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ABSTRACT
The endothelial cell surface layer, also known as the glycocalyx, is composed of
macromolecules including glycoproteins and proteoglycans. The proteoglycan
network consists of glycosaminoglycans such as heparan sulfate (HS), chondroitin
sulfate (CS) and hyaluronic acid (HA), which regulate the interactions between
endothelial cells and their microenvironment. It has been shown that the glycocalyx
regulates the adhesion of white blood cells (WBCs) on the walls of postcapillary
venules. In the past, researchers have infused fluorescently labeled microspheres
(0.1 µm diameter) labeled with lectins specific for polysaccharides on the
endothelial surface layer to quantify changes in the glycosaminoglycan (GAG)
composition during inflammation. To examine the changes in glycocalyx
composition during increased leukocyte adhesion, f-Met-Leu-Phe peptide (fMLP;
10-7 M) was used to simulate inflammation. In response to superfusion of the
mesenteric tissue with 10-7 M fMLP, the heparan sulfate and chondroitin sulfate
GAG components of the glycocalyx were shed and there was an increase in WBC
adhesion. Previous studies have demonstrated that the shedding of glycans from the
endothelial cell (EC) glycocalyx in response to fMLP could be attenuated by
doxycycline (Doxy) through the inhibition of matrixmetalloproteases (MMPs).
Since, Doxy is a strong calcium chelator, the present studies were undertaken to
determine if the calcium chelator EDTA could produce a similar effect. To this end,
WBC-EC adhesion and adhesion of lectin (BS-1) coated microspheres in postcapillary venules of the rat mesentery were studied during superfusion of the tissue
with Ringer’s solution solution plus EDTA in the presence or absence of fMLP. In
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the absence of fMLP, with 1mM EDTA sequestration of microspheres steadily
increased with time and with 3 mM EDTA, sequestration reached levels 50%
greater than without EDTA. In contrast, with 0.5 µM Doxy alone, microsphere
adhesion remained constant with fMLP alone. Calcium chelation at levels (1mM
EDTA) did not inhibit fMLP induced WBC adhesion to the same extent as Doxy
and caused a disruption of the venular permeability barrier that resulted in increased
microsphere sequestration in the venular wall. Thus, the inhibitory effects of Doxy
on glycocalyx shedding and WBC adhesion in response to fMLP appear to be
caused by the inhibition of MMPs in contrast to the calcium chelation. Thus, this
study suggests that MMPs play a significant role in regulating the thickness of the
glycocalyx and calcium is important for the WBC-EC adhesion.
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Chapter 1
Introduction and Background

1.1 Glycocalyx Layer
Glycocalyx, also known as endothelial surface layer, is attached to the outer
membrane of the endothelial cells, composed of macromolecular networks including
carbohydrates, proteoglycans and glycoaminoglycans. It plays important roles in multiple
biological processes such as leukocyte adhesion, microvascular permeability (Curry and
Michel, 1980), capillary resistance (Pries et al., 1994;Pries et al., 1997),
mechanotransduction (Florian et al., 2003;Weinbaum et al., 2003). The disintegration of
this layer is associated with various pathological conditions including diabetes
(Nieuwdorp et al., 2006), cardiovascular diseases and cancer (Reitsma et al., 2007).

1.1.1 Glycocalyx Structure
Glycocalyx is composed of macromolecular components like carbohydrates and
glycoproteins such as glycosaminoglycans (GAGs), proteoglycans (PGs) and glycolipids.
Figure 1-1 shows the structure and the composition of this layer. Its thickness ranges
from 500 nm to 1000 nm depending on the vessel diameter and its location in the
circulation (Vink and Duling, 1996) . The main structural components of the layer are the
PGs which consist of GAGs linked to a core protein with a trissacharide bond (Figure 12). GAGs are long, unbranched polyssacharides composed of repeated disaccharide units
of uronic acid (glucuronic acid or iduronic acid) and amino sugars (glucosamine or
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Figure 1-1: Schematic diagram of the endothelial surface layer with different
components. (Mulivor, 2003, Ph.D. Thesis)

Figure 1-2: Schematic diagram of the GAG (Chondroitin Sulfate) linked to the PG with a
core protein (tonga.usip.edu/gmoyna/biochem341/lecture35.html)

3
galactosamine). Three major GAG carriers on the endothelial cell surface are syndecans,
glypicans shown in Figure 1-3 and perlecans. Syndecans are the most common type of
GAGs found on the endothelium and contain an intracellular, a transmembrane and an
extracellular domain with a core protein of 27 kDa. On the other hand, glypicans are
attached to the membrane via a glycosyl phosphatidyl inositol (GPI) linkage and have an
average core protein size of 63kDa (Reitsma et al., 2007). Perlecans and other GAGs
found in the layer are secreted and contribute in the production of extracellular matrix
which more importantly provides stability to the cells along with the other functions.

Figure 1-2: Schematic representation the syndecan and glypican families, and a
glycoprotein. Proteoglycans are identified as long unbranched side-chains. In-contrast,
glycoproteins are short and branched (Pries et al., 2000). Perlecans are secreted and help
in the production of extracellular matrix

There are five types of GAG chains: Heparan sulfate (HS), chondroitin sulfate
(CS), dermatan sulfate (DS), keratin sulfate (KS) and hyaluronan (HA). HS is the major
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GAG and constitutes 50-90% of the glycocalyx whereas, CS is the second most common
GAG. GAGs vary in the number and type of GAG chains linked to them. Both
Syndecans and glypicans have a number of heparan sulfate glycosaminoglycan (HS)
attached to the extracellular domain (Kim et al., 1994), but they also carry the
chondroitin sulfate (CS) glycosaminoglycan (Bernfield et al., 1999). Both HS and CS
GAGs are produced in the endoplasmic reticulum and golgi apparatus of the endothelial
cell. In addition, chondroitin sulfate differs from heparan sulfate in that it contains Nacetylgalactosamine (GalNAc) residues instead of N-acetylglucosamine (GlcNAc).
Another important component of the layer are the glycoproteins which are the short and
branched transmembrane molecules from the selectin family of cell adhesion molecules
and play an important role in cell signaling. Other molecules like integrins and
immunoglobulins like ICAMs, VCAMs also play an important role in the white blood
cell adhesion and rolling, interactions with collagen, fibronectin etc (Figure 1-1). All
these components provide stability to the cell and helps in its interaction with its
environment.

1.1.2 Glycocalyx Functions
Glycocalyx serves an important role in the regulation of many processes such as
capillary resistance, mechanotransduction and plays a barrier to the macromolecules
(Henry and Duling, 1999). Many studies have been conducted in vitro to study the role of
HS in mechanotrasduction (Florian et al., 2003). Nitric oxide production in response to
the shear stress was evaluated to study the shear sensing properties of the layer in the
endothelial cell cultures using heparinase. Similarly, another important component of the
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layer, HA, was studied for mechanical sensing properties and was found to be an integral
part of the sensing system (Mochizuki et al., 2003). The studies were conducted in vivo
using hyaluronidase. Glycocalyx is shown to be an important determinant of the vessel
permeability (Vink and Duling, 2000;Henry and Duling, 1999). All the GAGs including
Hyaluronan form a matrix which prevents the penetration of the molecules into the layer
(Henry and Duling, 1999). It provides a barrier between the cells in the blood and the
glycocalyx. The charge on the layer along with the permeating substance plays a role in
the steric hindrance. It also influences the red blood cell and wall interactions (Vink and
Duling, 1996) and regulates the interaction of the white blood cells with the adhesion
molecules which is an important (Reitsma et al., 2007) step in the inflammation process.
It has also been shown that the presence of the glycocalyx increases the resistance to the
flow by 3 folds and reduces the capillary tube hematocrit by 30% (Damiano,
1998;Desjardins and Duling, 1987;Desjardins and Duling, 1990;Vink and Duling, 1996).
HS has also been shown to play an important role in the blood coagulation by serving as
a ligand for antithrombin-III (AT-III), which is a potent inhibitor of thrombin (Liu et al.,
1997;Shimada and Ozawa, 1985). It also plays an important role in the clearance of the
small low density lipoprotein which prevents cholesterol deposition and eventually leads
to plaque formation (Wilsie and Orlando, 2003). Heparan sulfate proteoglycans (HSPGs)
are shown to bind to cytokines and superoxide dismutase (SOD) to modulate the
inflammatory process and reduce the oxygen radicals which degrade the layer,
respectively. Glycocalyx is severely affected in many diseases including diabetes,
ischemia/reperfusion and artherosclerosis. An increase in the plasma hyaluronan and
hyaluronidase were observed in type 1 diabetes which confirmed that the disintegration
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of the layer contributes to the disorder (Nieuwdorp et al., 2006). Also a significant
reduction of glycocalyx thickness was observed in ischemia-reperfusion (Mulivor and
Lipowsky, 2004). These studies highlight the importance and functions of this layer and
its role in physiological and pathological conditions.

1.1.3 Methods Used to Determine the Layer Structure and Dimensions
It is difficult to image glycocalyx due to its thickness, which ranges from 5001000 nm. Researchers have developed and researched on the various methods to
visualize the layer and measure its thickness and composition. The earliest histochemical
methods used ruthenium red to stain and study the layer with electron microscopy.
Unfortunately, ruthenium red could not penetrate the layer due to its large molecular size
so, alcian blue, a smaller molecule, was used to determine the charge density on the layer
(Van den Berg et al., 2003) . With the electron microscopy, the layer was shown to be
100 nm thick (Figure 1-4).

