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Accepted for publication

November 3, 2022. In chronic kidney disease (CKD), peritubular capillaries undergo anatomic and functional alterations,

such as rarefaction and increased permeability. The endothelial glycocalyx (EG) is a carbohydrate-rich
gel-like mesh, which covers the luminal surface of endothelial cells. It is involved in many regulatory
functions of the endothelium, including vascular permeability. Herein, we investigated ultrastructural
alterations of the EG in different murine CKD models. Fluorescence staining using different lectins with
high affinity to components of the renal glycocalyx revealed a reduced binding to the endothelium in
CKD in the animal models, and there were similar finding in human kidney specimens. Lanthanum
Dysprosium Glycosamino Glycan adhesion staining technique was used to visualize the ultrastructure of
the glycocalyx in transmission electron microscopy. This also enabled quantitative analyses, showing a
significant reduction of the EG thickness and density. In addition, mRNA expression of proteins involved
in glycocalyx biology, synthesis, and turnover (ie, syndecan 1 and glypican 1), which are main com-
ponents of the glycocalyx, and exostosin 2, involved in the synthesis of the glycocalyx, were signifi-
cantly up-regulated in endothelial cells isolated from murine CKD models. Visualization of glycocalyx
using specific transmission electron microscopy analyses allows qualitative and quantitative analyses
and revealed significant pathologic alterations in peritubular capillaries in CKD. (Am J Pathol 2023,
193: 138—147; https://doi.org/10.1016/].ajpath.2022.11.003)
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Chronic kidney disease (CKD) is characterized by renal peritubular microvasculature becomes leaky in CKD

fibrosis, and peritubular capillary (PTC) rarefaction and
dysfunction are proposed as important disease-driving
mechanisms.' The endothelial glycocalyx (EG) lines the
luminal surface of vascular endothelial cells, impedes
platelet aggregation and inflammatory cell adhesion, and
regulates vascular permeability.” The layer consists of
proteoglycans, glycosaminoglycans, and glycoproteins.”
During diseases, activated endothelial cells can induce the
expression of heparanase and hyaluronidase, causing the
degradation of the EG."” These factors are postulated to
contribute to the disease pathophysiology and might lead to
subsequent endothelial dysfunction.® Although the glyco-
calyx of glomerular endothelium is disrupted in disease,”*
there are no data available on ultrastructural alterations of
EG in the PTCs in pathologic conditions. Visualization of
the EG during CKD could provide a new piece of infor-
mation on the spectrum of (micro)vascular damage and
dysfunction in CKD and kidney fibrosis. For example, renal

models, but whether this could be associated with alterations
of the EG is unclear.' Herein, the study visualized the EG in
PTCs, focusing on ultrastructural morphologic assessment
using the Lanthanum Dysprosium Glycosamino Glycan
adhesion (LaDy GAGa).” A significant reduction of the EG
in CKD was observed in two commonly used murine
models of fibrosis and CKD with distinct disease etiology
[ie, the unilateral ureteral obstruction (UUQO), a model of
obstructive nephropathy, and the ischemia-reperfusion (I/R)
models]. Since both models are unilateral, the contralateral
(unaffected) kidney can serve as an internal control.
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Table 1  List of Primers Used for Quantitative Real-Time RT-PCR (All Sequences Are Given in 5’-3’ Direction)

Gene Forward primer Reverse primer

Mouse
(d31 5 -ATTGCAGTGGTTATCATCGGAGTG-3’ 5'-CTCGTTGTTGGAGTTCAGAAGTGG-3'
Kdr 5'-TGGATTCCTACCAGTATGGGACC-3’ 5'-TCTAGCTGCCAGTACCACTGGA-3’
Extz 5'-GTTCCGAGGTGTGTGAGGAC-3’ 5'-CGGTGCTTGGTCTTCATCCT-3’
Sdc1 5'-GAGGAGACAGAGCCTAACGC-3’ 5'-GAGCGAGGGCTGTAGGTTTC-3’
Gpc1 5 -TTTGTTGTCTCCGCCTCCTC-3' 5'-GAAGGGCAGAGCCAAGGTC-3'
Gapdh 5'-GGCAAATTCAACGGCACAGT-3’ 5'-AGATGGTGATGGGCTTCCC-3’

