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ABSTRACT

EFFECT OF HYALURONIDASE TREATMENT ON THE STRUCTURAL INTEGRITY
OF THE ENDOTHELIAL GLYCOCALYX LAYER

By Kristin LeAnne Simmons

A thesis submitted in partial fulfilment of the requirements for the degree of Master of
Science at Virginia Commonwealth University

Virginia Commonwealth University, 2010

Advisor: Roland N. Pittman, Ph.D.
Department of Physiology and Biophysics

The endothelial glycocalyx plays an important role as part of the permeability
barrier between the blood and the interstitium. In this study, we used different sized
fluorescently labeled dextran molecules to determine the size of the macromolecular
exclusion zone in capillaries. The width of the exclusion zone was calculated as one
half the difference between the anatomic luminal diameter, as determined by
transillumination, and the width of a fluorescent dextran column. During the first hour
after systemic injection of labeled dextrans, neither 70 kDa dextran (Dextran 70) nor
500 kDa dextran (Dextran 500) labeled with the anionic fluorescein isothiocyanate
(FITC) penetrated the endothelial glycocalyx to the endothelial cell surface. However,
the 40 kDa dextran (Dextran 40) labeled with the neutral fluorophore Texas Red was
able to penetrate to the endothelial cell surface. Under these control conditions, the
width of the exclusion zone for Dextran 500 was 0.55 + 0.02 um (n=46); for Dextran 70
it was 0.50 £ 0.01 um (n=111); and for Dextran 40 it was 0.08 £ 0.01 um (n=53). One
hour after systemically injecting the enzyme hyaluronidase, measurements of the

exclusion zone were made using Dextrans 40, 70 and 500. After the enzyme treatment,
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Dextran 70 appeared to penetrate the glycocalyx layer, whereas Dextran 500 did not.
Following hyaluronidase treatment, the width of the exclusion zone for Dextran 500 was
0.56 + 0.02 um (n=71); for Dextran 70 it was 0.05 + 0.01 um (n=103); and for Dextran
40 it was 0.03 £ 0.01 um (n=33). These results indicate that the enzyme hyaluronidase
was able to degrade the structural integrity of the glycocalyx, since after enzymatic
treatment Dextran 70 was able to permeate the glycocalyx layer, while it was unable to
prior to this treatment. However, the glycocalyx barrier was not completely
compromised following hyaluronidase treatment since Dextran 500 still was not able to
permeate the exclusion zone. In conclusion, macromolecules with 5.3 nm or larger radii
will more than likely not be able to permeate an intact glycocalyx; in addition,
degradation of hyaluronan will increase the permeability of the glycocalyx so that

macromolecules with 5.3 nm radii will permeate.



INTRODUCTION

Microcirculation

Microcirculation is described as the smallest blood vessels and neighboring
lymphatic vessels (Costanzo 2006). The lymphatic system consists of lymph vessels,
nodes, and lymphatic tissues, which are used to transport fluids and proteins to the
veins for recirculation in the blood (Berne and Levy 1998). The blood vessels that form
the microcirculation system range in size from less than 5 um to 100 um. These blood
vessels are the arterioles, venules, and capillaries. Arterioles (5-100 um) give rise to
capillaries. The blood flow through the capillaries is regulated by constriction and
dilation of arterioles (Berne, Levy et al. 1998). The capillaries merge with the venules,
which then transport blood to the veins for recirculation throughout the body (Constanzo

2006).

Capillaries

Capillaries are composed of a single layer of endothelial cells surrounded by a
basal lamina (Constanzo 2006; Berne, Levy et al. 1998). Endothelial cells provide a
structural barrier between the circulation and interstitium. In addition, the endothelium
contributes to many physiological functions, such as vasoregulation, coagulation, and

leukocyte adhesion (Cines et al. 1998). Endothelial cells are heterogeneous in
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capillaries throughout the body. A continuous endothelium is present in the brain and
retina; a discontinuous endothelium is seen in the liver, spleen and bone marrow
sinusoids; a fenestrated endothelium is observed in intestinal villi, endocrine glands,
and kidneys (Cines et al. 1998). The type of endothelium present correlates to the
function of the endothelium.