Glycocalyx

Figure 1-3: Electron microscopy image of endothelial glycocalyx of a rat left ventricular
myocardial capillary stained with Alcian blue 8GX. Bar represents 1 µm (Van den Berg
et al., 2003) .
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In order to maintain the integrity of the layer, some in-vivo measurement methods were
devised. Researchers found that the treatment of the layer with certain enzymes increases
the capillary hematocrit and suggested the layer thickness to be 1.2 µm (Desjardins and
Duling, 1990). This approach supported the existence of 1.1 µm thick layer in vivo
(Pries et al., 1994).

Figure 1-4: Capillary in the hamster cremaster recorded during intravital microscopy to
demonstrate the anatomical width of the layer. (Vink and Duling, 1996)

In further studies, infusion of enzymes through the vessels, caused a significant
decrease in the microvascular flow resistance confirming the presence of the layer (Pries
et al., 1997). Layer dimensions were also determined by using dextran -FITC bolus and
acquiring the bright field and fluorescent images to determine the diameter of 400-
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500nm (Vink and Duling, 1996) shown in Figure 1-5. In this study, the anatomical width
of the layer is ~ 0.8 µm wider than the width of the plasma column visualized by
fluorescently labeled dextran (Reitsma et al., 2007). The difference indicates the
existence of a layer on the endothelial surface which is not easily accessible to dextran.
Goldstein et al. have also used various lectins to label the sugar moieties on the
surface of the endothelial cells for the direct labeling of the layer components (Goldstein
et al., 1981) and study the changes in various physiological states. Researchers are still
trying to determine the structure, composition and thickness of this dynamic layer, which
plays an important role in various physiological phenomenons.
1.1.4 Plant Lectins to Label Glycocalyx Components
Plant lectins have been previously used to label endothelium components.
Though, the lectins are not very specific, they are however cost effective. Mulivor et al.,
have used the lectins to label the glycocalyx and study the leukocyte-endothelial cell
adhesion (Mulivor and Lipowsky, 2002). The handling and preparation makes lectins
ideal candidates for systemically labeling the vascular endothelium of the rat (Mulivor
and Lipowsky, 2002). The lectin Bandeiraea Simplicifolia (BS1) has an affinity for Nacetyl galactosamine (GalNAc) (Goldstein et al., 1981). These lectins were chosen
because of their carbohydrate specificity which overlaps with the main carbohydrate
components of chondroitin sulfate (GalNAc).
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1.1.5 Previous Studies on Glycocalyx
Many studies have been conducted previously to examine the importance of the
glycocalyx in the microcirculation. This layer of macromolecules plays a significant role
in controlling many important biological processes. Many studies have shown the role of
this layer in mechanotransduction (Mochizuki et al., 2003), capillary permeability (Henry
and Duling, 1999), capillary resistance and capillary hematocrit using the enzymatic
removal of the layer (Desjardins and Duling, 1990). Many pathologies

have been

involved with the damage to this layer including diabetes (Nieuwdorp et al., 2006).
Researchers have tried to model glycolcayx to understand the phenomenon such as
molecular filtering, mechanotransduction etc. Squire et al. used autocorrelation functions
and fourier transforms on the images acquired using electron microscopy to show that the
glycocalyx has an underlying 3-D fiber network with a spacing of 20 nm which aids in
the molecular filtering of the solute particles. These results are consistent with the fiber
matrix model proposed by Curry et al. (Squire et al., 2001). They concluded that
glycoproteins constituting the glycocalyx occur in clusters and these clusters have a
spacing of 100 nm. Later Weinbaum et al. showed that the core proteins in the glycocalyx
are stiff enough to serve as the filters and also as the mechanosensor that convert the fluid
shearing stresses on the endothelium to the deformations of the cortical cytoskeleton
(Weinbaum et al., 2003).
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1.2 White Blood Cell Adhesion
1.2.1 Inflammation Process
During the infection, cytokines acts as the attractants for the WBCs and aid in
their movement from the blood vessel to the site of infection. Inflammation is a process
through which the body responds to an infection, irritation or injury and is characterized
by a series of complex events, including vasodilatation, increased vascular permeability,
redness, and exudation of fluids and plasma proteins. This leads to the production of
several inflammatory mediators at site of the lesion such as complement fragments, lipid
mediators, and chemokines such as IL-8, IL-1, TNF and others which recruit leukocytes
to the site of infection. During inflammation, leukocytes extravasate from the post
capillary venules into the inflamed tissue to combat the pathogen. In this process, they
interact with endothelial cells in a cascade of adhesive events which help them migrate
through the gap junctions between the endothelial cells. This movement to the tissue
occurs in four steps: selectin-mediated rolling, chemokine-dependent leukocyte
activation, integrin-mediated firm adhesion and, finally, transmigration into tissues as
shown in Figure 1-6.
During injury, the macrophages in the affected tissue release cytokines such as
IL-1, TNFα and chemokines. IL-1 and TNFα cause the endothelial cells of blood vessels
near the site of infection to express adhesion molecules, including selectins. These
adhesion molecules cause the circulating leukocytes to roll, slow down and localize
towards the site of injury or infection due to the presence of chemokines. Chemokines
released by macrophages activate the rolling leukocytes surface integrin molecules. The
activated integrins bind tightly to complementary receptors expressed on endothelial
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cells, with high affinity. This affects the immobilization of the leukocytes, despite the
shear forces of the blood flow and eventually they migrate out of the vessel into the
tissue. The signs of the inflammation are a direct or indirect result of the actions of
leukocytes.

Figure 1-5: Schematic of inflammation process involving 4 steps: rolling, adhesion,
activation and transmigration of the white blood cells. Reference:
(http://www.hbcprotocols.com/inflammation2.html).

When a tissue is inflamed, WBCs release histamines that cause blood vessels to
dilate to increase their perfusion to the tissue. The increased blood flow to the tissue
causes the redness accompanied with the increase in the body temperature. Activated
WBCs also release the bradykinin, which causes pain. In addition, the accumulation of
WBCs can lead to edema at the site of the inflammatory response. This process affects
the glycocalyx and causes the shedding of this layer thus leading to various pathological
conditions.
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1.2.2

Effects of Inflammation on Glycocalyx
It has been shown in the past that glycocalyx is degraded during inflammation

when the WBCs interact with the blood vessel walls to extravasate into the tissue.
Mulivor et al. has shown that the superfusion of the mesenteric tissue with a
chemoattractant has caused the shedding of the glycocalyx and its components.
Glycocalyx is a dynamic layer which alters to promote or inhibit various processes. Many
models have been devised to understand inflammation induced shedding of glycocalyx
(Mulivor and Lipowsky, 2004) and it has been shown that inflammation causes a
significant increase in the leukocyte (WBCs) adhesion to the blood vessel wall (Mulivor
and Lipowsky, 2002). There are data that suggests matrix metalloproteinases (MMPs)
can cleave GAG molecules and alter the glycocalyx. Many other molecules such as nitric
oxide (NO), reactive oxygen species, vascular endothelial growth factor and thrombin
have the potential to modify the glycocalyx. The process of leukocytes adhesion is
facilitated

by

various

adhesion

molecules

such

as

intergins,

selectins

and

immunoglobulin superfamily molecules, present on the leukocytes and the endothelium.

1.2.3

Role of Integrins
Integrins are heterodimeric transmemebrane cell adhesion molecules, that bind to

the cytosketetal proteins in the cells, and helps in cell signaling. They are found on the
WBCs, endothelial cells and platelets. They are activated by the cytokines secreted by
macrophages during inflammation and help in the adhesion of the WBCs on the
endothelium. Integrins are composed of α and β subunits which have a transmembrane
domain and a cytoplasmic tail. The most common integrins belong to the β1 subfamily,
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which facilitate cell adhesion to the extracellular proteins such as collagens, fibronectin
and laminins (Hillis and Flapan, 1998). The β2 integrins such as leukocyte function
associated antigen-1 (LFA-1) and macrophage antigen-1 (Mac-1) are found on WBCs
and interact with the members of the immunoglobulin superfamily on the endothelium
for the firm adhesion of the leukocytes. The integrins in this category share a common β2
subunit (CD18). The β2 integrins LFA-1 (αLβ2, CD11a/CD18) and Mac-1 (αMβ2,
CD11b/CD18) are distinguished by their unique α subunits. The β2 integrins bind to the
members of the Immunoglobulin superfamily, primarily intercellular adhesion molecules
1 and 2 (ICAM-1 and ICAM-2) (Springer, 1990;Springer, 1994). The absence of β2
intergrin causes LAD type I syndrome which leads to the failure in the recruitment of the
leukocytes at the site of inflammation (Kuijpers et al., 1997). The characteristic features
are the recurrent life-threatening bacterial and fungal infections, primarily localized to
skin and mucosal surfaces, severely impaired pus formation, and chronic leukocytosis
(Kuijpers et al., 1997). Apart from β2, β3 integrin is involved in biological processes such
as angiogenesis (Kuijpers et al., 1997).

1.2.4 Role of Selectins
Selectins are a class of adhesion molecule which are found on the vascular
endothelium. Unlike other adhesion molecules, they bind to the carbohydrates and
glycoproteins instead of proteins. There are three major types are: L selectin, P selectin
and E selectin, named where they were identified (leukocyes, platelets, endothelium) and
involved in leukocyte endothelial interactions. During inflammation, the cytokines such
as IL-1 and TNF-α causes the endothelium to express selectins and they cause the weak
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binding thus causing the leukocytes to roll before they are tightly held by the intergrins.
The first step in the inflammation process, rolling, is regulated by the P-selectin
molecules.

