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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. To test that 
idea, brains, hearts and lungs from C57BL6 mice were processed with lanthanum-containing alkaline 
fixative, which preserves the structure of glycocalyx, and examined using scanning and transmission 
electron microscopy. We 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 40.1 ± 4.5%, which is significantly more than in cardiac and pulmonary capillaries 
(15.1 ± 3.7% and 3.7 ± 0.3%, respectively). 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 suggest 
the denser structure of glycocalyx in the brain is associated with endothelial protection and may be an 
important component of the blood brain barrier.

The brain contains various systems for maintaining the homeostasis necessary for proper neurological function. 
Among these systems, the blood-brain barrier (BBB) plays a central role. The components of the BBB include 
(1) cerebral capillaries that lack fenestration and show extremely low rates of transcellular vascular transport; 
(2) tight junctions between the endothelial cells and tightly regulated intercellular transport1–5, and (3) pericytes 
and dendrites of astrocyte that surround the basement membrane to control substance influx and efflux6–8. In 
addition, the endothelial glycocalyx, which coats healthy vascular endothelium, confers a negative electric charge 
to the surface of endothelial cells, thereby forming an electrical barrier9. Notably, degradation of the glycocalyx 
reportedly leads to blood-brain barrier dysfunction10. It is therefore thought that endothelial glycocalyx is crucial 
for maintaining brain homeostasis.

Sugar-protein glycocalyx overlays the vascular endothelium11–13 and plays key roles in microvascular and 
endothelial physiology, including regulation of endothelial permeability, leukocyte adhesion, and nitric oxide 
production14–20. We previously reported that the morphology of glycocalyx varies among the different types of 
capillaries: in continuous capillaries, the endothelial glycocalyx exhibits moss- or broccoli-like features and is 
present over the entire luminal surface of the endothelial cells; in fenestrated capillaries, the glycocalyx appears 
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to nearly occlude the endothelial pores; and in sinusoidal capillaries, the glycocalyx does not occlude the open 
fenestrations and is thinner than in continuous or fenestrated capillaries21.

Although cerebral capillaries are categorized as continuous, like the capillaries in the heart and lung, the vas-
cular endothelial structure greatly differs from those in other organs due to its functional specificity. However, 
there have been few reports directly examining the morphology of glycocalyx in cerebral capillaries. The pur-
pose of the present study was to identify the ultrastructure of endothelial glycocalyx on cerebral capillaries and 
compare that structure to those in the cardiac and pulmonary capillaries. We hypothesized that the structure of 
endothelial glycocalyx in the cerebral capillaries is distinct from that in other organs.

Results
Ultrastructure of Cerebral Capillary Glycocalyx. Capillaries in the brain are classified as continu-
ous. To confirm the surface structure of normal cerebral capillaries, we first performed an ultrastructural anal-
ysis using scanning and transmission electron microscopy (SEM and TEM, respectively) without lanthanum 
nitrate staining. Standard SEM examination of the luminal side of these capillaries showed an uninterrupted 
endothelium (Fig. 1A). In addition, the dendrites of astrocytes could be seen surrounding the cerebral capillaries 
(Supplementary Fig. 1). Cerebral endothelial glycocalyx visualized using lanthanum nitrate staining revealed 
moss- or broccoli-like structures on the endothelial cells (Fig. 1A). These structures were entirely invisible in 
the absence of lanthanum nitrate staining. Endothelial glycocalyx was also visualized using lanthanum nitrate 
staining in the heart and lung, where the capillaries are also characterized as continuous (Fig. 1B,C). However, the 
structures of the endothelial glycocalyx greatly differed among brain, heart and lung; it appeared densest in the 
brain and denser in the heart than in the lung. For quantitative analysis, we observed endothelial glycocalyx under 
TEM (Fig. 2A–C). The percentage of endothelial surface covered by glycocalyx in the capillaries was 40.1 ± 4.5%, 
15.1 ± 3.7% and 3.7 ± 0.3%, while the average length of the endothelial glycocalyx was 301.0 ± 111.8 nm, 
135.5 ± 59.7 nm, and 65.4 ± 28.4 nm, in the brain, heart and lung, respectively (Fig. 2D, Supplementary Fig. 2).

