sepsis patients, depend on the severity of the disease (125). In another study, anti-tumor necrosis factor -α (TNF-α) was used antibody Etanercide injection of lipopolysaccharide reduced the shedding of glycocalyx components in human volunteers (126). Experiments on isolated heart preparations have revealed massive destruction of the glycocalyx after application of TNF-α (119).

Respiratory failure associated with sepsis is accompanied by higher heparanase activity in blood and lung tissue than in normal human biopsies and by elevated plasma heparan sulphate and hyaluronan levels (127, 128). In a mouse model of sepsis, shedding of lung glycocalyx heparan sulphate was induced by lipopolysaccharide (LPS) via TNF-α. The authors speculate that this occurs through activation of endothelial heparinase. Subsequent lung microvascular degradation of glycocalyx promotes adhesion of neutrophils (PMN) (127). PMN contains many proteolytic enzymes, including serine protease elastase and protease 3. These enzymes may explain the cleavage of the syndecans protein core and the shedding of hyaluronan by proteolysis of hyaluronan binding receptor CD44 (129, 130). To determine whether elastin is released from neutrophils attached to the vascular wall, Bernhard F. Pecker et al. injected human neutrophils prestimulated by fMLP into the isolated coronary artery system of guinea pig hear and stained them with anti-human elastin antibodies. Immuno-histochemical examination revealed elastase, both in granula within the PMN and beginning to spread out from the PMN along the surface of the endothelial vessel lining, then into the glycocalyx (102).



Heparin Ameliorates BBB Dysfunction by Regulating Glycocalyx

Heparin is a type of glycosaminoglycan with anticoagulant and anti-inflammatory features that has been widely used in clinical practice to prevent venous thromboembolism (VTE). Glycosaminoglycan belongs to glycocalyx in essence, so the heparin acts as an exogenous glycosaminoglycan to repair or protect glycocalyx (131). Recently, some animal studies and clinical trials have revealed other benefits of heparin in addition to its anticoagulant function, including protease modulation, anti-complement and anti-inflammatory activities (132, 133). Moreover, heparin regulates angiogenesis (134), leucocyte recruitment (135), platelet activation (136), adhesion molecule expression (137), and cytokine release stimulated by lipopolysaccharide (LPS) (93). Yini et al. observed a reduction of glycocalyx shedding by therapeutic doses of heparin via inhibited inflammation in a canine septic shock model (138), which might be due to the inhibition of heparinase. In sepsis, heparin protects glycocalyx from degradation by inhibiting HPSE and the subsequent decomposition of heparin sulfate. A preclinical study reported that the thinning of the glucose calyx layer in pulmonary microvessels was caused by the degradation of heparin sulfate upon TNF-α-dependent heparinase activation, which was weakened by heparin treatment (127). As heparinase promotes MMP expression, heparin, by inhibiting heparinase activity, also reduces MMP levels (139).

The efficacy of heparin in treating BBB dysfunction has also been previously reported. In subarachnoid hemorrhage (SAH), heparin infusion showed benefits for prognosis (13, 14). In preclinical models of SAH, heparin infusion reduced the inflammatory response in brain tissue (14), which might be ascribed to the reduction of leukocyte extravasation (140). Simard JM et al. made rat models of SAH in the experiment. The rats were implanted with mini-osmotic pumps that delivered either vehicle or unfractionated heparin (10 U/kg/h IV) beginning 12 h after SAH. The result showed that administration of heparin significantly reduced neuroinflammation, demyelination, and transsynaptic apoptosis (14). Similarly, James RFet alretrospectively analyzed all patients treated with aSAH between July 2009 and April 2014. In this study, the Montreal Cognitive Assessment (MoCA) was used to evaluate cognitive changes in aSAH patients treated with the Maryland LDIVH protocol compared with controls. This study suggests that the Maryland LDIVH protocol may improve cognitive outcomes in aSAH patients. But a randomized controlled trial is needed to determine the safety and potential benefit of unfractionated heparin in aSAH patients (13).

Brain injury accounts for death or disability from trauma, with persistent tissue inflammation and neurological impairment. This would lead to poor outcomes, including cognitive impairment, paralysis, coma, and brain death. Persistent post-injury inflammation is thought to be the result of BBB breakdown, with massive fluid and cell leakage into the stroma causing cerebral edema. Circulating leukocytes interact with endothelial cells in microcirculation (141, 142), and then cause the release of toxic substances (143–145). Animal studies showed that the early repeated administration of heparin after TBI reduced the contact between active leukocytes and endothelium in the peripheral microcirculation (145), which also diminished the local venular albumin leakage (144). Another study analyzed patients with severe TBI admitted to a level 1 trauma center in 2009-2010. These patients were classified into one of three groups. Those who received the first dose of prophylactic subcutaneous heparin or LMWH in the first 72 hours after admission (early) or 5 days or more after admission (late). The others receiving initial prophylactic heparin analogs after 72h and before 120h after admission were classified into the intermediate group. The results of this study indicate that the slowest progression of brain injury on repeated head CT scans was in the early group up to 10 days after admission. It suggested that early administration of heparin in patients with severe TBI improved patient prognosis (15). In the case of status epilepticus (SE), animal epilepsy models showed that BBB damage allows leukocytes, cytokines, chemokines and fluids to enter the brain parenchyma when the glycocalyx is degraded. Astrocytes and microglia were activated, which aggravated the inflammatory response and tissue edema in the brain and further damaged the BBB, forming a vicious cycle. In this experiment, the mice treated with heparin showed less degradation of glycocalyx after SE compared with the control group. It suggested the importance of glycocalyx degradation in cerebral edema and SE outcome, and indicated heparin treatment might be a new strategy for brain protection in SE (16).



Discussion

Normal neurological function depends on various balance machinery inside brain, particularly regulation of the BBB. Endothelial glycocalyx acts as an important component affecting BBB function. Notably, endothelial glycocalyx is susceptible to damage, resulting in the BBB breakdown and the aggregation of brain injury. Restoration or maintenance of the structure and function of endothelial glycocalyx is a promising therapeutic strategy for various brain disorders. Therefore, studies on the relationship between the endothelial glycocalyx and the integrity of BBB have drawn much attention. The glycocalyx of the vascular endothelial cells of the nervous system is thicker than that of the heart and pulmonary. However, no study has been conducted to explain the significance of these two different phenomena. In sepsis and other systemic diseases, whether the nervous system is less vulnerable to damage due to thicker glycocalyx. It is also the direction of our next research. Heparin has shown considerable potency for the protection of glycocalyx, which alleviates the manifestation and improves the prognosis of neurological diseases associated with BBB dysfunction. But at present, there are few studies on the treatment of BBB with heparin, especially clinical studies. Clinical studies have shown improvement in brain function through clinical scores and imaging. Animal experiments also demonstrated the therapeutic effect of heparin through parameter measurement. These studies cannot fully suggest that heparin has a positive effect on glycocalyx integrity or BBB functionality. Moreover, heparin itself is an anticoagulant substance, in order to ensure the safety of patients with subarachnoid hemorrhage, a large number of clinical trials are still needed to study the complications of using heparin in such patients. The glycocalyx acts as part of the blood-brain barrier, and even more as part of the nervous system. In turn, the nervous system as a whole has all its components connected to maintain its normal function. In the future, more basic and clinical studies on the extensive mechanism of heparin to maintain BBB integrity by protecting glycocalyx are warranted.