1.2.5 Role of Immunoglobulin Superfamily
Immunoglobulin Superfamily are characterized by a cytoplasmic tail, a
transmembrane domain and an immunoglobulin like domain. ICAM-1 (Springer,
1990;Springer, 1994) and ICAM-2 (Springer, 1990;Springer, 1994) along with the
VCAM-1 are a few examples of this family. ICAM-1 and 2 expressions increase after the
inflammation and they bind to the β2 integrins on the leukocytes which aid in their
adhesion. Though these adhesion molecules possess different core proteins, structure and
the number of Ig like domains but they all serve in the adhesion of the leukocytes to the
endothelium. Apart from ICAM-1 and 2 and VCAM-1, MadCAM-1 is found on the high
endothelial venules and involved in the leukocytes migration (Carlos and Harlan, 1994).
PECAM-1 is also shown recently to play a role, particularly in transmigration (Carlos and
Harlan, 1994).

1.3 Matrix Metalliproteinases (MMPs)
Matrix metalloproteinase, also called matrixins, are the proteases responsible for
the degradation of extracellular matrix, which is an important part of the

tissue

remodeling, repair, cell growth and differentiation (Lambert et al., 2004). It has also
been suggested that MMPs play a significant role in regulating the composition and
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thickness of glycocalyx, thus also affecting the WBCs adhesion on the venular walls.
MMPs also play a substantial role in pathological processes like arthritis, cancer,
cardiovascular diseases and liver fibrosis (Nagase and Woessner, Jr., 1999) and bind to
various cytokines. MMP activity in the healthy tissue is low and is controlled by the
factors including cytokines and growth hormones. The other factors which regulate
MMP activities are the tissue inhibitors of the MMPs (TIMPs), which are known to
inhibit the activity of the MMPs thus, helping in tissue remodeling. Very commonly
found MMPs belong to either of the classes: collagenases, gelatinases or stromelysins
(Lambert et al., 2004) based on their activity. There are other classes including
matilysins and membrane type MMPs which are not as common. So far researchers have
found 23 MMPs in humans (Nagase and Woessner, Jr., 1999).
1.3.1 MMP Structure
MMPs belong to a family of endopeptidases with Zinc metal core. MMPs consists
of propeptide of about 80 amino acids, a catalytic metalloproteinase domain of about 170
amino acids, a linker peptide of variable lengths and a hemopexin domain of about 200
amino acids (Nagase and Woessner, Jr., 1999). The MMP inhibitors bind to the zinc or
calcium associated with the enzyme (MMP) and block the active site thus inducing a
conformational change leading to the fragmentation of the enzyme (Bendeck et al.,
2002).
1.3.2 MMP Functions
MMPs regulate many biological processes such as organ morphogenesis,
embryonic development, nerve growth, ovulation, endometrial cycling, hair follicle
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cycling, bone remodeling, wound healing, angiogenesis, apoptosis, etc. They also play a
significant role in pathological processes including arthritis, cancer, cardiovascular
disease, liver fibrosis, fibrotic lung disease, etc. (Nagase and Woessner, Jr., 1999).
MMPs have been shown to bind to various cytokines such as TGF-β, low density
lipoprotein receptor related protein. There are many biological activites mediated by the
MMPs such as cell migration, apoptosis, platelet aggregation, vasoconstriction, activation
of osteoclasts (Nagase et al., 2006).

1.3.3 MMP and Glycocalyx
The hypothesis in the present study is that Doxycycline (Doxy) prevents the
shedding of the glycans through the inhibition of matrixmetalloproteases (MMPs) which
regulate the composition of glycocalyx. Doxy, a

broad-spectrum MMP inhibitor,

attenuates the shedding of the glycans and the adhesion of the WBCs through the
inhibition of MMPs by binding to the Zn2+ and Ca2+ linked with the MMPs, thus,
blocking the active sites on the enzymes leading to their fragmentation (Bendeck et al.,
2002). Doxy is a well known MMP inhibitor which inhibits the functions of gelatinases,
MMP-2 and MMP-9 (Bendeck et al., 1994). These MMPs are secreted from cells as
inactive zymogens and are activated by proteolytic cleavage (Liu et al., 2000). Study has
shown that the Doxy attenuates the WBC-EC adhesions. Studies have shown that the
Raf/MEK/ERK cascade is necessary for the induction of MMP-9 in the endothelial cells
(Genersch et al., 2000).
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1.3.4 Previous Studies
Previously, Bendeck et al. have studied the effects of MMPs on many processes
such as migration of cells in the smooth muscles after arterial injury (Bendeck et al.,
1994). 97% reduction was observed in cell migration after injury with the application of
GM6001, a MMP inhibitor. Since GM6001 is a non specific inhibitor; they used Doxy
which inhibits MMP-2 and MMP-9. Studies have shown that Doxy also inhibits the cell
migration after injury. MMPs form a cascade of complex network. Conant et al. have
shown that MMP-1 increases the release of MMP-9 which was pertussis toxin sensitive
(Conant et al., 2002). It was an important finding which showed that MMP-1 activates G
protein coupled signaling which contributes in normal and pathological conditions. It
was also shown that the production of the monocyte MMPs were G protein dependent.
(Corcoran et al., 1994). HS provides a docking site to MMP-7 on epithelial cells or
basement membrane (Yu and Woessner, Jr., 2000). Taraboletti et al. showed that the
process of MMP shedding by the endothelial cells, which is active in cancer cells, may
be an important step in the angiogenesis process (Taraboletti et al., 2002).

1.4 Effects of Ethylene-diamine-tetraacetic acid (EDTA) on Glycocalyx
Calcium plays an important role in many biological processes. Previous studies
have examined the effects of EDTA, a calcium chelator, on the mesenteric tissue with
different concentrations of EDTA to study their effects on the WBC adhesion and WBC
rolling flux in the blood vessels (Atherton and Born, 1972). In the present study, the
understanding is that Doxy prevents the shedding of the glycans through the inhibition of
matrixmetalloproteinases (MMPs). Since, Doxy is a strong calcium chelator apart from
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being zinc chelator, the present studies were undertaken to determine if calcium chelator
EDTA could produce a similar effect on the WBC adhesion and glycocalyx shedding.

1.4.1 Structural Effects of EDTA
Clemeti et al. showed that the calcium plays an important role in binding the
proteins together on the surface of the endothelial cells lining the blood vessel wall.
Zweifach et al. have examined its effects on the regulation of the capillary permeability
(Zweifach, 1964). Studies have been performed by superfusing the tissue with EDTA to
show its drastic effects on the permeability and the structure of the endothelial cells. It
causes the detachment of the endothelial cells from the basement membrane and the
effects are more pronounced with the increase in the concentration of EDTA from 0.05M
to 0.1M (Clementi and Palade, 1969). Decalcification also causes fibrin formation in the
vessels which eventually leads to stasis of the vessels (Zweifach, 1964). Leeson et. al.
examined the effects of calcium removal on the ultrastructure of rat liver and found that
it leads to the liver cell separation. This shows the role of calcium in maintaining the
plasma membrane intact (Leeson and Kalant, 1961). However, the removal of the
calcium does not affect the metabolic and reproductive capabilities of the cells. All these
studies highlight the importance of calcium.

1.4.2 Effects of EDTA on Leukocytes Adhesion and Rolling
The in-vitro studies by Hoover et al. showed the importance of the divalent ions
like zinc, magnesium, calcium in regulating the adhesion of the white blood cells on the
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endothelium (Hoover et al., 1980). Different cations showed a different degree of white
blood cell adhesions. In the past studies, researchers have used EDTA to study the role of
calcium in the WBC adhesion and rolling in a mesenteric preparation. The rolling flux
was measured in the venules (20-60µm diameter) and was found that the EDTA (0.1 M),
superfused on the tissue for 10 minutes, abolishes the rolling flux which returned to
normal when the EDTA was stopped. This suggests that WBC rolling depends on the
calcium ions (Atherton and Born, 1972).

