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Recent studies in intraoperative fluid therapy have 
focused on preventing postoperative interstitial 
fluid accumulation1–3 and individualized intraopera-

tive fluid administration.4 Such advances are supported by 
a revised approach to Starling’s law5,6 and a re-evaluation 
of the “third space” concept.7,8 According to the revised 

Starling’s law,6 extravasation (the outward flow of water 
from the vessel into the interstitium) should exceed absorp-
tion (the inward flow of water from the interstitium into the 
vessel). Infused fluid thus accumulates in the interstitium 
and contributes to edema formation.9 This concept is sup-
ported by clinical postoperative outcomes.10,11

The interior of the vessel lumen is covered by the gly-
cocalyx (GCX), which plays an important role in forming a 
tight barrier affecting vascular permeability.3 The destruc-
tion of the fragile GCX in various pathological conditions 
is thought to enhance fluid extravasation, leading to edema 
formation and fluid retention.12 This key component of the 
regulation of vascular permeability may thus help prevent 
postoperative fluid retention.

The endothelial surface layer (ESL), including the GCX, 
is altered in response to surgical stress, anesthesia,13 and 
other intraoperative factors.14 Sepsis and bacteremia may 
also alter the functional and anatomic state of the GCX.15 In 
addition, leukocytes also interact with the ESL. Leukocytes 
primed during an inflammatory process may adhere to the 
endothelium, producing microthromboses and inducing 
microvascular hyperpermeability. In fact, microvascular 
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endothelial dysfunction and subsequent end organ failure 
is now recognized as critical to sepsis pathophysiology.16

As the primary interface between circulating blood cells 
and the vessel endothelium, the GCX acts as a buffer to pre-
vent unnecessary interactions between flowing cells and 
the endothelium. When an inflammatory process begins, 
the GCX may become deformed, enabling abnormal inter-
actions to proceed. Although aspects of GCX degradation 
have been intensively studied, they have not often been 
correlated with concurrent analysis of the morphological 
behavior of the GCX.

Since the GCX is less than 500 nm16 in thickness, most 
research has utilized electron microscopy (EM) and fixed 
specimens. The aim of the present study was to combine 
functional and morphological analysis of the GCX in vivo 
using EM, intravital microscopy (IVM), and biochemical 
and physiological measures. We used a mouse dorsal skin-
fold chamber (DSC) to allow both observations of GCX 
behavior and physiological parameters. A lipopolysaccha-
ride (LPS)–induced septic model was used as a pathological 
model of GCX degradation, and the behavior of the GCX in 
the face of vascular permeability and leukocyte–endothelial 
interactions was recorded.

METHODS
Animals and Ethical Statement
Experiments were performed using 8- to 10-week-old male 
BALB/c mice (Japan SLC, Inc, Shizuoka, Japan) weighing 24 
to 28 g. The mice were kept in an isolator rack (SuperMouse 
1400; Lab Products Inc, Seaford, DE) in a 12-hour light–dark 
cycle with free access to water and standard chow under 
controlled temperature (23°C ± 1°C) and humidity (50% ± 
10%) conditions.

All experimental protocols were approved by the 
Committee for Animal Experiments at the National Institute 
of Public Health (protocol number 26-002) and were in 
accordance with all the guidelines and laws for animal 
experiments in Japan.

Chemicals
Fluorescein isothiocyanate (FITC)–labeled wheat germ 
agglutinin (WGA) lectin from Triticum vulgaris, LPS from 
Escherichia coli O26:B6, FITC-labeled dextran (average 
molecular weight, 40 kDa [FITC-dex40]), tetramethyl 
rhodamine–labeled dextran (average molecular weight, 
75 kDa [TMR-dex75]), hyaluronidase from Streptomyces 
hyalurolyticus, heparinase III from Flavobacterium hepari-
num, lanthanum (III) nitrate hexahydrate, and glutaralde-
hyde were purchased from Sigma-Aldrich Co (St Louis, 
MO). Horseradish peroxidase (HRP)–conjugated WGA 
was purchased from Vector Laboratories, Inc (Burlingame, 
CA). Ketamine hydrochloride, xylazine hydrochloride, 
N-acetyl-d-glucosamine (GlcNAc), and rhodamine 6G 
were purchased from Wako Pure Chemicals Industries, Ltd 
(Osaka, Japan). Tissue-Tek OCT Compound and 3,3-diami-
nobenzidine (DAB) were purchased from Sakura Finetek 
(Zoeterwoude, the Netherlands) and Nichirei Co (Tokyo, 
Japan), respectively. The mouse-soluble syndecan-1 (Sdc-1) 
enzyme-linked immunosorbent assay (ELISA) kit was pur-
chased from Cusabio Biotech Co Ltd (Wuhan, China).