Ultrastructure of Glycocalyx Injuries in Continuous Capillaries. Ten-week-old C57BL6 male mice 
were intraperitoneally injected with lipopolysaccharide (LPS) and sacrificed up to 48 h after LPS injection to see 
the extent of glycocalyx injury. Only 11 of the 50 injected mice survived for the 48 h (Fig. 3A). Plasma syndecan-1 
levels, a marker of glycocalyx injury, were significantly increased 6, 12 and 24 h after LPS administration However, 
there was no significant difference between syndecan-1 levels before and 48 h after LPS administration. (Fig. 3B).

To quantitatively analyze blood vessel permeability, we measured extravasation of Evans blue (Fig. 3C). In pul-
monary capillaries, the amount of Evans blue extravasation was significantly higher 3 h after LPS injection than 
in sham mice and reached a peak 6 h after LPS administration. By contrast, extravasation of Evans blue was more 
modest in the heart and was nearly absent in the brain (Fig. 3C). After sham treatment, the extravascular Evans blue 
concentration in mouse brain was 0.0032 ± 0.0010, 0.0029 ± 0.0004 and 0.0026 ± 0.0006 µg/mL/mg 6, 12 and 24 h 
after PBS injection. This did not significantly differ from the levels before LPS injection (0.0028 ± 0.0007 µg/mL/mg).

We next performed an ultrastructural analysis to assess structural changes in the endothelial glycocalyx 
induced by injury. After LPS administration, standard SEM examination revealed that the luminal surface of 
brain capillary was not injured and almost normal (Fig. 4A). Although the glycocalyx in cerebral capillaries was 
also injured after LPS, it was still present on the vessel surface and covered the endothelial cells (Fig. 4A). By 
contrast, in cardiac and pulmonary capillaries, the glycocalyx had mostly degraded on the lumenal surface of the 
capillaries to form debris after LPS administration, and the endothelial cells were directly exposed to the blood 
cells (Fig. 4B,C). The percent area of endothelial surface covered by glycocalyx in pulmonary, cardiac and cerebral 
continuous capillaries was significantly lower following LPS injection than in sham mice (Fig. 5). However, there 
were large differences the amount of glycocalyx remaining on the endothelial surface within the three organs. In 
cerebral capillaries, the percent area covered by the remaining glycocalyx was 13.6 ± 2.0%, whereas in the cardiac 
and pulmonary capillaries, it was only 2.8 ± 0.2% and 0.8 ± 0.2%, respectively.

Discussion
Endothelial cell structure is specific for each organ and forms at least three types of capillaries: continuous, fenes-
trated and sinusoidal22–24. We previously used capillaries from the heart (continuous type), kidney (fenestrated 
type), and liver (sinusoidal type) to show that the structure of the endothelial glycocalyx differs among the three 
capillary types21. In the present study, we show that the structure of endothelial glycocalyx differs among capillar-
ies in the brain, heart and lung, even though all are classified as continuous.

Previous investigations suggested that glycocalyx can act as a mechanosensor of fluid shear stress15,25,26. 
Consistent with that idea, fluid shear stress on endothelial cells increases levels of synthetic glycosaminoglycan, 
which is one component of endothelial glycocalyx27–29.

Earlier studies revealed that the thickness of the glycocalyx differed depending on the vascular lumen diame-
ter, which ranges from 2–3 μm in small arteries to 4.5 μm in the carotid arteries30,31. On the other hand, another 
study reported that the glycocalyx in muscle capillaries form a 0.5-μm-thick layer that covers the surface of the 
endothelial cells32.