1.5 Objectives
There is sufficient in-vitro evidence to suggest that the divalent ions like zinc,
magnesium, and calcium regulate the adhesion of the white blood cells on the
endothelium and the degree of cell adhesions varies with the type of cations (Hoover et
al., 1980). It has also been suggested that calcium is required in the regulation of many
biological processes such as regulation of the capillary permeability (Zweifach, 1964)
and proteins binding on the surface of the endothelial cells (Clementi and Palade, 1969).
Leeson et al. showed that decalcification can affect the ultrastructure of liver and lead to
the liver cell separation suggesting that calcium also plays a substantial role in
maintaining the integrity of the plasma membrane (Leeson and Kalant, 1961). However,
the removal of the calcium does not affect the metabolic and reproductive capabilities of
the cells. Some in-vivo investigations have used EDTA, a strong calcium chelator, to
understand the role of calcium in the WBC rolling and adhesion in a mesenteric
preparation. It was found that the rolling flux in the venules (20-60µm diameter) was
significantly inhibited with EDTA (0.1 M) superfusion for 10 minutes and returned to
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normal when the EDTA was stopped (Atherton and Born, 1972). This suggested that
calcium has an influence on WBC rolling. EDTA superfusion also had some drastic
effects on the permeability and the structure of the endothelial cells. It causes the
detachment of the endothelial cells from the basement membrane and the effects were
more pronounced with the increase in the concentration of EDTA from 0.05M to 0.1M
(Clementi and Palade, 1969) and also causes fibrin formation in the vessels eventually
leading to stasis of the vessels (Zweifach, 1964).
It has been shown that the Doxy prevents the shedding of the glycocalyx through
the inhibition of MMPs. Since, Doxy is a strong calcium chelator apart from being a zinc
chelator, the present studies were undertaken to determine if calcium chelator EDTA
could produce a similar effect on the WBC adhesion and glycocalyx shedding. The study
was performed by superfusing MMP inhibitor Doxy and EDTA in the presence or
absence of fMLP on the mesenteric tissue. In previous studies, 0.1 µm microspheres
labeled with lectins specific for sugars on the endothelium were systematically infused as
markers to quantify the changes in the composition of the glycocalyx (Mulivor and
Lipowsky, 2002). The reduction in the microspheres was indicative of glycocalyx
shedding after inflammation was induced with fMLP. The specific aims of the proposed
study were as follows: 1) to identify changes in chondroitin sulfate GAGs of the
glycocalyx during inflammation. 2) to establish the role of MMPs in modifying the
composition of glycocalyx during inflammation. 3) To study the role of the divalent ions
in the glycocalyx shedding and leukocyte-endothelium adhesion.
We found that in the absence of fMLP, sequestration of microspheres steadily
increased with time with 1mM EDTA and 3 mM EDTA, sequestration being higher for 3
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mM as compared to 1mM EDTA. In contrast, with 0.5 µM Doxy alone, microsphere
adhesion remained constant under control conditions. The shedding of glycocalyx was
significantly inhibited with Doxy as compared to both EDTA concentrations with fMLP.
Thus, the inhibition of microsphere shedding and WBC adhesion in response to fMLP
appear to be caused by the inhibition of MMPs in contrast to the calcium chelation. From
this study, we can conclude that the shedding of glycans is primarily MMPs regulated.
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Chapter 2
Materials and Methods

2.1 Experimental Methods
Experiments were performed on the mesentery tissue of Sprague-Dawley rats of
250-400g weight, using the following methods. The following parameters were
measured: number of adhered microspheres/100 µm of the vessel length (FLMADH),
number of adhered WBC/100 µm vessel length (WBCADH), red blood cell velocity
(VRBC), vessel diameter (D), circulating microsphere concentration (FLMCIRC), Rolling
WBC flux (RWBC) and mean arterial pressure (BP).

2.1.1 Animal Preparation
Male, Sprague-Dawley rats, weighing 250-400g were anesthetized using
Nembutal (pentobarbital, 45mg/Kg of the body weight, i.p.). Following anesthetization,
the right jugular vein was cannulated with polyethylene tubing (PE-50) for the
administration of supplemental drugs to maintain the plane of anesthesia. During the
experiment, the same jugular vein was used for the continuous infusion of the
microspheres using a Harvard infusion pump (model PHD 2000). The right carotid artery
was also cannulated with PE-50 and attached to a strain gage pressure transducer to
facilitate the monitoring of the mean arterial pressure (BP) to determine the drug level in
the animal. A tracheotomy was also performed to aid the spontaneous breathing of the
animal. Figure 2-1 shows the arrangement of the cannulas in the rat. The circulating bead
count was measured from a blood sample collected from the carotid artery at the end of
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the experiment. A rectal probe was used to monitor the temperature, which was
maintained between 36-37 °C with the aid of a heating pad.

Trachea, PE 270

Jugular Vein, PE 50
Carotid Artery, PE 50

Figure 2-1: Anesthetized rat labeled with the cannulas for trachea, jugular vein and
carotid artery

2.1.2 Intravital Microscopy
The intestinal mesentery was exteriorized by a midline abdominal incision of
approximately 2 inches (Figure 2-2). A single loop of intestine was pulled out gently and
placed on a glass pedestal to facilitate viewing under either brightfield microscopy by
transillumination or fluorescence illuminator with excitation and emission filters. The
exposed intestinal loops were covered with gauze and plastic wrap to keep the tissue
intact and moist.
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Blood
Vessels

Figure 2-2: Exteriorized Rat Mesenteric tissue
The tissue was superfused with HEPES buffered Ringer’s solution (pH = 7.4) at a
temperature of 37 °C for the irrigation. Solutions of fMLP (10-7 M; Sigma, St Louis,
MO), Doxy (0.25mg/L, 0.5µM, Sigma, St Louis, MO), EDTA (0.29g/L, Acros Organics,
Geel (Belgium)), 1.0 mM and 3.0 mM), GM6001 (2.6 µM, Calbiochem, San Diego) were
prepared in HEPES buffered Ringer’s solution to superfuse the tissue. The protocol used
for these experiments was as follows: A bolus of labeled FLMs was infused at 2 x 1012
spheres/ml/kg to obtain a circulating concentration of 1 x 106 FLM/mm3 [FLMcirc] and
maintained at that level by intravenous infusion of 2 x 1010 spheres/kg/min using a syringe
pump connected to the jugular catheter. Following the control period, tissues were
superfused with either fMLP (10-7 M Ringer’s solution) or normal Ringer’s solution for
the duration of the experiment. For different experiments, the tissue was superfused with
EDTA, Doxy or GM6001, with or without fMLP.
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2.1.3 Microsphere Preparation
Techniques used for the preparation of the microspheres were described in detail
in the previous studies (Mulivor and Lipowsky, 2002). Carboxylated-modified
fluorescent microspheres, 0.1 µm in diameter (Molecular Probes, Eugene, OR), were
labeled with Bandeiraea Simplificifolia (BS1; Sigma, St Louis, MO), an anti-chondroitin
sulfate lectin. Carboxylated groups on the FLMs were attached to BS1 lectin using
Carbodiimide reaction. The first step involved activating the carboxyl groups on the
FLMs using the carbodiimide reaction at an acidic pH of 4.5 followed by activating
amine groups on the protein at a basic pH of 8.5 and then adding the protein to the
activated FLMs. Since, the carboxyl groups are active; they bind to the amine groups on
the protein. The bound protein on the FLMs was determined using a spectrophotometer
(Shimadzu Scientific Instruments, Columbia, MD). The bound protein is the difference
between the total protein and the unbound protein, in the supernatant.

2.1.4 Microsphere Infusion
Microspheres were continuously infused via jugular vein using an infusion pump
(Harvard Apparatus). A bolus of labeled FLMs was infused at 2 x 1012 spheres/ml/kg to
obtain a circulating concentration of 1 x 106 FLM/mm3 [FLMcirc] and maintained at that
level by intravenous infusion of 2 x 1010 spheres/kg/min using a syringe pump connected
to the jugular vein. Prepared microspheres were placed in a 2.5 ml glass syringe and
loaded onto the infusion pump to deliver to the animal.
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2.1.5 Superfusion of Tissue with different agents
The tissue was superfused with different agents, Doxy, EDTA, GM6001 and
fMLP. These experiments were performed with 30 mins of control period and 30 mins of
desired treatment on the tissue. The agents were used with or without fMLP to collect
data for all studies.

2.2 Measurement Techniques
The following parameters were measured using the techniques listed in this
section: number of adhered microspheres/100 µm of the vessel length (FLMADH), number
of adhered WBC/100 µm vessel length (WBCADH), red blood cell velocity (VRBC), vessel
diameter (D), circulating microsphere concentration (FLMCIRC), Rolling WBC flux
(RWBC) and mean arterial pressure (BP).
Images of the rat mesentery were collected through a camera attached to the
microscope. The center line Vrbc in arterioles and venules was measured with the two-slit
photometric technique using a self-tracking correlator (IPM, San Diego). The mean
velocity of blood (Vmean) was calculated from the relationship Vmean = Vrbc/1.6 (Lipowsky
and Zweifach, 1978). The vessel diameter (D) was measured by the video image shearing
technique using an image shearing monitor (IPM, San Diego). The output of the SIT
camera was recorded on SVHS videotape using a VCR. Blood samples (0.1 ml) was
taken in a heparinized tube, at the end of the experiment, to determine the circulating
microsphere concentration (FLMCIRC). The BP was continuously measured during the
experiment with a strain gauge pressure transducer connected to the carotid artery.
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2.2.1 Calculation of Circulating Microspheres (FLMCIRC)
The blood sample collected at the end of the experiment was used to determine
the FLM counts. The blood sample was mixed with Zappaglobin to destroy the red blood
cells to avoid any interference. A hemocytometer was used to count the FLM using a
fluorescence microscope (Nikon Microphot) with a Zeiss water-immersion X40/0.75 NA
objective. These measurements enable the calculation of FLMCIRC to be made.

2.2.2 Measurement of the Mean Velocity
The red blood cell velocity (VRBC) along a microvessel centerline was measured
by the two-slit photometric technique. The VRBC value was used to calculate the mean
velocity of the vessel (VMEAN), by using the equation (Baker and Wayland,
1974;Lipowsky and Zweifach, 1978):
V MEAN = V RBC /1.6 -----------------------------------------------------------------------------------(1)

2.2.3 Calculation of Vessel Shear Rate
The wall shear rate was estimated from the Newtonian relationship calculated
from the relationship:
•

γ =8

Vmean
------------------------------------------------------------------------------------------(2)
D

2.2.4 Determination of Rolling WBC Flux (RWBC)
The Rolling WBC Flux (RWBC) was determined as the number of WBCs rolling
past a specific point on a vessel wall in one minute.
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2.2.5 Measurement of Adhered WBC and Microspheres
The number of WBCs and FLMs adhered to the glycocalyx were measured by
frame-by-frame analysis of video recordings and quantified as the number adhered per
100 µm of venule length. Adhered WBCs and FLMs were judged to be firmly adhered if
they remained stationary for at least 5 seconds. While counting, the FLMs and WBCs
were accounted by focusing microscope objective through the different planes. The beads
attached to the WBC were not taken into account.