Materials and Methods
Kidney Fibrosis Animal Models

Animal experiments were performed in accordance with the
guidelines for care and use of laboratory animals of the
Federation of European Laboratory Animal Science Asso-
ciation and were approved by the local review boards (the
State Office for Nature, Environment and Consumer Pro-
tection Nordrhein-Westfalen) and the animal facility of the
University Clinic of the RWTH Aachen (Aachen, Ger-
many). Mice received dry food and drinking water (ozone
treated and acidified) ad libitum. Animal husbandry took
place in one 12-hour light-dark cycle with a relative hu-
midity of 45% to 65% and a room temperature of
20°C £ 2°C. Two established unilateral models of renal
fibrosis with abundant capillary rarefaction were used [ie,
UUO for 5 (n = 5, male) and 10 (n = 4, male) days; /R
was used for 7 (n = 2 male, 3 female) and 21 (n = 5 male)
days and an additional 14 (n = 5) days for the lectin
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staining] in female/male 10- to 12-week—old B6 mice
(Charles River, Cologne, Germany).

UUO Model

For the UUO model, mice were anesthetized by i.p. injec-
tion with ketamine/xylazine (100 + 20 mg/kg body weight),
and the abdomen was opened by a median longitudinal
laparotomy. The left ureter was identified and cut after
ligation with 5-0 nylon suture. The two layers of the
abdominal wall (muscles and skin) were closed with a 5-
0 nylon seam. Analgesia was performed by s.c. adminis-
tration of carprofen every 24 hours for 72 hours.

Unilateral I/R

After initiating the anesthesia with ketamine/xylazine (100
+ 20 mg/kg body weight), a left-to-middle side incision
was made to identify the arteries on the hilus of the left
kidney and clamp them for 30 minutes. The temperature of
the animal was sustained between 35°C and 37°C by a hot
plate system and measured by rectal temperature. The
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Fluorescence staining of various lectins to detect the alterations of the endothelial glycocalyx in renal fibrosis. A: Griffonia simplicifolia (GS)

stained erythrocytes unspecifically (arrows). B: Lotus tetragonolobus (LTL) stains the brush border of tubular cells (arrows). C: Ricinus communis (RC) does not
show any specific staining in the vessels. D: Wheat germ agglutinin (WGA) shows staining of basement membranes (arrows). E: Lycopersicon esculentum lectin
(LEL) stains the glycocalyx of capillaries and larger vessels. In ischemia-reperfusion (I/R) injury day (d) 14, the staining of the glycocalyx is decreased in the
peritubular capillaries as well as in arteries and veins (arrow). Nuclei were counterstained with DAPI (blue). Scale bars = 10 um (A—E). Ctrl, contralateral

kidney.
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Decreased staining of the endothelial glycocalyx (EG) in murine renal fibrosis models using tomato Lycopersicon esculentum lectin (LEL). A—C:

After day 14 (A) and 21 (B) of ischemia-reperfusion (I/R), the LEL binding to the EG is decreased in peritubular capillaries (PTCs) and glomerular capillaries but
not markedly in larger vessels compared with the healthy murine kidney (C). D and E: LEL staining of the EG is reduced in kidneys after day (d) 5 and day 10 of
unilateral ureteral obstruction (UUO) compared with contralateral healthy kidneys. Reduction of the staining is observed in PTCs and glomeruli, and the
staining is reduced in larger vessels. Nuclei were counterstained using DAPI (blue), and tissue autofluorescence was recorded in the green fluorescent protein
channel (gray). Boxed areas: Enlarged sections of individual capillaries (see zoom). Scale bars: 10 pum (A—E, capillary, artery, vein, and glomerulus); 5 um

(A—E, zoom).

clamp was released, and the reperfusion was verified
macroscopically before two layers were sewed. Analgesia
was performed by s.c. administration of carprofen every 24
hours for 72 hours.

Human Kidney Samples

Diagnostic formalin-fixed, paraffin-embedded kidney sam-
ples (n = 3) from the Institute of Pathology, University
Hospital Aachen (Aachen, Germany), were used for fluo-
rescence lectin staining. The study was approved by the
local ethics committee (EK 042/17) and the local review
boards of Aachen and was in line with the Declaration of
Helsinki. Three fibrotic kidneys were used, resulting from
ischemic damage after transplantation (n = 1) with marked
fibrosis and chronic pyelonephritis with hydronephrosis,
arteriolosclerosis with marked fibrosis and tubular atrophy,
and global sclerosis (n = 1), as well as global glomerulo-
sclerosis, interstitial fibrosis, and tubular atrophy (n = 1). In
all cases, the vasculature was affected, leading to reduced
PTC. Nonfibrotic/healthy kidney tissue was obtained
from nephrectomy specimen of discarded transplant kidney
(n = 1; ischemic time about 25 hours at 4°C). All human
tissues were immersion fixed.

