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Sepsis is a systemic inflammatory syndrome induced by bacterial infection that can lead to multiorgan
failure. Endothelial surface glycocalyx (ESG) decorating the inner wall of blood vessels is a regulator of
multiple vascular functions. Here, we tested a hypothesis that patchy degradation of ESG occurs early in
sepsis and is a result of exocytosis of lysosome-related organelles. Time-lapse video microscopy
revealed that exocytosis of Weibel-Palade bodies and secretory lysosomes occurred a few minutes after
application of lipopolysaccharides to endothelial cells. Two therapeutic maneuvers, a nitric oxide in-
termediate, NG-hydroxy-L-arginine, and culture media conditioned by endothelial progenitor cells
reduced the motility of lysosome-related organelles. Confocal and stochastic optical reconstruction
microscopy confirmed the patchy loss of ESG simultaneously with the exocytosis of lysosome-related
organelles and Weibel-Palade bodies in cultured endothelial cells and mouse aorta. The loss of ESG
was blunted by pretreatment with NG-hydroxy-L-arginine or culture media conditioned by endothelial
progenitor cells. Moreover, these treatments resulted in a significant reduction in deaths of septic mice.
Our data support the hypothesis assigning to stress-induced exocytosis of these organelles the role of a
hair-trigger for local degradation of ESG that initiates leukocyte infiltration, increase in vascular
permeability, and partially accounts for the later rates of morbidity and mortality. (Am J Pathol 2016,
186: 248e258; http://dx.doi.org/10.1016/j.ajpath.2015.10.001)
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Sepsis is a systemic inflammatory syndrome induced by
bacterial infection that can lead to multiorgan failure. It
afflicts >700,000 individuals annually in the United States
alone, has mortality rates of 30%, and is the 11th leading
cause of death. One of the key molecular causes of
Gram-negative septicemia is endotoxin that consists of
lipopolysaccharides (LPSs) bound with high affinity to
LPS-binding glycoprotein. Complex LPS-binding glycopro-
tein is recognized by cognate receptor Toll-like receptor 4
and co-receptor CD14 on monocytes/macrophages and
endothelial cells.1 Considering the systemic nature of
septicemia, vascular endothelium represents the first line
of exposure to bacterial endotoxins.2 It responds to en-
dotoxins with a complex system of danger signals, which
are chronologically sequenced and spatially propagated.3
stigative Pathology.
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Functionally, these waves of danger signaling tend
to secure proper organismal responses, both proin-
flammatory and anti-inflammatory.
Among the earliest responses of activated endothelial

cells to endotoxin are exocytosis of Weibel-Palade bodies
(WPBs) and secretory lysosomes.4 WPBs are rod-shaped
members of lysosome-related organelles (0.2 mm by 2 to 3
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Endothelial Glycocalyx in Sepsis
mm in size) characteristic to endothelial cells and containing
an array of proteins, peptides, and cytokines, which can be
released emergently on demand. The endothelial lysosomes
contain acid/secretory sphingomyelinase, glycohydrolases,
cathepsins, fucosidase, phosphatases, heparan sulfate (HS)
sulfatase, among others, but mechanisms of exocytosis of
lysosome-related organelles have only been partially
elucidated.

Endothelial surface glycocalyx (ESG) represents a su-
perficial layer that consists of glycoproteins, pro-
teoglycans, and glycosaminoglycans. Because of its
unique location, this structure provides a passive barrier
to water and solute transport, the interaction between
circulating cells and the endothelial cells that form the
inner wall of blood vessels, serves as a sensor of me-
chanical forces, such as shear stress and pressure, and
represents a shielding instrument for cell surface receptors
to prevent their hyperactivation.5,6 This structure is,
however, quite vulnerable and tends to disintegrate after
application of various stressors, such as endotoxins,
ischemia/hypoxia/reperfusion, oxidative stress, among
others. Damage to and modification of the ESG are
observed in many diseases, including diabetes, ischemia,
myocardial edema, chronic infectious diseases, athero-
sclerosis, and tumor metastasis.5e11 The disintegration of
this structure predisposes to leukocyte adhesion, emigra-
tion, and tissue infiltration by polymorphonuclear cells,
monocyte/macrophages, and lymphocytes. It also leads to
hyperactivation of plasma membrane receptors by un-
hindered availability of ligands and further activation of
danger signaling by endothelial cells.