(A)

(B)

Adhered WBC

Adhered microsphere

Figure 2-3: (A) Bright field image of a micro- vessel wall with an adhered WBC, (B)
Fluorescent image of the same micro-vessel with microsphere adhered.

2.2.6 Normalization of the parameters
The parameters such as FLMADH, WBCADH, VRBC and FWBC were normalized with
their control values to compare the different treatments.
Statistics on the data: One way ANOVA with multiple comparisons using Holm Sidak
was used for significances. Level of significance used was 0.05.
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Chapter 3
Results

3.1 Microsphere Labeling with Lectins
The FLMs were labeled with BS-1 lectin, which binds preferentially to galactose
moeties on the cell surface and chondrotin sulfate GAGs on the endothelial cell surface,
using the technique in Appendix A. Figure 3-1 A shows the adhered BS1 labeled FLMs /
100µm of the vessel length both for the control and fMLP treated tissue. Under the
control conditions, the tissue was superfused with Ringer’s solution alone from t=0 to 30
mins. Whereas, in the treatment, the tissues were superfused with fMLP from t=0 to 30
mins. The initial FLMADH averaged to 13.4 ± 1 and 11.6 ± 1.2 FLMs/100 µm for the
control and fMLP treated tissues respectively. For the control condition, the number of
FLMs were maintained constant which suggests that there was no loss of chondrotin
sulfate. With the fMLP superfusion, there was a significant decrease in the FLM number,
suggesting a significant loss of chondroitin sulfate components from the endothelial
surface layer. The absolute values of the BS1-FLM adhesion shows a significant decrease
(p<0.05) within 10 min of superfusing the mesentery tissue with fMLP and the decrease
remained significant at 20 and 30 mins following fMLP superfusion.
Figure 3-1 B shows the adhered WBCs/100µm length of the vessel. The intial
WBC adhesion/100µm (WBCADH) averaged 2.1± 0.5 for the control and 3.0 ± 0.3 for the
fMLP superfusion. The WBCADH were constant under control conditions with the
Ringer’s solution superfusion and increased significantly with fMLP superfusion
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Figure 3-1: Parameters for control (0mM EDTA) in the absence of fMLP (n=19) and in
the presence of fMLP (n=21) (A) Adhesion of BS1-FLM to chondroitin sulfate on the
endothelium/100µm, (B) WBC Adhesion/100µm. The tissue was superfused either with
Ringer’s solution and fMLP for the control or fMLP from t = 0 min to t=30 mins. All
data is shown as the MEAN ± SE. There were 5 animals used for control and 6 for fMLP.
* denotes points that are significantly different than the control values (p<0.05)
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Figure 3-2: Parameters for 0 mM EDTA on the individual vessels (n=21) treated with
fMLP (A) Adhesion of BS1-FLM to chondroitin sulfate on the endothelium/100µm (B)
WBC adhesion/100µm. fMLP was superfused on the tissue from t = 0 min to t=30 mins.
6 animals were used.
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suggesting increased availability of adhesion sites on the endothelial surface for the
WBCs after fMLP superfusion. The intial WBCADH started low and were maintained at
low values in the control conditions which shows that the tissue was well maintained
throughout the experiment. The FLMADH and the WBCADH for the individual vessels after
superfusion with fMLP are shown in Figure 3-2 A and 3-2 B respectively. The majority
of the vessels, as expected, showed a decrease in FLMADH and an increase in WBCADH
with fMLP superfusion.

3.2 Doxycycline Treatment
Leukocyte-Endothelium Adhesion
Presented in Figure 3-3 are the results of the normalized BS-1 FLM (FLMADH)
and leukocyte adhesion (WBCADH) with their mean and standard errors for 0.5 µM Doxy
in the presence and the absence of fMLP.
The tissue was superfused with 0.5µM Doxycycline between t=0 and t=30 mins
for control experiments. For fMLP experiments, the tissue was superfused with fMLP in
addition to the 0.5µM Doxycycline between t=0 and t=30 mins. The control values of the
hemodynamic and microsphere variables prior to the treatment are presented in Table 3-1
with their standard errors. The same parameters prior to the fMLP treatment are presented
in Table 3-2.
For 0.5 µm Doxy treatments, the WBCADH averaged 1.4 ± 0.2 WBCs/ 100 µm
length of the venule prior to the treatment with Doxy (Table 3-1). There was a significant
increase (P<0.05) in leukocyte adhesion after Doxy superfusion for 20 mins (Figure 3-3
B). 0.5 µM Doxy treatment caused an average adhesion of 1.9±0.3 WBCs/ 100 µm length
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Figure 3-3: Normalized parameters for 0.5µM Doxycycline on the vessels with fMLP
(n=10) and without fMLP (n=13) (A) Normalized Adhesion of BS1-FLM to chondroitin
sulfate on the endothelium (B) Normalized WBC Adhesion. Tissue was superfused with
0.5µM Doxycycline between t=0 and t=30 mins for control and f MLP was added with
0.5µM Doxycycline for the fMLP experiments between t=0 and t=30 mins. All data is
shown as the MEAN ± SE. There were 4 animals used for 0.5µM Doxycycline without
fMLP and 2 for with fMLP. * denotes points that are significantly different than the
control values (p<0.05)
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of the venule (Table 3-2). The treatment of the tissue with fMLP significantly (P<0.05)
inhibited the WBC adhesion that remained steady and constant after fMLP treatment.
Glycan Synthesis
Glycan composition was quantified with the BS-1 labeled microspheres. Figure 33 A presents the normalized FLMADH with 0.5 µM Doxy treatment with the mean and
standard errors. In the no treatment (control) condition, The FLMADH averaged to 10.4 ±
0.6 for control. As seen in Figure 3-3 A, the FLMs remained constant during the 30 mins
treatment with 0.5 µM Doxy alone. After preincubation of the tissue with 0.5 µM Doxy,
FLMADH to the vessel wall averaged 8.2 ± 0.8 FLM/ 100 µm length of the venule (Table
3-2). 0.5 µM Doxy caused steady and constant FLM adhesion to the endothelium with
fMLP superfusion.

3.3 EDTA Treatment
Leukocyte-Endothelium Adhesion
Presented in Figure 3-4 B and 3-5 B are the results of the normalized leukocyte
adhesion (WBCADH) with their mean and standard errors for 1 mM EDTA and 3 mM
EDTA respectively. The tissue was superfused with Ringer’s solution for the control
prior to the treatment with 1 mM EDTA or 3 mM EDTA from t= 0 to t= 30 mins. The
control values of the hemodynamic and microsphere variables prior to the treatment are
presented in Table 3-1 with their standard errors. The control values for the number of
leukocytes adhered for the two treatments are in the same range; 1mM EDTA and 3 mM
EDTA, the WBCADH averaged to 2.0 ± 0.12 and 1.7 ±0.16 WBCs/ 100 µm length of the
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venule respectively before the treatment. The leukocyte adhesion stayed steady with both
the treatments.
The control values of the hemodynamic and microsphere variables prior to the
fMLP treatment are presented in Table 3-2. When the tissue was pretreated with 1 mM
EDTA and 3 mM EDTA in the control period and then superfused with fMLP for 30
mins, there was a significant decrease in the WBCADH to the vessel wall that averaged to
1.1 ± 0.1 and 1.5 ± 0.1 WBCs / 100 µm length of the venule respectively. The treatment
of the tissue with fMLP generated a 2.5 fold increase in the leukocyte adhesion for 1 mM
EDTA and 3 mM EDTA treatments. With the fMLP superfusion after EDTA treatment,
there was an elevated leukocyte adhesion, 1 mM EDTA being significantly elevated as
compared to 3 mM EDTA.
Glycan Synthesis
Glycan composition was quantified with the BS-1 labeled microspheres. Figure 34 A and 3-5 A presents the normalized FLMADH with 1mM EDTA and 3mM EDTA with
the mean and standard errors. In the case of 1mM and 3 mM EDTA, the FLMADH
averaged to 11.1 ± 0.9 and 13.6 ±1.5 respectively. As seen in Figure 3-4 A and 3-5 A,
there was a significant (p<0.05) increase in the FLMADH with 1 mM and 3mM EDTA.
With 3 mM EDTA more FLMs were sequestered as compared to 1mM EDTA.
Preincubation of the tissue with the agents EDTA (1 and 3 mM), FLMADH to the vessel
wall averaged to 10.6 ± 1.0 and 10.9 ± 1.1 respectively (Table 3-2). Pretreatment of the
tissue with 1 mM EDTA caused a significant decrease in the FLMs with fMLP
superfusion. Whereas, 3 mM EDTA treatment, caused steady and constant FLM adhesion
to the endothelium with fMLP superfusion.