Author Contributions

MC, XL, and JZ: collected and analyzed the data. JZ and RY: drafted the article. XZ: revised and submitted the manuscript. All authors have read and approved the final version of manuscript.



Funding

The present review was supported by the Liaoning Natural Science Foundation (grant No. 2021-MS-188)



References

1. Abbott, NJ, Patabendige, AA, Dolman, DE, Yusof, SR, and Begley, DJ. Structure and Function of the Blood-Brain Barrier. Neurobiol Dis (2010) 37(1):13–25. doi: 10.1016/j.nbd.2009.07.030

2. Campos-Bedolla, P, Walter, FR, Veszelka, S, and Deli, MA. Role of the Blood-Brain Barrier in the Nutrition of the Central Nervous System. Arch Med Res (2014) 45(8):610–38. doi: 10.1016/j.arcmed.2014.11.018

3. Bell, RD, Winkler, EA, Sagare, AP, Singh, I, LaRue, B, Deane, R, et al. Pericytes Control Key Neurovascular Functions and Neuronal Phenotype in the Adult Brain and During Brain Aging. Neuron (2010) 68(3):409–27. doi: 10.1016/j.neuron.2010.09.043

4. Montagne, A, Barnes, SR, Sweeney, MD, Halliday, MR, Sagare, AP, Zhao, Z, et al. Blood-Brain Barrier Breakdown in the Aging Human Hippocampus. Neuron (2015) 85(2):296–302. doi: 10.1016/j.neuron.2014.12.032

5. Curry, FE, and Adamson, RH. Endothelial Glycocalyx: Permeability Barrier and Mechanosensor. Ann BioMed Eng (2012) 40(4):828–39. doi: 10.1007/s10439-011-0429-8

6. Zeng, Y, Zhang, XF, Fu, BM, and Tarbell, JM. The Role of Endothelial Surface Glycocalyx in Mechanosensing and Transduction. Adv Exp Med Biol (2018) 1097:1–27. doi: 10.1007/978-3-319-96445-4_1

7. Xia, Y, and Fu, BM. Investigation of Endothelial Surface Glycocalyx Components and Ultrastructure by Single Molecule Localization Microscopy: Stochastic Optical Reconstruction Microscopy (STORM). Yale J Biol Med (2018) 91(3):257–66.

8. Reitsma, S, oude Egbrink, MG, Vink, H, van den Berg, BM, Passos, VL, Engels, W, et al. Endothelial Glycocalyx Structure in the Intact Carotid Artery: A Two-Photon Laser Scanning Microscopy Study. J Vasc Res (2011) 48(4):297–306. doi: 10.1159/000322176

9. Tarbell, JM, and Pahakis, MY. Mechanotransduction and the Glycocalyx. J Intern Med (2006) 259(4):339–50. doi: 10.1111/j.1365-2796.2006.01620.x

10. Drake-Holland, AJ, and Noble, MI. Update on the Important New Drug Target in Cardiovascular Medicine - the Vascular Glycocalyx. Cardiovasc Hematol Disord Drug Targets (2012) 12(1):76–81. doi: 10.2174/187152912801823183

11. Becker, BF, Chappell, D, Bruegger, D, Annecke, T, and Jacob, M. Therapeutic Strategies Targeting the Endothelial Glycocalyx: Acute Deficits, But Great Potential. Cardiovasc Res (2010) 87(2):300–10. doi: 10.1093/cvr/cvq137

12. Ait-Oufella, H, Maury, E, Lehoux, S, Guidet, B, and Offenstadt, G. The Endothelium: Physiological Functions and Role in Microcirculatory Failure During Severe Sepsis. Intensive Care Med (2010) 36(8):1286–98. doi: 10.1007/s00134-010-1893-6

13. James, RF, Khattar, NK, Aljuboori, ZS, Page, PS, Shao, EY, Carter, LM, et al. Continuous Infusion of Low-Dose Unfractionated Heparin After Aneurysmal Subarachnoid Hemorrhage: A Preliminary Study of Cognitive Outcomes. J Neurosurg (2018), 1–8. doi: 10.3171/2017.11.jns17894

14. Simard, JM, Tosun, C, Ivanova, S, Kurland, DB, Hong, C, Radecki, L, et al. Heparin Reduces Neuroinflammation and Transsynaptic Neuronal Apoptosis in a Model of Subarachnoid Hemorrhage. Transl Stroke Res (2012) 3(Suppl 1):155–65. doi: 10.1007/s12975-012-0166-9

15. Kim, L, Schuster, J, Holena, DN, Sims, CA, Levine, J, and Pascual, JL. Early Initiation of Prophylactic Heparin in Severe Traumatic Brain Injury Is Associated With Accelerated Improvement on Brain Imaging. J Emerg Trauma Shock (2014) 7(3):141–8. doi: 10.4103/0974-2700.136846

16. Li, X, Zhu, J, Liu, K, Hu, Y, Huang, K, and Pan, S. Heparin Ameliorates Cerebral Edema and Improves Outcomes Following Status Epilepticus by Protecting Endothelial Glycocalyx in Mice. Exp Neurol (2020) 330:113320. doi: 10.1016/j.expneurol.2020.113320

17. Daneman, R. The Blood-Brain Barrier in Health and Disease. Ann Neurol (2012) 72(5):648–72. doi: 10.1002/ana.23648

18. Yao, Y, Chen, ZL, Norris, EH, and Strickland, S. Astrocytic Laminin Regulates Pericyte Differentiation and Maintains Blood Brain Barrier Integrity. Nat Commun (2014) 5:3413. doi: 10.1038/ncomms4413

19. He, Y, Yao, Y, Tsirka, SE, and Cao, Y. Cell-Culture Models of the Blood-Brain Barrier. Stroke (2014) 45(8):2514–26. doi: 10.1161/strokeaha.114.005427