Until now, the ESG remained poorly studied because of
difficulties in preserving its structure on tissue fixation,
limited number of experimental tools for its visualization,
and requirements for an ultra-high resolution microscope.
Therefore, there is no confidently chartered time course of
damage and disintegration of ESG. Yet, the precise chro-
nology of the loss of ESG is of critical significance,
because it determines whether and to what extent the loss
of glycocalyx is involved in the early pathogenic steps of
systemic inflammatory response or only in its maintenance
or in both. We hypothesized that exocytosis of WPBs
and lysosomes, being an early response of endothelial
cells to endotoxin, results in the focal disintegration of
ESG. This singular event hair-triggers an avalanche of
secondary pathologic processes, such as attraction of
leukocytes and platelets, thrombosis, increased vascular
permeability. The proof of this hypothesis lies in the
demonstration of two key facts, namely, that exocytosis
of WPBs and lysosomes does indeed trigger the initial
loss of glycocalyx and that maneuvers directed toward
preservation of glycocalyx improve the course of sepsis
and overall survival. The recent discovery and imple-
mentation of the stochastic optical reconstruction mi-
croscopy (STORM) offered us a unique opportunity to
detect the integrity of glycocalyx at the molecular
The American Journal of Pathology - ajp.amjpathol.org
resolution. Data presented herein support the validity of
this hypothesis.

Materials and Methods

Cell Culture

Immortalized human umbilical vein endothelial cells
(HUVECs; ATCC, Manassas, VA) and bEnd3 mouse
brain microvascular endothelial cells (ATCC) were used
in these studies. Cells were propagated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 1% penicillin, and 50 mg/mL
streptomycin, and 2 mmol/L L-glutamine under condi-
tions of 37�C and 5% CO2. Cells were seeded onto 50
mg/mL fibronectin-coated 35-mm glass-bottom culture
dishes with 14-mm No.1.5 coverslips (Mat Tek Corp.,
Ashland, MA) at a density of 4 � 104 cells/mL and
cultured until confluence. HUVECs were incubated with
50 to 75 nmol/L of LysoTracker Red (Invitrogen,
Carlsbad, CA), in prewarmed (37�C) DMEM with 10%
fetal bovine serum and 1% penicillin and streptomycin
medium at 37�C for 30 minutes. After removing the
medium, phenol red-free DMEM with 10% fetal bovine
serum was added. Endothelial progenitor cells (EPCs)
were isolated from developmental age embryonic day
7.5 to 7.8 murine embryos and generously provided by
Dr. Antonis K. Hatzopoulos (Vanderbilt University,
Nashville, TN).12 EPCs were cultured in DMEM supple-
mented with 20% fetal bovine serum, 0.1 mmol/L
b-mercaptoethanol, 1 mmol/L minimum essential amino
acid at 37�C in 5% CO2.

Animal Sepsis Models

The animal study protocol was in accordance with the NIH
Guide for the Care and Use of Laboratory Animals13 and
approved by the Institutional Animal Care and Use Com-
mittee. For cecal ligation puncture (CLP) to induce sepsis,
male mice (C57/BL6 age, >16 weeks) under isoflurane
anesthesia had the cecal tip ligated with 4-0 silk suture. The
cecum was punctured twice with a 21-guage needle, then
gently squeezed. Wound was sutured, and mice were closely
monitored by investigators with the use of a video camera.

In Vivo Endothelial Progenitor Cell Implantation

HA-hydrogels (Glycosan Biosystems, Salt lake City, UT)
embedded with EPCs were implanted subcutaneously in the
ears of sedated mice, as we reported previously.14 Implantation
of hydrogels occurred during the CLP and LPS in vivo pro-
cedures. A total of 1 million cells were delivered to each
mouse. Ear implants were injected with 300 U/mL collagenase
(Sigma-Aldrich, St. Louis, MO) and 100 U/mL hyaluronidase
(Sigma-Aldrich) to permit mobilization of embedded cells
immediately after the CLP procedure.
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Immunofluorescence Staining of Cultured Cells

The cell monolayers were quickly washed with phosphate-
buffered saline (PBS) and fixed with 2% paraformaldehyde/
0.1% glutaraldehyde for 20 minutes, followed by 0.1%
NaBH4 for approximately 7 minutes at room temperature.
After washing three times with PBS, the cells were blocked
with 2% goat serum for 30 minutes, followed by an over-
night incubation at 4�C with monoclonal primary antibody
for HS (dilution 1:100; 10E4 epitope; AMS Biotechnology,
Abingdon, United Kingdom) and von Willebrand factor
(vWF)-labeled WPBs (vWF/WPBs; dilution 1:100; Dako
Denmark A/S, Glostrup, Denmark). After washing three
times with PBS, the cells were incubated for 1 hour at room
temperature with the fluorescence-conjugated secondary
antibody. Alexa Fluor 488-conjugated secondary antibody
to HS and 20 mmol/L fluorescein isothiocyanate-conjugated
Triticum vulgaris lectin (fluorescein isothiocyanateewheat
germ agglutinin; Sigma-Aldrich) were used for confocal
microscopy, and Alexa Fluor 647-labeled and ATTO
488-labeled secondary antibodies to HS and vWF/WPBs
were used for STORM, respectively, followed by washes
three times.

