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Abstract
The glycocalyx (GCX) covers the luminal surface of blood vessels and regulates vascular permeability. As GCX degradation 
predicts various types of vasculopathy, confirming the presence of this structure is useful for diagnosis. Since the GCX layer 
is very fragile, careful fixation is necessary to preserve its structure. We explored appropriate and feasible methodologies 
for visualizing the GCX layer using lung tissue specimens excised from anesthetized mice. Each specimen was degassed 
and immersed in Alcian blue (ALB) fixative solution, and then observed using electron microscopy. Specimens from septic 
mice were prepared as negative GCX controls. Using these immersion-fixed specimens, the GCX layer was successfully 
observed using both transmission and scanning electron microscopy; these observations were similar to those obtained 
using the conventional method of lanthanum perfusion fixation. Spherical aggregates of GCX were observed in the septic 
mouse specimens, and the GCX density was lower in the septic specimens than in the non-septic specimens. Of note, the 
presently reported methodology reduced the specimen preparation time from 6 to 2 days. We, therefore, concluded that 
our novel method could be applied to human lung specimens and could potentially contribute to the further elucidation of 
vasculopathies.
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Introduction

The glycocalyx (GCX) is an endothelial surface layer that 
covers the luminal surface of arteries, veins, and capillaries. 
This layer contributes to the efficient transport of plasma and 
hematopoietic cells and seals the intravascular space [1, 2]. 
Thus, the destruction of the GCX triggers various modes of 
vasculopathy, including pulmonary edema and pneumonia 
[3, 4]. On the other hand, the GCX can be restored concur-
rently with recovery from sepsis [5]. Thus, the GCX has 

been recognized as a putative key factor in the development 
of organ damage arising from vasculopathy. The lungs con-
tain a vascular architecture that facilitates gas exchange 
through an ultra-thin membrane. In this architecture, the 
glycocalyx plays a crucial role in maintaining appropri-
ate fluid transport. Various pathophysiological conditions 
can damage this barrier, allowing the migration of hemat-
opoietic cells (including macrophages and leukocytes) as 
part of the infection cascade. The breakdown of the GCX 
facilitates a proactive immune response, activating residen-
tial hematopoietic cells. However, changes to the GCX can 
also enhance fluid leakage, hindering oxygenation and gas 
exchange. This pathophysiological process is involved in 
the development of pulmonary distress. The evaluation of 
GCX damage could become a significant index for deter-
mining the prognosis of patients with pulmonary distress 
and for evaluating the efficacies of therapeutic interventions. 
Theoretically, the GCX could be an important component 
in investigations of the development of pulmonary distress, 
but damage evaluations are not clinically feasible because 
of the difficulty in visualizing this component. Alterna-
tively, GCX fragments, such as syndecan-1 or endocan, 
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could be quantitatively measured to evaluate GCX damage 
[6] in patients with pulmonary distress, including COVID-
19 patients [7]. Since the GCX is a very thin and fragile 
layer, the fixation of GCX-containing specimens needs to 
be carefully considered to ensure the preservation of the 
natural architecture. Furthermore, pulmonary tissue itself 
is also fragile and can be difficult to fix in a manner that 
preserves its natural structure. Okada et al. obtained clear 
images of GCX structures in lung tissue using scanning 
electron microscopy (SEM) [8]. Their clear images were 
obtained using perfusion fixation, but this methodology can-
not be applied to human specimens. Thus, the GCX remains 
difficult to visualize clinically. Our laboratory previously 
developed a methodology that enabled GCX visualization in 
mouse kidney specimens using formalin-fixed, epoxy resin-
embedded ultra-thin sections [9]. This method enabled us to 
evaluate the GCX even in formalin-fixed specimens, which 
are often clinically available from patients. In the present 
study, we developed a method for visualizing lung GCX 
using immersion-fixed specimens.

Methods

Animals

Ten-week-old male BALB/c mice (Japan SLC Inc., Shi-
zuoka, Japan) were used in this study.

This study was approved by the Animal Experiment Com-
mittee of Showa University (Animal experiment approval 
number #54025) and the Committee for Animal Experi-
ments at the National Institute of Public Health (Protocol 
number R3-001). All animal experiments were conducted in 
accordance with the Animal Research: Reporting of In Vivo 
Experiments guidelines. Blood samples were collected from 
the heart under general anesthesia with a cocktail of 90 mg/
kg of ketamine and 10 mg/kg of xylazine (FUJIFILM Wako 
Pure Chemicals Co. Osaka, Japan), after which the mice 
were euthanized and the lung specimens were collected.