20. Martìn-Padura, I, Lostaglio, S, Schneemann, M, Williams, L, Romano, M, Fruscella, P, et al. Junctional Adhesion Molecule, a Novel Member of the Immunoglobulin Superfamily That Distributes at Intercellular Junctions and Modulates Monocyte Transmigration. J Cell Biol (1998) 142(1):117–27. doi: 10.1083/jcb.142.1.117

21. Stamatovic, SM, Keep, RF, and Andjelkovic, AV. Brain Endothelial Cell-Cell Junctions: How to "Open" the Blood Brain Barrier. Curr Neuropharmacol (2008) 6(3):179–92. doi: 10.2174/157015908785777210

22. Abbott, NJ. Dynamics of CNS Barriers: Evolution, Differentiation, and Modulation. Cell Mol Neurobiol (2005) 25(1):5–23. doi: 10.1007/s10571-004-1374-y

23. Zlokovic, BV. The Blood-Brain Barrier in Health and Chronic Neurodegenerative Disorders. Neuron (2008) 57(2):178–201. doi: 10.1016/j.neuron.2008.01.003

24. Begley, DJ, and Brightman, MW. Structural and Functional Aspects of the Blood-Brain Barrier. Prog Drug Res (2003) 61:39–78. doi: 10.1007/978-3-0348-8049-7_2

25. Wolburg, H, Noell, S, Mack, A, Wolburg-Buchholz, K, and Fallier-Becker, P. Brain Endothelial Cells and the Glio-Vascular Complex. Cell Tissue Res (2009) 335(1):75–96. doi: 10.1007/s00441-008-0658-9

26. Shen, S, and Zhang, W. ABC Transporters and Drug Efflux at the Blood-Brain Barrier. Rev Neurosci (2010) 21(1):29–53. doi: 10.1515/revneuro.2010.21.1.29

27. Mittapalli, RK, Manda, VK, Adkins, CE, Geldenhuys, WJ, and Lockman, PR. Exploiting Nutrient Transporters at the Blood-Brain Barrier to Improve Brain Distribution of Small Molecules. Ther Deliv (2010) 1(6):775–84. doi: 10.4155/tde.10.76

28. Engelhardt, B, and Ransohoff, RM. Capture, Crawl, Cross: The T Cell Code to Breach the Blood-Brain Barriers. Trends Immunol (2012) 33(12):579–89. doi: 10.1016/j.it.2012.07.004

29. Sims, DE. The Pericyte–a Review. Tissue Cell (1986) 18(2):153–74. doi: 10.1016/0040-8166(86)90026-1

30. Abbott, NJ, Rönnbäck, L, and Hansson, E. Astrocyte-Endothelial Interactions at the Blood-Brain Barrier. Nat Rev Neurosci (2006) 7(1):41–53. doi: 10.1038/nrn1824

31. Mishra, A, Reynolds, JP, Chen, Y, Gourine, AV, Rusakov, DA, and Attwell, D. Astrocytes Mediate Neurovascular Signaling to Capillary Pericytes But Not to Arterioles [Published Correction Appears in Nat Neurosci. 2017 Jul 26;20(8):1189] [Published Correction Appears in Nat Neurosci. 2020 Sep;23(9):1176]. Nat Neurosci (2016) 19(12):1619–27. doi: 10.1038/nn.4428

32. Hickey, WF, and Kimura, H. Perivascular Microglial Cells of the CNS Are Bone Marrow-Derived and Present Antigen In Vivo. Science (1988) 239(4837):290–2. doi: 10.1126/science.3276004

33. Prinz, M, Erny, D, and Hagemeyer, N. Ontogeny and Homeostasis of CNS Myeloid Cells [Published Correction Appears in Nat Immunol. 2017 Jul 19;18(8):951]. Nat Immunol (2017) 18(4):385–92. doi: 10.1038/ni.3703

34. Martens, RJ, Vink, H, van Oostenbrugge, RJ, and Staals, J. Sublingual Microvascular Glycocalyx Dimensions in Lacunar Stroke Patients. Cerebrovasc Dis (2013) 35(5):451–4. doi: 10.1159/000348854

35. Yang, Y, and Rosenberg, GA. Blood-Brain Barrier Breakdown in Acute and Chronic Cerebrovascular Disease. Stroke (2011) 42(11):3323–8. doi: 10.1161/strokeaha.110.608257

36. van Vliet, EA, Aronica, E, and Gorter, JA. Role of Blood-Brain Barrier in Temporal Lobe Epilepsy and Pharmacoresistance. Neuroscience (2014) 277:455–73. doi: 10.1016/j.neuroscience.2014.07.030

37. Li, Y, Zhu, ZY, Huang, TT, Zhou, YX, Wang, X, Yang, LQ, et al. The Peripheral Immune Response After Stroke-A Double Edge Sword for Blood-Brain Barrier Integrity. CNS Neurosci Ther (2018) 24(12):1115–28. doi: 10.1111/cns.13081

38. Liu, WY, Wang, ZB, Wang, Y, Tong, LC, Li, Y, Wei, X, et al. Increasing the Permeability of the Blood-Brain Barrier in Three Different Models In Vivo. CNS Neurosci Ther (2015) 21(7):568–74. doi: 10.1111/cns.12405

39. Toyota, Y, Wei, J, and Xi, G. White Matter T2 Hyperintensities and Blood-Brain Barrier Disruption in the Hyperacute Stage of Subarachnoid Hemorrhage in Male Mice: The Role of Lipocalin-2. CNS Neurosci Ther (2019) 25(10):1207–14. doi: 10.1111/cns.13221

40. Li, Y, Zhu, ZY, Lu, BW, Huang, TT, Zhang, YM, Zhou, NY, et al. Rosiglitazone Ameliorates Tissue Plasminogen Activator-Induced Brain Hemorrhage After Stroke. CNS Neurosci Ther (2019) 25(12):1343–52. doi: 10.1111/cns.13260

41. Wang, QS, Ding, HG, Chen, SL, Liu, XQ, Deng, YY, Jiang, WQ, et al. Hypertonic Saline Mediates the NLRP3/IL-1β Signaling Axis in Microglia to Alleviate Ischemic Blood-Brain Barrier Permeability by Downregulating Astrocyte-Derived VEGF in Rats. CNS Neurosci Ther (2020) 26(10):1045–57. doi: 10.1111/cns.13427

42. Ma, SC, Li, Q, Peng, JY, Zhouwen, JL, Diao, JF, Niu, JX, et al. Claudin-5 Regulates Blood-Brain Barrier Permeability by Modifying Brain Microvascular Endothelial Cell Proliferation, Migration, and Adhesion to Prevent Lung Cancer Metastasis. CNS Neurosci Ther (2017) 23(12):947–60. doi: 10.1111/cns.12764

43. Yuan, SY, and Rigor, RR. Regulation of Endothelial Barrier Function. Colloquium Series on Integrated Systems Physiology: From Molecule to Function (2011) 3(1):1–146.