Cathepsin Detection

Magic Red Cathepsin detection kit with the use of the
fluorophore cresyl violet (Immunochemistry Technologies,
Bloomington, IN) was used to detect cathepsin B in the
media of cultured cells. In brief, cells were grown to 80% to
90% confluence in phenol-free complete media, before
adding 5 mg/mL LPS. Media were collected and incubated
with Magic Red Cathepsin detection kit at room temperature
for 15 minutes. Fluorescence was detected at excitation/
emission of 592/628 nm with the use of a Biotek synergyHT
microplate reader and analyzed with the companion soft-
ware (Gen5 version 1.11; Biotek, Winooski, VT).

Immunofluorescence Staining of Intact Blood Vessels

We imaged the ESG on the aorta of male C57BL/6 mice
(The Jackson Laboratory, Bar Harbor, ME). The detailed
animal preparation was described in our previous study.15

After anesthesia, the mice were perfused with cold 1%
bovine serum albumin-PBS to remove the blood and
perfusion-fixed with 2% paraformaldehyde. Then the aorta
was cut into approximately 1-cm long rings or prepared en
face with a longitudinal cut. After washing with the PBS,
the aortic rings were blocked for 30 minutes with 1% bovine
serum albumin saponin solution. Then the aorta segments
were incubated with mouse anti-HS antibody and anti-vWF/
WPBs overnight. After a brief wash with PBS, the speci-
mens were blocked for 30 minutes and incubated with the
Alexa Fluor 488-labeled and Alexa Fluor 647-labeled goat
anti-mouse IgG for 2 hours, respectively, to anti-HS and
anti-vWF/WPBs, followed by washes three times.
250
Longitudinal segments for en face preparations used fluo-
rescein isothiocyanateewheat germ agglutinin as an alter-
nate to the anti-HS antibody. Samples were incubated with
20 mmol/L fluorescein isothiocyanateewheat germ agglu-
tinin for 30 minutes at 4�C, then washed three times with
PBS immediately before imaging.

Treatment of HUVECs with LPS, NOHA, and EPC-CM

For fluorescence imaging, cells were cultured in fibronectin-
coated 60-mm glass-bottom cell culture dishes (MatTek Corp.)
until confluence (2 to 3 days). To prepare EPC-conditioned
medium (EPC-CM), EPCs were cultured in 60-mm cell cul-
ture dishes for 24 hours. After 24 hours, DMEM was replaced
with serum- and phenol-free medium for an additional 24
hours of incubation. Thus, prepared CM was filtered with
sterile cell strainer, divided into aliquots, and stored until use
at �80�C.
Individual HUVECs were selected and monitored by

time-lapse videomicroscopy before and after application of
5 mg/mL LPS. For the LPS þ NG-hydroxy-L-arginine
(NOHA; Sigma-Aldrich) group, 100 mg/mL NOHA was
added 20 minutes before applying 5 mg/mL LPS in the
medium. For the EPC-CM10 and EPC-CM50 groups, 1:10
or 1:50 dilutions of EPC-CM were added 20 minutes before
applying 5 mg/mL LPS in the medium. NOHA and EPC-
CM were selected as treatment options on the basis of the
previous demonstration of the nitric oxide donor’s ability to
curtail exocytosis of lysosome-related organelles16 and our
previous demonstration of the therapeutic activity of EPCs
against septic vascular damage.3

In another group of experiments, bEnd3 cells were
incubated with 50 nmol/L LysoTracker Red for 15 minutes.
After a wash with a fresh medium, 5 mg/mL LPS was added
for 10, 30, and 60 minutes. Then the cells were fixed with
3.7% paraformaldehyde, immunolabeled with primary anti-
HS and then Alexa Fluor 488-labeled secondary antibody
and observed by confocal microscopy.

Oxidative Stress Detection

Dihydroethidium fluorescence intensity changed after LPS
treatment. HUVECs were cultured to confluence, labeled
with dihydroethidium, and treated with LPS at concentra-
tions that ranged from 0 to 10 mg/mL. The oxidation of
dihydroethidium was evaluated by fluorescent plate reader
with excitation/emission wavelengths set at 485 � 20/
620 � 40 nm. The fluorescence intensity of various treat-
ment groups at each time point was normalized against the
unlabeled group for each time point.

Image Acquisition and Analysis of Lysosomal
Trafficking

A Nikon Y-FL epifluorescence intravital microscope (Nikon
Inc., Melville, NY) equipped with an intensified Cool SNAP
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Representative time-lapse images of
endothelial cells with labeled lysosomes. HUVECs
were loaded with LysoTracker, incubated in serum-
containing, phenol-free medium, and imaged with
intravital videomicroscopy. Individual frames were
selected from a time-lapse series obtained before
and after application of LPS at the concentration
of 5 mg/mL. For better visualization, all images
were converted into negatives. Tracking of indi-
vidual lysosomes is identified in different colors.
Note that LPS induce a dramatic increase in lyso-
somal motility, which was curtailed by coapplica-
tion of EPC-CM or a nitric oxide donor, NOHA. Scale
bar Z 10 mm. CM, conditioned medium; EPC,
endothelial progenitor cell; HUVEC, Human um-
bilical vein endothelial cell; LPS, lipopolysaccha-
ride; NOHA, NG-hydroxy-L-arginine.