Development of optimal fixation method for GCX 
visualization in lung specimens

Investigation of the ALB immersion time and degassing 
frequency using optical microscopy

A solution consisting of 10% neutral buffered formalin 
(FUJIFILM Wako Pure Chemical, Osaka, Japan), 1% 
ALB 8GX (Sigma-Aldrich Japan, Tokyo, Japan), and 2% 
sucrose (FUJIFILM Wako Pure Chemicals Co. Osaka, 
Japan) was used as the ALB fixative (pH6.0) [9]. The mice 
were deeply anesthetized using the intramuscular injec-
tion of a ketamine and xylazine cocktail, then euthanized 

via blood removal through a right atrial incision. A 5 mm 
square piece of mouse lung tissue was placed in a 10 mL 
syringe (TERUMO Tokyo, Japan) containing 5 mL of 
ALB fixative solution. Then, the syringe was capped 
(H4900C; Henke-Sass Wolf, Germany), and the syringe 
was pulled to 8 mL. The syringe was degassed 0, 30, 50, 
and 100 times at a speed of 1 pull/1 s. After degassing, the 
samples were immersed and fixed in ALB fixative at 4 ℃ 
for 1, 2, 3, 4, or 5 days. The samples were then embedded 
in ordinary paraffin; after cutting 1 mm from the tissue 
surface, sections with a thickness of 2 µm were prepared. 
After deparaffinization, the samples were observed using 
an optical microscope in an unsealed manner to examine 
the ALB dye penetration into the lung tissue. The findings 
were then compared according to the ALB immersion and 
fixation times as well as the degassing frequency, so as to 
determine the optimal values.

Evaluation of tissue damage from degassing

To confirm the effect of degassing on the tissue specimens, 
two groups of TEM specimens were prepared: some lung 
tissue samples were fixed using the conventional method 
with lanthanum perfusion fixation (see Appendix), while 
others were fixed using 100 degassing repeats and 1 day 
of ALB immersion fixation. The samples were sectioned 
at 2 µm, stained with toluidine blue, and observed under 
an optical microscope. After ultra-thin sectioning (60 nm), 
the specimens were stained with 2% uranyl acetate and 
2.7% lead citrate (Reynolds), then observed using TEM 
(H-7600; Hitachi High-Tech Co. Tokyo, Japan) at an accel-
eration voltage of 80 kV.

Acquisition of SEM/TEM ultrastructural images 
of pulmonary vessels in specimens prepared using 
degassing and ALB immersion fixation

After degassing 0, 30, 50, or 100 times, the specimens 
were immersed in ALB fixation solution at 4 ℃ for 1 or 
5 days, then treated with 10% neutral buffered formalin 
fixation for SEM (FlexSEM1000; Hitachi Tokyo, Japan)/
TEM imaging. For the SEM specimens, lung tissues 
excised from mice were diced (5 mm); paraffin-embedded 
blocks were then sectioned at 2 µm. After deparaffini-
zation and PAM staining, the specimens were air dried 
and observed without a metal coating using SEM and the 
backscattered electron mode at an acceleration voltage of 
15 kV, a spot size of 40, and the low vacuum mode. For 
the TEM specimens, the lung tissues were sectioned into 
1 mm squares, prepared using the conventional TEM pro-
cedure, and observed using TEM.



241Medical Molecular Morphology (2023) 56:239–249	

1 3

Development of fast‑track specimen preparation 
without paraffin embedding for SEM studies

Lung tissue excised from mice was diced (5  mm) and 
degassed 100 times. The specimens were then immersed 
in ALB fixative at 4 ℃ for 1 day and treated with 10% neu-
tral buffered formalin fixation. The specimens were then 
dehydrated using a graded ethanol series. The samples 
were freeze-fractured, critical point-dried (931GL 8787A; 
TOUSIMIS Co., America), and osmium-coated (HPC-1SW 
osmium coater; VACUUM DEVICE Co., Japan), and then 
observed using SEM under the high vacuum mode.