44. Profaci, CP, Munji, RN, Pulido, RS, and Daneman, R. The Blood-Brain Barrier in Health and Disease: Important Unanswered Questions. J Exp Med (2020) 217(4):e20190062. doi: 10.1084/jem.20190062(36

45. Bartholomäus, I, Kawakami, N, Odoardi, F, Schläger, C, Miljkovic, D, Ellwart, JW, et al. Effector T Cell Interactions With Meningeal Vascular Structures in Nascent Autoimmune CNS Lesions. Nature (2009) 462(7269):94–8. doi: 10.1038/nature08478

46. Schläger, C, Körner, H, Krueger, M, Vidoli, S, Haberl, M, Mielke, D, et al. Effector T-Cell Trafficking Between the Leptomeninges and the Cerebrospinal Fluid. Nature (2016) 530(7590):349–53. doi: 10.1038/nature16939

47. Mundt, S, Mrdjen, D, Utz, SG, Greter, M, Schreiner, B, and Becher, B. Conventional DCs Sample and Present Myelin Antigens in the Healthy CNS and Allow Parenchymal T Cell Entry to Initiate Neuroinflammation. Sci Immunol (2019) 4(31):eaau8380. doi: 10.1126/sciimmunol.aau8380

48. Engelhardt, B, Wolburg-Buchholz, K, and Wolburg, H. Involvement of the Choroid Plexus in Central Nervous System Inflammation. Microsc Res Tech (2001) 52(1):112–29. doi: 10.2/1097-0029(20010101)52:1<112::AID-JEMT13>3.0.CO;2-5

49. Engelhardt, B, Vajkoczy, P, and Weller, RO. The Movers and Shapers in Immune Privilege of the CNS. Nat Immunol (2017) 18(2):123–31. doi: 10.1038/ni.3666

50. Carrithers, MD, Visintin, I, Kang, SJ, and Janeway, CA Jr. Differential Adhesion Molecule Requirements for Immune Surveillance and Inflammatory Recruitment. Brain (2000) 123(Pt 6):1092–101. doi: 10.1093/brain/123.6.1092

51. Reboldi, A, Coisne, C, Baumjohann, D, Benvenuto, F, Bottinelli, D, Lira, S, et al. C-C Chemokine Receptor 6-Regulated Entry of TH-17 Cells Into the CNS Through the Choroid Plexus Is Required for the Initiation of EAE. Nat Immunol (2009) 10(5):514–23. doi: 10.1038/ni.1716

52. Greter, M, Heppner, FL, Lemos, MP, Odermatt, BM, Goebels, N, Laufer, T, et al. Dendritic Cells Permit Immune Invasion of the CNS in an Animal Model of Multiple Sclerosis. Nat Med (2005) 11(3):328–34. doi: 10.1038/nm1197

53. Song, J, Zhang, X, Buscher, K, Wang, Y, Wang, H, Di Russo, J, et al. Endothelial Basement Membrane Laminin 511 Contributes to Endothelial Junctional Tightness and Thereby Inhibits Leukocyte Transmigration. Cell Rep (2017) 18(5):1256–69. doi: 10.1016/j.celrep.2016.12.092

54. Wu, C, Ivars, F, Anderson, P, Hallmann, R, Vestweber, D, Nilsson, P, et al. Endothelial Basement Membrane Laminin Alpha5 Selectively Inhibits T Lymphocyte Extravasation Into the Brain. Nat Med (2009) 15(5):519–27. doi: 10.1038/nm.1957

55. Barkalow, FJ, Goodman, MJ, Gerritsen, ME, and Mayadas, TN. Brain Endothelium Lack One of Two Pathways of P-Selectin-Mediated Neutrophil Adhesion. Blood (1996) 88(12):4585–93. doi: 10.1182/blood.V88.12.4585.bloodjournal88124585

56. Lou, J, Dayer, JM, Grau, GE, and Burger, D. Direct Cell/Cell Contact With Stimulated T Lymphocytes Induces the Expression of Cell Adhesion Molecules and Cytokines by Human Brain Microvascular Endothelial Cells. Eur J Immunol (1996) 26(12):3107–13. doi: 10.1002/eji.1830261242

57. Miller, DH, Khan, OA, Sheremata, WA, Blumhardt, LD, Rice, GPA, Libonati, MA, et al. A Controlled Trial of Natalizumab for Relapsing Multiple Sclerosis. N Engl J Med (2003) 348(1):15–23. doi: 10.1056/NEJMoa020696

58. Bastianello, S, Pozzilli, C, Bernardi, S, Bozzao, L, Fantozzi, LM, Buttinelli, C, et al. Serial Study of Gadolinium-DTPA MRI Enhancement in Multiple Sclerosis. Neurology (1990) 40(4):591–5. doi: 10.1212/wnl.40.4.591

59. Harris, JO, Frank, JA, Patronas, N, McFarlin, DE, and McFarland, HF. Serial Gadolinium-Enhanced Magnetic Resonance Imaging Scans in Patients With Early, Relapsing-Remitting Multiple Sclerosis: Implications for Clinical Trials and Natural History. Ann Neurol (1991) 29(5):548–55. doi: 10.1002/ana.410290515

60. Guttmann, CR, Rousset, M, Roch, JA, Hannoun, S, Durand-Dubief, F, Belaroussi, B, et al. Multiple Sclerosis Lesion Formation and Early Evolution Revisited: A Weekly High-Resolution Magnetic Resonance Imaging Study. Mult Scler (2016) 22(6):761–9. doi: 10.1177/1352458515600247

61. Gaitán, MI, Shea, CD, Evangelou, IE, Stone, RD, Fenton, KM, Bielekova, B, et al. Evolution of the Blood-Brain Barrier in Newly Forming Multiple Sclerosis Lesions. Ann Neurol (2011) 70(1):22–9. doi: 10.1002/ana.22472

62. Knowland, D, Arac, A, Sekiguchi, KJ, Hsu, M, Lutz, SE, Perrino, J, et al. Stepwise Recruitment of Transcellular and Paracellular Pathways Underlies Blood-Brain Barrier Breakdown in Stroke. Neuron (2014) 82(3):603–17. doi: 10.1016/j.neuron.2014.03.003

63. Huang, ZG, Xue, D, Preston, E, Karbalai, H, and Buchan, AM. Biphasic Opening of the Blood-Brain Barrier Following Transient Focal Ischemia: Effects of Hypothermia. Can J Neurol Sci (1999) 26(4):298–304. doi: 10.1017/s0317167100000421