Normalized BS-1 FLM Adhesions

36

2
MEAN ± SE

(A)
n=12

*
*
*

1

*
n=16
1 mM EDTA, Control
fMLP + 1 mM EDTA

0
0

10

20

30

Normalized WBC Adhesions

5
MEAN ± SE
4

(B)
n=16

1 mM EDTA, Control
fMLP + 1 mM EDTA

3

*

*

*

2

n=12
1

0
0

10

20

30

Time Following Treatment (Mins)

Figure 3-4: Normalized parameters for 1 mM EDTA on the vessels with fMLP (n=16)
and without fMLP (n=12) (A) Normalized Adhesion of BS1-FLM to chondroitin sulfate
on the endothelium (B) Normalized WBC Adhesion. Tissue was superfused with 1 mM
EDTA between t=0 and t=30 mins for control and f MLP was added with 1 mM EDTA
for the fMLP experiments between t=0 and t=30 mins. All data is shown as the MEAN ±
SE. There were 3 animals used for 1 mM EDTA without fMLP and 5 for with fMLP. *
denotes points that are significantly different than the control values (p<0.05)
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Figure 3-5: Normalized parameters for 3 mM EDTA on the vessels with fMLP (n=17)
and without fMLP (n=12) (A) Normalized Adhesion of BS1-FLM to chondroitin sulfate
on the endothelium (B) Normalized WBC Adhesion. Tissue was superfused with 3 mM
EDTA between t=0 and t=30 mins for control and f MLP was added with 3 mM EDTA
for the fMLP experiments between t=0 and t=30 mins. All data is shown as the MEAN ±
SE. There were 3 animals used for 1 mM EDTA without fMLP and 4 for with fMLP. *
denotes points that are significantly different than the control values (p<0.05)
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3.4 Treatment of the Tissue with Agents
Leukocyte-Endothelium Adhesion
Presented in Figure 3-6 A are the results of the normalized leukocyte adhesion
(WBCADH) with their mean and standard errors for different treatments: 0 mM EDTA
(control), 1 mM EDTA, 3 mM EDTA and 0.5 µM Doxy. The tissue was superfused with
Ringer’s solution in the control period prior to the treatment with 0 mM EDTA or 1 mM
EDTA or 3 mM EDTA or Doxy from time = 0 to time = 30 mins. The control values of
the hemodynamic and microsphere variables prior to the treatment are presented in Table
3-1 with their standard errors. The control values for the number of leukocytes adhered
for the different treatments were in the same range. With 0 mM EDTA, 1mM EDTA, 3
mM EDTA and 0.5 µm Doxy treatments, the WBCADH averaged to 2.1 ± 0.5, 2.0 ± 0.12,
1.7 ±0.16 and 1.4 ± 0.2 WBCs/ 100 µm length of the venule respectively before the
treatment. The leukocyte adhesion stayed constant with all the treatments except with 0.5
µM Doxy that had a significant increase (P<0.05) in leukocyte adhesion after its
superfusion for 20 mins (Figure 3-6 A). Figure 3-8 A presents the results of very similar
experiments performed in the presence of fMLP. In these experiments, the tissue was
pretreated with either 0 mM EDTA, 1 mM EDTA, 3 mM EDTA or 0.5 µM Doxy in the
control period and then superfus6ed with fMLP for 30 mins. The control values of the
hemodynamic and microsphere variables prior to the fMLP treatment are presented in
Table 3-2. The leukocyte adhesion averaged to 3.0 ± 0.3 WBCs/ 100 µm length of the
venule for 0 mM EDTA. Preincubation of the tissue with the 1 mM EDTA and 3 mM
EDTA significantly inhibited the WBCADH to the vessel wall that averaged to 1.1 ± 0.1
and 1.5 ± 0.1 WBCs / 100 µm length of the venule respectively. 0.5 µM Doxy treatment
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caused an average adhesion of 1.9±0.3 WBCs/ 100 µm length of the venule. The
treatment of the tissue with fMLP generated a 2.5 fold increase in the leukocyte adhesion
for 0 mM EDTA, 1 mM EDTA and 3 mM EDTA treatments. With the fMLP superfusion
after EDTA treatment, there was an elevated leukocyte adhesion, 1 mM EDTA being
significantly elevated as compared to 3 mM EDTA. In contrast, 0.5 µM Doxy treatment
significantly (P<0.05) inhibited the WBC adhesion that remained steady and constant
after fMLP treatment.
Rolling Flux in response to different agents
The normalized rolling WBC flux in the absence of fMLP is presented in Figure
3-7 B for different treatments: 0 mM EDTA (control), 1 mM EDTA, 3 mM EDTA and
0.5 µM Doxy. The tissue was superfused with Ringer’s solution for all the four
treatments in the control condition and then with either 0 mM EDTA, 1 mM EDTA, 3
mM EDTA or Doxy for 30 mins. With 0 mM EDTA, 1mM EDTA, 3 mM EDTA and 0.5
µM Doxy, the rolling WBC flux averaged 10.8 ± 1.0, 21.0± 2.5, 12.6 ±2.3 and 10.8 ± 1.8
cells/min respectively (Table 3-1). The corresponding diameter and the number of vessels
are also listed in the table. The rolling flux increases significantly (P<0.05) with the Doxy
treatment. With 0 mM EDTA, the rolling flux is steady and constant with time. It
significantly decreases with the 1 mM EDTA and 3mM EDTA, with 3 mM EDTA the
response is more inhibited than with 1mM EDTA.
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Figure 3-6: Normalized parameters for 0 mM EDTA (n=19), 1 mM EDTA (n=12), 3
mM EDTA (n=12) and 0.5µM Doxycycline (n=13) on the vessels without fMLP (A)
Normalized WBC Adhesion, (B) Normalized Adhesion of BS1-FLM to chondroitin
sulfate on the endothelium. Tissue was superfused with Ringer’s solution in the control
period and 1 mM EDTA or 3 mM EDTA or 0.5µM Doxycycline was superfused between
t=0 and t=30 mins. All data is shown as the MEAN ± SE. There were 5 animals used for
0 mM EDTA, 3 for 1mM EDTA, 3 for 3mM EDTA and 4 for 0.5µM Doxycycline. *
denotes points that are significantly different than the control values (p<0.05)
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Figure 3-7: Normalized parameters for 0 mM EDTA (n=19), 1 mM EDTA (n=12), 3
mM EDTA (n=12) and 0.5µM Doxycycline (n=13) on the vessels without fMLP (A)
Normalized Velocity, (B) Normalized Rolling Flux. Tissue was superfused with Ringer’s
solution in the control period and 1 mM EDTA or 3 mM EDTA or 0.5µM Doxycycline
was superfused between t=0 and t=30 mins. All data is shown as the MEAN ± SE. There
were 5 animals used for 0 mM EDTA, 3 for 1mM EDTA, 3 for 3mM EDTA and 4 for
0.5µM Doxycycline. * denotes points that are significantly different than the control
values (p<0.05)

42
Presented in Figure 3-9 B are results of normalized rolling WBC flux for 0 mM
EDTA, 1mM EDTA, 3 mM EDTA and 0.5 µM Doxy experiments with fMLP
superfusion. The tissue was superfused with Ringer’s solution, 1 mM EDTA, 3 mM
EDTA and 0.5 µM Doxy in the control period and then with fMLP from t = 0 min to t=30
mins. The rolling fluxes with incubation with 0 mM EDTA, 1 mM EDTA and 3 mM
EDTA treatments averaged to 13.9±1.9, 12.7 ± 1.2 and 5.4 ± 1.4 and 10.6 ± 1.7
WBCs/minute (Table 3-2). Rolling flux increases significantly (p<0.05) with 1mM
EDTA (Figure 3-9 B). With 3 mM EDTA superfusion, the rolling flux was significantly
inhibited as compared to the control condition. Rolling flux was also significantly
inhibited with Doxy treatment with fMLP superfusion (Figure 3-9 B).

Glycan Synthesis
Glycan composition was quantified with the BS-1 labeled microspheres. Figure 36 B presents the normalized FLMADH with 0 mM EDTA, 1mM EDTA, 3mM EDTA and
0.5 µM Doxy treatment with the mean and standard errors. The tissue was superfused
with Ringer’s solution for all the four treatments in the control condition. Then the tissue
was superfused with 0 mM EDTA, 1 mM EDTA, 3 mM EDTA and 0.5 µM Doxy from
t= 0 to t= 30 mins. In the no treatment (control) condition, The FLMADH averaged to 13.4
± 1.0. In case of 1mM, 3 mM and 0.5 µM Doxy condition, they averaged to 11.1 ± 0.9,
13.6 ±1.5 and 10.4 ± 0.6 respectively. As seen in Figure 1B, the FLMs with 0 mM EDTA
and 0.5 µM Doxy stayed steady and constant. Whereas, there was a significant (p<0.05)
increase in the FLMs with 1 mM and 3mM EDTA, with 3 mM EDTA having more
FLMs sequestered as compared to 1mM EDTA.
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Presented in Figure 3-8 B are results of the normalized FLMADH for 0 mM EDTA,
1mM EDTA, 3 mM EDTA and 0.5 µM Doxy experiments with fMLP superfusion. The
tissue was superfused with 0 mM EDTA, 1 mM EDTA, 3 mM EDTA and Doxy in the
control period and then it was superfused with fMLP from t = 0 min to t=30 mins. The
FLMADH with 0 mM EDTA averaged to 11.6 ± 1.2 FLM/ 100 µm length of the venule.
Preincubation of the tissue with the agents EDTA (1 and 3 mM) and 0.5 µM Doxy,
FLMADH to the vessel wall averaged to 10.6 ± 1.0 and 10.9 ± 1.1 and 8.2 ± 0.8 FLM/ 100
µm length of the venule respectively (Table 3-2). With 0 mM EDTA, the FLMADH
decreases significantly (p<0.05) with fMLP superfusion (Figure 3-8 B). Pretreatment of
the tissue with 1 mM EDTA caused a significant decrease in the FLMs with fMLP
superfusion. Whereas, 0.5 µM Doxy and 3 mM EDTA treatment, caused steady and
constant FLM adhesion to the endothelium with fMLP superfusion.
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TABLE 3-1
CONTROL VALUES OF HEMODYNAMIC AND MICROSPHERE VARIABLES
PRIOR TO TREATMENT