Identification of ESL
In Vivo GCX Imaging Using WGA Lectin. For microvascular 
observations using the DSC technique, a nonmetal DSC 
assembly was introduced into each of the recipient mice as 
previously described.17 DSC implantation was performed at 
least 3 days prior to observation to allow surgically induced 
acute inflammation to subside.

In a pilot study, we tested 7 lectins from various plants 
to identify a labeling and visualizing the ESL,18 and FITC-
WGA had the most appropriate properties. The FITC-WGA 
model has been described previously.18 Briefly, FITC-WGA 
was solubilized in saline, and a bolus (6.25 mg/kg body 
weight) was administered via the tail vein 30 minutes prior 
to imaging. Vascular images within the DSC were observed 
using an all-in-one epifluorescence microscope (model 
BZ-9000; Keyence Co, Osaka, Japan) equipped with a high-
sensitivity charged-couple device (CCD) camera and a ×20 
long working distance objective lens (S PlanFL ELWD ADM 
20×C, NA = 0.45; Nikon Co, Tokyo, Japan).

EM Examination of WGA Lectin Binding. Male BALB/c 
mice (n = 6) were deeply anesthetized by the intramuscular 
injection of a cocktail of ketamine (90 mg/kg body weight) 
and xylazine (10 mg/kg body weight) and were perfused 
via the heart using a perfusion pump at a speed of 7 mL/
min first with phosphate buffered saline (PBS) and then 
with 2.5% glutaraldehyde in PBS (35 mL per mouse). After 
perfusion, the dorsal skin was excised and immersed in 2.5% 
glutaraldehyde/PBS, and then stored for 24 hours at 4°C. The 
excised skin was transferred to 10% sucrose/PBS and was 
allowed to equilibrate for 24 hours at 4°C. This replacement 
was continued in a stepwise fashion as 15% and 20% sucrose/
PBS for 24 hours at 4°C, respectively. The skin was embedded 
with Tissue-Tek OCT Compound, and sections (thickness, 
10 μm) containing small vessels were serially cut in a 
cryostat (CM1950; Leica Biosystems, Nussloch, Germany). 
These sections were kept on a Matsunami adhesion slide-
coated slide glass (Matsunami Glass Corp, Osaka, Japan) 
for 3 hours at room temperature, and then reacted with 
HRP-WGA (8 μg/mL) for 24 hours at 4°C in a moisture 
box. Sections were stained with chromogen (DAB-H2O2), 
washed with PBS, and immersed in 1% glutaraldehyde/
PBS. After washing with PBS, the sections were osmicated, 
and then dehydrated through a graded series of ethanol and 
embedded in Epon 812 (Shell Chemical Co, New York, NY). 
Ultrathin sections were cut, slightly stained with lead citrate, 
and examined using EM (JEM 1011; JEOL, Tokyo, Japan). EM 
images were obtained using a KeenView III 1k × 1k CCD 
camera (Olympus Co, Tokyo, Japan). Some sections were 
incubated with HRP-WGA in the presence of hapten sugar 
(0.1 M GlcNAc) to confirm WGA staining specificity. Other 
sections were incubated with DAB-H2O2 solution to detect 
endogenous peroxidase activity.

Morphologic Analysis of GCX After Biochemical 
Digestion With Glycosidase
Animals were divided into 2 groups: a control group  
(n = 13) and a glycosidase-administration group (n = 13). To 
confirm that WGA lectin staining was attributable to bind-
ing with the hapten sugar (GlcNAc), we compared WGA 
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staining with or without the intravenous administration 
of glycosidase (a mixture of hyaluronidase [50 units per 
mouse] and heparinase [1 sigma unit per mouse]) to mice 
at 2 hours before observation. Images were obtained using 
both EM (n = 3) and IVM (n = 10) for each group.

