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Glycocalyx Degradation Is Independent of Vascular
Barrier Permeability Increase in Nontraumatic
Hemorrhagic Shock in Rats
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BACKGROUND: Glycocalyx shedding after traumatic hemorrhagic or septic shock, as well as dif-
ferent resuscitation fluids, has been causally linked to increased vascular barrier permeability
(VBP) resulting in tissue edema. In nontraumatic hemorrhagic shock (NTHS), it remains ques-
tionable whether glycocalyx degradation in itself results in an alteration of VBR The composition
of fluids can also have a modulatory effect on glycocalyx shedding and VBP We hypothesized
that the shedding of the glycocalyx during NTHS has little effect on VBP and that the composi-
tion of fluids can modulate these effects.

METHODS: Fully instrumented Wistar-albino rats were subjected to a pressure-controlled NTHS
(mean arterial pressure of 30 mm Hg) for 60 minutes. Animals were fluid resuscitated with
Ringer’s acetate, balanced hydroxyethyl starch (HES) solution, or 0.9% normal saline to a mean
arterial pressure of 80 mm Hg and compared with shams or nonresuscitated NTHS. Glycocalyx
shed products were determined at baseline and 60 minutes after fluid resuscitation. Skeletal
muscle microcirculation was visualized using handheld vital microscopy. VBP changes were
assessed using plasma decay of 3 fluorescent dyes (40- and 500-kDa dextran and 70-kDa albu-
min), Evans blue dye exclusion, intravital fluorescence microscopy, and determination of tissue
edema (wet/dry weight ratio).

RESULTS: All glycocalyx shedding products were upgraded as a result of NTHS. Syndecan-1 sig-
nificantly increased in NTHS (mean difference, —1668; 95% confidence interval [Cl], —2336 to
—-1001; P < .0001), balanced crystalloid (mean difference, —964.2; 95% Cl, —1492 to —-436.4;
P = .0001), and HES (mean difference, —1030; 95% Cl, —1594 to —465.8; P = .0001) groups
at the end of the experiment compared to baseline. Hyaluronan levels were higher at the end
of the experiment in nonresuscitated NTHS (—923.1; 95% Cl, —1216 to —-630; P = .0001) and
balanced crystalloid (-1039; 95% Cl, —1332 to —745.5; P = .0001) or HES (-394.2; 95% ClI,
—670.1 to —118.3; P = .0027) groups compared to controls. Glycocalyx shedding resulted in
microcirculation alterations as observed by handheld video microscopy. Total vessel density was
altered in the normal saline (mean difference, 4.092; 95% Cl, 0.6195-7.564; P = .016) and
hemorrhagic shock (mean difference, 5.022; 95% Cl, 1.55-8.495; P = .0024) groups compared
to the control group, as well as the perfused vessel density and mean flow index. Despite deg-
radation of endothelial glycocalyx, VBP as determined by 4 independent assays remained intact
and continued to be so following fluid resuscitation.

CONCLUSIONS: NTHS induced glycocalyx shedding and microcirculation alterations, without
altering VBR FIU|d resusmtatlon partlally restored the mlcromrculatlon W|thout alterlng VBR

VBP_(Anesth Analg 2019120505, 607)

KEY POINTS
- Question: Is glycocalyx degradation occurring during nontraumatic hemorrhage followed by fluid
resuscitation of different composition associated with a degradation of the vascular barrier?

- Finding: Glycocalyx degradation occurs during nontraumatic hemorrhagic shock but without
affecting vascular barrier permeability and is not prevented by fluids of different composition.

- Meaning: Increase in vascular barrier permeability seen in states of perioperative and critical

illness requires compromise of other barrier constituents, such as cell-to-cell junctions, com-
pared with solely glycocalyx shedding.
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calyx, endothelial cells, and cell-to-cell junctions.!

The main functions of the glycocalyx are to protect
the endothelium, facilitate numerous physiological pro-
cesses, and regulate cellular and macromolecular traffic.*
Degradation of the glycocalyx has been associated as a key
step in the pathogenesis of a large number of cardiovascular
diseases, such as shock,>® sepsis,”# diabetes,’ atherosclero-
sis,'¥ heart failure, and volume overload.™

One of the main implicit assumptions in the literature
has been that the glycocalyx barrier is the key vascular
component defining vascular barrier permeability (VBP)?
and that its disruption is the primary cause of vascular
leakage causing tissue edema. However, the causal rela-
tionship between glycocalyx degradation and vascular bar-
rier breakdown has not been clearly demonstrated. Studies
that have demonstrated glycocalyx shedding in various
experimental and clinical settings have not demonstrated
that glycocalyx shedding in itself produces an increase in
VBP.’>5 Other experimental studies performed on glyco-
calyx degradation have used interventions, such as enzy-
matic degradation,'*" not often seen in clinical conditions,
which, other than the glycocalyx, could also disrupt other
components associated with VBP, such as endothelial cell
integrity and endothelial cell-to-cell junctions leading to
capillary leakage.

This uncertainty has led us to formulate the hypothesis
that in nontraumatic hemorrhagic shock (NTHS), such as
can occur during the perioperative phase, glycocalyx deg-
radation can indeed occur but without the negative conse-
quences of VBP alterations and that this degradation might
not be the primary component responsible for VBP altera-
tions associated with edema. In extension to this hypoth-
esis, we assumed that fluid resuscitation may influence
components of the glycocalyx but may not result in delete-
rious effects on VBP, indicating that fluid therapy is a safe
and effective therapy during NTHS.