140

Fluorescence Staining

Formalin-fixed, paraffin-embedded tissue slides were divided
into sections (1 pum thick). The deparaffinized and rehydrated
slides were incubated with fluorescently labeled lectins from
Griffonia simplicifolia (4-fluorescein isothiocyanate) (Vector
Laboratories, Burlingame CA), Lotus tetragonolobus
(+fluorescein), Ricinus communis (+fluorescein) (Vector
Laboratories), wheat germ agglutinin (+fluorescein) (Vector
Laboratories), and Lycopersicon  esculentum lectin
(LEL; +Dylight488) (Vector Laboratories). The cell nuclei
were counterstained with DAPI (Roche, Mannheim, Ger-
many) for 10 minutes, washed three times in Aqua dest. (in-
house preparation), and covered with Immu-Mount (Thermo
Fisher Scientific, Reinach, Switzerland). All samples were
imaged using a digital widefield fluorescence microscope
(Axio Imager 2; Zeiss, Oberkochen, Germany), and all mi-
crographs were acquired with the same exposure time.

Isolation of Primary Peritubular Endothelial Cells from
Murine Tissue

For the examination of the alterations of EG in fibrosis,
primary endothelial cells from PTCs were isolated from
murine kidneys. The donor animal was perfused with saline
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Figure 3  Decrease tomato lectin [Lycopersicon esculentum lectin (LEL)] signal in human renal fibrosis. A: Fluorescence images showing LEL stains
endothelial glycocalyx (EG) in arteries, veins, and capillaries of peritubular capillaries (PTCs) and glomeruli of healthy human kidney (arrows). B: A kidney
biopsy from a transplanted kidney after cold ischemia (30 minutes) stained with LEL shows less staining of the EG in veins and capillaries of PTCs and glomeruli
(arrows). C: LEL staining is reduced in biopsy of chronic diseased human kidney (chronic pyelonephritis with hydronephrosis, arteriolosclerosis with marked
fibrosis, tubular atrophy, and global sclerosis; arrows). D: LEL staining is reduced in biopsy of chronic diseased human kidney (global sclerosis with marked
fibrosis and tubular atrophy). Reduction of the staining is observed in kidney capillaries of PTCs and glomeruli, but not markedly in arteries and veins (arrow).
Nuclei were counterstained with DAPI (blue). Boxed areas: Enlarged sections of individual capillaries (see zoom). Scale bars: 10 um (A—D, capillary, artery,
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vein, and glomerulus); 5 um (A—D, zoom).

through the left ventricle of the heart. The kidney cortex was
dissected from the medulla, and the tissue was dissociated
using gentleMACS Dissociator with the Multi Tissue
Dissociation Kit 1 (Miltenyi Biotec, Bergisch Gladbach,
Germany) at 37°C. The suspension was sieved with a 40-
pm pore size cell strainer to sort out bigger structures,
particularly glomeruli and bigger vessels. The single-cell
suspension was incubated and stained with antibodies
against the endothelial markers CD31 (BioLegend, San
Diego, CA), CD45 (Invitrogen, Carlsbad, CA), as well as
DAPI. Fluorescence-activated cell sorting was used for the
separation of primary endothelial cells and was courtesy and
performed by Carmen Tag and Ralf Weillkirchen (Univer-
sity Clinic of the RWTH Aachen). Primary endothelial cells
(CD31+, CD457, and DAPI) were separated from dead
cells (DAPI") and immune cells (CD45™).