Endothelial Glycocalyx in Sepsis
HQ tube camera (Photometrics, Tucson, AZ) and 60�
Nikon Plan Apo objective was used for microscopy and
image acquisition. Intravital videomicroscopy was per-
formed over a time period of 120 minutes with a time-lapse
interval set to 1 minute. Fluorescence was recorded, and
fluorescence intensity was quantified for lysosomal particles
in the cells with the use of MetaVue software version 6
(Universal Imaging, Downingtown, PA).

Lysosomal particle/point tracking analysis and measuring
of lysosomal trajectories used the ImageJ software version
1.45m (NIH, Bethesda, MD; http://imagej.nih.gov/ij) with
plugin Manual Tracking (Fabrice Cordelières, Institut
Curie, Orsay, France). The lysosomes were selected from
a large pool at random and with the only criterion that the
candidate lysosome could be tracked unambiguously
throughout the session. For example, two neighboring
lysosomes in close proximity within the same plane could
not be differentiated from each other. If this event
occurred during the tracking, both lysosomes were
excluded from analysis. Automation was attempted, using
computerized particle tracking; however, results were
inconsistent and subpar compared with manual tracking.
Each lysosome was recorded in intervals of 2 minutes
with the use of time-lapse video microscopy. All images
were converted into negatives for better visualization. All
data were expressed as means � SEM. Differences in
distances between groups at every time point were
analyzed by two-way repeated measures analysis of
The American Journal of Pathology - ajp.amjpathol.org
variance, with time and groups as variables, and followed
by the Holm-Sidak test for multiple comparisons. Com-
parison of trajectories among group differences tested
by one-way analysis of variance, followed by the
Holm-Sidak multiple comparison test. P < 0.05 was
regarded as statistically significant.

Confocal and STORM Microscopy of Glycocalyx ex Vivo
and in Vitro

Confocal Microscopy
We used a Zeiss LSM 710/510 confocal microscope (Carl
Zeiss, Jena, Germany) with 63�/NA1.4 or 40�/NA1.3
objective lens to image the ESG of endothelial monolayers
in vitro and mouse aorta ex vivo that were fixed and
mounted on a coverslip. With the use of a motorized sub-
stage on the confocal microscope, z-stack images were
generated of the cell monolayers and vessels. As described
by Yen et al,15 stacked confocal images were reconstructed
and analyzed by ImageJ to quantify changes in ESG,
lysosome, and vWF/WPBs distribution in cell monolayers
and vessels.

Two-Dimensional Circle Packing ImageJ Algorithm
The algorithm created space-filling ellipses and circles to
highlight areas depleted of glycocalyx. The automatized
process used ImageJ. Briefly, a 63� confocal image was
first converted to monochromatic, made into binary, and
251
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Figure 2 Trace, total length, and vector
length of lysosomal exocytosis in iHUVECs and
DHE fluorescence intensity. A: Representative and
normalized XY-position traces of labeled lyso-
somes tracking over 60 minutes. The trajectories
of peripheral lysosomes show significantly longer
tracks in LPS, LPS þ NOHA, and EPC-CM10 and
EPC-CM50 groups. B and C: Individual organelles
were randomly selected from a time-lapse series
obtained before and after application of LPS,
NOHA, and EPC-CM. In control, movements were
non-vectorial. After LPS, lysosomal movement
became more dynamic and directional. When nitric
oxide donor NOHA or EPC-CM was used for pre-
treatment before LPS, lysosomal movements were
reduced. D: DHE fluorescence intensity after LPS
treatment of cultured HUVECs. Data are expressed
as means � SEM. n Z 4 to 5 per group and 30
lysosomal particles per cell (B and C); n Z 12 for
10 and 2.5 mg/mL groups (D); n Z 6 for other
tested groups (D). *P < 0.05 versus total trajec-
tory (B and C); yP < 0.05 versus control (B and C);
and zP < 0.05 versus LPS þ NOHA and EPC-CM10
and EPC-CM50 (B and C), differences tested by
one-way analysis of variance followed by the
Holm-Sidak multiple comparison test. *P < 0.05,
**P < 0.01 versus all lower LPS treatment
group(s) at indicated times within each time point
(D); yP < 0.05 versus no LPS (D). CM, conditioned
medium; DHE, dihydroethidium; EPC, endothelial
progenitor cell; iHUVEC, immortalized human
umbilical vein endothelial cell; LPS, lipopolysac-
charide; NOHA, NG-hydroxy-L-arginine.
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then processed with the use of a watershed transformation.
The results allowed for large cell populations to be analyzed
consistently, effectively, and without bias. All functions
pertaining to the algorithm are inherent to ImageJ.