The present study showed that the cerebral capillary endothelial glycocalyx is denser than that in the heart, 
despite both organs being perfused under the same high-pressure system. Moreover, the thicker endothelial gly-
cocalyx in brain may contribute to BBB function.

The BBB, which is specific to the brain, strictly regulates transport of metabolites between the blood and 
brain substrate. For example, a tight junction protein on cerebrovascular endothelial cells functions specifically 
to regulate vascular permeability and matrix metalloprotease activity33. Sepsis-associated encephalopathy is a dif-
fuse functional brain disorder that occurs as a result of a systemic inflammatory reaction to infection and differs 
from encephalitis caused by invasion of the central nervous system by a microbe34,35. Although the underlying 
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mechanism remains unknown, contributing to vascular endothelial cell dysfunction and BBB injury in these 
cases are reportedly LPS and inflammatory cytokines34. In the present study, the glycocalyx on cerebral endothe-
lium was thinned by LPS administration, but substantial amounts persisted, and the endothelium was not injured. 
Indeed, 24 h after LPS administration there was no significant change in extravascular Evans blue levels. Although 

Figure 1. Scanning electron micrographs showing the ultrastructure of continuous capillaries in the (A) brain, 
(B) heart and (C) lung. Upper panels: without lanthanum nitrate staining. Lower panels: with lanthanum nitrate 
staining for visualization of endothelial glycocalyx. Panels on the right are expanded views of those on the left. 
Continuous capillaries have a continuous basement membrane, and the endothelial glycocalyx can be seen on 
the surface of the vascular endothelial cells.
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the injured brain vessel showed only 13% coverage, that is comparable to the level in normal cardiac capillaries. 
We therefore suggest that the remaining glycocalyx was sufficient to maintain the appropriate level of vascular 
permeability. In addition, unlike Evans blue bound to albumin, free Evans blue would not be restricted by the 
glycocalyx. In the present study, it is not clear that the injected free Evans blue was all bound to albumin. Because 
the accumulation of a tracer such as Evans blue is determined as much by the number of perfused vessels as by 
the vessels’ permeability, it is difficult to conclude that large changes in perfusion did not compromise the meas-
urement of Evans blue accumulation without data on the vascular response to LPS. In cardiac and pulmonary 
capillaries, by contrast, LPS administration causes endothelial surfaces in capillaries to be exposed directly to the 
lumen, as the endothelial glycocalyx is largely degraded. However, even cerebral endothelial glycocalyx peels off 
in more severe cases of sepsis, leading to injury of the capillary endothelium. In other words, sepsis that causes 
cerebral endothelial injury is extremely serious. In fact, the mortality rate among sepsis patients with central 
nervous system involvement is higher than among patients without it36–39.

The present study has several limitations. Because lanthanum has the capacity to bind not only to glycocalyx 
but also calcium binding sites, it has been used as a calcium probe in several biological systems40. It is therefore 
hard to say that the lanthanum staining technique is specific for glycocalyx. In addition, lanthanum nitrate stain-
ing for glycocalyx visualization may itself influence the glycocalyx structure. The present study revealed differ-
ences in the extent to which the glycocalyx is preserved in different organs. However, it is not clear whether this 
represents the undisturbed state of the glycocalyx or whether the structure is preserved when the glycocalyx is 
stained.

The purpose of using LPS in the present study was to assess the ultrastructural alteration of endothelial gly-
cocalyx in different organ capillaries. Because we previously established a severe septic vasculitis model using 
20 mg/kg LPS administration21,41, we used that protocol again in the present study. In this model, severe vasculitis 
was induced in mice through intraperitoneal administration of LPS after 16 h of starvation. We therefore chose to 
inject Evans Blue 16 h prior to injecting LPS at the same time starvation was initiated. This protocol, by itself, may 
have affected the results of the study.

Finally, our findings do not reveal a direct correlation between changes in the glycocalyx and capillary func-
tion because we did not investigate the integrity of the tight junctions or alterations in vesicular trafficking after 
LPS treatment.