In the present study, we proposed to induce NTHS and
investigate these issues. To demonstrate that the interven-
tion of glycocalyx shedding has been achieved, we intended
to measure the presence of shedding products of the gly-
cocalyx in plasma and to use direct imaging of the micro-
circulation using a handheld vital microscope to analyze
microcirculatory disturbances known to be associated with
the endothelial glycocalyx degradation.®®

In doing so, we proposed to investigate whether the
NTHS-induced glycocalyx shedding in the rat model
resulted in an alteration in VBP. To this end, we used 4 inde-
pendent assays for the measurement of VBP: (1) analysis
of plasma decay of fluorescence dyes of different molecu-
lar sizes; (2) extravasation of Evans blue dye in organs; (3)
observation of fluorescent dye extravasation in microves-
sels by intravital fluorescence microscopy; and (4) edema
formation in organs measured by water content (wet/dry
weight ratio). The reason we chose these 4 independent
methodologies to measure VBP was to provide a solid base
of evidence as to the presence or absence of vascular leakage
in our model. Using this approach, we proposed to provide
comprehensive evidence as to the effects of glycocalyx deg-
radation on VBP and its possible modulation by the use of
fluid resuscitation of different compositions.

The vascular barrier is mainly composed of the glyco-
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METHODS

Animals

This study was approved by the Animal Research Committee
of the Academic Medical Center of the University of
Amsterdam (DFL 190AA). Care and handling of the animals
were in accordance with the guidelines from the Institutional
Animal Care and Use Committees. This manuscript adheres
to the applicable Animal Research: Reporting of In Vivo
Experiments guidelines. Experiments were performed on
male Wistar-albino rats (Charles River Laboratories, Den
Bosch, the Netherlands), 10 + 2 weeks of age, with a mean
+ standard deviation (SD) body weight (BW) of 334 + 24 g.

Surgical Preparation

The rats (n = 59) were anesthetized with an intraperito-
neal injection of 100 mg-kg™ ketamine (Nimatek; Eurovet,
Bladel, the Netherlands), 0.5 mg-kg™! medetomidine (Domitor;
Pfizer, Bladel, the Netherlands), and 0.05 mg-kg™! atropine
sulfate (Centrafarm, Bladel, the Netherlands). Anesthesia was
maintained with 50 mg-kg-hour! ketamine. Fluid maintenance
consisted of Ringer’s acetate (Baxter, Utrecht, the Netherlands)
at a rate of 10 mL-kg™-hour™'. After a tracheostomy, the ani-
mals were connected to a ventilator (Babylog 8000; Drager
Nederland, Bladel, the Netherlands) and ventilated with tidal
volumes of 6 mL-kg™ with a positive end-expiratory pressure
of 3 cm H,0 and an F10, of 0.4. A heating pad under the animal
allowed the body temperature to be controlled and maintained
at37°C £ 0.5°C. The end-tidal Pco, was maintained between 30
and 35 mm Hg (CapnoMac, Datex-Ohmeda; GE-Healthcare,
Eindhoven, the Netherlands).

The right carotid (pressure) and left femoral (for blood
shedding and samples) arteries and jugular (anesthesia and
fluid maintenance) and femoral (fluid resuscitation) veins
were cannulated with polyethylene catheters (outer diam-
eter = 0.9 mm; B-Braun, Melsungen, Germany). The right
biceps femoris was exposed, and the femoral artery blood
flow was monitored with a transonic flowmeter probe (0.5
mm, T206; Transonic Systems Inc, Elsloo, the Netherlands).
To prevent muscle desiccation, the exposed area was pro-
tected with a humidified gauze with warm 0.9% normal
saline (NaCl). The bladder was catheterized via a mini-mid-
line incision with a polyethylene tube (outer diameter = 1.2
mm) and a homemade tip to prevent spontaneous displace-
ment and traumatic lesions. The urine output was quantified.

Experimental Protocol

Animals were randomized according to a unique code
generated by an Internet website (https://www.sealeden-
velope.com). On the day of experiment, a technician pre-
pared the resuscitation fluid according to the generated
code (Supplemental Digital Content 1, Figure 1, http://
links.lww.com/AA /C640).

After a 30-minute stabilization period, baseline (BL)
values were recorded, and arterial blood gas was assessed
(ABLFlex 80; Radiometer, Copenhagen, Denmark).
Hemorrhagic shock was induced by withdrawing blood at
a rate of 0.5 mL-minute™ using a syringe pump (Harvard
Apparatus, Cambridge, MA) until a mean arterial pres-
sure (MAP) of 30 mm Hg was maintained for 1 hour (T1) by
reinfusing or withdrawing blood. After this period, animals
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Permeability Is Independent of Glycocalyx Shedding

were left unresuscitated (hemorrhagic shock group) or resus-
citated with either balanced crystalloid (Ringer’s acetate) or
normal saline (0.9% NaCl), or balanced hydroxyethyl starch
(HES) (Volulyte HES 130/0.4, all solutions from Fresenius
Kabi, Bad Homburg, Germany) was started (T2 at 15 minutes)
to maintain the MAP at 80 mm Hg for 1 hour (T3). Control-
instrumented animals (sham) underwent surgical preparation
of the limb but were neither hemorrhaged nor resuscitated.
We deliberately chose a target of 80 mm Hg because BL MAP
was higher in healthy rats than in healthy humans.

Biomarkers of Glycocalyx Shedding

Syndecan-1, heparan sulfate, and hyaluronan were used as
indirect makers of glycocalyx degradation. Plasma samples
were stored at —20°C and were thawed and analyzed using
commercial enzyme-linked immunoabsorbent assay (ELISA)
kits according to the manufacturer’s instructions: DuoSet
Hyaluronan (DY3614; R&D Systems, Minneapolis, MN),
Syndecan-1/CD138 (SCD1) ELISA kit (Cusabio Biotech Co,
Ltd, Wuhan, China), and heparan sulfate proteoglycan 2
(HSPG2) ELISA kit (Cusabio Biotech Co, Ltd, Wuhan, China).