Blood transferred to and from capillaries is critical for survival because capillaries
are the major site for the exchange of nutrients and waste products in the tissues and
fluid exchange between vascular and interstitial sections (Costanzo 2006). The
properties of the substance determine how it will be exchanged across the capillary
wall. For instance, lipid soluble gases like O, and CO; can easily diffuse across the
capillary wall membrane via simple diffusion. However, water-soluble substances such
as water, ions, glucose, and amino acids cannot diffuse through the cell membrane, but
have to diffuse across aqueous clefts between the endothelial cells (Constanzo 2006;
Berne, Levy et al. 1998). Proteins and substances that are similar in size are not able to
diffuse through the aqueous cleft. As a result, these substances are retained in the
vascular compartment, unless the capillary is fenestrated with a discontinuous
endothelium, which allows a limited amount of proteins to pass. In other cases, proteins
may pass by pinocytotic vesicles (Constanzo 2006; Berne, Levy et al. 1998). Fluid
direction into or out of the capillary depends upon the pressure acting on the fluid.
Filtration occurs when the net movement of fluid flows out of the capillary into the
interstitium, while absorption is when the net movement of fluid moves into the capillary

(Constanzo 2006).
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Depending on the metabolic activity in the tissue, capillaries can be denser in
some areas of the body than others. For example, capillaries located in the cardiac and
skeletal muscles have a higher density than in cartilage and subcutaneous tissues.
Blood flow in capillaries is not uniform due to its dependence on the contractile state of
the arterioles. As a result, all capillaries are not continuously perfused (Constanzo 2006;

Berne, Levy et al. 1998).

Glycocalyx

Description

Located on the luminal surface of endothelial cells, the glycocalyx is a meshwork
of membrane-bound macromolecules composed of sulfated proteoglycans, hyaluronan,
glycoproteins, and plasma proteins (Weinbaum et al. 2007; Reitsman et al. 2007;
Nieuwdorp et al. 2007). In vivo, the glycocalyx thickness is 0.4- 0.5 um (Henry and
Duling 1999; Weinbaum et al. 2007; Reitsman et al. 2007; Mulivor and Lipowsky 2003).
In vitro, the thickness is 0.02 -0.12 um (Vink and Duling 1996).

It is thought that all endothelial cells have a glycocalyx layer; however, the
majority of research is done in capillaries. Since capillaries are comprised of one
endothelial cell, the space between the endothelial cell surface and blood flow is easier
to measure than in larger vessels (van Haaren et al. 2003). Since a majority of the total
endothelial cell surface area is found in capillaries, the bulk of the glycocalyx volume is

concentrated in the capillaries (vanTeeffelen et al. 2007).
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The glycocalyx acts as the barrier between endothelial cells and the flowing
blood. As a result, the main roles of the glycocalyx are to control the permeability in the
transcapillary exchange of water, to provide mechanotransducation of fluid shear stress
to the endothelial cytoskeleton, and to regulate red and white blood cell interactions with

the endothelium (Weinbaum et al. 2007; Weinbaum et al. 2003; Aird 2007).

Structure and Components

The glycocalyx is a rich carbohydrate layer lining the vascular endothelium
attached via proteoglycans and glycoproteins. This dynamically changing meshwork is
composed of soluble molecules from the plasma and endothelium. As a result of
continuously maintaining equilibrium between plasma and endothelium soluble
molecules, the composition and thickness of the glycocalyx changes (Reitsma et al.
2007).

Typically, proteoglycans function as the backbone of the glycocalyx. The
proteoglycans consist of a core protein that will link to one or more different
glycosaminoglycan chains. The endothelial glycocalyx layer is composed of five
different glycosaminoglycan (GAG) chains: heparan sulfate, chondroitin sulfate,
dermatan sulfate, keratan sulfate, and hyaluronan. Out of all of the proteoglycans,
heparan sulfate comprises (40-90%) of the glycocalyx. Chrondroitin sulfate/ dermatan

sulfate are the second most common (Reitsma et al. 2007).
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Role in Permeability

According to van der Berg et al. (2006), the glycocalyx acts as a filter between
the plasma and tissue. The glycocalyx regulates the movement of large, charged
molecules, while allowing the exchange of water, ions, and small hydrophilic molecules
in between the plasma and endothelium (van der Berg et al. 2006). In studies where the
glycocalyx is partially degraded, there is a significant loss in maintaining certain
molecules from permeating the glycocalyx matrix (Reitsma 2007).

In some past studies, the glycocalyx role in determining permeability had not
been considered. According to Weinbaum et al. (2007), the classic Starling equation
only accounts for four forces: the hydrostatic pressure in the capillary lumen and tissues
and the oncontic pressures in the corresponding lumen and tissue. Although this
equation has been tested numerous times, the studies protein concentrations were less
than normal physiological levels. This is a result of wash-down after rapid filtration and
washout in exposed hyper-perfused tissue. In order to correct for this omission,
Weinbaum et al. (2007) suggested that the effective osmotic barrier is not the whole
capillary wall- instead it is the endothelial glycocalyx layer.

Weinbaum at al. (2007) describes the glycocalyx as a molecular sieve for plasma
proteins. Thus, the hydrostatic and oncotic pressures due to the glycocalyx need to be
included. In experiments when hydrostatic pressure behind the endothelial glycocalyx
layer and oncotic pressures in the protected region between the luminal side of the tight

junction and the back side of the glycocalyx layer are accounted for, the experimental
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results and the three-dimensional theoretical results were in agreement (Weinbaum et

al. 2007).