Quantitative Real-Time RT-PCR

cDNA synthesis and the quantitative real-time RT-PCR was
performed as described previously.'’™ '

The American Journal of Pathology m ajp.amjpathol.org

The quantitative real-time RT-PCR was performed with
the ABI Prism 7300 sequence detection system (Applied
Biosystems, Weiterstadt, Germany). Each reaction con-
tained 0.75 pL of cDNA and was amplified in a 25-uL
volume using the qPCR Core Kit for SYBR Green I
(Eurogentec, Seraing, Belgium). Each sample was assayed
in duplicates. The PCR conditions consisted of 50°C for 2
minutes, followed by 40 cycles of 95°C for 15 seconds and
60°C for 1 minute. Primers were designed from sequences
in the GenBank database using National Center for
Biotechnology Information’s PRIMER BLAST. Primer se-
quences are listed in Table 1. Glyceraldehyde-3-phosphate
dehydrogenase was used as an internal standard in all
measurements. The analysis was performed using the Cr
value (cycle threshold) method.

Glycocalyx Probes and Staining with LaDy GAGa

UUO (5 and 10 days) and I/R injury (7 and 21 days) were
used as murine renal fibrosis models. At the time of sacri-
fice, anesthetized mice were perfused by injection with
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Ultrastructural changes of the renal endothelial glycocalyx (EG) using transmission electron microscopy (TEM). A: Glycocalyx sample preparation

and Lanthanum Dysprosium Glycosamino Glycan adhesion (LaDy GAGa) staining technique. B, D, F, and H: Representative electron micrographs of capillaries of
the cortex and medulla of contralateral kidneys (Ctrl) show a densely packed EG, similar in length and density. C, E, G, and I: Endothelium of capillaries shows
ultrastructural alterations of the glycocalyx, in two fibrosis models and two time points each [unilateral ureteral obstruction (UUO) day (d) 5 and 10, ischemia-
reperfusion (I/R) day 7 and 21] of murine kidneys stained with LaDy GAGa. The EG of fibrotic kidneys is markedly reduced in thickness and density compared

with contralateral kidneys. Scale bars = 100 nm (B—I).

physiological saline into the left ventricle of the heart with
an opened vena cava to remove all blood.

Preservation of the tissue and glycocalyx was ensured by
the perfusion with fixing solution (2.5% glutaraldehyde in
0.1 mol/L Sgrensen-phosphate buffer). Kidney tissue was
cut into 1-mm?> small pieces and placed in fixing solution for
2 to 4 hours.

For the glycocalyx visualization, the samples were
stained with 1% LaDy GAGa solution [1% Lanthanum
(II) nitrate hexahydrate (Merck, Darmstadt, Germany)
and 1% Dysprosium (IIT) chloride hexahydrate (Merck) in
NaCl and 1% HEPES] for 1 hour. Samples were further
processed for electron microscopy. The glycocalyx was
examined using a Hitachi HT7800 transmission electron
microscope (Hitachi, Tokyo, Japan) operating at an ac-
celeration voltage of 100 kV.

Transmission Electron Microscopy

After LaDy GAGa staining tissue samples were post-fixed
in 1% OsO, (Science Services, Munich, Germany) in
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25 mmol/L sucrose buffer and dehydrated by an ascending
percentage of an alcohol row (30, 50, 70, 90, and
3 x 100%). Subsequently, the samples were incubated first
in propylene oxide (Serva, Heidelberg, Germany), in a
mixture of Epon resin (Serva) and propylene oxide (1:1) and
finally in pure Epon. Samples were embedded in pure Epon
and polymerized at 90°C for 2 hours.

Ultrathin sections (90 to 100 nm) were cut by an ultra-
microtome (Ultracut UC6; Leica, Wetzlar, Germany) with a
diamond knife (Diatome, Nidau, Switzerland) and picked up
on Cu/Rh grids (HR23 Maxtaform; Plano, Wetzlar,
Germany).

The contrast was enhanced by staining with 0.5% uranyl
acetate and 1% lead citrate (both from EMS, Munich,
Germany). The glycocalyx was examined using a Hitachi
HT7800 transmission electron microscope operating at an
acceleration voltage of 100 kV. The thickness of the gly-
cocalyx was measured at three randomly selected points in
15 images of each sample using ImageJ software version
1.45s (NIH, Bethesda, MD; https://imagej.nih.gov/ij/
download.html, last accessed May 24, 2021). The density
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Cortex Ctrl
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Figure 5