Skeletal Muscle Microcirculatory Measurements
Glycocalyx degradation results in alterations in microcir-
culatory perfusion, which can be observed using handheld
video microscopy.’ Incident dark field-based handheld
video microscopy CytoCam (Braedius Scientific, Huizen,
the Netherlands) was placed on the surface of the exposed
biceps femoris.?! Briefly, the incident dark field imag-
ing technique uses green polarized light that is produced
from a ring of circumferential light-emitting diodes that is
transmitted to the tissue and absorbed by hemoglobin, thus
appearing dark on images. The imaging results in sharp con-
tour visualization of the microcirculation, showing flowing
erythrocytes and leukocytes. Continuous monitoring of the
same microcirculatory spot was performed with the help of
a micromanipulator. One hundred frame clips (100 seconds)
were recorded at every time point. All clips obtained were
randomly anonymized and analyzed in a blinded fashion
(group and time point). The analysis of the microvascula-
ture was performed at BL and T3 with AVA 3.2 (Microvision
Medical, Amsterdam, the Netherlands) for total vessel den-
sity (TVD), perfused vessel density (PVD), and the mean
flow index (MFI) by 2 trained and independent operators
(Z.U. and Y.1.), as described elsewhere.?

Assessment of VBP

Fluorescent Tracers. The time-dependent plasma
concentration of different size fluorescent tracer molecules
in plasma can be used to measure the permeability of
vascular barrier, because smaller molecules will decay faster
than larger tracer molecules.” Degradation of the vascular
barrier will lead to enlargement of the protein sieving
that translates in a faster plasma decay (transendothelial
escape) of larger molecules. At the end of the experiment,
fluid resuscitation and maintenance were stopped.
Three fluorescent dyes conjugated with different sizes of
molecules and dissolved in saline were thoroughly mixed
together and injected intravenously by hand over 1 minute:
Texas Red-40 kDa dextran (10 mg/mL, D1829, Molecular
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Probes; ThermoFisher Scientific, Breda, the Netherlands),
Albumin-Alexa 680 (5 mg/mL, A34787, Molecular Probes;
ThermoFisher Scientific), and fluorescein isothiocyanate
(FITC)-500 kDa dextran (10 mg/mL, MFCD00131092;
Sigma-Aldrich, Zwijndrecht, the Netherlands) (100 pL
each). Blood samples (200 pL) were withdrawn at 2, 5, 10,
15, 20, 25, and 30 minutes to obtain the decay in plasma
concentration of the dyes, as we had researched previously.’
Plasma concentrations were measured for each dye in
a 96-well plate fluorometer (ClarioStar; BMG LabTech,
Ortenberg, Germany) in accordance with the excitation/
emission wavelengths of each dye and after obtaining a
standard calibration curve: 580 + 20/625 + 20 nm for FITC,
480 + 15/530 = 25 nm for TexasRed, and 675 + 10/740 +
40 nm for Alexa 680. The concentration—time curves of all
dyes were fitted for each experiment separately with a
monoexponential function. A retention ratio (RR) of the dye
was calculated as follows: RR = final concentration at 30
minutes/initial concentration at 2 minutes.

For total intravascular blood volume (TBV) determina-
tion, the concentration of Albumin-Alexa 680 was deter-
mined at time = 2 minutes after bolus injection according
to the following calculation: TBV (mL) = ([Albumin-Alexa
syringe] x 0.1)/(Albumin-Alexa plasma).

Evans Blue Dye Technique. Evans blue is a fluorescent
dye that readily binds to albumin once introduced
intravascularly. The strong binding property of Evans blue
dye (EBD) to serum albumin makes its escape from the
vasculature to the tissue cells a well-established method
for assessment of VBP.? A separate series of experiment
(n = 12) was performed to determine albumin-bound
EBD extravasation in the lung, heart, liver, and kidney in
control, crystalloid-, and colloid-resuscitated groups. At
the end of the experiment, 1 mL/kg BW EBD 4% (Fluka;
Sigma Aldrich, Zwijndrecht, the Netherlands) was injected
intravenously. Thirty minutes after injection, the inferior
vena cava was incised for exsanguination and evacuation of
the dye, and the animal’s body was flushed thoroughly with
0.9% NaCl containing heparin (100 U/mL) via the femoral
artery and jugular vein, until the fluid leaving was clear. At
least 100 mL were required. Each harvested organ was cut
in small pieces, rinsed, weighed, and placed in 1:1 weight
(mg)/volume (pL) ratios of 0.9% NaCl. Samples were
homogenized for 5 minutes using a handheld homogenizer
(Polytron 1200 E; Kinematica, Luzern, Switzerland).
Trichloroacetic acid 50% (Sigma Aldrich, Zwijndrecht,
the Netherlands) was added in a 3:1 ratio (volume [uL]/
weight [mg]). The trichloroacetic acid/homogenates were
centrifuged at 10,000¢ for 20 minutes to remove precipitates
and tissue debris, and the supernatants were added to a
96-well plate (30 pL per well, each plate supplemented with
90 pL of 95% ethanol and thoroughly mixed by pipetting)
for fluorescence spectroscopy (620/680 nm).>* EBD was
extracted from the tissue, expressed as micrograms per
gram of tissue, and determined against a calibration curve
fitted with a 5-parameter logistic equation.