Prior to the IVM observation, a 100-µL bolus of FITC-
WGA (6.25 mg/kg) for GCX staining and a 100-µL bolus of 
TMR-dex75 (3% w/v) for obtaining blood flow images were 
injected into the tail vein. Thirty minutes after the lectin and 
dextran injections, each mouse was anesthetized with 1.5% 
isoflurane and was mounted on a fluorescence microscope 
(BZ-9000). Fluorescent images (680 × 512 pixels) were cap-
tured for at least 3 regions of interest (ROIs) per chamber 
using fluorescent filters for FITC and TMR. To compare the 
fluorescent intensities of the lectin staining, the same expo-
sure time and gain level were used for all the images.

EM was used to examine the arterioles and venules in 
the dorsal skin. Specimens were prepared from the control 
group and the glycosidase-administration group (n = 3).

Lanthanum fixation was used because the lanthanum 
ion (La3+) binds to the negatively charged GCX.19 Deeply 
anesthetized mice were perfused via the heart using a per-
fusion pump for 5 minutes at a speed of 7 mL/min with 
fixative/staining solution (2% glutaraldehyde, 30 mM 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buf-
fer, and 2% La(NO3)3) after blood removal by perfusion 
with PBS. Diced pieces of the dorsal skin were immersed 
in fixative solution (2% glutaraldehyde and 30 mM 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buf-
fer) at 4°C for 24 hours, and then used for EM observations 
as described above.

Morphological and Functional Analysis of GCX in 
LPS-Induced Septic Model
LPS-Induced Septic Model. Severe sepsis was induced by 
the intraperitoneal administration of LPS (2 mg/kg at 0 and 
18 hours), according to previous studies.20,21 To evaluate 
the sepsis severity, we examined several physiological end 
points: (1) body weight reduction, (2) decrease in blood 
pressure, (3) leukocytosis and thrombopenia, (4) decrease in 
blood albumin level, and (5) 48-hour mortality rates of 40%–
50%. The systolic blood pressure and the diastolic blood 
pressure were measured while the mice were conscious using 
a computerized tail-cuff system (BA-98A; Softron Co, Tokyo, 
Japan) at the designated time points. For the biochemical 
and hematologic analyses, whole blood was collected from 
the left ventricle of mice at 24 hours and was analyzed using 
a biochemical analyzer (VetScan VS2; Avaxis Inc, Union City, 
CA) and a fully automated 5-part differential cell counter 
(VetScan HM5; Avaxis Inc), respectively.

Measurement of Sdc-1 Concentrations in Blood Plasma. 
The serum level of soluble Sdc-1 was quantified using an 
ELISA kit according to manufacturer instructions. Briefly, 
samples, standards, and diluted biotinylated antibody were 
added to precoated wells and incubated for 1 hour at room 
temperature. After 3 washes, HRP–streptavidin conjugate 
was added, and the plate was incubated for 1 hour at room 
temperature; the substrate was then added, and the color 
was allowed to develop for 15 to 30 minutes. The absorbance 

was read at 450 nm using a microplate reader (Bio-Rad, 
Hercules, CA). The Sdc-1 concentration was calculated 
based on a standard curve.

IVM Examination of ESL and Analysis of Thickness 
Index. IVM was performed 24 hours after the first LPS 
administration. Using the resulting images, the ESL 
thickness in the LPS and control models (n = 20 from LPS 
group and n = 10 from control group) was then quantified by 
transferring the IVM images to BZ image analysis software 
(Keyence Co). A straight section of endothelium was chosen 
to measure the thickness. A 2-dimensional graph of the 
pixel intensities along a line perpendicular to the section 
was then created. The width of the plot profile at the level 
of half of the peak was then measured (full width at half 
maximum). The length was regarded as the ESL length. We 
defined the mean full width at half maximum as the ESL 
thickness index (micrometers) for the endothelium.

EM Examination of GCX and Analysis of Thickness. For 
EM observations, perfusion fixation was performed 24 
hours after the first LPS administration, similar to the IVM 
observations. The GCX thickness was measured for the LPS 
(n = 3) and control (n = 3) groups by transferring the images 
to the analysis software (ImageJ; NIH, Bethesda, MD). The 
area of lanthanum staining and the length of the membrane 
were then measured, and the ratio of these 2 measures 
(surface area : length) were defined as the mean thickness 
(nanometers) of the GCX. All analyses were performed in a 
blinded manner by H.K. and an assistant.