In summary, the present study shows that the form of the endothelial glycocalyx in the brain differs from that 
in the heart and lung, despite capillaries in all three organs being classified as continuous. It appears, the denser 
glycocalyx in the brain may provide added endothelial protection there and may function as a component of the 
BBB.

Figure 2. Transmission electron microscopic analysis of continuous capillaries. (A–C) Cerebral (A), cardiac 
(B) and pulmonary (C) capillaries with lanthanum nitrate staining. The endothelial glycocalyx covers the 
surface of vascular endothelial cells. (D) Percent area covered by endothelial glycocalyx in capillaries of brain, 
heart and lung. Bars indicate means ± SE. *p < 0.05 vs brain.
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Materials and Methods
Animals. This study conforms to the Guide for the Care and Use of Laboratory Animals and was approved 
by the Institutional Animal Research Committee of Gifu University (Gifu, Japan). Ten-week-old C57BL6 mice 
were used. Blood was collected from the ophthalmic artery before sacrifice, after which brain, heart and lung 
specimens were collected. All quantified data were from surviving mice. In a preliminary study, we confirmed that 
the shape of the endothelial glycocalyx does not significantly differ between male and female mice. We used male 
mice in this experiment, as in previous reports21,41.

Electron Microscopy. To detect endothelial glycocalyx using electron microscopy, mice were anesthetized 
and perfused with lanthanum-containing alkaline solution21. Before perfusion, an incision was made in the right 
atrial appendage, and the abdominal aorta was ligated with a silk suture for better perfusion of the heart, lung and 
brain. A perfusion pump was used for injection at a steady pace of 1 ml/min. Sample preparation for SEM and 
TEM was as described previously21.

Vascular Injury Model and an in vivo Assay for Blood Vessel Permeability. Ten-week-old male 
mice were first intraperitoneally administered a sterile solution of Evans blue in PBS (WAKO, Japan, 100 µg/kg) 
and then starved for 16 h. The mice were then intraperitoneally administered LPS (20 mg/kg; Sigma Aldrich) and 
sacrificed 0, 1, 3, 6, 12, 24 and 48 h after the LPS administration (n = 6 at each time point). Prior to sacrifice, the 
mice were perfused with PBS containing 2 mmol/l EDTA to washout the Evans blue solution from vessel lumens. 
After sacrifice, the hearts, lungs and brains were collected, and tissues samples were placed in tubes and dried at 
65 °C in an oven to eliminate variation in water content. Thereafter, 500 µl of formamide was added to each tube, 
and the samples were incubated at 60 °C for an additional 24 h to extract the Evans blue from tissue. Following the 
Evans blue extraction, the absorbance of the solution at 610 nm was measured, and the amount of extravasated 
Evans blue per mg tissue was calculated.

Figure 3. Characterization of LPS-injected mice. (A) Survival after LPS administration. Forty-eight h after LPS 
administration, the survival rate of mice was 22% (11/50 injected mice). (B) Plasma syndecan-1 concentrations 
at the indicated times after LPS administration. *p < 0.05 vs. before LPS administration. (C) Extravasated Evans 
blue levels in brain, heart and lung at the indicated times after LPS administration. Levels were normalized to 
organ weight. Bars indicate means ± SE. *p < 0.05 vs before LPS administration in each organ.
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Measurement of Syndecan-1 in the Plasma. Following LPS administration to mice, plasma concen-
trations of syndecan-1 were measured (n = 6) using an ELISA (Diaclone, Besancon Cedex, France; 860.090.192).