Intravital Fluorescence Microscopy. A direct method

for the measurement of VBP is by intravital fluorescent
microscopy based on the quantitative visualization of
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large fluorescent tracers (>70 kDa) escaping from the
microvasculature through the endothelial barrier into the
interstitium.” After injection of this fluorescent dye, the
time-dependent fluorescence intensity change in the vessel
and in the surrounding tissue can be used to quantify VBP.
In a second set of animals (n = 17), intravital fluorescence
microscopy was used as described elsewhere? to measure
extravasation of fluorescently labeled dextran (FITC-70 kDa
dextran 10 mg/mL, 46,945; Sigma-Aldrich) as a model for
macromolecular leakage and to determine extravascular
accumulation. The setup of the experiment was exactly the
same (NTHS, method of dye injection, muscle exposure)
except that the handheld microscope was replaced by a
fluorescence microscope. The microscopy setup consisted
of a stereo fluorescence microscope (model M165 FC; Leica
Microsystems, Wetzlar, Germany) equipped with a Peltier-
cooled DFC420C color camera, a Planapo 1.0x objective
lens, a 0.5x video objective (C-mount), 0.73x optical zoom,
filter sets for bright field (420 nm cut on filter), fluorescence
microscopy (excitation wavelength = 470 + 20 nm, emission
wavelength = 515 nm long pass), and a Leica EL6000 light
source. The adjustable settings for fluorescence imaging
were camera exposure time of 10 seconds, camera gain of
10, saturation of 1.0, gamma of 0.78, and light source setting
of 5 (maximum). The camera was white balanced before
every experimental session, and the hardware settings were
kept constant throughout the entire experiment.

Before infusion of FITC-dextran, a bright field image was
made of the region of interest, as well as a BL fluorescence
image. After a 100-pL infusion over 1 minute, fluorescence
images were acquired at 2, 5, 10, 15, 20, 25, and 30 minutes.

Images were analyzed in Image] software (National
Institutes of Health, Bethesda, MD) for FITC fluorescence
intensity as a measure of leakage and extravascular accu-
mulation of dextran. Images were split into red-green-blue
images, and the integrated density was calculated in the
green channel. The fluorescence intensity was normalized
to BL fluorescence and plotted as a fold increase for every
postinfusion time point.

Tissue Edema. Edema formation may occur after
accumulation of water as a result of vascular barrier
compromise. At the end of the experiment, the heart, brain,
kidney, lung, and liver were harvested to determine their
water content using the wet/dry weighing technique (held
at 100°C for 24 hours) and were calculated as follows: wet
tissue weight/dry tissue weight ratio. This technique allows
the measurement of water content in the organ.

Statistical Analysis

Values are expressed as mean = SD when normally distrib-
uted (Kolmogorov-Smirnov test) or as median (interquar-
tile range) otherwise. Repeated-measures 2-way analysis
of variance (2 factors: time as a related within-animal fac-
tor and group as a between-animal factor) with post hoc
Bonferroni correction test for multiple analysis was used
to determine intergroup and/or intragroup differences of
hemodynamic, microcirculation, biochemical data, glyco-
calyx degradation biomarkers, and intravital fluorescence
microscopy. When significant interaction was observed
between time and group, we reported simple main effects

August 2019 e Volume 129 ¢ Number 2

of group (type of fluid) compared to the control group at
each timepoint and the simple main effect of time versus
BL within the same group. Ordinary 1-way analysis of vari-
ance with Bonferroni correction was used for the analysis
of TBV, tissue edema (organ by organ), urine output, and
fluorescent tracer RRs. The decays in plasma concentration
of fluorescent dyes at each timepoint were fitted with an
exponential 1-phase decay using the least squares methods.
Because of their non-Gaussian distribution, the analyses
of power of exponential decay times fitting curves of each
fluorescent dye and EBD concentrations within organs were
performed using a Kruskal-Wallis test with a Dunn correc-
tion test. Statistical analysis was performed using GraphPad
Prism version 7.0a for Mac (GraphPad Software, La Jolla,
CA). The overall significance level for each hypothesis was
.05. Adjusted P values were reported throughout the manu-
script in post hoc tests.

Based on a previous study by Bansch et al,”” we postu-
lated that fluid resuscitation with crystalloids after hemor-
rhage will increase the plasma volume by approximately
25% to target an MAP of >80 mm Hg. Sample size was
calculated by nQuery Advisor (Statistical Solutions Ltd,
Boston, MA). A sample size of 6 in each group will have
80% power to detect a difference in means of —9.40 mL/kg
(36.1 vs 45.5 mL/kg) assuming that the hemorrhagic shock
group SD, 01, is 2.700 and the balanced crystalloid group
SD, 62, is 6.200 (ratio of group 2 to group 1 SD is 2.296) using
a 2-group Satterthwaite ¢ test with a .050 two-sided signifi-
cance level.