Confirmation of GCX visualization in pulmonary 
vessels using specimens from septic mice

Septic mice

Lipopolysaccharide (LPS) (111: B4; Sigma-Aldrich Japan, 
Tokyo, Japan) was intraperitoneally administered at a dose 
of 8 mg/kg [10] to induce sepsis. A saline solution (same 
volume as that used for the septic model) was intraperito-
neally administered for the control group. The survival rate 
was counted at 6, 12, and 24 h following LPS administration. 
A blood sample was collected from the heart under general 
anesthesia with ketamine, after which the mice were eutha-
nized and lung specimens were collected. We confirmed the 
establishment of sepsis by measuring the body weight and 
the arterial blood pressure, O2 saturation (SpO2), and serum 
mouse-soluble syndecan-1(Sdc-1) level [measured using an 
enzyme-linked immunosorbent assay (ELISA); Diaclone 
SAS, Besancon Cedex, France]. The serum white blood 
cell (WBC) and platelet (PLT) counts were measured. SpO2 
was measured using MouseOx Plus (Starr Life Sciences Co., 
Oakmont, PA, USA) with a sensor attached to the thigh of 
each anesthetized mouse.

Observation of endothelial GCX using SEM/TEM

Lung specimens were excised from septic mice for use in 
the SEM/TEM studies. The SEM specimens were prepared 
using a paraffin-unembedded technique. The samples were 
freeze-fractured, critical point-dried, and osmium-coated, 
and then observed using SEM under the high vacuum mode. 
The TEM specimens were prepared using a conventional 
procedure, then observed using TEM.

Quantitative and area analyses of GCX in septic mice

The area and length of the GCX that was adhered to the pul-
monary vascular endothelial surface in non-septic specimens 
prepared using lanthanum perfusion fixation, non-septic 
specimens prepared using a paraffin-unembedded technique, 

and septic specimens prepared using a paraffin-unembedded 
technique were measured at 3 or 4 locations; the pixel areas 
were then calculated and compared using Adobe Photoshop 
Elements 2019.

The area of adhesion was calculated as the ratio of the 
number of pixels in the GCX area relative to the total num-
ber of pixels in the regions of interest, and the length of the 
adhesion was calculated as the ratio of the number of pixels 
occupied by the endothelial surface of the vessel immedi-
ately below the GCX relative to the total number of pixels 
occupied by the endothelial surface.

Results

Development of degassing and ALB immersion 
fixation technique

In all the specimens that had been degassed more than 30 
times, the entire tissue was stained with ALB dye, regardless 
of the immersion time (1–5 days; Fig. 1). We concluded that 
100 degassing repeats and 1 day of ALB immersion fixa-
tion were sufficient to yield optimal results. Therefore, 100 
degassing repeats and 1 day of ALB immersion fixation were 
used for all subsequent experiments.

Optical microscopy confirmed that the morphology of 
the basement membrane was better preserved in specimens 
prepared with 100 degassing repeats and 1 day of ALB 
immersion, since toluidine blue-stained specimens prepared 
using perfusion fixation had dilatated alveolar spaces and 
microvessels (Fig. 2a, b).

TEM observations showed a good morphological reten-
tion of erythrocytes and mitochondria in both specimens.

Observation of the lung microstructure revealed that the 
combination of 100 degassing repeats and ALB immersion 
fixation did not cause shrinkage or thinning of the base-
ment membrane, epithelial cells, or endothelial cells, com-
pared with perfusion fixation (Fig. 2c, d, e, f). Therefore, 
this method was judged to be suitable for fixing lung tissue.

SEM/TEM ultrastructural imaging of pulmonary 
vessels in specimens prepared using degassing 
and ALB immersion fixation

The particle structure of the GCX was visible in speci-
mens that had been degassed more than 30 times, and the 
GCX was diffusely scattered in SEM specimens that had 
been degassed 100 times (Fig. 3a, b, c, d, e). The GCX was 
clearly visible all around the endothelial surface in lung tis-
sue specimens subjected to 100 degassing repeats and 1 day 
of ALB immersion fixation and observed using either SEM 
or TEM (Fig. 3f, g).
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Fast‑track preparation of specimens 
without paraffin embedding for SEM

The GCX images obtained for specimens processed with 
FFPE preparation and PAM staining, which requires 
6 days of processing, and for those processed with freeze-
fractionation and osmium coating, which requires only 
2 days of processing, were almost identical. Thus, the 
GCX was visible when the paraffin-unembedded tech-
nique, i.e., normal freeze-fractionation and osmium coat-
ing without FFPE specimen preparation and PAM staining, 
was used. Consequently, the processing time from lung 
tissue removal until SEM observation was shortened by 
4 days. Furthermore, the morphology of the GCX in the 
specimens prepared using degassing and ALB immersion 
fixation was not obviously different from that in specimens 
prepared using lanthanum perfusion fixation (Fig. 4).