64. Kuroiwa, T, Ting, P, Martinez, H, and Klatzo, I. The Biphasic Opening of the Blood-Brain Barrier to Proteins Following Temporary Middle Cerebral Artery Occlusion. Acta Neuropathol (1985) 68(2):122–9. doi: 10.1007/BF00688633

65. Bowes, MP, Zivin, JA, and Rothlein, R. Monoclonal Antibody to the ICAM-1 Adhesion Site Reduces Neurological Damage in a Rabbit Cerebral Embolism Stroke Model. Exp Neurol (1993) 119(2):215–9. doi: 10.1006/exnr.1993.1023

66. Connolly, ES Jr, Winfree, CJ, Springer, TA, Naka, Y, Liao, H, Yan, SD, et al. Cerebral Protection in Homozygous Null ICAM-1 Mice After Middle Cerebral Artery Occlusion. Role of Neutrophil Adhesion in the Pathogenesis of Stroke. J Clin Invest (1996) 97(1):209–16. doi: 10.1172/JCI118392

67. Mayadas, TN, Johnson, RC, Rayburn, H, Hynes, RO, and Wagner, DD. Leukocyte Rolling and Extravasation Are Severely Compromised in P Selectin-Deficient Mice. Cell (1993) 74(3):541–54. doi: 10.1016/0092-8674(93)80055-j

68. Enzmann, GU, Pavlidou, S, Vaas, M, Klohs, J, and Engelhardt, B. ICAM-1null C57BL/6 Mice Are Not Protected From Experimental Ischemic Stroke. Transl Stroke Res (2018) 9(6):608–21. doi: 10.1007/s12975-018-0612-4

69. Marchi, N, Angelov, L, Masaryk, T, Fazio, V, Granata, T, Hernandez, N, et al. Seizure-Promoting Effect of Blood-Brain Barrier Disruption. Epilepsia (2007) 48(4):732–42. doi: 10.1111/j.1528-1167.2007.00988.x

70. van Vliet, EA, da Costa Araújo, S, Redeker, S, van Schaik, R, Aronica, E, and Gorter, JA. Blood-Brain Barrier Leakage may Lead to Progression of Temporal Lobe Epilepsy. Brain (2007) 130(Pt 2):521–34. doi: 10.1093/brain/awl318

71. Fabene, PF, Navarro Mora, G, Martinello, M, Rossi, B, Merigo, F, Ottoboni, L, et al. A Role for Leukocyte-Endothelial Adhesion Mechanisms in Epilepsy. Nat Med (2008) 14(12):1377–83. doi: 10.1038/nm.1878

72. De Vivo, DC, Trifiletti, RR, Jacobson, RI, Ronen, GM, Behmand, RA, and Harik, SI. Defective Glucose Transport Across the Blood-Brain Barrier as a Cause of Persistent Hypoglycorrhachia, Seizures, and Developmental Delay. N Engl J Med (1991) 325(10):703–9. doi: 10.1056/NEJM199109053251006

73. De Vivo, DC, Leary, L, and Wang, D. Glucose Transporter 1 Deficiency Syndrome and Other Glycolytic Defects. J Child Neurol (2002) 17(Suppl 3):3S15–25.

74. Cornford, EM, Gee, MN, Swartz, BE, Mandelkern, MA, Blahd, WH, Landaw, EM, et al. Dynamic [18F]Fluorodeoxyglucose Positron Emission Tomography and Hypometabolic Zones in Seizures: Reduced Capillary Influx. Ann Neurol (1998) 43(6):801–8. doi: 10.1002/ana.410430615

75. Mihály, A, and Bozóky, B. Immunohistochemical Localization of Extravasated Serum Albumin in the Hippocampus of Human Subjects With Partial and Generalized Epilepsies and Epileptiform Convulsions. Acta Neuropathol (1984) 65(1):25–34. doi: 10.1007/BF00689824

76. Horowitz, SW, Merchut, M, Fine, M, and Azar-Kia, B. Complex Partial Seizure-Induced Transient MR Enhancement. J Comput Assist Tomogr (1992) 16(5):814–6. doi: 10.1097/00004728-199209000-00025

77. Alvarez, V, Maeder, P, and Rossetti, AO. Postictal Blood-Brain Barrier Breakdown on Contrast-Enhanced MRI. Epilepsy Behav (2010) 17(2):302–3. doi: 10.1016/j.yebeh.2009.12.025

78. Rüber, T, David, B, Lüchters, G, Nass, RD, Friedman, A, Surges, R, et al. Evidence for Peri-Ictal Blood-Brain Barrier Dysfunction in Patients With Epilepsy. Brain (2018) 141(10):2952–65. doi: 10.1093/brain/awy242

79. Cornford, EM, Hyman, S, Cornford, ME, Landaw, EM, and Delgado-Escueta, AV. Interictal Seizure Resections Show Two Configurations of Endothelial Glut1 Glucose Transporter in the Human Blood-Brain Barrier. J Cereb Blood Flow Metab (1998) 18(1):26–42. doi: 10.1097/00004647-199801000-00003

80. Janigro, D. Blood-Brain Barrier, Ion Homeostatis and Epilepsy: Possible Implications Towards the Understanding of Ketogenic Diet Mechanisms. Epilepsy Res (1999) 37(3):223–32. doi: 10.1016/s0920-1211(99)00074-1

81. Starr, JM, Farrall, AJ, Armitage, P, McGurn, B, and Wardlaw, J. Blood-Brain Barrier Permeability in Alzheimer’s Disease: A Case-Control MRI Study. Psychiatry Res (2009) 171(3):232–41. doi: 10.1016/j.pscychresns.2008.04.003

82. van de Haar, HJ, Burgmans, S, Jansen, JF, van Osch, MJP, van Buchem, MA, Muller, M, et al. Blood-Brain Barrier Leakage in Patients With Early Alzheimer Disease. Radiology (2016) 281(2):527–35. doi: 10.1148/radiol.2016152244

83. Nation, DA, Sweeney, MD, Montagne, A, Sagare, AP, D'Orazio, LM, Pachicano, M, et al. Blood-Brain Barrier Breakdown Is an Early Biomarker of Human Cognitive Dysfunction. Nat Med (2019) 25(2):270–6. doi: 10.1038/s41591-018-0297-y

84. Bell, RD, and Zlokovic, BV. Neurovascular Mechanisms and Blood-Brain Barrier Disorder in Alzheimer’s Disease. Acta Neuropathol (2009) 118(1):103–13. doi: 10.1007/s00401-009-0522-3