RESULTS
A total of 59 animals were included in this study: 30 rats for
the predefined study, 17 rats for the second set of experi-
ments, and 12 rats for the study with EBD. No animals died
during the experiment. Hemodynamic parameters are pre-
sented in the Table. MAP and femoral artery blood flow
significantly decreased during hemorrhagic shock. Shock-
induced metabolic acidosis was associated with hyperlac-
tatemia (>5 mmol-L™") compared to controls (Fy,s = 11.52;
P < .0001). The mean blood withdrawal was 5.7 + 0.6 mL
(17.1 = 2 mL-kg™' BW), corresponding to 27.5% + 3.2% of
total blood volume (BV) of the rats when calculated accord-
ing to the following formula: BV (mL) = 0.06 x BW + 0.77.%8
The total fluid resuscitation volumes were 63 mL (48-70
mL), 41.5 mL (36-45.2 mL), and 6.5 mL (5.7-12.2 mL) for the
0.9% NaCl, balanced crystalloid, and colloid groups, respec-
tively (F4 = 64.85; P < .0001). Fluid resuscitation induced
a significant decrease in hemoglobin levels (Supplemental
Digital Content 2, Table 1, http:/ /links.Iww.com/AA /C641).
The associated urine output during the hour after fluid resus-
citation was significantly higher in balanced crystalloid and
0.9% NaCl groups compared to controls, 0.067 mL-g--hour™
(0.056-0.094 mL-ghour) (mean difference, —0.0587;
95% confidence interval [CI], —0.0986 to —0.0187; adjusted
P =.0038) and 0.088 mL-g™"-hour~ (0.058-0.14 mL-g~"-hour™)
(mean difference, —0.0871; 95% CI, —0.1257 to —0.0484; adjusted
P =.0001) vs 0.031 mL-g-hour! (0.019-0.044 mL-g"-hour™),
respectively (Supplemental Digital Content 3, Figure 2,
http:/ /links.lww.com/AA /C642). No urine was produced
in the hemorrhagic shock group. The MAP was significantly
lower in the fluid resuscitated groups compared to the control
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Table. Hemodynamic Parameters and Lactate for Animals Resuscitated With Either Balanced Crystalloid,

Balanced HES, or Normal Saline

BL T1 T2 T3
MAP (mm Hg)
Control 91+7 99 £ 72 105 + 62 115 + 62
Hemorrhagic shock 97 +9 32 £ 23F 31 + 22 25 + 43k
Balanced crystalloid 100 + 8 32 £ 220 85 + 62° 81 £ 32°
Balanced HES 97 +8 33 + 230 101 £ 13 88 + 113°
0.9% NaCl 90+ 6 SSEIZ 76 * 42b 77 £ 78
CVP (mm Hg)
Control 5+1 5+1 5+1 5+1
Hemorrhagic shock 5+1 5+2 4+2 5+2
Balanced crystalloid 5+1 5+1 7+1 7+x1
Balanced HES 61 6+1 8 £ 1% 8 + 1%
0.9% NaCl 5+2 6+2 8 + 2*a 8 + 3*
FABF (mL-minute?)
Control 24+0.1 1.8+0.1 2.3+0.3 2.5+0.2
Hemorrhagic shock 2.8+0.3 1.6 + 0.52 1.2 + 0.420 1.1 + 0.62°
Balanced crystalloid 2.3+0.5 0.8 £ 0.42° 2.7+0.7 3+1.4
Balanced HES 25%0.3 1.2+£0.82 3+0.6 3.7+1
0.9% NaCl 22+0.5 1.1 +£0.42 24 +0.7 23%0.3
Lactate (mmol-L)
Control 1.2+0.1 1.7+£0.1 1.7+£0.2 1.7+£0.1
Hemorrhagic shock 1.2+0.4 4.5 + 12° 4.6 +1.32° 5.9 + 12
Balanced crystalloid 1.4+0.3 5.1 £ 0.92® 3.6 £ 0.72° 2.2+0.7
Balanced HES 1.4+0.2 5.2 + 1.220 2.9+ 0.8 1.6 £0.5
0.9% NaCl 1.4+£0.4 5.7 £ 1.73° 3+0.82° 1.3+0.2

Differences between groups at the different time points were evaluated using the repeated-measures 2-way ANOVA with Bonferroni correction to adjust for multiple
comparisons. Values are represented as means + SD, n = 6 per group.
Abbreviations: ANOVA, analysis of variance; BL, baseline; CVR central venous pressure; FABF, femoral artery blood flow; HES, hydroxyethyl starch; MAR mean

arterial pressure; NaCl, normal saline; SD, standard deviation.
aAdjusted P < .05 versus control group.
P < .05 versus baseline value within the same group.

group at the end of the experiment. Strategies of fluid resusci-
tation with balanced crystalloid or colloid were both efficient
in correcting pH and plasma lactate levels (Supplemental
Digital Content 2, Table 1, http://links.lww.com/AA /C641)
compared to normal saline.

Shedding Products of Glycocalyx Constituents

Glycocalyx shed products (hyaluronan, syndecan-1,
and heparan) were all upregulated as a result of NTHS.
Syndecan-1 levels (Figure 1A) were significantly increased
in controls (mean difference, —788.7, 95% CI, -1456 to
-121.1; adjusted P = .015), nonresuscitated hemorrhagic
shock (mean difference, —1668; 95% CI, —2336 to —1001;
adjusted P < .0001), balanced crystalloid (mean difference,
-964.2; 95% CI, 1492 to —436.4; adjusted P = .0001), and
HES (mean difference, —1030; 95% CI, -1594 to —465.8;
adjusted P = .0001) groups at the end of the experiment (T3)
compared to BL values. No changes in syndecan-1 were
observed in the 0.9% NaCl group. Fluid resuscitation with
balanced crystalloid (mean difference, 704; 95% CI, 163.8-
1244; adjusted P = .0067), balanced HES (mean difference,
604.2; 95% CI, 49.43-1159; adjusted P = .029) solutions, or
normal saline (mean difference, 1178; 95% CI, 623.7-1733;
adjusted P = .0001) significantly reduced levels of syn-
decan-1 at the end of the experiment compared to the non-
resuscitated hemorrhagic shock group. Hyaluronan levels
(Figure 1B) were significantly higher at the end of the exper-
iment in the nonresuscitated hemorrhage (mean difference,
-923.1; 95% CI, —1216 to —630; adjusted P = .0001) and bal-
anced crystalloid (mean difference, —1039; 95% CI, 1332
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to -745.5; adjusted P = .0001) or HES (mean difference,
—-394.2; 95% CI, —670.1 to —118.3; adjusted P = .0027) groups
compared to controls. The increase in glycocalyx shedding
products was persistent after fluid resuscitation except for
the hyaluronan component, which was decreased after bal-
anced HES and normal saline administration. Heparan sul-
fate levels remained higher regardless of the resuscitation
regimen or the absence of fluid resuscitation (P <.001) when
compared to the controls (Figure 1C).