Role in Mechanotransduction

The glycocalyx is continuously exposed to blood flow (Reitsma et al. 2007). As a
result, the glycocalyx contributes to the transmission of fluid shear stress. In response
to shear stress, nitric oxide is released in order to regulate vascular tone (Reitsma et al.
2007; Florian, Kosky et al. 2003; Mochizuki, Vink et al. 2003; Thi, Tarbell et al. 2004). It
is assumed that the tips of the core proteins located at the edge of the glycocalyx will
respond to the hydrodynamic drag. In response to the fluid drag force, a mechanical
stress is sensed in the core proteins and cytoskeleton of the endothelial cells. It is
thought that the tips of the proteins will bend towards or away from the actin cortical
cytoskeleton, which is located beneath the apical membrane of the endothelial cell
(Weinbaum et al. 2007).

Studies have shown that when the glycocalyx is damaged, fluid shear stress
response is degraded or even abolished (Weinbaum et al. 2007). Glycosaminoglycan-
degrading enzymes affect the glycocalyx by inhibiting the glycocalyx’s ability to act as a
barrier and to sense mechanotransduction of shear forces. In addition, the nitric oxide
response to shear stress was impaired (vanTeeffelen 2007).

As a compensating mechanism, cultured endothelial cells that were exposed to
shear stress for 24 hours had an increase in the number of glucosamine-containing

GAGs being incorporated into the glycocalyx (Gouverneur et al. 2006). In addition, a
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three-fold increase in hyaluronan was observed in the glycocalyx matrix (Goueverneur

et al. 2006).

Role in Cell-Vessel Interaction

The glycocalyx regulates the interaction between blood cells and the vessel walls
(Weinbaum et al. 2007; Reitsma et al. 2007). Since the glycocalyx is largely composed
of sulfated glycoasaminoglycan chains, the glycocalyx has a negative charge. Red
blood cells are very flexible cells that are not strong enough to bend the glycocalyx;
therefore, the glycocalyx prevents the red blood cells from contacting the endothelium.
When the glycocalyx is damaged, the interaction between platelets and vessel walls is
increased (Reitsma et al. 2007). An increased accumulation of plasma
macromolecules was present in the vascular wall, yielding endothelial impairment when
the glycocalyx is degraded (Constantinescu et al. 2000).

The glycocalyx regulates leukocyte and vessel interaction by two mechanisms.
Due to the negative charge of the glycocalyx, the endothelial surface maintains anti-
adhesive properties, which prevents leukocyte adhesion (Constantinescu et al. 2003;
Reitsma et al. 2007). However, within the glycocalyx, endothelial cell adhesion
molecules, such as P-Selection, ICAM-1, and VCAM-1, are present (Reitsma et al.
2007). During inflammation, the adhesive molecules that are located within the
glycocalyx mesh become activated (Constantinescu et al. 2003).

In response to inflammation, the glycocalyx changes it properties in order to

compensate for the stress (Weinbaum et al. 2007). In recent studies, oxidative stress
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and oxidized LDL interfere with the integrity of the glycocalyx. As a result, the glycocalyx
permeability and the adhesion of platelets and leukocytes to the endothelial membrane
are elevated (Gouverneur et al. 2006). In order for leukocytes to adhere to endothelial
cells, several processes must occur. The flowing leukocyte must be pulled from the
blood flow, and rolled along the endothelial surface until the leukocyte is firmly attached

to the surface (Constantinescu et al. 2003).

Diseases

The endothelial glycocalyx has been linked to several pathophysiological
situations, such as diabetes, ischemia/reperfusion, and (Reitsma et al. 2007). Diabetes
is associated with the absence of or resistance to insulin, yielding hyperglycemia. This
impairs the protective properties of the vessel walls resulting in increased permeability
and decreased nitric oxide synthase function (Reitsma et al. 2007). Studies have
shown an increase in hyaluronan and hyaluronidase in humans with type1 diabetes.
This evidence points towards increased shedding of hyaluronan in response to
hyperglycemia. In addition, the glycocalyx thickness is drastically reduced in diabetic
patients (Reitsma et al. 2007).

In cases where ischemia/reperfusion has been examined, the glycocalyx is
damaged and the thickness is decreased (Rubio-Gayosso et al. 2006; Reitsma et al.
2007). After ischemia/reperfusion, the endothelial cell swells and detaches from the
basement membrane (Reitsma et al. 2007). Due to the increased oxidative stress, the

leukocytes adhere to the endothelial cell (Reitsma et al. 2007). Within the glycocalyx
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network, the heparin-binding domain can bind xanthine oxioreductase, superoxide
dismutase, antithrombin Ill, apolipoproteins, selectins, and chemokines (Rubio-Gayosso
et al. 2006). The barrier properties of the glycocalyx can be retained after
ischemia/reperfusion injury if there is pharmacological inhibition of xanthine
oxioreductase (van den Berg 2006).