85. Erickson, MA, and Banks, WA. Blood-Brain Barrier Dysfunction as a Cause and Consequence of Alzheimer’s Disease. J Cereb Blood Flow Metab (2013) 33(10):1500–13. doi: 10.1038/jcbfm.2013.135

86. Deane, R, Du Yan, S, Submamaryan, RK, LaRue, B, Jovanovic, S, Hogg, E, et al. RAGE Mediates Amyloid-Beta Peptide Transport Across the Blood-Brain Barrier and Accumulation in Brain. Nat Med (2003) 9(7):907–13. doi: 10.1038/nm890

87. Jeynes, B, and Provias, J. Evidence for Altered LRP/RAGE Expression in Alzheimer Lesion Pathogenesis. Curr Alzheimer Res (2008) 5(5):432–7. doi: 10.2174/156720508785908937

88. Shibata, M, Yamada, S, Kumar, SR, Calero, M, Bading, J, Frangione, B, et al. Clearance of Alzheimer’s Amyloid-Ss(1-40) Peptide From Brain by LDL Receptor-Related Protein-1 at the Blood-Brain Barrier. J Clin Invest (2000) 106(12):1489–99. doi: 10.1172/JCI10498

89. Daneman, R, and Prat, A. The Blood-Brain Barrier. Cold Spring Harb Perspect Biol (2015) 7(1):a020412. doi: 10.1101/cshperspect.a020412

90. Löscher, W, and Friedman, A. Structural, Molecular, and Functional Alterations of the Blood-Brain Barrier During Epileptogenesis and Epilepsy: A Cause, Consequence, or Both? Int J Mol Sci (2020) 21(2):591. doi: 10.3390/ijms21020591

91. Stanimirovic, DB, and Friedman, A. Pathophysiology of the Neurovascular Unit: Disease Cause or Consequence? J Cereb Blood Flow Metab (2012) 32(7):1207–21. doi: 10.1038/jcbfm.2012.25

92. Kutuzov, N, Flyvbjerg, H, and Lauritzen, M. Contributions of the Glycocalyx, Endothelium, and Extravascular Compartment to the Blood-Brain Barrier. Proc Natl Acad Sci USA (2018) 115(40):E9429–38. doi: 10.1073/pnas.1802155115

93. Blot, SI, Vandewoude, KH, Hoste, EA, and Colardyn, FA. Effects of Nosocomial Candidemia on Outcomes of Critically Ill Patients. Am J Med (2002) 113(6):480–5. doi: 10.1016/s0002-9343(02)01248-2

94. García-Ortiz, A, and Serrador, JM. ERM Proteins at the Crossroad of Leukocyte Polarization, Migration and Intercellular Adhesion. Int J Mol Sci (2020) 21(4):1502. doi: 10.3390/ijms21041502

95. Henry, CB, and Duling, BR. TNF-Alpha Increases Entry of Macromolecules Into Luminal Endothelial Cell Glycocalyx. Am J Physiol Heart Circ Physiol (2000) 279(6):H2815–23. doi: 10.1152/ajpheart.2000.279.6.H2815

96. Lipowsky, HH. The Endothelial Glycocalyx as a Barrier to Leukocyte Adhesion and its Mediation by Extracellular Proteases. Ann BioMed Eng (2012) 40(4):840–8. doi: 10.1007/s10439-011-0427-x

97. Vink, H, and Duling, BR. Identification of Distinct Luminal Domains for Macromolecules, Erythrocytes, and Leukocytes Within Mammalian Capillaries. Circ Res (1996) 79(3):581–9. doi: 10.1161/01.res.79.3.581

98. Broekhuizen, LN, Mooij, HL, Kastelein, JJ, Stroes, ES, Vink, H, and Nieuwdorp, M. Endothelial Glycocalyx as Potential Diagnostic and Therapeutic Target in Cardiovascular Disease. Curr Opin Lipidol (2009) 20(1):57–62. doi: 10.1097/MOL.0b013e328321b587

99. Ando, Y, Okada, H, Takemura, G, Suzuki, K, Takada, C, Tomita, H, et al. Brain-Specific Ultrastructure of Capillary Endothelial Glycocalyx and Its Possible Contribution for Blood Brain Barrier. Sci Rep (2018) 8(1):17523. doi: 10.1038/s41598-018-35976-2

100. Haeren, RHL, Rijkers, K, Schijns, OEMG, Dings, J, Hoogland, G, van Zandvoort, MAMJ, et al. In Vivo Assessment of the Human Cerebral Microcirculation and its Glycocalyx: A Technical Report. J Neurosci Methods (2018) 303:114–25. doi: 10.1016/j.jneumeth.2018.03.009

101. Uchimido, R, Schmidt, EP, and Shapiro, NI. The Glycocalyx: A Novel Diagnostic and Therapeutic Target in Sepsis. Crit Care (2019) 23(1):16. doi: 10.1186/s13054-018-2292-6

102. Becker, BF, Jacob, M, Leipert, S, Salmon, AH, and Chappell, D. Degradation of the Endothelial Glycocalyx in Clinical Settings: Searching for the Sheddases. Br J Clin Pharmacol (2015) 80(3):389–402. doi: 10.1111/bcp.12629

103. Boels, MG, Lee, DH, van den Berg, BM, Dane, MJ, van der Vlag, J, and Rabelink, TJ. The Endothelial Glycocalyx as a Potential Modifier of the Hemolytic Uremic Syndrome. Eur J Intern Med (2013) 24(6):503–9. doi: 10.1016/j.ejim.2012.12.016

104. Savery, MD, Jiang, JX, Park, PW, and Damiano, ER. The Endothelial Glycocalyx in Syndecan-1 Deficient Mice. Microvasc Res (2013) 87:83–91. doi: 10.1016/j.mvr.2013.02.001

105. Voyvodic, PL, Min, D, Liu, R, Williams, E, Chitalia, V, Dunn, AK, et al. Loss of Syndecan-1 Induces a Pro-Inflammatory Phenotype in Endothelial Cells With a Dysregulated Response to Atheroprotective Flow. J Biol Chem (2014) 289(14):9547–59. doi: 10.1074/jbc.M113.541573

106. Wilsie, LC, and Orlando, RA. The Low Density Lipoprotein Receptor-Related Protein Complexes With Cell Surface Heparan Sulfate Proteoglycans to Regulate Proteoglycan-Mediated Lipoprotein Catabolism. J Biol Chem (2003) 278(18):15758–64. doi: 10.1074/jbc.M208786200

107. Lin, X. Functions of Heparan Sulfate Proteoglycans in Cell Signaling During Development. Development (2004) 131(24):6009–21. doi: 10.1242/dev.01522