Observation of Adherent and Rolling Leukocytes 
Using IVM
The fluorescent marker rhodamine 6G was used to visualize 
leukocytes in vivo.17,22 Rhodamine 6G was dissolved in saline 
at a final concentration of 0.02 mg/mL on the day of the experi-
ment. The solution was filtered through a 0.22-µm membrane 
filter (syringe-driven filter unit, Millex-GN; Millipore Co, 
Billerica, MA) before each experiment to remove insoluble 
substances. A prepared rhodamine 6G solution (100 µL) was 
injected into the tail vein at 5 minutes before imaging. During 
the observation, the animals were anesthetized with isoflu-
rane inhalation and placed on the stage of a fluorescence 
microscope (BZ-9000). Using a fluorescence filter (excitation, 
540 nm; emission, 605 nm; and dichroic mirror, 565 nm), leu-
kocytes were illuminated with rhodamine 6G. We randomly 
choose an ROI that met the requirements for diameter (about 
30 µm for arterioles or 40 µm for venules) and length (100 
µm). Flow images were recorded for 30 seconds at a video 
rate of 30 frames per second for each ROI, and the numbers 
of rolling and adherent leukocytes were counted. Adherent 
leukocytes were defined as those that adhered to the endo-
thelium, and rolling leukocytes were defined as white cells 
moving on the vessel wall at a velocity slower than that of 
the erythrocytes. The adherent and rolling counts were cali-
brated for a vascular diameter of 100 µm.

Analysis of Vascular Permeability in IVM
The permeability analysis was performed using a method 
described by Alfieri et al,20 with some modifications. Seven 
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mice (3 for the septic model and 4 for the control group) 
were anesthetized with isoflurane inhalation at 24 hours 
after the first LPS administration. A bolus (200 μL) of a 
cocktail containing 0.5% (w/v) FITC-dex40 and 1.5% (w/v) 
TMR-dex75 was intravenously injected, and each ani-
mal was placed on the stage of a fluorescence microscope 
(BZ-9000). The microvasculature in the DSC was observed 
through a ×20 objective lens, and 5 ROIs per mouse were 
set using the stage mapping function. Fluorescent images 
of FITC-dex40 and TMR-dex75 were captured for the same 
ROI every 30 minutes for up to 120 minutes. To compare 
the fluorescent intensities, the same exposure time and gain 
level were used for all images.

Image analysis software (ImageJ) was used for off-line 
analysis of the fluorescent images. The software assigned 
an integer value to the brightness of the fluorescence using 
an arbitrary 8-bit gray scale (range, 0–255) at 3 randomly 
selected, distinct interstitial areas (900 μm2) for each ROI. 
The difference in the value from the first image was used as 
an index of vascular permeability.

Statistical Methods
The measured data are presented as the mean ± standard 
deviation. The number of mice used in each experiment is 
described in the figure legends. Statistical analyses were 
performed using SPSS statistics software (version 22; Japan 
IBM Co, Tokyo, Japan). Comparisons were made using an 
unpaired Student t test for the ESL thickness analysis, the 
GCX thickness analysis, and the analysis of Sdc-1 concen-
trations. A P value of <.05 was considered significant. For 
leukocyte adhesion, a Mann-Whitney U test was used to 
determine statistical significance. For the permeability anal-
ysis, a 1-way analysis of variance followed by a Dunnet post 
hoc test or a Student t test were used as appropriate.

A sample size of 3 for ESL thickness provided more than 
90% power at the 0.05 significance level to detect a difference 
of 0.9 μm,23 assuming a standard deviation of 0.447 (control) 
and 0.224 (LPS).23 A sample size of 3 for leukocyte adhesion 
provided more than 90% power at the 0.05 significance level 

to detect a difference of 130/mm3,23 assuming a standard 
deviation of 0 (control) and 67.08 (LPS).23

RESULTS
WGA Lectin Bound to the ESL Was Identified 
Using EM
Images of the HRP-WGA staining (Figure  1) showed the 
presence of positive staining as a result of peroxidase activ-
ity, whereas positive staining of the peroxidase substrate 
was not observed without HRP-WGA staining. These 
results suggest that the HRP-WGA–positive component 
was bound to the luminal surface of the endothelium, 
within which the glycosaminoglycans (GAGs) of the GCX 
are thought to be localized.