Quantitative Assessment of Endothelial Glycocalyx Area. Quantitative assessment of the endothe-
lial glycocalyx occupation area within capillary lumens was performed on 6 randomly chosen capillary vessels 

Figure 4. Scanning electron micrographs showing the ultrastructure of continuous capillaries 48 h after LPS 
administration in the (A) brain, (B) heart and (C) lung. Upper panels: without lanthanum nitrate staining, Lower 
panels: with lanthanum nitrate staining for visualization of endothelial glycocalyx. Right panels are expanded 
views of the left panels in each figure. After LPS administration, the endothelial glycocalyx is degraded on the 
surface of the vascular endothelium in the heart and lung, but the glycocalyx is maintained in the brain.
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in TEM images using ImageJ software (National Institutes of Health, Bethesda, MD, USA). In each vessel, 
the vascular lumenal area was measured, and the area of glycocalyx was measured using image thresholding 
(Supplementary Fig. 3). The glycocalyx occupation was then calculated from these values.

Quantitative Assessment of Endothelial Glycocalyx Length. Quantitative assessments of endothe-
lial glycocalyx length were performed on 6 randomly chosen capillary vessels in TEM images using ImageJ soft-
ware. The length of the endothelial glycocalyx was measured at 10 randomly chosen points in each vessel.

Statistical analysis. Values are shown as means ± SE. Survival was analyzed using the Kaplan-Meier 
method with the log-rank Cox-Mantel method. The significance of differences was evaluated using t-tests. Values 
of P < 0.05 were considered significant.

References
 1. Brightman, M. W., Klatzo, I., Olsson, Y. & Reese, T. S. The blood-brain barrier to proteins under normal and pathological conditions. 

J Neurol Sci 10, 215–239 (1970).
 2. Brightman, M. W. & Reese, T. S. Junctions between intimately apposed cell membranes in the vertebrate brain. J Cell Biol 40, 

648–677 (1969).
 3. Reese, T. S. & Karnovsky, M. J. Fine structural localization of a blood-brain barrier to exogenous peroxidase. J Cell Biol 34, 207–217 

(1967).
 4. Saunders, N. R., Liddelow, S. A. & Dziegielewska, K. M. Barrier mechanisms in the developing brain. Front Pharmacol 3, 46, https://

doi.org/10.3389/fphar.2012.00046 (2012).
 5. Siegenthaler, J. A., Sohet, F. & Daneman, R. ‘Sealing off the CNS’: cellular and molecular regulation of blood-brain barriergenesis. 

Curr Opin Neurobiol 23, 1057–1064, https://doi.org/10.1016/j.conb.2013.06.006 (2013).
 6. Armulik, A. et al. Pericytes regulate the blood-brain barrier. Nature 468, 557–561, https://doi.org/10.1038/nature09522 (2010).
 7. Bell, R. D. et al. Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. 

Neuron 68, 409–427, https://doi.org/10.1016/j.neuron.2010.09.043 (2010).
 8. Daneman, R., Zhou, L., Kebede, A. A. & Barres, B. A. Pericytes are required for blood-brain barrier integrity during embryogenesis. 

Nature 468, 562–566, https://doi.org/10.1038/nature09513 (2010).
 9. Yuan, S. Y. & Rigor, R. R. In Regulation of Endothelial Barrier Function Integrated Systems Physiology: From Molecule to Function to 

Disease (2010).
 10. Zhu, J. et al. Glycocalyx degradation leads to blood-brain barrier dysfunction and brain edema after asphyxia cardiac arrest in rats. 

J Cereb Blood Flow Metab, 271678X17726062, https://doi.org/10.1177/0271678X17726062 (2017).
 11. Becker, B. F., Chappell, D. & Jacob, M. Endothelial glycocalyx and coronary vascular permeability: the fringe benefit. Basic Res 

Cardiol 105, 687–701, https://doi.org/10.1007/s00395-010-0118-z (2010).
 12. Luft, J. H. Fine structures of capillary and endocapillary layer as revealed by ruthenium red. Fed Proc 25, 1773–1783 (1966).
 13. Rehm, M. et al. Endothelial glycocalyx as an additional barrier determining extravasation of 6% hydroxyethyl starch or 5% albumin 

solutions in the coronary vascular bed. Anesthesiology 100, 1211–1223 (2004).