108. Zhu, J, Li, X, Yin, J, Hu, Y, Gu, Y, and Pan, S. Glycocalyx Degradation Leads to Blood-Brain Barrier Dysfunction and Brain Edema After Asphyxia Cardiac Arrest in Rats. J Cereb Blood Flow Metab (2018) 38(11):1979–92. doi: 10.1177/0271678x17726062

109. Rehm, M, Bruegger, D, Christ, F, Conzen, P, Thiel, M, Jacob, M, et al. Shedding of the Endothelial Glycocalyx in Patients Undergoing Major Vascular Surgery With Global and Regional Ischemia. Circulation (2007) 116(17):1896–906. doi: 10.1161/CIRCULATIONAHA.106.684852

110. Grundmann, S, Fink, K, Rabadzhieva, L, Bourgeois, N, Schwab, T, Moser, M, et al. Perturbation of the Endothelial Glycocalyx in Post Cardiac Arrest Syndrome. Resuscitation (2012) 83(6):715–20. doi: 10.1016/j.resuscitation.2012.01.028

111. Massoudy, P, Zahler, S, Barankay, A, Becker, BF, Richter, JA, and Meisner, H. Sodium Nitroprusside During Coronary Artery Bypass Grafting: Evidence for an Antiinflammatory Action. Ann Thorac Surg (1999) 67(4):1059–64. doi: 10.1016/s0003-4975(99)00157-5

112. Massoudy, P, Zahler, S, Freyholdt, T, Henze, R, Barankay, A, Becker, BF, et al. Sodium Nitroprusside in Patients With Compromised Left Ventricular Function Undergoing Coronary Bypass: Reduction of Cardiac Proinflammatory Substances. J Thorac Cardiovasc Surg (2000) 119(3):566–74. doi: 10.1016/s0022-5223(00)70138-3

113. Massoudy, P, Zahler, S, Becker, BF, Braun, SL, Barankay, A, and Meisner, H. Evidence for Inflammatory Responses of the Lungs During Coronary Artery Bypass Grafting With Cardiopulmonary Bypass. Chest (2001) 119(1):31–6. doi: 10.1378/chest.119.1.31

114. Zahler, S, Massoudy, P, Hartl, H, Hähnel, C, Meisner, H, and Becker, BF. Acute Cardiac Inflammatory Responses to Postischemic Reperfusion During Cardiopulmonary Bypass. Cardiovasc Res (1999) 41(3):722–30. doi: 10.1016/s0008-6363(98)00229-6

115. Becker, BF, Fischer, J, Hartmann, H, Chen, CC, Sommerhoff, CP, Tschoep, J, et al. Inosine, Not Adenosine, Initiates Endothelial Glycocalyx Degradation in Cardiac Ischemia and Hypoxia. Nucleosides Nucleotides Nucleic Acids (2011) 30(12):1161–7. doi: 10.1080/15257770.2011.605089

116. Becker, BF. All Because of the Mast Cell: Blocking the Angiotensin Receptor-1 Should be Better Than Inhibiting ACE (Theoretically). Cardiovasc Res (2011) 92(1):7–9. doi: 10.1093/cvr/cvr214

117. Becker, BF, Chappell, D, and Jacob, M. Endothelial Glycocalyx and Coronary Vascular Permeability: The Fringe Benefit. Basic Res Cardiol (2010) 105(6):687–701. doi: 10.1007/s00395-010-0118-z

118. Chappell, D, Jacob, M, Rehm, M, Stoeckelhuber, M, Welsch, U, Conzen, P, et al. Heparinase Selectively Sheds Heparan Sulphate From the Endothelial Glycocalyx. Biol Chem (2008) 389(1):79–82. doi: 10.1515/BC.2008.005

119. Chappell, D, Hofmann-Kiefer, K, Jacob, M, Rehm, M, Briegel, J, Welsch, U, et al. TNF-Alpha Induced Shedding of the Endothelial Glycocalyx is Prevented by Hydrocortisone and Antithrombin. Basic Res Cardiol (2009) 104(1):78–89. doi: 10.1007/s00395-008-0749-5

120. Annecke, T, Fischer, J, Hartmann, H, Tschoep, J, Rehm, M, Conzen, P, et al. Shedding of the Coronary Endothelial Glycocalyx: Effects of Hypoxia/Reoxygenation vs Ischaemia/Reperfusion. Br J Anaesth (2011) 107(5):679–86. doi: 10.1093/bja/aer269

121. Gilles, S, Zahler, S, Welsch, U, Sommerhoff, CP, and Becker, BF. Release of TNF-Alpha During Myocardial Reperfusion Depends on Oxidative Stress and is Prevented by Mast Cell Stabilizers. Cardiovasc Res (2003) 60(3):608–16. doi: 10.1016/j.cardiores.2003.08.016

122. Nelson, A, Berkestedt, I, Schmidtchen, A, Ljunggren, L, and Bodelsson, M. Increased Levels of Glycosaminoglycans During Septic Shock: Relation to Mortality and the Antibacterial Actions of Plasma. Shock (2008) 30(6):623–7. doi: 10.1097/SHK.0b013e3181777da3

123. Steppan, J, Hofer, S, Funke, B, Brenner, T, Henrich, M, Martin, E, et al. Sepsis and Major Abdominal Surgery Lead to Flaking of the Endothelial Glycocalix. J Surg Res (2011) 165(1):136–41. doi: 10.1016/j.jss.2009.04.034

124. Sallisalmi, M, Tenhunen, J, Yang, R, Oksala, N, and Pettilä, V. Vascular Adhesion Protein-1 and Syndecan-1 in Septic Shock. Acta Anaesthesiol Scand (2012) 56(3):316–22. doi: 10.1111/j.1399-6576.2011.02578.x

125. Yagmur, E, Koch, A, Haumann, M, Kramann, R, Trautwein, C, and Tacke, F. Hyaluronan Serum Concentrations are Elevated in Critically Ill Patients and Associated With Disease Severity. Clin Biochem (2012) 45(1-2):82–7. doi: 10.1016/j.clinbiochem.2011.10.016

126. Nieuwdorp, M, Meuwese, MC, Mooij, HL, van Lieshout, MHP, Hayden, A, Levi, M, et al. Tumor Necrosis Factor-Alpha Inhibition Protects Against Endotoxin-Induced Endothelial Glycocalyx Perturbation. Atherosclerosis (2009) 202(1):296–303. doi: 10.1016/j.atherosclerosis.2008.03.024

127. Schmidt, EP, Yang, Y, Janssen, WJ, Gandjeva, A, Perez, MJ, Barthel, L, et al. The Pulmonary Endothelial Glycocalyx Regulates Neutrophil Adhesion and Lung Injury During Experimental Sepsis. Nat Med (2012) 18(8):1217–23. doi: 10.1038/nm.2843