Morphological Analysis of GCX Under 
Biochemical Digestion With Glycosidase
In vivo images of the microvasculature were obtained using 
IVM (Figure 2A–D). The FITC-WGA lectin signal was present 
along the luminal surface of the endothelium in control mice 
(Figure  2A, C), whereas the intravenous administration of 
glycosidase attenuated the fluorescence signal (Figure 2B, D).

The lanthanum-positive GCX layer and caveola were identi-
fied in control mice using EM (Figure 2E, G). In the glycosidase-
administration group, degradation of the GCX, which means 
the layer becomes “thinner,” was also observed (Figure 3C, D). 
These observations coincided with the IVM results.

Sepsis Model
In our LPS-based septic mouse model, body weight and 
survival were monitored for 48 hours. The body weight 
decreased by approximately 15% in the LPS-administration 
group, compared with non-LPS controls. A high survival 
rate (94%) for the first 24 hours was also confirmed. The sur-
vival rate at 48 hours after LPS administration was 47.4%. 
Both systolic blood pressure and diastolic blood pressure 
decreased with time after LPS administration. These data 
are shown in Supplemental Digital Content 1, Supplemental 
Figure,  http://links.lww.com/AA/B714.

Figure 1. WGA lectin binds to the lumi-
nal surface of the endothelium. All the 
specimens were dissected from control 
mice, and magnified images of arteri-
oles (A and C) and venules (B and D) 
in subcutaneous tissue are shown. A 
and B, Specimens stained with HRP-
WGA. Positive staining with WGA lec-
tin is shown by the black color. C and 
D, Specimens without HRP treatment 
were used as a negative control for 
HRP-WGA. No staining was identified. 
The scale bar in each image is 500 nm. 
HRP indicates horseradish peroxidase; 
WGA, wheat germ agglutinin.

http://links.lww.com/AA/B714
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Blood samples were collected from the heart under deep 
anesthesia at 24 hours after the first LPS administration, and 
white blood cells, platelets, and albumin levels were mea-
sured (see Supplemental Digital Content 2, Supplemental 
Figure, http://links.lww.com/AA/B715).

FITC-WGA Lectin Binding Observed Using IVM 
and Its Associated Morphological Changes Under 
Septic Conditions
In vivo images of the vasculature were recorded using IVM 
(Figure  3). FITC-WGA lectin-positive signals were recog-
nized along the luminal surface of the endothelium in the 
control mice (Figure  3A, C). However, significantly less 
binding of FITC-WGA lectin was observed in septic mice 
(Figure 3B, D). Although the ESL was thinned in both the 
glycosidase-administered and septic groups, the extent of 
the decrease in fluorescent intensity and thickness were 
greater in the septic group than in the glycosidase-admin-
istered group. Using these images, we calculated the thick-
ness index of the ESL (Figure 3E). The thickness index in the 
septic group decreased 70% from the control group.

Measurement of Sdc-1 Under Septic Conditions
The serum level of soluble Sdc-1 under control and septic 
conditions was quantified using an ELISA. Under septic 
conditions, the serum Sdc-1 level was significantly higher 
than that under control conditions (7.33 ± 3.46 ng/mL in the 
septic group versus below the limit of the detection level 
in the control group; Figure  3F), suggesting shedding of 
Sdc-1 core protein from the ESL under pathophysiological 
conditions.

EM Observations of GCX in Septic Mice
EM images of the capillaries in control mice (Figure  4) 
revealed a lanthanum-positive GCX layer and caveola 
(Figure 4A, C). We found that most of the GCX layer dis-
appeared from the endothelium under septic conditions 
(Figure 4B, D). To quantify the thickness of the GCX in the 
control and LPS-induced septic mice, we selected postcapil-
lary venules (images not shown) and calculated the thick-
ness using image analysis software. The mean thickness 
was significantly less in the septic group than in the control 
group (P < .05; Figure 4E).