TREATMENT
0 mM EDTA

1 mM EDTA

3 mM EDTA

0.5 µM Doxy

N

19

12

12

13

DMean ± SE (µm)

37.6 ± 2.6

36 ± 2.9

35.8 ± 3.3

38.3 ± 3

Dia Range: Min, Max
(µm)
FLMADH ± SE, t=0 min
(#FLM/100 µm)
WBCADH ± SE, t=0 min
(#WBC/100 µm)
VRBC± SE, t=0 min
(mm/sec)
RWBC MEAN± SE, t=0 min
(# WBC/min)

25-65

21-54

19-54

23-59

13.4 ± 1.0

11.1 ± 0.9

13.6 ± 1.5

10.4 ± 0.6

2.1± 0.5

2 ± 0.12

1.7 ± 0.16

1.4 ± 0.2

3.4 ± 0.2

5.7 ± 0.8

3.0 ± 0.4

4.2 ± 0.4

10.8 ± 1.0

21 ± 2.5
N=19
DMEAN: 34 ±
1.6

12.6 ± 2.3
N=9
DMEAN: 33.6 ±3.2

10.8 ± 1.8

PARAMETER

Table 3-1: Shown are the values of number of vessels (N), mean vessel diameter (DMEAN) in µm, diameter
range in µm, number of adhered microspheres/100 µm of the vessel length (FLMADH), number of adhered
WBC/100 µm vessel length (WBCADH), red blood cell velocity (VRBC) in mm/sec and rolling WBC flux
(RWBC) in # WBCs/min as a function of the vessel state. 0 mM EDTA vessels received no treatment and
were superfused with Ringer’s solution throughout. For other treatments, vessels were pretreated with
Ringer’s solution in the control period and then superfused with either 1mM EDTA or 3mM EDTA or 0.5
µM Doxycycline for 30 mins. All data shown is the MEAN ± SE.
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Figure 3-8: Normalized parameters for 0 mM EDTA (n=21), 1 mM EDTA (n=16), 3
mM EDTA (n=17) and 0.5µM Doxycycline (n=10) on the vessels with fMLP (A)
Normalized WBC Adhesion, (B) Normalized Adhesion of BS1-FLM to chondroitin
sulfate on the endothelium. Vessels were treated with either 0 mM EDTA or 1 mM
EDTA or 3 mM EDTA or 0.5µM Doxycycline in the control period and Fmlp was
superfused from t=0 and t=30 mins. WBC adhesion is significantly (p<0.05) elevated for
0 mM EDTA, 1 mM EDTA and 3 mM EDTA. All data is shown as the MEAN ± SE.
There were 6 animals used for 0 mM EDTA, 5 for 1mM EDTA, 4 for 3mM EDTA and 2
for 0.5µM Doxycycline. * denotes points that are significantly different than the control
values (p<0.05)
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Figure 3-9: Normalized parameters for 0 mM EDTA (n=21), 1 mM EDTA (n=16), 3
mM EDTA (n=17) and 0.5µM Doxycycline (n=10) on the vessels with fMLP (A)
Normalized Velocity, (B) Normalized Rolling Flux. Vessels were treated with either 0
mM EDTA or 1 mM EDTA or 3 mM EDTA or 0.5µM Doxycycline in the control period
and Fmlp was superfused from t=0 and t=30 mins. WBC adhesion is significantly
(p<0.05) elevated for 0 mM EDTA, 1 mM EDTA and 3 mM EDTA. All data is shown as
the MEAN ± SE. There were 6 animals used for 0 mM EDTA, 5 for 1mM EDTA, 4 for
3mM EDTA and 2 for 0.5µM Doxycycline. * denotes points that are significantly
different than the control values (p<0.05)
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TABLE 3-2
CONTROL VALUES OF HEMODYNAMIC AND MICROSPHERE VARIABLES
PRIOR TO SUPERFUSION WITH fMLP

TREATMENT
0 mM EDTA

1 mM EDTA

3 mM EDTA

0.5 µM Doxy

PARAMETER
N

21

16

17

10

DMean ± SE (µm)

33.6 ± 1.7

40 ± 2.9

41.2 ± 2.3

31 ± 6.3

Dia Range: Min, Max
(µm)
FLMADH ± SE, t=0
min (#FLM/100 µm)
WBCADH ± SE, t=0 min
(#WBC/100 µm)
VRBC± SE, t=0 min
(mm/sec)
RWBC MEAN± SE, t=0
min
(# WBC/min)

17-50

23-57

21-52

20-40

11.6 ± 1.2

10.6 ± 1.0

10.9 ± 1.1

8.2 ± 0.8

3.0 ± 0.3

1.1 ± 0.1

1.5 ± 0.1

1.9 ± 0.3

4.6 ± 0.6

4.1 ± 0.6

4.5 ± 0.4

3.6 ± 0.4

13.9 ± 1.9
N=10
DMEAN: 36 ±
3.2

12.7 ± 1.2
N=19
DMEAN: 34 ± 1.6

5.4 ± 1.4
N=9
DMEAN: 33.6 ±
3.2

10.6 ± 1.7
N=10
DMEAN: 39 ±
4.7

Table 3-2: Shown are the values of number of vessels (N), mean vessel diameter (DMEAN) in µm,
diameter range in µm, number of adhered microspheres/100 µm of the vessel length (FLMADH),
number of adhered WBC/100 µm vessel length (WBCADH), red blood cell velocity (VRBC) in mm/sec
and rolling WBC flux (RWBC) in # WBCs/min as a function of the vessel state. 0 mM vessels received
no treatment in the control period and were superfused with fMLP (10-7 M) for 30 mins. For other
treatments, vessels were pretreated with either 1mM EDTA or 3mM EDTA or 0.5 µM Doxycycline
and then superfused with fMLP (10-7 M) for 30 mins. All data shown is the MEAN ± SE.
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3.5 GM6001 Treatment
Presented in Figure 3-10 A and B are the results of the BS-1 FLM (FLMADH) and
leukocyte adhesion (WBCADH) respectively with their mean and standard errors for 2.6
µM GM6001 in the presence of fMLP. The tissue was superfused with 2.6 µM GM6001
in the control and then with fMLP between t=0 and t=30 mins. In 2.6 µM GM6001
treatments, the WBCADH averaged 3.0 ± 0.5 WBCs/ 100 µm length of the venule prior to
the treatment with fMLP. There was a significant increase (P<0.05) in leukocyte adhesion
after fMLP superfusion (Figure 3-10 B), specifically after 20 mins.
The Glycan composition is quantified with the BS-1 labeled microspheres. Figure
3-10 A presents the FLMADH with 2.6 µM GM6001 treatment with the mean and standard
errors. The FLMADH averaged to 8.0 ± 1.2 for control. As seen in Figure 3-10 A, the
FLMs stayed steady and constant during the 30 mins treatment with fMLP superfusion.
Since, GM6001 were solubilized in DMSO, we looked at its effects on the tissue.
Figure 3-11 A and B shows the effects of DMSO (0.0001 %v/v) on the WBC and FLM
adhesion. For DMSO, the FLMs and WBCs started at the same level as the GM6001.
There was a significant decrease in the FLMs and significant increase in WBCs with the
fMLP superfusion.
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Figure 3-10: Parameters for 2.6µM GM6001 on the vessels with fMLP (n=9) (A)
Adhesion of BS1-FLM to chondroitin sulfate on the endothelium/100µm (B) WBC
Adhesion/100µm. Tissue was superfused with 2.6µM GM6001 and f MLP between t=0
and t=30 mins. All data is shown as the MEAN ± SE. There were 2 animals used. *
denotes points that are significantly different than the control values (p<0.05).
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Figure 3-11: Parameters for DMSO (0.0001 % v/v) on the vessels with fMLP (n=13) (A)
Adhesion of BS1-FLM to chondroitin sulfate on the endothelium/100µm (B) WBC
Adhesion/100µm. Tissue was superfused with DMSO and f MLP (10-7 M) between t=0
and t=30 mins. All data is shown as the MEAN ± SE. There were 3 animals used. *
denotes points that are significantly different than the control values (p<0.05).
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Chapter 4
Discussion
The present in-vivo study supports the hypothesis that the MMPs play an
important role in regulating the thickness of the glycocalyx. Since, Doxy (a MMP
inhibitor) acts on both the calcium and the zinc metal core bound to the MMPs to cause
its fragmentation (Golub et al., 1998;Smith, Jr. et al., 1996), EDTA, which is primarily a
calcium chelator, was used in the present investigation to study the effects of
decalcification on the leukocyte adhesion and glycan shedding. The present study was
undertaken to determine if EDTA could produce a similar effect as Doxy.
Lectins have been used in the past to label the glycans on the EC surface.
Quantification of the shedding of glycocalyx with 0.1 µm BS-1 lectin labeled
microspheres specific for the sugar moieties on the endothelial surface layer is a well
accepted method (Henry and DeFouw, 1995). BS-1 lectins have an affinity for the N–
acetyl galactosamine of chondroitin sulfate GAGs on the EC layer (Goldstein et al.,
1981). A steady number of the BS-1 FLMs adhered to the endothelial surface layer when
the tissue was superfused with the Ringer’s solution for 30 mins (Figure 3-1 A) whereas a
significant reduction in the number of BS-1 FLMs was observed with the superfusion of
chemottractant fMLP (Figure 3-1 A). fMLP treatment caused the release of the glycans
from the EC surface hence causing the reduction in the FLM number (Figure 3-1 A).
Interestingly, in the absence of fMLP, the number of adhered spheres remained steady
suggesting that the reduction in the number of spheres with fMLP is not the result of the
GAG metabolism (Figure 3-1 A). It is a well recognized fact that calcium is needed to