Microcirculatory Changes in Muscle

The microcirculatory parameters in the biceps femoris are
represented in Figure 2. TVD, MFI, and PVD were not differ-
ent after fluid resuscitation with either balanced crystalloid or
colloid (P > .05). However, these same parameters were sig-
nificantly altered in the normal saline (mean difference, 4.092;
95% CI, 0.6195-7.564; adjusted P = .016) and hemorrhagic
shock (mean difference, 5.022; 95% CI, 1.55-8.495; adjusted
P =.0024) groups when compared to the control group. The
same parameters of these 2 latter groups were also signifi-
cantly decreased compared to their BL values (P < .05).

Vascular Barrier Permeability

Fluorescent Tracer Decays and RRs. The decay times of
fluorescent tracers are presented in Supplemental Digital
Content 4, Figure 3, http://links.lww.com/AA /C643. The
rate of disappearance can be given by the power of the
exponential fit of the tracer curves provided for different
groups. No significant alteration in this power was observed
among the different groups. When considering the decrease
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Figure 1. Plasma levels of syndecan-1 (A), hyaluronan (B), and heparan sulfate (C) during the experiment. Increased glycocalyx shedding per-
sists after fluid resuscitation except for the hyaluronan component, which is decreased with balanced hydroxyethyl starch (HES) resuscitation.
Repeated-measures 2-way analysis of variance test used with Bonferroni correction to adjust for multiple comparisons. *Adjusted P < .01
versus control group at the same time point, $P < .05 versus baseline (BL) value within the same group (n = 6-8/group).

in normalized concentrations at each time point per group
of fluid resuscitation (Supplemental Digital Content 5,
Figure 4, http://links.lww.com/AA/C644), a significant
difference was present between FITC 500-kDa and Texas
Red-40 kDa dextrans (P <.05), suggesting a different escape
rate from the vascular system according to molecular size.
Albumin-Alexa 680 and FITC 500 kDa showed similar
decays regardless of the group, proving that these dyes did
not cross the vascular barrier.

The RR of different dyes bound to different molecular
sizes is presented in Figure 3. No significant differences
were noted.

EBD Technique. The EBD extraction from tissues is presented
in Supplemental Digital Content 6, Figure 5, http://
links.Iww.com/AA/C645 (n = 4 per group, excluding
nonresuscitated NTHS and normal saline groups). A
broad variability in the pulmonary EBD concentration was
observed. No differences were noted in the other organs
between control and resuscitated animals regardless of the
fluid chosen.

Fluorescence Intravital Microscopy. Figure 4A is an
example of the time course of fluorescence escaping
through the microvasculature obtained with intravital
fluorescence microscopy in animals undergoing NTHS
resuscitation with different fluids or the control. The
fluorescence levels did not significantly differ from the
control group. As a damage positive control for vascular
barrier disruption, hyperthermia (temperature >42°C) was
induced in a rat. The time course of the relative increase in
fluorescence is displayed in Figure 4B. We did not include
a nonresuscitated hemorrhagic shock group in this setting
because we did not see any significant leakage after fluid
resuscitation of hemorrhagic shock in the other groups.
Leakage was unlikely to happen, and the experiment was
considered futile and not in accordance with the local
animal ethic committee.

Tissue Edema. The quantification of tissue edema in
different organs (lung, brain, liver, kidney, and heart) is
presented in Supplemental Digital Content 7, Figure 6,
http:/ /links.lww.com/AA /C646. Although the wet/dry
ratio may be different among organs, no significant tissue
edema was present after fluid resuscitation compared to the
control group. Nonresuscitated hemorrhagic shock animals
exhibited a significantly smaller wet-to-dry weight ratio

August 2019 e Volume 129 ¢ Number 2

in the liver compared to control (mean difference, 0.373;
95% CI, 0.03158-0.7151; adjusted P = .029). In addition,
no difference was noted between balanced crystalloid and
colloid fluid resuscitation with regard to tissue edema.

Total Intravascular BV

The TBV was reduced in the nonresuscitated hemor-
rhagic shock group (15.2 = 1.3 mL) compared to the con-
trol group (17.5 + 1.3 mL) (mean difference, 2.3; 95% CI,
0.20-4.5; P = .027; Figure 5). Fluid resuscitation increased
TBV significantly in the balanced crystalloid group (21.1
+ 1.1 mL) compared to the control and hemorrhagic shock
groups (mean difference, —3.6; 95% CI, 5.7 to —1.5; adjusted
P <.0001, and —-5.9; 95% CI, —8.07 to —3.9; adjusted P < .0001,
respectively).