Figure 2. Structural stability of GCX is 
partially affected by glycosidase. A–D, 
The ESL is weakened by glycosidase 
when observed using intravital micros-
copy. FITC-WGA lectin was injected 
into the tail vein at 30 minutes before 
observation. The luminal surface of 
the endothelium was clearly labeled 
with FITC-WGA in both arterioles (A) 
and venules (C) in the control mice. 
In glycosidase-administered mice, the 
WGA-positive layer signal, which cor-
responds to the endothelial surface 
layer, was partially attenuated in both 
arterioles (B) and venules (D) com-
pared with the signals in control speci-
mens. The scale bar in each figure is 
100 µm. E–H, Representative electron 
microscopic images of subcutaneous 
venules stained with lanthanum are 
shown. E and G, Specimens from the 
control mice are shown. F and H, In 
glycosidase-treated mice, the lantha-
num-positive components were partially 
eliminated. Images in G and H are mag-
nifications of the rectangles shown in E 
and F, respectively. The scale bar in E 
and F is 500 nm. ESL indicates endo-
thelial surface layer; FITC, fluorescein 
isothiocyanate; GCX, glycocalyx; WGA, 
wheat germ agglutinin.
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Loss of GCX Under Septic Conditions Induced 
Leukocyte Adhesion During Subcutaneous 
Microcirculation
We measured leukocyte adhesion by classifying leuko-
cytes as rolling, adherent, or nonadherent (Figure 5A). In 
control mice, most of the leukocytes did not interact with 
the endothelium, although only a few leukocytes adhered 
to the vessel walls transiently (the so-called rolling). Under 
septic conditions, however, the number of adherent leu-
kocytes increased significantly, compared with that in the 
control mice, in both precapillary arterioles (Figure 5B) and 
postcapillary venules (Figure 5C). Furthermore, some leu-
kocytes tended to adhere firmly to the endothelium under 
septic conditions. This phenomenon may be attributable to 
the loss of endothelial GCX and the activation of adhesion 
molecules on the endothelial surface (see Supplemental 
Digital Content 3–6, Videos, http://links.lww.com/AA/
B716, http://links.lww.com/AA/B717, http://links.lww.
com/AA/B718, http://links.lww.com/AA/B719).

Increased Microvascular Permeability Under 
Septic Conditions
LPS-treated septic mice exhibited significant increases in 
the fluorescence intensity of FITC-dex40 and TMR-dex75 
in nonvascular tissue, compared with control mice, at each 
time point (Figure 6).

DISCUSSION
We have demonstrated in a septic mouse model that the 
morphological attenuation of the endothelial GCX is closely 
linked to functional changes in vascular permeability. GCX 
shedding induced by septic conditions led to thinner layer 
and caused macromolecule hyperpermeability and an 
increase in leukocyte–endothelial interactions in an in vivo 
window model. Although this basic study demonstrated 
real-time degradation of GCX in a septic model, pathologi-
cal hyperpermeability is an intractable clinical feature of 
sepsis. Since the pathophysiology of hyperpermeability has 
not yet been elucidated, we do not have a specific thera-
peutic strategy for intervening in the pathological vascular 
leakage of fluid. Therefore, our study demonstrates the fea-
sibility of a model to visualize pathological alterations in 
vascular permeability.

The endothelial GCX lines the luminal surface of the 
endothelium and is thought to be an important regulator of 
endothelial function. The GCX forms a luminal mesh that 
binds plasma proteins and soluble GAG.23 The maintenance 
of a selective endothelial barrier that regulates fluids, pro-
teins, and cellular extravasation is essential for normal organ 
function.12,24 However, methodological options for achiev-
ing appropriate resolution are limited, and these techniques 
frequently disrupt the native structure of the GCX. Many 
studies have used transmission EM to determine the GCX 

Figure 3. Morphologic change analysis 
of ESL using intravital microscopy and 
shedding of syndecan-1 into serum in 
septic mice. The luminal surface of the 
endothelium was clearly labeled with 
FITC-WGA in both arterioles (A) and 
venules (C) in the control mice. In LPS-
induced septic mice, both the bright-
ness and the thickness of the FITC-WGA 
staining in both arterioles (B) and 
venules (D) were clearly attenuated. 
The scale bar in each figure is 100 µm. 
E, A computer-assisted image analysis 
showed a significant difference in the 
ESL thickness index between control 
and septic mice (***P < .001, unpaired 
t test). F, Significant alterations in 
serum Sdc-1 in septic mice. Serum 
was collected at 24 hours after LPS 
administration. Each plot shows the 
concentration of soluble syndecan-1 
(***P < .001, unpaired t test, n = 5 for 
control; n = 12 for septic condition). 
ESL indicates endothelial surface layer; 
FITC, fluorescein isothiocyanate; LPS, 
lipopolysaccharide; Sdc-1, syndecan-1; 
WGA, wheat germ agglutinin.
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thickness,25,26 whereas IVM studies have mainly focused on 
GCX pathophysiology, such as molecular permeability.20,27,28 
We were able to confirm the GCX morphology and function 
simultaneously under both physiological and pathological 
conditions using EM and IVM.