STORM
We used a three-dimensional multicolor ultra-high resolu-
tion Nikon-STORM system to image the ESG and vWF/
WPBs of bEnd3 monolayers. The system consisted of a
Nikon TiE Inverted Microscope stand with internal encoded
Z-drive with 25-nm resolution and Nikon Perfect Focus
System. The high magnification and high numerical aperture
objective 100�/NA1.494 (oil immersion) enables super
resolution images by offering high transmission and supe-
rior chromatic aberration correction throughout a wide
252
wavelength range, from near-ultraviolet to near-infrared.
The secondary antibodies conjugated with the photo
switchable dyes, Alexa Fluor 647 and ATTO 488, were
used to identify HS of the ESG and vWF, respectively.
Survival Analysis

Kaplan-Meyer survival curves were generated with male
C57BL/6 mice subjected to CLP over a 72-hour observation
period. Double-blind randomization and administration of
treatment was performed for healthy controls, NOHA, EPC-
CM, CLP, CLP þ EPC-CM, and CLP þ NOHA. Mice in
each treatment group (n Z 10 each) were monitored at
hourly intervals and provided water and food ad lib.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Representative STORM-acquired images of anti-HSelabeled ESG and vWF distribution in control and 10 minutes after LPS. A: The left panel shows
2D images of a region of approximately 40 mm � 40 mm in a sample. An enlarged top view of a yellow box (approximately 2 mm � 2 mm) in the left panel is
shown in the middle panel and its side view in the right panel. The bEnd3 EC surface is at the bottom of the side view. Upper panels are for the control and
bottom ones after 10 minutes of LPS treatment. B: Relative intensity of anti-HS and vWF-labeled WPBs after 10 minutes of LPS treatment compared with the
control. Data are expressed as means � SD. n Z 3 samples each for the control and LPS treatment. Three regions of approximately 40 mm � 40 mm were
observed in each sample and 10 subregions of approximately 2 mm � 2 mm were randomly selected and analyzed in each region. *P < 0.05 versus the control.
EC, endothelial cell; ESG, endothelial surface glycocalyx; HS, heparan sulfate; LPS, lipopolysaccharide; STORM, stochastic optical reconstruction microscopy;
vWF, von Willebrand factor; WPB, Weibel-Palade body; 2D, two-dimensional; 3D, three-dimensional.

Endothelial Glycocalyx in Sepsis
Statistical Analysis

Studies were sufficiently powered to detect significant
changes in fluorescence imaging. A calculated biological
replica of n Z 8 was sufficient to detect differences at
a Z 0.05, powered to 0.9 (PASS software version
12.0.10; NCSS version 9.0.15; NCSS Statistical Software,
Kaysville, UT). Hypothesized means and SDs in ESG
fluorescence intensity and ESG focal degradation sizes
were based on preliminary data, and results were aggre-
gated from the literature. An analysis of variance with an
appropriate Bonferroni post hoc test was performed with
NCSS (NCSS9 software; NCSS LLC), considering
P � 0.05 to be statistically significant. A log-rank test was
performed for analysis of survival curves (NCSS9 soft-
ware; NCSS LLC), considering P � 0.05 as statically
significant.

Results

Analysis of Organellar Trafficking in Endothelial Cells
Subjected to LPS

Under basal conditions, endothelial cells labeled with
lysotracker displayed Brownian movement of lysosomes.
Application of LPS resulted in agitated lysosomal move-
ment already after several minutes. Figure 1 shows the
traces of several lysosomes (different colors indicate
different lysosomes) under control and various treatments.
Figure 2A shows representative traces of lysosomes over the
course of 60 minutes under different conditions. Movement
was traced in intervals of 2 minutes. The total length that a
The American Journal of Pathology - ajp.amjpathol.org
lysosome travels is defined as the mean square of the dis-
tance, which is the summation of the square of the distance
in each step a lysosome travels during a specific time period
(each step takes 2 minutes). The mean square of the distance
is a commonly held mathematical relation, accounting for
time, random motion, and vector distance. The purpose of
squaring the distance is to avoid canceling out a distance
that a particle travels in the opposite direction during an
observed time period. The total length of the LPS group
showed a significant increase compared with the control
group, starting from 10 minutes (P < 0.05) (Figure 2B). The
vector distance (square of the distance from the start point of
the track to the end point) of the LPS group was signifi-
cantly increased compared with control, indicating direc-
tional movement (Figure 2C). Pretreatment of endothelial
cells with the medium conditioned by EPCs, at dilutions
1:10 and 1:50, significantly prevented LPS-induced lyso-
somal motility. This effect could be mimicked by the pre-
treatment with a donor of NO, NOHA (Figure 2, AeC).