DISCUSSION

The main result of our study has been the demonstration
that in NTHS, glycocalyx degradation occurs but is not
associated with an increased VBP. Furthermore, our results

show that glycocalyx degradation and microcirculatory

alterations persist after fluid resuscitation independent of
its composition. However, fluid resuscitation alone does not

result in a change in VBP and in its extension tissue edema.
These results on changes in VBP were demonstrated using 4
independent techniques. However, some differences remain
regarding the nature of glycocalyx shedding products, as
indicated by the biomarkers profile differing between resus-
citation fluids. Normal saline was found to be the less-suit-
able fluid because it restored neither the microcirculatory
alterations nor the acid-base balance. These results stress
the complexity of VBP regulation in the context of hemor-
rhagic shock and identify a gradation of vascular injury. A
partial shedding of the glycocalyx either NTHS induced or
following fluid resuscitation did not impair vascular barrier

competence. This result challenges the role of the glycocalyx

as a major contributor of the VBP.
It is assumed that the glycocalyx shedding is a direct

cause of an increase in VBP. Glycocalyx-shedding prod-
ucts are often considered as surrogate markers of vascular
permeability. Most of the data regarding the relationship
between glycocalyx shedding and increased VBP come from
ex vivo isolated organ experiments or in vivo enzymatic
degradation treatments. However, these models have seri-
ous shortcomings and ignore a large part of the pathophysi-
ological pathways occurring in response to shock.!** Thus,
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Figure 2. Microcirculatory parameters assessed at a single spot of
the biceps femoris with handheld intravital microscopy. Despite nor-
mal mean arterial pressure, the microcirculation is not fully restored
after fluid resuscitation when considering the total vessel density.
Repeated-measures 2-way analysis of variance test used with
Bonferroni correction to adjust for multiple comparisons. *Adjusted
P < .05 versus control group at the same time point, $P < .05 ver-
sus Baseline (BL) value within the same group (n = 8/group). HES
indicates hydroxyethyl starch; NaCl, normal saline.

the results of these experiments may not be relevant to phys-
iological situations. Rehm et al,'? in an isolated heart model,
first introduced the concept of a “double barrier” where
the glycocalyx can be enzymatically erased while the endo-
thelial cells remain untouched, without causing significant
effects on coronary permeability. Our results support these
findings, although we observed microcirculatory alterations
related to hemorrhagic shock. These microcirculatory distur-
bances are usually a marker of endothelial cell dysfunction.

604 www.anesthesia-analgesia.org

In an hamster window chamber model, Landsverk et al®®
observed a significant decrease in functional capillary den-
sity after hyaluronidase injection without associated vascu-
lar leakage. The authors reported a 50- to 100-fold increase
in plasma levels of hyaluronan, suggesting an efficient gly-
cocalyx degradation. In another study, Bansch et al” did
not observe any leak of radiolabeled albumin in an acute
model of hemorrhage 4 hours after resuscitation with either
Ringer’s acetate or 5% albumin, suggesting an intact micro-
vascular barrier, bearing out our results.

Similarly to other authors, we demonstrated that NTHS
did injure the different endothelial glycocalyx components,
and fluid resuscitation after hemorrhage may alter glycoca-
lyx components in different ways.*!*!*3! However, the level
of injury may vary according to the model used, the duration
of shock, or the vascular bed under observation. In a rodent
model of hemorrhagic shock, Kozar et al'® showed that lung
injury was markedly increased with decreased cell surface
syndecan-1 expression in pulmonary alveolar cells after lac-
tated Ringer’s resuscitation. On the contrary, fresh frozen
plasma (FFP) restored in part the shed glycocalyx. Direct
assessment of VBP was, however, not performed in this
experiment, nor were tissue edema measurements (wet/dry
ratio). Torres Filho et al*!%!5 published several experimental
studies of NTHS in rats, where microvascular permeability
in the cremaster muscle was increased in association with
glycocalyx degradation after fluid resuscitation with crystal-
loids compared to FFP or whole blood. In these studies, VBP
was assessed in 1 vascular bed (cremaster), which had been
surgically prepared and may have induced local inflamma-
tion. Other than this difference, animals were subjected to
a fixed relative volume hemorrhage (40% of total BV) and
were fluid resuscitated with empirical amounts not match-
ing clinical practice, which usually targets a macrocircula-
tory end point. These authors showed a positive correlation
between changes in microvascular permeability and in gly-
cocalyx-shedding products (plasma syndecan-1 and hepa-
ran sulfate).’” The discrepancies with other studies may lie
in the fact that we undertook a multifaceted approach of the
VBP. We did not focus on a specific vascular bed that might
be more sensitive to hyperpermeability but rather took into
consideration the whole cardiovascular system and different
organs. Moreover, the glycocalyx has a remarkable heteroge-
neous distribution within organs. Finally, compared to other
authors, the duration of our hemorrhagic shock and fluid
resuscitation observation time periods were shorter, 60 vs 90
minutes and 1 vs 3 hours, respectively.!®3

An intact glycocalyx is a prerequisite for normal

vascular physiology, and each component exhibits a
unique function. Many of its components are essential

for homeostasis,** mechanosensors for flow-mediated
shear stress and autoregulation,'® and leukocyte—endo-
thelial cell interactions.® Glycocalyx shedding could be
an essential and normal response to injury and could be
appropriate or even beneficial. Could preventing glycoc-
alyx shedding even be harmful?® Its degradation occurs

in a wide range of conditions, such as diabetes/hyper-
glycemia,’ atherosclerosis and hypertension,* sepsis®3”

reperfusion injury,® or smoking.?* Whether glycocalyx
shedding alone causes tissue edema or capillary leakage

ANESTHESIA & ANALGESIA

Copyright © 2018 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.