We used fluorescence-labeled lectin to visualize the GCX 
and ESL in vivo.18,29-31 We confirmed that FITC-WGA was 
the most appropriate lectin for visualizing the ESL in a pre-
vious pilot study.18 In this study, the binding of HRP-WGA 
to the luminal surface of the endothelium in both arterioles 
and venules was demonstrated (Figure  1) using EM. To 
determine whether this binding was specific to WGA lectin, 
effects of a glycosidase challenge were examined using both 
EM and IVM. IVM observations showed that glycosidase 
administration (hyaluronidase and heparanase) weakened 
FITC-WGA binding to the endothelium, resulting in a par-
tial loss of the ESL (Figure 2). Additionally, EM observations 
showed that glycosidase partially digested the sugar moi-
eties of GAGs (Figure  2). These results suggest that hyal-
uronidase and heparanase partly digested polysaccharide 
chains in the GCX. The overexpression of these enzymes 
during pathophysiological conditions may thus completely 
degrade the GCX.23,32 A systemic inflammatory response 
to microbial infection may also affect the GCX.32 Recent 
clinical studies have shown that the GCX is altered under 

septic conditions, and loss of the GCX may predict micro-
circulatory dysfunction and hypoperfusion.33 Consistent 
with previous microscopic observations in glomerular 
endothelium,34 LPS-induced sepsis in our study attenuated 
the staining of the luminal surface of the endothelium by 
FITC-WGA when observed using IVM, and GCX degrada-
tion was observed using EM. This layer was significantly 
reduced under septic conditions (Figure 4).

The thicknesses estimated using IVM and EM differed 
from each other. The thicker layer observed using IVM 
may be attributable to the fact that GAGs in the GCX are 
enriched with water and soluble proteins, whereas the lan-
thanum-positive layer observed using EM might reflect a 
dehydrated condition resulting from specimen preparation. 
In other tissues, fixation methods that preserve the high 
water content of the GCX layer resulted in measurements 
as large as 6 μm for rat fat pad and 11 μm for bovine aorta.35 
As described above, transmission EM can provide informa-
tion on the charge, composition, and structure of the GCX; 
however, results vary greatly, depending on the fixation and 
staining methods that are used. Therefore, the GCX should 
be visualized in vital organs to understand its role, function, 
and biological significance.

Leukocyte adhesion to endothelial cells is complex and 
involves the capture of free-flowing leukocytes from the 

Figure 4. Observation of GCX and quantita-
tive analysis of GCX thickness under LPS-
induced septic conditions using electron 
microscopy. Electron microscopy images 
of cutaneous venules stained with lan-
thanum are shown. A and C, Specimens 
from healthy control mice are shown. In 
LPS-induced septic mice, the lanthanum-
positive components were completely elim-
inated (B and D). The scale bar is 2 μm in A 
and B and 100 nm in C and D. E, The mean 
thickness of the lanthanum-positive (GCX) 
layer was significantly different between 
the control and septic mice. ***P < .001, 
unpaired t test. GCX indicates glycocalyx; 
LPS, lipopolysaccharide.







































Copyright © 2017 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

Integrated Approach to Analyzing the Endothelial Glycocalyx

8   www.anesthesia-analgesia.org ANESTHESIA & ANALGESIA

bloodstream, rolling on the endothelial surface, decelera-
tion, and eventually, immobilization (firm adhesion). We 
found that the degradation of the endothelial GCX under 
septic conditions activated leukocyte–endothelial interac-
tions in not only postcapillary venules but also precapillary 
arterioles. This finding suggests that the baseline negative 
charge of the GCX prevents the interaction of leukocytes 
with the endothelium and adhesion molecules, such as selec-
tins, platelet endothelial cell adhesion molecules, vascular 
cell adhesion molecules, and intercellular adhesion mol-
ecules. These molecules are hidden within the complexed 
GCX structure under normal conditions but become more 
accessible during inflammation.12,36,37 Additionally, adhe-
sion molecules are upregulated under septic conditions.20