128. Schmidt, EP, Li, G, Li, L, Fu, L, Yang, Y, Overdier, KH, et al. The Circulating Glycosaminoglycan Signature of Respiratory Failure in Critically Ill Adults. J Biol Chem (2014) 289(12):8194–202. doi: 10.1074/jbc.M113.539452

129. Weinbaum, S, Tarbell, JM, and Damiano, ER. The Structure and Function of the Endothelial Glycocalyx Layer. Annu Rev BioMed Eng (2007) 9:121–67. doi: 10.1146/annurev.bioeng.9.060906.151959

130. Nandi, A, Estess, P, and Siegelman, MH. Hyaluronan Anchoring and Regulation on the Surface of Vascular Endothelial Cells Is Mediated Through the Functionally Active Form of CD44. J Biol Chem (2000) 275(20):14939–48. doi: 10.1074/jbc.275.20.14939

131. Masola, V, Zaza, G, Onisto, M, Lupo, A, and Gambaro, G. Glycosaminoglycans, Proteoglycans and Sulodexide and the Endothelium: Biological Roles and Pharmacological Effects. Int Angiol (2014) 33(3):243–54.

132. Davidson, BL, Geerts, WH, and Lensing, AW. Low-Dose Heparin for Severe Sepsis. N Engl J Med (2002) 347(13):1036–7. doi: 10.1056/nejm200209263471316

133. Hoppensteadt, D, Fareed, J, Klein, AL, Jasper, SE, Apperson-Hansen, C, Lieber, EA, et al. Comparison of Anticoagulant and Anti-Inflammatory Responses Using Enoxaparin Versus Unfractionated Heparin for Transesophageal Echocardiography-Guided Cardioversion of Atrial Fibrillation. Am J Cardiol (2008) 102(7):842–6. doi: 10.1016/j.amjcard.2008.05.025

134. Brassart, D, Woltz, A, Golliard, M, and Neeser, JR. In Vitro Inhibition of Adhesion of Candida Albicans Clinical Isolates to Human Buccal Epithelial Cells by Fuc Alpha 1—2Gal Beta-Bearing Complex Carbohydrates. Infect Immun (1991) 59(5):1605–13. doi: 10.1128/iai.59.5.1605-1613.1991

135. Eggimann, P, Garbino, J, and Pittet, D. Management of Candida Species Infections in Critically Ill Patients. Lancet Infect Dis (2003) 3(12):772–85. doi: 10.1016/s1473-3099(03)00831-4

136. Anaissie, EJ, Rex, JH, Uzun, O, and Vartivarian, S. Predictors of Adverse Outcome in Cancer Patients With Candidemia. Am J Med (1998) 104(3):238–45. doi: 10.1016/s0002-9343(98)00030-8

137. Rex, JH, Walsh, TJ, Sobel, JD, Filler, SG, Pappas, PG, Dismukes, WE, et al. Practice Guidelines for the Treatment of Candidiasis. Infectious Diseases Society of America. Clin Infect Dis (2000) 30(4):662–78. doi: 10.1086/313749

138. Yini, S, Heng, Z, Xin, A, and Xiaochun, M. Effect of Unfractionated Heparin on Endothelial Glycocalyx in a Septic Shock Model. Acta Anaesthesiol Scand (2015) 59(2):160–9. doi: 10.1111/aas.12418

139. Purushothaman, A, Chen, L, Yang, Y, and Sanderson, RD. Heparanase Stimulation of Protease Expression Implicates It as a Master Regulator of the Aggressive Tumor Phenotype in Myeloma. J Biol Chem (2008) 283(47):32628–36. doi: 10.1074/jbc.M806266200

140. Nagata, K, Kumasaka, K, Browne, KD, Li, S, St-Pierre, J, Cognetti, J, et al. Unfractionated Heparin After TBI Reduces In Vivo Cerebrovascular Inflammation, Brain Edema and Accelerates Cognitive Recovery. J Trauma Acute Care Surg (2016) 81(6):1088–94. doi: 10.1097/ta.0000000000001215

141. Hazeldine, J, Lord, JM, and Belli, A. Traumatic Brain Injury and Peripheral Immune Suppression: Primer and Prospectus. Front Neurol (2015) 6:235. doi: 10.3389/fneur.2015.00235

142. Lukaszewicz, AC, Soyer, B, and Payen, D. Water, Water, Everywhere: Sodium and Water Balance and the Injured Brain. Curr Opin Anaesthesiol (2011) 24(2):138–43. doi: 10.1097/ACO.0b013e32834458af

143. Vestweber, D. Novel Insights Into Leukocyte Extravasation. Curr Opin Hematol (2012) 19(3):212–7. doi: 10.1097/MOH.0b013e3283523e78

144. Reglero-Real, N, Marcos-Ramiro, B, and Millán, J. Endothelial Membrane Reorganization During Leukocyte Extravasation. Cell Mol Life Sci (2012) 69(18):3079–99. doi: 10.1007/s00018-012-0987-4

145. Thal, SC, and Neuhaus, W. The Blood-Brain Barrier as a Target in Traumatic Brain Injury Treatment. Arch Med Res (2014) 45(8):698–710. doi: 10.1016/j.arcmed.2014.11.006




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yang, Chen, Zheng, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.754141_cover.jpg
, frontiers
in Immunology

The Role of Heparin and Glycocalyx
in Blood—Brain Barrier Dysfunction





OEBPS/Images/fimmu-12-754141-g002.jpg
Health

Pzdet etyth rocyte

. @—Ieukocyte
glycoca(xI w‘ ‘ . \{

proteins

Dysfunction

erythrocyte = Platlet

proteins o &
o @ ° leukocyte

glycocaly





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Role of Heparin and Glycocalyx in Blood–Brain Barrier Dysfunction

      

        		

          Introduction

        



        		

          BBB

        



        		

          BBB Dysfunction

        



        		

          Multiple Sclerosis (MS)

        



        		

          Ischemia/Stroke

        



        		

          Epilepsy

        



        		

          Alzheimer’s Disease (AD)

        



        		

          Glycocalyx in BBB Integrity and Activity

        



        		

          Heparin Ameliorates BBB Dysfunction by Regulating Glycocalyx

        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-754141-g003.jpg
o L
HA ﬁ
‘k"
| I,
Syndecan Glypican

r HAase ‘ HPSE ) MMP

HS






OEBPS/Images/fimmu-12-754141-g001.jpg
B astrocyte endfeet =~ basement membrane
mmm  pericyte mmm glycocalyx
mum endothelium

brain
parenchyma