Default User
Highlight

Default User
Underline

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Highlight

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Underline

Default User
Highlight

Default User
Highlight

Default User
Highlight


Retention ratio FITC500kDa

Albumin Alexa 70 kDa

Texas red 40 kDa

1.2- 1.2 1.2+
1.04 1.0 1.0
)
= 0.8 0.8
& 0.8
= 0.61 0.61
:.9_. 0.6
5 0.44 0.4+
2 04
&’ 0.24 0.24
0.2 0.0 0.0
A N O =) < A o
0.0 & & A & & 0\\"‘a> & 5
S & & £ & SO A ¢ & & &
& < y X P & 0 S ’ S 35 F &
% ) P, & o & & P & L 2
N < O 9 o' o 4
= & & ? & 5 &
& S &P T R P
& \00
R P

Figure 3. Retention ratio of the different tracers expressed as the ratio between the final (at 30 min) and initial concentrations (at 2 min) of
the dye. One-way analysis of variance test used for each fluorescent dye with Bonferroni correction to adjust for multiple comparisons (n = 6/
group). FITC indicates fluorescein isothiocyanate; HES, hydroxyethyl starch.
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Figure 4. Fluorescence microscopy of the microcirculation of the right biceps femoris. A, Time course of fluorescence imaging at different time
points after dye infusion. B, Increase in fluorescence relative to background during the 30 min after injection. Infusion of 100 pL fluorescein
isothiocyanate-70 kDa dextran (10 mg/mL) and subsequent fluorescence images at 2, 5, 10, 15, 20, 25, and 30 min. For the sake of clar-
ity, only baseline, 5-, 15-, and 30-min time points are shown. The hemorrhagic shock group was not determined. Repeated-measures 2-way
analysis of variance test used with Bonferroni correction to adjust for multiple comparisons. HES indicates hydroxyethyl starch.

remains controversial. We suggest that, although the gly-
cocalyx is essential from a functional point of view, it is
not a key component of the permeability of the vascular
barrier. The traditional Starling’s law has been revised
several times, taking into account not only the glycoca-
lyx but also the most significant components, such as the
endothelial cell junctions, the basement membrane, and
pericytes 34041

In light of the literature and our data, a hierarchy of
vascular_injury can be proposed, initiated by glycocalyx
shedding followed by microcirculatory alterations and,
ultimately if injury persists or induces major inflammation,
by a loss of VPB and tissue edema. This concept of graded
injury, although intuitive, would need further investiga-
tion in different models and vascular beds. Only the most
severe models, using degradative enzymes or sustained
sepsis, such as cecal ligation and puncture, where other

August 2019 e Volume 129 ¢ Number 2

components of the vascular barrier (eg, adherens junctions/
cadherins) become compromised, have shown vascular
leakage and tissue edema.!®!74142 In the present model, this
level of vascular injury was not achieved.

Due to the large amount of crystalloids used for fluid
resuscitation, one was expecting to observe fluid accumula-
tion within various organs. Although crystalloids inevitably
accumulate in tissues when given in large amounts, such
findings do not necessarily imply VBP alterations.** In our
experiment, balanced crystalloid or normal saline markedly
increased urine output. Between a third and a half of the
resuscitation volume administered was promptly excreted
(<1 hour). Few experimental studies have focused on urine
output during fluid resuscitation in hemorrhagic shock, and
the results were consistent with ours.* While we did not
observe an overall increase in VBP or tissue edema in the
lung, brain, liver, kidney, or heart, it might be possible that
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Figure 5. Total intravascular blood volume at the end of the experi-
ment as determined by Alboumin-Alexa 680 fluorimetry. *Adjusted P <
.05 versus control, $adjusted P < .001 versus hemorrhagic shock.
One-way analysis of variance test used with Bonferroni correction
to adjust for multiple comparisons (n = 6/group). HES indicates
hydroxyethyl starch.

fluid in excess tends to accumulate in the intestinal mucosae
and mesentery, muscles, or skin.

In our study, balanced HES solution administered after
NTHS markedly decreased the level of hyaluronan com-
pared to balanced crystalloid. However, Nelson et al’
noted that a decrease in glycocalyx-shedding biomarkers
may be related to a dilutional effect induced by the volume
expander effect of colloids or FFP. Torres et al'®* did not
notice any beneficial effect of high molecular weight starch
on plasma syndecan-1 levels or in vivo glycocalyx thickness
after fluid resuscitated hemorrhagic shock. To date, there is
no evidence that restoring the glycocalyx in the context of
jeopardized VBP would be beneficial or would help reduce
capillary leakage when already present.

Limitations of the Study

Due to a limited number of animals per group, the reproduc-
ibility of certain techniques may be questioned; however, the
results were consistent in each group among different tech-
niques that analyzed the VBP. In such a heavily instrumented
model, itis difficult to control all of the factors that may induce
glycocalyx shedding. Surgery and fluid maintenance, similar
in all groups, may have induced some glycocalyx degrada-
tion, as indeed observed in the control group. NTHS could
have been prolonged for several hours, but would have been
at variance with clinical practice in operating or emergency
rooms. We did not investigate the mechanisms behind gly-
cocalyx shedding, such as oxidative stress and inflammation.
Our technique of microcirculation measurements did not
allow leukocyte—endothelium interaction analyses because
of the high velocity of these cells due to hemodilution.

CONCLUSIONS

This study is the first to provide an integrative assessment of
the VBP, including macro and microhemodynamic monitor-
ing, glycocalyx shedding, and vascular leakage, in a clinically

606 www.anesthesia-analgesia.org

relevant model of NTHS. NTHS induced glycocalyx shed-
ding and microcirculatory modifications, but these were not
associated with increased VBP after fluid resuscitation. These

results challenge the concept of glycocalyx as a key determi-

nant of vascular permeability. The endothelial cell junctions
may be a more important contributor to the VBP*' g§
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