Hyperpermeability was correlated with septic conditions. 
In this study, we found that both FITC-dex40 and TMR-dex75 
(which has a higher molecular weight) leaked into the intersti-
tium (Figure 6). Similar results in mouse ear skin under inflam-
matory conditions induced by histamine or immunoglobulin E 
treatment have also been reported.38 Although the mechanism 
is unclear, sepsis increases vascular permeability, allowing 
albumin to leak into the interstitium and promoting interstitial 
edema, resulting in hypovolemia.29,39 In our study, we found 
both thinning and degradation of the GCX and hyperperme-
ability, suggesting that the GCX may play a role. The precise 
role of the GCX in the regulation of water and soluble transport 
remains unknown. Curry40 proposed the GCX-junction-break 
model to explain the function of the GCX: the GCX forms the 
principal molecular sieve at the vessel wall, which is deter-
mined by factors such as the size or number of pores. According 
to this model, colloid osmotic forces opposing filtration across 
continuous capillaries develop across the GCX, rather than in 
the interstitial space, explaining the revised Starling principle.5,6

We found another interesting morphology using EM. 
Lanthanum-positive and caveola-like small vesicles embed-
ded in endothelial cells were identified on EM images 
obtained in control mice (Figure 2E, G). Similar structures 
were observed by Wagner et al.41 Using computer-assisted 
reconstructions of 3-dimensional tomograms, they found that 
free vesicles in the endothelial cytoplasm act as transendothe-
lial channels spanning the luminal and lateral membranes. 
Thus, the caveola-like vesicles shown in Figure 2G might be 
involved in the regulation of vascular permeability. Further 
study is needed to determine the function of this structure.

Our study has some limitations. First, the subcutaneous 
microcirculation examined in this study may not be rep-
resentative of the changes that occur in other organs dur-
ing sepsis. Unlike other microcirculation models, the DSC 
model requires a surgical procedure for chamber attach-
ment, and the possible influence of this surgical procedure 
on the microcirculation cannot be excluded. Nevertheless, 
this model has been widely used for studying microcircula-
tion in various studies20,42 since it enables real-time observa-
tions of the microcirculation. Second, we did not measure 
blood flow in this study; therefore, we could not elucidate 
how changes in blood flow affect permeability. However, 
during the observation period, we saw a decrease in blood 
flow in the sepsis group, compared with that in the control 
group. Therefore, we should take blood flow into account 
in future studies to clarify its contribution to changes in 
permeability. Finally, the use of confocal microscopy would 
have enabled the thickness of the layer to be measured 
more precisely because of its improved spatial resolution.

In conclusion, the illuminated area on the ESL observed 
using IVM was identified as part of the same GCX struc-
ture seen by EM. In addition, we demonstrated that GCX 

Figure 5. Septic conditions increased 
leukocyte–endothelial interactions in 
subcutaneous microcirculation. After 
labeling the leukocytes with rhodamine 
6G, intravital fluorescence microscopy 
was used to visualize the leukocyte–
endothelial interactions in septic and 
control mice. A, Representative fluo-
rescent images of a precapillary arte-
riole and a postcapillary venule under 
LPS-induced septic conditions and 
in control mice. (Movies can be seen 
in the Supplemental Digital Content  
3–6, Videos, http://links.lww.com/AA/
B716, http://links.lww.com/AA/B717, 
http://links.lww.com/AA/B718, http://
links.lww.com/AA/B719.) The septic 
conditions increased the number of 
adherent leukocytes in the precapillary 
arterioles (B) and postcapillary venules 
(C) of the subcutaneous tissue. The val-
ues are the mean ± standard deviation 
of 4 (control) or 5 (sepsis) mice. *P < 
.05, **P < .01, Mann-Whitney U test. 
LPS indicates lipopolysaccharide.
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degradation can be observed in vivo, and that such degra-
dation is closely correlated with leukocyte–endothelial inter-
actions and subsequent hyperpermeability in septic mice. 
These imaging methods could be applied to various clinical 
conditions, including sepsis, that are thought to disturb the 
endothelial microenvironment, including the GCX. Shedding 
provides a basis for further understanding of the spatiotem-
poral dynamics of the endothelium and ESL functions. E
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