The motility of the peripherally located lysosomes
differed across the treatments, as illustrated by the repre-
sentative traces (Figure 2A). The trajectories of peripheral
lysosomes showed significantly longer distances during the
same period of time (the time from one point to another is
2 minutes) in LPS-treated cells than those of the
LPS þ EPC-CM10 (and to a lesser degree EPC-CM50) or
LPS þ NOHA groups.

Remarkably, these differences were observed already
after 10 minutes (P < 0.05) (Figure 2, B and C). The
observed changes in motility were preceded by the surge in
production of superoxide radicals, as detected with the use
of dihydroethidium fluorescence. Application of LPS
253
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Figure 4 Images of fluorescence-labeled HS (green) and lysotracker (red) (A) or vWF/WPB (red) (B) under control and after 10, 30, and 60 minutes of
exposure to LPS. The cell nuclei were labeled with DAPI (blue). Experiments were performed with bEnd3 endothelial cells that preserve glycocalyx in culture.
Relative intensity of anti-HS and lysotracker or vWF/WPBs compared with the control was shown in the bottom of A and B. C: Zoomed image of relative
relations between ESG labeled for HS and vWF after 60 minutes of exposure to LPS. Note string-like externalized vWF (arrows). D: Cathepsin B intensity at
baseline and 10 minutes after application of LPS. Data are expressed as means � SD (A and B) or means � SEM (D). n Z 3 samples each for the control and
LPS treatment at each time. Five regions of approximately 50 mm � 50 mm were observed in each sample. *P < 0.05 versus control or as indicated in the plot.
ESG, endothelial surface glycocalyx; HS, heparan sulfate; LPS, lipopolysaccharide; vWF/WPB, von Willebrand factor-labeled Weibel-Palade body.

Zullo et al
resulted in an upstroke of fluorescence intensity already
within 5 minutes (Figure 2D).

Analysis of the Early Loss of Endothelial Glycocalyx

Having established the rapidity of LPS-induced exocytosis
of peripheral lysosomal pool and demonstrating the ability
of EPC-CM or NOHA to halt it, we next addressed a critical
question: How early after application of LPS is the loss of
ESG detected?

STORM microscopy is characterized by its super-
resolution to discern detailed structures and distributions
at approximately 20 nm horizontal and approximately 50
nm vertical resolution. Results obtained with STORM are
summarized in Figure 3. It provides representative images
of ESG in control and 10-minute LPS-treated cells costained
with antibodies to vWF. For the control group (Figure 3A),
ESG was richly represented by fluorescently labeled anti-
HS antibody. However, after 10 minutes of LPS treat-
ment, vWF became externalized and was surrounded by
the halo areas of lost HS-decorated ESG. Such a nano-
scaled picture for the ESG and exocytotic vWF/WPBs
254
was first observed because of the super-resolution
STORM. Figure 3B demonstrates the relative intensity
of anti-HS and vWF/WPBs after LPS treatment compared
with the control. It indicates that after 10 minutes of LPS
treatment, HS decreases to approximately one-third,
whereas vWF increases to greater than twofold of their
control values, respectively.
With the use of confocal microscopy, similar results were

obtained. Figure 4A illustrates (two-dimensional intensity
distribution) the loss of ESG at the sites where lysosomal
markers are detected in nonpermeabilized cells. The same
was true for vWF and HS staining when analyzed by the
confocal microscopy (Figure 4B). The relative intensity of
the HS decreased when the time of LPS treatment increased,
whereas the relative intensity of lysosomes and vWF/WPBs
increased (Figure 4, A and B). The longer the length of LPS
treatment, the more was the ESG loss and detected exocy-
tosis of lysosomes and vWF/WPBs. The enlarged view in
Figure 4C shows string-like externalized vWF; no colocal-
ization of HS and vWF markers was found. Increased levels
of cathepsins in the media were found after 10 minutes of
LPS treatment (Figure 4D), confirming the exocytosis of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Images of fluorescence-labeled HS (green) and vWF/WPBs (red) of mouse aorta under control (A), after IP injection of 5 mg/kg LPS for 60
minutes (B), and after EPC pretreatment and IP injection of LPS for 60 minutes (C), respectively. D: Normalized intensity of HS and vWF/WPBs under control
and after LPS treatment with and without EPC pretreatment. E: Representative images of en face aorta labeled with FITC-WGA obtained 10 minutes after
treatment of mice with LPS with or without NOHA or EPC. F: Upper panel demonstrates intensity difference across treatments, whereas the lower panels
depict 3D reconstruction of ESG. Data are expressed as means � SEM. n Z 6 control (D); n Z 9 after LPS treatment with and without EPC pretreatment (D);
n Z 10 (F). *P < 0.05 (D); *P < 0.05 versus control, and yP < 0.05 versus LPS alone (F). Scale bars: 20 mm (D); 10 mm (E). EPC, endothelial progenitor cell;
FITC, fluorescein isothiocyanate; HS, heparan sulfate; LPS, lipopolysaccharide; NOHA, NG-hydroxy-L-arginine; vWF/WPB, von Willebrand factor-labeled Weibel-
Palade body; WGA, wheat germ agglutinin; 3D, three-dimensional.