Observation of GCX in pulmonary vessels 
in specimens from septic mice

Establishment of septic mouse model

The largest WBC reduction was seen at 6 h after LPS 
administration, at which time the SpO2 had decreased 
from 98.3 ± 0.23% before LPS administration to 
96.9% ± 0.47%(Fig. 5A). The largest reductions in body 
weight, blood pressure, and blood PLT were observed at 
12 h after LPS administration, at which time the SpO2 
had decreased to 93.3 ± 1.55% (Fig. 5B). The syndecan-1 
level was highest at 12 h after administration. The survival 
rate was 100% at 12 h after LPS administration and 0% at 
24 h after LPS administration (Fig. 5C). Therefore, the 
mice were used as a model of sepsis at 12 h after LPS 
administration.

Fig. 1   Effect of the frequency of degassing on the extent of fixation 
in the pulmonary tissue. The specimens were immersed in a solution 
composed of 10% neutral buffer formalin, 2% sucrose, and 1% Alcian 
blue (ALB) for 1–5 days after 0–100 degassing repeats to determine 
the optimal fixation conditions. Of note, the quality of staining after 

100 degassing repeats and 1 day of fixation was almost identical to 
that after 100 degassing repeats and 5 days of fixation. We used these 
conditions for subsequent experiments. Magnification: a–e, × 40. 
Scale bar: 2 mm
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SEM images of the GCX in specimens from septic mice

The GCX was scattered as spherical aggregates across the 
surface of the pulmonary vascular endothelium in septic 
mice, while it covered the entire surface of the pulmonary 
vascular endothelium in non-septic mice (Fig. 5a). The mean 
area of adhered GCX on the pulmonary vascular endothe-
lial surface (5 × 8 µm) corresponded to 92.55 ± 4.01% of 
the endothelial surface in non-septic specimens prepared 
using perfusion fixation and 93.77 ± 2.71% of the endothe-
lial surface in non-septic specimens prepared using immer-
sion fixation. Meanwhile, the mean area of adhered GCX 
in the septic specimens corresponded to 34.67 ± 14.63% of 
the endothelial surface; this value was significantly lower 
(p < 0.05) than that observed in non-septic mice (Fig. 6A).

TEM images of the GCX in specimens from septic mice

The TEM images confirmed that the GCX covered the 
pulmonary vascular endothelium nearly completely in 

the non-septic specimens, while it was scattered in aggre-
gates in the septic specimens (Fig. 5b). TEM observations 
showed that the GCX covered the entire surface of the 
pulmonary vascular endothelium in a partially hemispheri-
cal state in specimens from non-septic mice. In specimens 
from septic mice, however, the GCX did not cover the 
entire pulmonary vascular endothelial surface and was 
observed in a partially spherical, aggregated state.

The mean length of adhered GCX on the pulmonary 
vascular endothelial surface (200 × 300 nm) corresponded 
to 96.54 ± 1.30% of the length of the endothelial surface 
in non-septic specimens prepared using perfusion fixation 
and 98.41 ± 1.12% of the length of the endothelial surface 
in non-septic specimens prepared using immersion fixa-
tion. Meanwhile, the length of adhered GCX in specimens 
from septic mice corresponded to 43.65 ± 8.26% of the 
length of the endothelial surface; these values for non-sep-
tic and septic mice were significantly different (p < 0.05) 
(Fig. 6B).

Fig. 2   Confirmation of pulmonary specimen architecture after degas-
sing. Tissue damage caused by degassing was evaluated by compar-
ing images of specimens processed using perfusion fixation and 
specimens processed using 100 degassing repeats and 1 day of ALB 
immersion fixation. a, c, d Images of specimens processed using 
perfusion fixation. b, e, f Images of specimens processed using 100 
degassing repeats and 1 day of ALB immersion fixation. a, b Opti-
cal microscopy images of lung tissue. The images of specimens pro-

cessed using perfusion fixation (a) or 100 degassing repeats and 1 day 
of ALB immersion fixation (b) were almost identical, with no artifi-
cial distortion of the architecture. c, d, e, f TEM images of lung tis-
sue. The arrows indicate mitochondria. ALB immersion fixation did 
not cause shrinkage of the basement membrane, epithelial cells, or 
endothelial cells, compared with perfusion fixation. Magnifications: 
a, b, × 400; c, e, × 2,500; d, f, × 12,000. Scale bar: a, b, 100 µm; c, e, 
2 µm; d, f, 500 nm
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Discussion