52
maintain the vascular permeability (Zweifach, 1964). The loss of this important divalent
ion can cause some dramatic changes in the structure of the vessel at high EDTA
concentrations ranging from 50 mM to 100 mM (Clementi and Palade, 1969). We
performed experiments on the mesenteric tissue with 3.5 mM to 10 mM EDTA which led
to the tissue damage. Since the high concentrations cause deterioration of the tissue, we
used lower concentrations of EDTA; 1 mM and 3 mM. Specifically the superfusion of the
tissue with 1 mM EDTA and 3mM EDTA for 30 mins after Ringer’s solution caused a 2fold increase in the sequestration of the microspheres in the vessels wall due to the
disruption in the vascular permeability (Figure 3-6 B). The microspheres were
sequestered in the inter-endothelial cell cleft. In the tissue pretreated with EDTA
followed by fMLP, the microspheres were reduced to the same level with 1 mM EDTA
as control (Figure 3-8 B). In contrast, preincubation of the tissue with 3 mM EDTA
maintained a steady level of sphere adhesion. In the absence of fMLP, the 3mM EDTA
superfusion on the tissue caused a steady level of increase in the microspheres which
were sequestered a greater amount for 3 mM EDTA compared with 1 mM EDTA. In the
3mM EDTA treatment, the number of sequestered spheres was much higher and the
results of the fMLP treatment were overwhelmed by this response and thus the number of
adhered microspheres remained steady with fMLP superfusion. Interestingly, Doxy
effects are very striking both in the absence and presence of fMLP. It attenuated the
shedding of the microspheres (Figure 3-6 B). Doxy is a well known MMP inhibitor
which inhibits the functions of gelatinases, MMP-2 and MMP-9 (Bendeck et al., 1994).
These MMPs are secreted from cells as inactive zymogens and are activated by
proteolytic cleavage (Liu et al., 2000). Studies have shown that Doxy attenuates the
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WBC-EC adhesions. Doxy inhibits the MMPs which are responsible for the shedding of
the glycans by causing their fragmentation. Thus, the GAGs remain intact on the ECs and
the spheres and the leukocytes remained steady with the Doxy superfusion (Figure 3-6 B
and 3-8 B).
The shedding of glycocalyx enables the adhesion of leukocytes to the EC surface
with the fMLP superfusion (Figure 3-8 A). The fMLP induces inflammation that causes a
significant increase in the rolling WBC flux and adhered leukocytes. The increase in the
adhesion is due to the exposed receptors on the cell surface due to glycan shedding. In
contrast, in the absence of fMLP, the adhered leukocytes remain steady with 0 mM
EDTA, 1 mM EDTA and 3 mM EDTA treatments. This attenuation in the response is
suggested due to the calcium loss which helps in the leukocyte adhesion. An increase in
the leukocyte adhesion with Doxy is the result of its exposure on the tissue for 20 -30
mins which could act like an irritant to cause an elevated response (Figure 3-6 A).
Interestingly, it causes a significant reduction in the number of WBCs adhered to the
vessel wall as compared to the other treatments with chemoattaractant superfusion. The
significant attenuation was due to the inhibition of the MMPs that cause the shedding and
hence the adhesion sites are not exposed (Figure 3-8 A).
The studies have shown that EDTA has some drastic effect on the tissue. The
exposure of the tissue with EDTA causes fibrin formation (Zweifach, 1964) with 5 mM
and 10 mM and eventually led to the stasis of the vessel. 1 mM and 3 mM EDTA used in
this study showed enough inhibition of the rolling fluxes. The increase in the rolling flux
with 1 mM EDTA in the absence of fMLP was due to the fact that 1 mM EDTA does not
chelate enough calcium to cause suppression of the WBCs (Figure 3-9 B). The 3 mM
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EDTA on the other hand, causes higher calcium chelation to inhibit the WBC flux
(Figure 3-9 B). Though, long exposure also increased the fibrin formation followed by
the stasis which was seen as an abrupt increase in the flux (Figure 3-9 B). The Doxy
inhibits the rolling flux significantly (Figure 3-9 B). In the presence of fMLP, the rolling
flux was reduced with 3 mM EDTA treatment more than any other treatment. 3 mM
EDTA chelates the calcium ions and inhibits the flux through the vessels (Figure 3-7 B).
1 mM EDTA causes less calcium chelation and thus inhibits the flux but not as
effectively as 3 mM EDTA (Figure 3-7 B). The increase in the flux with Doxy causes a
little irritation to the tissue increasing the adhered leukocyte count.
The study shows that calcium chelation with 1mM and 3mM EDTA, did not
inhibit fMLP induced WBC adhesion to the same extent as Doxy, and caused a disruption
of the venular permeability barrier that resulted in an increased microsphere sequestration
in the venular wall. Thus, the inhibition of microsphere shedding and WBC adhesion in
response to fMLP appear to be caused by the inhibition of MMPs in contrast to the
calcium chelation. It is concluded that shedding of glycans is primarily MMPs regulated.
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Chapter 5
Conclusions and Suggested Future Studies

5.1 Conclusions
The present study was performed to study the effect of Doxycycline on glycan
shedding from the surface of the endothelium in post-capillary venules. We observed that
Doxycycline and EDTA inhibit the shedding of BS-1 FLMs in response to fMLP.
However, low concentrations of EDTA (3mM) that inhibit shedding of BS-1 FLMs in
response to f MLP do not inhibit WBC-EC adhesion as does 0.5 µM Doxycycline. EDTA
alone in the 1-3 mM range has little effect on WBC adhesion yet causes a significant
increased in FLM adhesion, presumably due to disruption of the microvessel-tissue
permeability barrier. A concomitant increase in the VRBC due to vasodilation is
accompanied by a decrease in WBC rolling flux.
These observations are consistent with the hypothesis that the composition of the
glycocalyx reflects a balance of continued biosynthesis of glycans and MMP medicated
enzymatic shedding of constituents. Inhibition of glycan shedding may cause a decrease
in venular VRBC as the lumen of the proximal capillaries becomes narrowed. Reductions
in VRBC in venules may also increase WBC rolling flux as hydrodynamic factors (e.g. red
blood cell aggregation) enhance red cell migration.
Thus, the inhibition of microspheres shedding and WBC adhesion in response to
fMLP by Doxycycline appears to be caused by the inhibition of MMPs in contrast to
calcium chelation. From the present studies, we concluded that the shedding of glycans
from the surface of the endothelial cells is regulated by MMPs.
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5.2 Suggested Future Studies
The present study investigated the effects of Doxycycline and EDTA on the
mesentery tissue to support the hypothesis that the shedding of glycans from the
endothelial cell surface is regulated by MMPs.
In future studies, it would be interesting to examine the effects of a low flow state
on glycan production and shedding. We performed a few low flow experiments by
withdrawing blood from the animal which resulted in a reduction of red cell velocity to
50% of its initial value. These preliminary studies showed that the BS1-FLMs increased
significantly (p<0.05) and steadily with time in the low flow. Similarly, the WBCs also
increased significantly.
Thus, many questions remained to be addressed in order to understand the effect
of shear stress on the glycan production and WBC adhesion. Such studies may be
performed by local perturbations of venular flow, for example, by micropipette
experiments to occlude and reduce flow in micro-vessels to determine if the FLM number
after re-establishment of flow is affected. These and similar studies may clarify the
relative roles of shear stress and glycan composition in affecting recovery from a low
flow state.
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Appendix A
Experimental Procotols
A.1 Washing Protocol
When the Master Protocol refers to “washing microspheres in solution A” follow this
subroutine.
(1) Setup hollow fiber microdialysis tubing as shown in Figure A1.
(2) Fill buffer syringes with desired solution A.
(3) Put microsphere solution in 3ml syringe and attach to setup.
(4) Push the microsphere solution once through the tubing at a speed of about 1ml/min.
(5) Pour off most of solution A from buffer syringes and replace with fresh solution A.
(6) Push the microsphere solution twice through the tubing at a speed of about 1ml/min.
(7) Pour off most of solution A from buffer syringes and replace with fresh solution A.
(8) Push the microsphere solution once through the tubing at a speed of about 1ml/min.
(9) Once the microsphere solution has been pushed through the filter system a total of
four times, fill the empty sample syringe with solution A and push some solution A
through the filter setup to clear any remaining microspheres and bring the total volume of
the microsphere solution up to desired volume. This is done because the microsphere
solution typically loses volume during the washing process and because there are usually
some microspheres within the tubing system that need to be cleared. Once the
microsphere solution is removed it is good practice to completely clear the tubing of
microspheres using a PBS buffer solution.
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