Endothelial Glycocalyx in Sepsis
lysosomes because the fluorescent cathepsin substrate was
activated to fluoresce only in the presence of extracellular
cathepsin.

Similar results were documented in vivo after admin-
istration of LPS (Figure 5). Labeling of ESG and vWF in
nonpermeabilized mouse en face preparations of aorta
showed minimal staining for vWF in control, abundant
decoration of vWF after the LPS (Figure 5, A and B), and
its reduction after EPC (Figure 5, CeF) or NOHA pre-
treatments (Figure 5, E and F). Please note, in vivo EPC
treatments used embedded hydrogels, whereas in vitro
experiments relied on CM. The use of an EPC implan-
tation system provided a consistent, safe, and reliable
The American Journal of Pathology - ajp.amjpathol.org
avenue of delivery for the in vivo model that was unat-
tainable through CM. At the same time, ESG was well
preserved in control and treated mice (receiving either
EPC or NOHA) but was partially depleted in LPS-
injected mice (Figure 5F).

Next, we analyzed the density of ESG and the size of
areas lacking it with the use of a software program Circle
packing. Results confirmed the above observations that LPS
induced a significant patchy loss of ESG within 10 minutes
of its application, whereas NOHA or EPC-CM treatments
prevented this process (Figure 6). The data are consistent
with the hypothesis that explained the localized loss of ESG
by exocytosis of WPBs and lysosomes.
255
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Figure 6 Analysis of the density of the glycocalyx in cultured endothelial cells exposed for 10 minutes to LPS with and without treatments. A: An analyzed
cell from each group is shown on the left, adjacent to its respective image obtained with the use of the 2D Circle packing algorithm of ImageJ. The algorithm
created space-filling ellipses and circles to highlight areas depleted of glycocalyx. B and C: The distribution plots in B and the box and whisker plots in C show
a statistically significant difference between the mean of the control group and the means of the three experimental groups. In both B and C, the mean radius
of NOHA and EPC-CM are similar and are statistically smaller than that of LPS, representing smaller lesions in the two treatments. n Z 40 to 50. *P < 0.05
versus control, yP < 0.05 versus LPS. Original magnification, �63. CM, conditioned medium; EPC, endothelial progenitor cell; LPS, lipopolysaccharide; NOHA,
NG-hydroxy-L-arginine; 2D, two-dimensional.
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Long-Term Effects of Preventing ESG Loss on
LPS-Induced Multiorgan Failure

To gain further insight into the long-term outcome of pre-
venting exocytosis of lysosome-related organelles during
early sepsis, we next examined survival experiments in
septic mice. Injection of LPS did not result in a consistent
mortality of experimental mice; therefore, we elected to use
another model of sepsis, CLP, alone or in combination with
NOHA or EPC-CM. The effects of therapeutic maneuvers
on the survival of mice with severe sepsis are summarized in
Figure 7. The 50% mortality in this model occurred within
the first 24 hours. In contrast, treatments with NOHA or
EPC-CM significantly delayed and reduced mortality (septic
mice were not observed after 72 hours to avoid unnecessary
suffering in this nonsurvival model of sepsis). These data
support the hypothesis that preventing exocytosis of
lysosome-related organelles and patchy loss of ESG early in
the course of endotoxemia affords beneficial long-term
sequelae in sepsis.
Figure 7 Kaplan-Meyer survival curve (time in hours) of mice with the
cecal ligation puncture model of sepsis and the effects of pretreatments
that reduce early exocytosis of lysosome-related organelles on long-term
survival. n Z 10 in each group. *P < 0.05. EPC, endothelial progenitor
cell; NOHA, NG-hydroxy-L-arginine.
Discussion

Data presented herein demonstrate that LPS triggers, within
minutes, a surge in reactive oxygen species (Figure 2E) and
exocytosis of WPBs and lysosomes (Figures 3e5). vWF,
256
barely detectable in nonpermeabilized control cells, be-
comes readily exposed to the antibodies after stimulation
with LPS. This is associated with a colocalized loss of ESG,
as revealed by confocal microscopy and the first demon-
stration of this phenomenon by STORM. Blockade of
exocytosis prevents the early loss of ESG and may play a
role in improving the overall survival of mice with sepsis.
The mechanisms responsible for the loss of glycocalyx