Our group previously succeeded in visualizing the renal 
GCX using ALB immersion-fixed specimens [9]. Here, we 
attempted to apply this method to the visualization of the 
GCX in lung tissue. Since lung tissue contains a consider-
able quantity of air, which interrupts the penetration of fixa-
tive, we used a degassing technique to overcome this prob-
lem. We confirmed that more than 100 degassing repeats 
were sufficient to allow the fixative solution to penetrate 
the tissue (Fig. 1). A syringe was used for the degassing 
and ALB immersion fixation; since subsequent electron 

microscopy studies were capable of visualizing the GCX in 
these 100 degassing repeats and 1 day ALB immersion-fixed 
specimens, the effect of degassing on GCX observations was 
thought to be minimal.

We also confirmed that this procedure did not distort the 
ultrastructure of the lung tissue (Fig. 2). Previous studies 
have reported that the intratracheal instillation method is 
superior to other degassing or perfusion fixation methods for 
preserving lung tissue morphology for optical microscopy 
[11, 12]. These previous studies reported that the vacuum 
degassing method causes the expansion and thickening 
of alveolar walls; even using perfusion fixation, enlarged 

Fig. 3   SEM and TEM images of 
pulmonary specimens processed 
using different degassing fre-
quencies. The GCX was visible 
in the SEM and TEM images of 
specimens processed using ALB 
immersion fixation. Visualiza-
tion of the components covering 
the pulmonary capillaries 
was confirmed for specimens 
processed using different degas-
sing frequencies. More than 30 
degassing repeats were required 
for the visualization of the 
GCX. Endothelial GCX imag-
ing of the pulmonary capillar-
ies was performed using ALB 
immersion with silver enhance-
ment by PAM staining and was 
observed using LV-SEM (low 
vacuum SEM). a, b, c, d, e 
SEM images of lung tissue. f, g 
TEM images of lung tissue. a, f 
Pulmonary capillaries in speci-
mens processed without ALB 
immersion fixation. The GCX 
cannot be observed on the sur-
face of the vascular endothelium 
using either SEM or TEM. b, c, 
d, e, g) Pulmonary capillaries 
in specimens processed using 
ALB immersion fixation for 
1 day: (b) 0 degassing repeats, 
(c) 30 degassing repeats, (d) 
50 degassing repeats, (e, g) 
100 degassing repeats. The 
arrows indicate the endothelial 
glycocalyx. The GCX was 
clearly observed in specimens 
processed using 100 degassing 
repeats. Magnifications: a, b, 
c, d, e, × 10,000; f, g, × 50,000. 
Scale bar: a, b, c, d, e, 5 µm; f, 
g, 100 nm
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alveoli, the collapse of lung parenchymal structures, and 
obvious hyper-cellularization and thickening of the alveo-
lar walls can be observed. However, these previous reports 
were based on observations using optical microscopy, and 
GCX evaluations using electron microscopy were not per-
formed. In the present study, TEM observations of the lung 
microstructure in specimens prepared using our degassing 
and ALB immersion method showed a good retention of the 
basement membrane and cells, and we determined that our 
method was suitable for TEM observations of the GCX in 
lung tissue specimens.

SEM images of the GCX in specimens prepared using 
1 day of ALB immersion were almost identical to those pre-
pared using 5 days of ALB immersion. Accordingly, we used 
1 day of ALB immersion fixation in our subsequent analyses.

To simplify the preparation of SEM specimens for GCX 
observation even further, we applied osmium coating to 
the ALB immersion-fixed specimens. Using a process that 
does not require embedding, we were able to shorten the 
specimen processing time to approximately 2 days, which 
is 4 days shorter than the processing time required for PAM 
staining and paraffin embedding. We confirmed that the 
images obtained for specimens with osmium coating were 
comparable to those obtained for specimens prepared using 

the conventional embedding technique. Our method may 
allow the depiction of the GCX via a reaction between ALB 
and osmium, suggesting that it might be possible to con-
firm the presence, amount, and adhesion of GCX in clinical 
pathological specimens using electron microscopy within a 
24-h period, similar to techniques used for rapid pathologi-
cal diagnosis.