Variability of the visualized glycocalyx within one capillary in transmission electron microscopy. Within the sample series, the staining of the

glycocalyx of contralateral kidneys (Ctrl) with Lanthanum Dysprosium Glycosamino Glycan adhesion method shows a high variability. A and C: The variance of
the stained glycocalyx in the cortex of contralateral kidneys with glycocalyx either stains dense (arrow) or reduces in length and density (arrowhead). B: This
variance, from a densely stained glycocalyx (arrowhead) on one that appeared to be reduced in length and density (arrow), was considered for the quan-
tification. D and E: Two samples of the medulla of healthy mice also show variance in staining. Scale bars: 250 nm (A and C—E); 1 um (B).

was determined over the entire length of the glycocalyx on
15 randomly chosen images (=15 capillaries) per sample
by measuring the stained area in percentage of a capillary
per image. The average thickness and density were
calculated per animal. All analyses were performed in a
blinded manner.

Statistical Analysis

All data are presented as individual values and means £ SD.
GraphPad Prism version 6.01 (GraphPad Software Inc., San
Diego, CA) was used for statistical analysis. Paired #-tests
were used to compare data from fibrotic and contralateral
kidneys from the same animals. One-way analysis of vari-
ance, followed by Bonferroni correction, was used for
comparing more than two groups. Statistical significance
was defined as P < 0.05.

Results

Decreased LEL Staining Depicts the Loss of EG in
Murine Fibrosis Models

In murine kidney sections stained with plant-derived lectins
(Figure 1), LEL marked all types of vessels (ie, PTCs, ar-
teries, and veins) (Figure 1), whereas the other four tested
lectins did not specifically stain the vasculature.

The American Journal of Pathology m ajp.amjpathol.org

Fluorescence images showed a reduced LEL staining in
kidneys after 5 and 10 days of UUO and after 14 and 21
days of I/R-induced fibrosis compared with contralateral
healthy kidneys (Figure 2). The reduction was predomi-
nantly observed in peritubular and glomerular capillaries
and to a lower extent also in arteries and veins (Figure 2).

Similar findings of reduced LEL staining were observed
in human kidney biopsies with fibrosis. In these kidneys, the
capillaries in the interstitium and glomeruli showed less
LEL staining compared with a healthy human kidney sec-
tion (Figure 3). The LEL staining in large arteries and veins
was not markedly reduced.

Ultrastructural Alterations of the Glycocalyx

To analyze ultrastructural alterations of the EG, a trans-
mission electron microscopy (TEM) method was tested and
adapted, allowing the visualization and quantification of the
thickness and density of the EG in PTCs (Figure 4A). For
the visualization of the EG, various techniques were tested
to overcome the problem of low contrast of EG.
Ruthenium red, with a better affinity for chondroitin and
heparan sulfate, or perfusion through the heart, was tested, but
without success.'” In contrast, reproducible staining of EG
could be achieved with the use of lanthanum and dysprosium
ions. Healthy kidneys showed a dense layer of the EG at the
apical luminal side of the endothelium and within the
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Figure 6 Quantification of the ultrastructural alterations of the density and thickness of glycocalyx. A, C—F, and K—N: Measurement of density and
thickness of the glycocalyx with ImageJ software after staining with Lanthanum Dysprosium Glycosamino Glycan adhesion (yellow lines: examples of
measurement of glycocalyx layer density by measuring the percentage of stained area between the two lines. B, G—J, and 0—R: The density of the endothelial
glycocalyx (EG) is reduced in two fibrosis models [day (d) 5 and 10 unilateral ureteral obstruction (UUO), day 7 and 21 ischemia-reperfusion (I/R)] of murine
kidneys compared with contralateral healthy kidneys (Ctrl). Reduction of the density is observed in the kidney cortex and medulla. Under healthy conditions,
the thickness varies between 100 and 200 nm. (Red bars: examples of measurements of the thickness of the glycocalyx.) G and J: The thickness of the EG is
reduced in the cortex of I/R day 7 and the medulla of day 21 I/R. H and I: In the medulla of day 7 I/R and the cortex of day 21 I/R, the thickness is
significantly reduced. The thickness of the EG is significantly reduced in both time points of the fibrosis model (day 5 and10 UUO) of murine kidneys compared
with contralateral healthy kidneys. n = 4 to 5 (C—R). *P < 0.05, **P < 0.01 versus contralateral kidney (t-test). Scale bars = 100 nm (A and B).