have not been exhaustively studied. Two scenarios were
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proposed. Schmidt et al17 proposed that its shedding occurs
as a result of liberation of heparanase. These studies disclose
only one part of the problemddegradation of heparan sul-
fate moieties, which, however, were shown to be dispens-
able for the maintenance of the barrier properties of
glycocalyx.18 Annecke et al19 proposed that the loss of
glycocalyx is initiated by the purine metabolite-induced
degranulation of resident mast cells and release of tryptase
b acting as a sheddase. The instantaneous dilution of tryp-
tase b in the bloodstream should, however, reduce the
impact of this factor on ESG. Hence, neither explanation
appears to be overarching. Surprisingly, there is no pub-
lished data on the third possible explanation for the stress-
induced loss of glycocalyx, as proposed here, namely, that
the exocytosis of WPBs and lysosomes that contain pro-
teolytic, hydrolytic, and glycolytic enzymes is responsible
for the initiation of disintegration of glycocalyx. Do
potential mediators of exocytosis of WPBs and lysosomes
responsible for such an early loss of ESG follow the similar
time course? Increased superoxide production by cultured
endothelial cells and agitation of exocytosis of lysosomes
occurred within minutes after application of LPS (Figure 2).
Collectively, these findings provide sufficient support to
catalyze further exploration of the proposed hypothesis.

Both lysosomal and WPB compartments are calcium
sensitive, and in endothelial cells this process can be
blocked by NO, calcium chelators,16 a 22-amino acid
N-ethylmaleimide (NEM)-sensitive factor fused to a
Tat-carrier peptide,20 NEM itself, a dominant-negative Ral
variant,21 and a glycine-(Na-Et)lysine-proline-arginine (ITF
1697) peptide.22,23 By pharmacologically manipulating
exocytosis of these organelles and examining the integrity
of glycocalyx in response to stressors we obtained the key
test results for the proposed hypothesis.

Matsushita et al24 developed fusion polypeptides composed
of a 22-amino acid NEM-sensitive factor, a regulator of
exocytosis, and a carrier peptide derived from the HIV trans-
activating regulatory protein domain and demonstrated that
inhibition of WPB exocytosis decreased leukocyte trafficking
and peritonitis.20 NEM itself is also a potent inhibitor of
exocytosis. de Leeuw et al21 demonstrated that a small GTP-
binding protein, Ral, is involved in exocytosis of WPBs and
that expression of a dominant-negative Ral variant prevented
it. Bertuglia et al22 explored a lysine-prolinemotif encountered
in several biologically active small peptides and synthesized a
glycine-(Na-Et)lysine-proline-arginine (ITF 1697) peptide,
with the biological half-life of 20 to 120 minutes, and
demonstrated that it inhibits ischemia-reperfusioneinduced
exocytosis of WPBs and protected pulmonary microcirculation
by preventing increase in permeability, leukocyte and platelet
adhesion, P-selectin, and vWF secretion. This peptide has in its
core the Lys-Pro-motif found in tuftsin (a g-globulinederived
peptide stimulator of phagocytosis), a C-terminal region of
a-melanocyteestimulating hormone endowed with anti-
inflammatory properties, and an IL-1bederived peptide
antagonist of hyperalgesic effect of the parent molecule. We
The American Journal of Pathology - ajp.amjpathol.org
reported the use of ITF 1697 in ischemia-reperfusion model of
renal injury, confirmed its inhibitory action on exocytosis of
WPBs, and demonstrated that the peptide salvages renal func-
tion and structural characteristics after renal ischemic injury.23

We elected to use NOHA as nitric oxide donor for the
following reasons. NOHA is a naturally occurring inter-
mediate product of endothelial nitric oxide synthase that is
metabolized to nitric oxide, thus serving as its donor.25,26

We used the concentration of NOHA that in preliminary
studies showed no induction of hypotension or oxidative
stress (not shown). Indeed, in vitro studies demonstrated
that NOHA suppresses vectorial movements of lysosomes
after the application of LPS (Figure 2). As demonstrated by
Lowenstein’s group,24 NO nitrosylates critical cysteine
residues of NEM-sensitive factor and thus inhibits exocy-
tosis of WPBs. Endogenous endothelial NOS becomes
uncoupled by oxidative stress early in sepsis, thus contrib-
uting to generation of peroxynitrite and deficiency of NEM
nitrosylation. Despite using a concentration of NOHA that
exhibited no pressor or oxidative effects, we cannot fully
exclude the possibility of hemodynamic stabilization and
oxidative scavenging that contributed to the significant
in vivo observations.

The choice of the second therapeutic modality, EPC-CM,
is based on previous observations from several groups,
including ours, that EPCs exert a protective effect in
sepsis.14 Indeed, according to data presented here, the
observed benefits of EPCs could be attributed at least in part
to their paracrine effect, resulting in the preservation of
ESG. The precise mechanism of this beneficial effect awaits
elucidation.

In summary, the above-mentioned studies provide the
first demonstration of the early patchy disintegration of ESG
which can be prevented by pretreatment with NOHA and
EPC-CM, maneuvers that reduced exocytosis of lysosomal-
related organelles. Data support the hypothesis assigning to
stress-induced exocytosis of these organelles the role of a
hair-trigger for local degradation of ESG, a well-known
prerequisite for leukocyte infiltration and increase in
vascular permeability, which partially accounts for the later
mortality in sepsis.
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