Figure 5. Transmission electron microscopic analysis of continuous capillaries 48 h after LPS administration. 
(A–C) Cerebral (A), cardiac (B) and pulmonary (C) capillaries with lanthanum nitrate staining. The endothelial 
glycocalyx has degraded on the surface of vascular endothelial cells in the heart and lung, but not in the 
brain. (D) Percent area covered by endothelial glycocalyx in capillaries of brain, heart and lung. Bars indicate 
means ± SE. *p < 0.05 vs brain.

http://dx.doi.org/10.3389/fphar.2012.00046
http://dx.doi.org/10.3389/fphar.2012.00046
http://dx.doi.org/10.1016/j.conb.2013.06.006
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1016/j.neuron.2010.09.043
http://dx.doi.org/10.1038/nature09513
http://dx.doi.org/10.1177/0271678X17726062
http://dx.doi.org/10.1007/s00395-010-0118-z


www.nature.com/scientificreports/

8SCIEnTIfIC RepoRTs |         (2018) 8:17523  | DOI:10.1038/s41598-018-35976-2

 14. Curry, F. E. & Adamson, R. H. Endothelial glycocalyx: permeability barrier and mechanosensor. Ann Biomed Eng 40, 828–839, 
https://doi.org/10.1007/s10439-011-0429-8 (2012).

 15. Florian, J. A. et al. Heparan sulfate proteoglycan is a mechanosensor on endothelial cells. Circ Res 93, e136–142, https://doi.
org/10.1161/01.RES.0000101744.47866.D5 (2003).

 16. Frati-Munari, A. C. Medical significance of endothelial glycocalyx. Arch Cardiol Mex 83, 303–312, https://doi.org/10.1016/j.
acmx.2013.04.015 (2013).

 17. Lee, W. L. & Slutsky, A. S. Sepsis and endothelial permeability. N Engl J Med 363, 689–691, https://doi.org/10.1056/NEJMcibr1007320 
(2010).

 18. Reitsma, S., Slaaf, D. W., Vink, H. & van Zandvoort, M. A. & oude Egbrink, M. G. The endothelial glycocalyx: composition, 
functions, and visualization. Pflugers Arch 454, 345–359, https://doi.org/10.1007/s00424-007-0212-8 (2007).

 19. Schmidt, E. P. et al. The pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung injury during experimental sepsis. 
Nat Med 18, 1217–1223, https://doi.org/10.1038/nm.2843 (2012).

 20. Woodcock, T. E. & Woodcock, T. M. Revised Starling equation and the glycocalyx model of transvascular fluid exchange: an 
improved paradigm for prescribing intravenous fluid therapy. Br J Anaesth 108, 384–394, https://doi.org/10.1093/bja/aer515 (2012).

 21. Okada, H. et al. Three-dimensional ultrastructure of capillary endothelial glycocalyx under normal and experimental endotoxemic 
conditions. Crit Care 21, 261, https://doi.org/10.1186/s13054-017-1841-8 (2017).

 22. Kisch, B. Electron microscopy of the capillary wall. Exp Med Surg 14, 113–121 (1956).
 23. Rhodin, J. Electron microscopy of the glomerular capillary wall. Exp Cell Res 8, 572–574 (1955).
 24. Wisse, E. An electron microscopic study of the fenestrated endothelial lining of rat liver sinusoids. J Ultrastruct Res 31, 125–150 

(1970).
 25. Mochizuki, S. et al. Role of hyaluronic acid glycosaminoglycans in shear-induced endothelium-derived nitric oxide release. Am J 

Physiol Heart Circ Physiol 285, H722–726, https://doi.org/10.1152/ajpheart.00691.2002 (2003).
 26. Thi, M. M., Tarbell, J. M., Weinbaum, S. & Spray, D. C. The role of the glycocalyx in reorganization of the actin cytoskeleton under 

fluid shear stress: a “bumper-car” model. Proc Natl Acad Sci USA 101, 16483–16488, https://doi.org/10.1073/pnas.0407474101 
(2004).