Syndecan-1 and heparan sulfate, two biomarkers of GCX 
damage, reflect the degree of GCX loss from the vascular 
endothelial surface into the bloodstream, and these values 
have been reported to increase markedly during sepsis [2, 
13]. Although these biomarkers are convenient for evaluat-
ing GCX damage, the marker levels are diluted by the entire 
circulating blood volume, and quantitative measurements 
are, thus, less sensitive than imaging analyses. The GCX 
layer on pulmonary vessels is also relatively thin, compared 
with that in other organs such as the heart and liver [14], and 
the contribution of GCX loss during pulmonary vascular 
injury to increases in the blood levels of syndecan-1 and 
heparin sulfate might be minimal.

Visualization of the GCX could also be applied to 
studies examining the pathophysiological mechanisms 
of cancer growth and therapeutic resistance in cancer or, 
alternatively, the development of pulmonary distress in 

Fig. 4   Comparison of SEM/TEM images for specimens processed 
using perfusion fixation and immersion fixation (without paraffin 
embedding). Of note, the SEM/TEM images were almost identical 
for specimens prepared using either process. The morphology of the 
GCX appears to be well preserved. a, b, e, f Images of specimens 
processed using perfusion fixation. c, d, g, h Images of specimens 
processed using immersion fixation (unembedded, with osmium coat-
ing). a, c, e, g SEM images of pulmonary capillaries. b, d, f, h TEM 
images of pulmonary capillaries. a, b Pulmonary capillaries in speci-
mens processed without lanthanum nitrate. c, d Pulmonary capillaries 

in specimens processed without ALB immersion. The GCX cannot 
be observed on the surface of the vascular endothelium using either 
SEM or TEM. e, f Pulmonary capillaries in specimens processed with 
lanthanum nitrate. g, h Pulmonary capillaries in specimens processed 
with ALB. The arrows indicate the GCX layer. No remarkable differ-
ences were noted between specimens processed using perfusion fixa-
tion and those processed using immersion fixation (without paraffin 
embedding). Magnifications: a, c, e, g, × 10,000; b, d, f, h, × 50,000. 
Scale bar: a, c, e, g, 5 µm; b, d, f, h, 100 nm
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COVID-19. GCX is massively produced in metastatic can-
cers and is involved in cancer cell survival and growth 
[15, 16], contributing to the anti-cancer drug barrier on 
cell surfaces. Our research group previously showed that 
macrophages play an important role in the development 
of the lung edema that accompanies glycocalyx shedding 
[17]. We were able to confirm the role of macrophages 
in human lung injury by applying our newly developed 
method. Lung edema in patients with COVID-19 has also 
been shown to be accompanied by GCX depletion [18]. 
TEM observations of the ultrastructure of coronavirus par-
ticles, macrophages, and neutrophils in lung tissue have 
even been used to understand the pathogenesis of COVID-
19 and to develop treatment strategies for COVID-19 [19]. 
The presently reported method might be applicable to 
diagnostic studies for cancer phenotype identification or to 
studies examining the pathogenesis of COVID-19, as well 
as the selection of effective anti-cancer drugs in clinical 

practice and the selection of optimal clinical treatment 
strategies for cancer or COVID-19.

Finally, we confirmed the shedding of the GCX from the 
pulmonary vascular endothelium in septic mice, but we did not 
follow the process of GCX regeneration and recovery. Previ-
ous studies have shown that the GCX regenerates 48 h after 
GCX injury [13], but the mechanism of regeneration has not 
yet been clarified. Various therapeutical strategies have been 
assumed, and neutrophil elastase, thrombomodulin, and hepa-
rin are current candidates for the prevention of GCX shedding 
[20–26]. Our technique could help to evaluate the clinical effi-
cacies of these medications in clinical practice.