endothelial fenestrations (Figure 4, B, D, F, and H). In both I/ Increased Expression of the Glycocalyx Components in
R and UUO, at early time points (day 7 I/R and day 5 UUO), CKD Models
the EG showed a patchy loss, shedding from the endothelium

surface, and reduced density (Figure 4, C and G). Expression of two glycocalyx components, glypican-1

A further reduction of the glycocalyx (Figure 4, E and I) (Gpcl) and syndecan-1 (Sdcl), and the enzyme exostosin-
was observed with the progression of disease and fibrosis. 2 (Ext2) involved in the synthesis of the glycocalyx, was
Similar changes were observed in the kidney cortex and measured. The mRNA expression was analyzed specifically
medulla. The thickness of the glycocalyx was 100 to 200 in primary murine endothelial cells isolated from the cortex
nm in contralateral (unaffected) kidneys, and 50 to 100 nm of healthy and diseased I/R and UUO kidneys (Figure 7).
in fibrotic kidneys. Exostosin-2 and syndecan-1 were significantly, and

The staining showed variability among individual PTCs glypican-1 was not significantly, increased in endothelial
(Figure 5). Within one capillary cross-section, there was cells from mice with fibrosis, independently of the model
continuously stained EG, but some PTCs showed reduced (Figure 7).

density and thickness of the EG. This variance was

considered in the quantification by including 15 PTCs per

sample in the analyses. Quantification of the ultrastructural Discussion

EG alterations confirmed the reduction of the density

(Figure 6, A, C—F, and K—N) and thickness (Figure 6, B, This study analyzed the EG in murine kidneys by micro-

G—J, and O—R) in both the cortex and medulla of murine scopic and ultrastructural visualization to gain a better un-
fibrotic kidneys compared with the contralateral kidneys. derstanding of the changes during fibrosis and CKD.

Although no indication of sex-specific effects was found on LEL staining revealed a decreased staining of the EG in
glycocalyx, this study was not designed to assess such PTCs, glomerular, and larger vessels of murine renal fibrosis
changes. models. Lectins bind to specific sugar moieties of
144 ajp.amjpathol.org m The American Journal of Pathology
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Figure 7

Loss of the glycocalyx leads to an increase of the glycocalyx component expression. A: Isolation of primary peritubular endothelial cells from

murine tissue. B—G: Expression levels of the two components glypican-1 (Gpcl) and syndecan-1 (Sdcl) and the enzyme exostosin-2 (Ext2) involved in
glycocalyx synthesis, measured in primary peritubular endothelial cells in two murine fibrosis models [day (d) 1 and 7 unilateral ureteral obstruction (UUO),
day 7 and 14 ischemia-reperfusion (I/R)]. B, C, E, and F: The mean expression of Ext2 and Sdc1 significantly increased fibrosis induced by UUO and I/R. D and
G: The average of Gpcl was increased in the kidneys of both fibrosis models. n = 3 to 5 (B-G). *P < 0.05, **P < 0.01 (analysis of variance, post hoc Tukey

test). Ctrl, contralateral kidney.

glycosaminoglycan chains of the EG, which are involved in
important functions for the endothelium, including in-
teractions with plasma proteins and leukocytes.'* This ren-
ders lectins an effective staining and simple tool for imaging
the EG morphology and studying its alterations in CKD.
Staining of the glycocalyx in histologic sections allowed
simple morphologic examination of the microvasculature
under the fluorescence microscope. The properties of LEL
binding conserved in paraffin-embedded kidney tissue
allowed analysis of archival samples. Lectins can be fluo-
rescently or biotin labeled, enabling a variety of other im-
aging techniques. This method was used to show a reduction
in the glycocalyx of PTCs in diseased conditions.
Measuring the size and density of the glycocalyx is only
possible via electron microscopy. However, it is a chal-
lenging task, because visualization via TEM needs heavy
metal staining. Also, preservation by an appropriate fixation
technique is crucial to ensure that the glycocalyx does not
tear off or shrink during the preparation. Proper staining
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could not be achieved without perfusion fixation, making
this method unusable for human biopsy material.