 27. Arisaka, T. et al. Effects of shear stress on glycosaminoglycan synthesis in vascular endothelial cells. Ann N Y Acad Sci 748, 543–554 
(1995).

 28. Gouverneur, M., Spaan, J. A., Pannekoek, H., Fontijn, R. D. & Vink, H. Fluid shear stress stimulates incorporation of hyaluronan into 
endothelial cell glycocalyx. Am J Physiol Heart Circ Physiol 290, H458–452, https://doi.org/10.1152/ajpheart.00592.2005 (2006).

 29. Zeng, Y. & Tarbell, J. M. The adaptive remodeling of endothelial glycocalyx in response to fluid shear stress. PLoS One 9, e86249, 
https://doi.org/10.1371/journal.pone.0086249 (2014).

 30. van Haaren, P. M., VanBavel, E., Vink, H. & Spaan, J. A. Localization of the permeability barrier to solutes in isolated arteries by 
confocal microscopy. Am J Physiol Heart Circ Physiol 285, H2848–2856, https://doi.org/10.1152/ajpheart.00117.2003 (2003).

 31. Megens, R. T. et al. Two-photon microscopy of vital murine elastic and muscular arteries. Combined structural and functional 
imaging with subcellular resolution. J Vasc Res 44, 87–98, https://doi.org/10.1159/000098259 (2007).

 32. Vink, H. & Duling, B. R. Identification of distinct luminal domains for macromolecules, erythrocytes, and leukocytes within 
mammalian capillaries. Circ Res 79, 581–589 (1996).

 33. Kazmierski, R., Michalak, S., Wencel-Warot, A. & Nowinski, W. L. Serum tight-junction proteins predict hemorrhagic 
transformation in ischemic stroke patients. Neurology 79, 1677–1685, https://doi.org/10.1212/WNL.0b013e31826e9a83 (2012).

 34. Iacobone, E. et al. Sepsis-associated encephalopathy and its differential diagnosis. Crit Care Med 37, S331–336, https://doi.
org/10.1097/CCM.0b013e3181b6ed58 (2009).

 35. Luitse, M. J., van Asch, C. J. & Klijn, C. J. Deep coma and diffuse white matter abnormalities caused by sepsis-associated 
encephalopathy. Lancet 381, 2222, https://doi.org/10.1016/S0140-6736(13)60682-0 (2013).

 36. Eggers, V. et al. Antibiotic-mediated release of tumour necrosis factor alpha and norharman in patients with hospital-acquired 
pneumonia and septic encephalopathy. Intensive Care Med 30, 1544–1551, https://doi.org/10.1007/s00134-004-2285-6 (2004).

 37. Eidelman, L. A., Putterman, D., Putterman, C. & Sprung, C. L. The spectrum of septic encephalopathy. Definitions, etiologies, and 
mortalities. JAMA 275, 470–473 (1996).

 38. Sprung, C. L. et al. Impact of encephalopathy on mortality in the sepsis syndrome. The Veterans Administration Systemic Sepsis 
Cooperative Study Group. Crit Care Med 18, 801–806 (1990).

 39. Zhang, L. N. et al. Epidemiological features and risk factors of sepsis-associated encephalopathy in intensive care unit patients: 2008-
2011. Chin Med J (Engl) 125, 828–831 (2012).

 40. Shaklai, M. & Tavassoli, M. Lanthanum as an electron microscopic stain. J Histochem Cytochem 30, 1325–1330, https://doi.
org/10.1177/30.12.6185564 (1982).

 41. Inagawa, R. et al. Ultrastructural Alteration of Pulmonary Capillary Endothelial Glycocalyx During Endotoxemia. Chest 154, 
317–325, https://doi.org/10.1016/j.chest.2018.03.003 (2018).