Fig. 5   Establishment of septic mice and subsequent SEM/TEM 
images of the glycocalyx. The establishment of the septic mouse 
model was confirmed using specific biological parameters (white 
blood cells, platelets). The syndecan-1 level increased in paral-
lel with the establishment of sepsis. A The white blood cell (WBC) 
count was significantly reduced at 6 and 12 h after LPS administra-
tion (p < 0.05). B The platelet (PLT) count was significantly reduced 
at 6 and 12 h after LPS administration (p < 0.05). C The syndecan-1 
levels in blood samples obtained at 6 and 12 h after LPS administra-

tion were significantly increased (p < 0.05). The presence of the GCX 
was confirmed in the septic mouse model. Of note, the GCX was less 
concentrated on the surface of the capillary lumen in both the TEM 
and SEM images. a SEM image of pulmonary capillaries from a sep-
tic mouse. The arrows indicate the glycocalyx layer. b TEM image of 
pulmonary capillaries from a septic mouse. The arrows indicate the 
glycocalyx layer. The GCX was scattered as spherical aggregates on 
the surface of the pulmonary vascular endothelium. Magnifications: 
a, × 10,000; b, × 50,000. Scale bar: a, 5 µm; b, 100 nm
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Conclusion

This newly developed method of preparing specimens for 
GCX observation could be applied to not only animal lung 
tissue, but also human lung specimens. We expect that evalu-
ations of morphological changes, from GCX shedding to 
regeneration, in humans will lead to the development of new 
treatment strategies for cancer or vascular permeability-
enhanced pathologies, such as sepsis and ARDS, as well as 
research examining the function of the GCX itself.

Appendix

Conventional perfusion fixation 
with lanthanum nitrate

SEM

A solution consisting of 2.5% glutaraldehyde (Nisshin-EM 
Co. Tokyo, Japan), 2% sucrose, and 2% lanthanum nitrate 
(Sigma-Aldrich Japan, Tokyo, Japan) was used as the perfu-
sion fixative.

The mice were deeply anesthetized using an intramus-
cular injection of a cocktail of ketamine and xylazine. A 
perfusion pump was used to perform the injection at a steady 
rate of 1 mL/min for about 15–20 min. The lungs were then 
harvested and diced into 5 mm cubes.

Fig. 6   Quantitative and area analyses of GCX damage using SEM/
TEM images. The density of the GCX was quantitatively evaluated 
using TEM and SEM images. A GCX density was measured as the 
GCX area ratio relative to the region of interest (ROI). a SEM image 
of a pulmonary capillary in a non-septic specimen processed using 
perfusion fixation. b SEM image of a pulmonary capillary in a non-
septic specimen processed using ALB immersion fixation. c SEM 
image of a pulmonary capillary in a septic specimen processed using 
ALB immersion fixation. The GCX area ratio was measured within 
the red square in each group. The mean area of the GCX in the sep-
tic specimens was significantly smaller than that in the non-septic 
specimens processed using either perfusion or immersion fixation 

(p < 0.05). B The GCX density was measured as the length of the 
luminal surface containing adhered GCX relative to the length of the 
ROI. d TEM image of a pulmonary capillary in a non-septic speci-
men processed using perfusion fixation. e TEM image of a pulmo-
nary capillary in a non-septic specimen processed using ALB immer-
sion fixation. f TEM image of a pulmonary capillary in a non-septic 
specimen processed using ALB immersion fixation. The length (red 
line) was measured in each group. The mean length of the GCX in 
specimens from septic mice was significantly smaller than that seen 
in non-septic specimens processed using perfusion or immersion 
fixation (p < 0.05). Magnifications: a, b, c, × 10,000; d, e, f, × 50,000. 
Scale bar: a, b, c, 5 µm; d, e, f, 100 nm
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Each cube was immersed in the perfusion solution for one 
day of fixation at 4 ℃. The specimens were then dehydrated 
using a graded ethanol series. Samples were freeze-cracked 
at the critical point, osmium-coated, and observed using 
SEM at an acceleration voltage of 15 kV, a spot size of 40, 
and the high vacuum mode [8, 27–30].

TEM

Perfusion-fixed lungs were diced into 1-mm cubes and 
immersed in 2.5% glutaraldehyde, 2% sucrose, and 2% lan-
thanum nitrate fixing solution at 4 ℃ for one day. The speci-
mens were then washed with 30 mM HEPES (DOJINDO 
LABORATORIES, Japan) and fixed in 2% osmium tetroxide 
at 4 ℃ for 2 h.

Specimens were dehydrated in a graded ethanol series 
and embedded in epoxy resin. After ultra-thin sectioning, 
the specimens were stained with 2% uranyl acetate and 2.7% 
lead citrate and were observed using TEM at an acceleration 
voltage of 80 kV [2, 9, 17].
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