Several different methods have been used in the past for
TEM analyses. The first TEM images of the glycocalyx
were obtained in 1966 via staining with Ruthenium Red in
combination with glutaraldehyde/osmium tetroxide fixation.
The average thickness of the capillary glycocalyx was re-
ported to be around 20 nm. Since then, the method has been
continuously improved with regard to the dye, fixation, and
prevention of dehydration.” For example, Ruthenium Red
staining was limited by its relatively large molecular size,
which prevented access to the whole glycocalyx layer.
Moreover, it may change the glycocalyx geometry by
electrostatic effects. To overcome these limitations, a
smaller molecule was used. The dye Alcian blue forms an
osmiophilic complex with glutaraldehyde and provides
additional information about the charge density and the
nature of the anionic groups in the colored regions.'® In rat
myocardial vessels, a 200 to 500 nm thick glycocalyx
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covering the endothelium has been described using Alcian
blue.'” However, washing steps required with this technique
probably remove plasma proteins at membrane-bound gly-
coproteins of the glycocalyx.'® In the novel LaDy-GAGa
method, developed by Arkill et al,”’ the glycocalyx is
fixed not only by buffered glutaraldehyde solution, but also
by diffusion with the trivalent lanthanide and dysprosium
ions that bind to glycosaminoglycans. The dysprosium ions
are smaller and penetrate into smaller spaces, but react with
glycocalyx in a similar manner.” With this method, a
thickness of the glycocalyx in TEM of 60 to 100 nm was
measured in glomerular capillaries.'® It currently remains
unclear whether glycocalyx thickness might differ between
various (micro)vascular beds of different organs and tissues,
which might also explain different results of the studies.

The LaDy GAGa staining technique was chosen for
current analyses because it was the most reproducible and
robust staining compared with Alcian blue or Ruthenium
Red staining (data not shown).'” Herein, the published
protocol was changed slightly to better implement it into the
current workflow (ie, perfusion fixation before staining,
followed by immersion staining with LaDy GAGa staining
solution). This method reduced the risk of shedding the
glycocalyx by shear stress due to shorter perfusion times.

The average thickness of the PTC glycocalyx was found
to be 100 to 200 nm in unaffected kidneys and 50 to 100 nm
in fibrotic kidneys. However, in diseased kidneys, that
capillaries may be partially retarded and clogged with
microthrombi, hindering proper perfusion. In nonperfused
capillaries, the glycocalyx staining was not successful.
Therefore, only capillaries free of blood residues were
chosen for the current analyses. Unaffected kidneys were
used as control. Although these are healthy in principle, they
are subjected to increased perfusion pressure to compensate
for the failure of the injured kidney. The possibility that that
this might potentially affect the glycocalyx cannot be
excluded.

Herein, this method was used to find a loss of the EG
from the endothelial surface with a reduction in density and
thickness in two different fibrosis models. Data showing
altered glycocalyx in peritubular capillaries in CKD might
spark further research on the pathophysiological role of
glycocalyx in progression of kidney diseases. The EG
quantification could be used as a readout for experimental
studies analyzing the pathophysiological role of kidney
microvasculature. For example, reduced EG increased the
risk for organ injury in diabetes, sepsis, and atherosclerosis,
probably due to increased permeability.® Experimental EG
removal analyzed in glomeruli was directly associated with
albuminuria and proteinuria.”’

The EG constituents vary according to tissue and cell type
but are primarily composed of glycosaminoglycans and
proteoglycans, belonging to the main families of syndecans
and glypicans.”' Glycocalyx components are expressed on
every cell in the human body.”” Therefore, to specifically
analyze the expression of EG components required the
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isolation of endothelial cells from peritubular capillaries.
The current study demonstrated increased syndecan-1 and
glypican-1 expression as a result of vascular injury in the
latter stages of the two murine models of fibrosis, confirmed
by the results of publicly available RNA-sequencing data.
Elevated plasma concentrations of syndecan-1 are associ-
ated with trauma and sepsis to indicate acute glycocalyx
degradation.”> An increase in glypican-1 and exostosin-2
has also been reported in experiments on isolated beating
guinea pig hearts, in a melanoma mouse model, and in
patients with sepsis.>**

Taken together, the study quantified alterations of kidney
endothelial glycocalyx of peritubular capillaries, focusing
on ultrastructural assessment using the LaDy GAGa
method, which revealed glycocalyx loss in experimental
kidney fibrosis and CKD. These methods and findings
might help to analyze changes in the microvasculature and
the association of EG alterations in progressive kidney
disease, providing new insights into microvascular
dysfunction in CKD.
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