Acknowledgements
We thank Yuki Wakida, Yasuko Nogaki and Shoko Kumazaki for technical assistance. This study was supported 
in part by grants-in-aid for scientific research from the Ministry of Education, Science and Culture of Japan (Nos. 
17K11569, 17K17048, 16H05497, 16K20381, 16K09509 and 15K10973).

Author Contributions
Y.A. and H. Okada wrote the manuscript. G.T. and C.T. performed T.E.M. imaging. Y.A., H. Okada, K.S., Y.H., 
N.M., H.F. and Y.K. performed SEM imaging. C.T., H.T. and T.W. made samples for T.E.M. imaging. Y.A.,  
H. Okada, R.Z., H.Y., I.M., A.K., Y.K. and H. Okamoto made samples for S.E.M. imaging. Y.A., H. Okada, H.Y., 
T.K., T.D., T.Y., S.Y. and H.U. performed animal study. S.O. supervised about animal study. H. Okada and G.T. 
revised and edited the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35976-2.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1007/s10439-011-0429-8
http://dx.doi.org/10.1161/01.RES.0000101744.47866.D5
http://dx.doi.org/10.1161/01.RES.0000101744.47866.D5
http://dx.doi.org/10.1016/j.acmx.2013.04.015
http://dx.doi.org/10.1016/j.acmx.2013.04.015
http://dx.doi.org/10.1056/NEJMcibr1007320
http://dx.doi.org/10.1007/s00424-007-0212-8
http://dx.doi.org/10.1038/nm.2843
http://dx.doi.org/10.1093/bja/aer515
http://dx.doi.org/10.1186/s13054-017-1841-8
http://dx.doi.org/10.1152/ajpheart.00691.2002
http://dx.doi.org/10.1073/pnas.0407474101
http://dx.doi.org/10.1152/ajpheart.00592.2005
http://dx.doi.org/10.1371/journal.pone.0086249
http://dx.doi.org/10.1152/ajpheart.00117.2003
http://dx.doi.org/10.1159/000098259
http://dx.doi.org/10.1212/WNL.0b013e31826e9a83
http://dx.doi.org/10.1097/CCM.0b013e3181b6ed58
http://dx.doi.org/10.1097/CCM.0b013e3181b6ed58
http://dx.doi.org/10.1016/S0140-6736(13)60682-0
http://dx.doi.org/10.1007/s00134-004-2285-6
http://dx.doi.org/10.1177/30.12.6185564
http://dx.doi.org/10.1177/30.12.6185564
http://dx.doi.org/10.1016/j.chest.2018.03.003
http://dx.doi.org/10.1038/s41598-018-35976-2


www.nature.com/scientificreports/

9SCIEnTIfIC RepoRTs |         (2018) 8:17523  | DOI:10.1038/s41598-018-35976-2

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Brain-Specific Ultrastructure of Capillary Endothelial Glycocalyx and Its Possible Contribution for Blood Brain Barrier
	Results
	Ultrastructure of Cerebral Capillary Glycocalyx. 
	Ultrastructure of Glycocalyx Injuries in Continuous Capillaries. 

	Discussion
	Materials and Methods
	Animals. 
	Electron Microscopy. 
	Vascular Injury Model and an in vivo Assay for Blood Vessel Permeability. 
	Measurement of Syndecan-1 in the Plasma. 
	Quantitative Assessment of Endothelial Glycocalyx Area. 
	Quantitative Assessment of Endothelial Glycocalyx Length. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Scanning electron micrographs showing the ultrastructure of continuous capillaries in the (A) brain, (B) heart and (C) lung.
	Figure 2 Transmission electron microscopic analysis of continuous capillaries.
	Figure 3 Characterization of LPS-injected mice.
	Figure 4 Scanning electron micrographs showing the ultrastructure of continuous capillaries 48 h after LPS administration in the (A) brain, (B) heart and (C) lung.
	Figure 5 Transmission electron microscopic analysis of continuous capillaries 48 h after LPS administration.