Atherosclerosis is a disease found in arteries. Its high plasma levels of LDL,
retention of atherogenic lipoproteins and an inflammation response that forms plaques
within the arteries are observed in atherosclerosis (Reitsma et al. 2007). These lesions
cause instable blood flow. The role that the glycocalyx plays in atherosclerosis is not
clear at this time, though reduced glycocalyx thickness is noted (van der Berg et al.

2006)

Hyaluronan and Hyaluronidase

Hyaluronan is a long polymeric molecule whose molecular weight can be up to
10* kDa; however, it differs from other glycosaminoglycans because it does not link to a
core protein on a proteoglycan. The exact mechanism by which hyaluronan links to the
cell membrane is unknown. Hyaluronan may be bound to a receptor, may attach to
hyaluronan synthases that are located at the cytosolic side of the cell membrane, or
may not directly bind to the membrane (Reitsma et al. 2007). Unlike other
proteoglycans, hyaluronan is synthesized in the plasma membrane instead of the Golgi

apparatus (Henry and Duling 1999).
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In cultured cell studies, it has been shown that hyaluronan creates a highly
hydrated matrix. This matrix will exclude fixed red blood cells from interacting with the
chondrocyte plasma membrane (Henry and Duling 1999). Hyaluronan is a highly coiled
structure; however, in the presence of proteoglycans, it will extend to form brush-like
structures (Henry and Duling 1999).

Hyaluronidase is an enzyme that degrades hyaluronan. In the presence of
hyaluronidase, the permeability of the glycocalyx increases for small molecules (Henry
and Duling 1999). In addition, an increase in hydraulic conductivity, in protein
permeability, and glomerular clearance of albumin has been observed (vanTeeffelen et
al. 2007).

After treatment with hyaluronidase, the matrix integrity could not be restored with
additional hyaluronan. Exogenous hyaluronan alone is not able to incorporate into the
glycocalyx because of its shape. Hyaluronan changes from a coiled to extended brush-
like shape in the presence of other glycosaminoglycans. However, in the presence of
chondroitin sulfate, hyaluronan aggregates and is incorporated into the glycocalyx

matrix more readily than hyaluronan coiled structures (Henry and Duling 1999).

Imaging Techniques

The glycocalyx has been studied since 1966. The first approach in vitro was
transmission electron microscopy with ruthenium red as a probe (Reitsma et al. 2007).
However, this technique showed that the glycocalyx thickness was 20 nm, which is

significantly smaller than the theoretical estimates of up to 1 um thick. In recent studies,
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transmission electron microscopy with Alcian blue 8GX has revealed that the
endothelial glycocalyx thickness is between 200-500 nm. Due to the fact that staining
treatment for transmission electron microscopy dehydrates the sample, these
measurements of the glycocalyx are smaller than the expected values (Reitmsa et al.
2007).

In order to measure the thickness of the glycocalyx in vivo, intravital microscopy
is used. Since the glycocalyx occupies part of the space between red blood cells and
the endothelial wall, the glycocalyx has been represented as the exclusion zone in
intravital microscopy (Reitsma et al. 2007). In order to measure the exclusion zone,
different size dextran molecules with fluorescent tags labeled the plasma. The
fluorescent column width was measured, and then compared to the transillumination
image of the anatomical internal diameter of the blood vessel. The difference between
the internal diameter and fluorescence column width represented the exclusion zone.
This technique suggests the thickness of the glycocalyx is 0.4-0.5 um (Reitsma et al.

2007).
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PURPOSE OF STUDY

The purpose of the present study is to determine whether the size and charge of
dextran molecules will affect the molecule’s ability to permeate the glycocalyx of
mesenteric capillaries in Sprague-Dawley rats. In addition, the effects of degradation of
the glycocalyx will be examined. It is hypothesized that after the glycocalyx is
degraded, molecules that could not permeate an intact glycocalyx will be able to
permeate the degraded glycocalyx.

Intravital microscopy analysis will be used to determine and compare the
distance of the region that different sized and charged dextran molecules are distributed
within the capillary. The difference between the internal diameter seen in
transillumination and the fluorescent column width in epi-illumination will determine if the
molecule permeated the glycocalyx. The same technique will be used to see the effects

of hyaluronidase on the glycocalyx permeability.
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MATERIALS AND METHODS

Surgery and Anesthesia

Animals

This study was approved by the Institutional Animal Care and Use Committee of
Virginia Commonwealth University. Male Sprague Dawley rats (n=10; 312+9 g body wt)
were weighed and assessed for health status. The animals were anesthetized with
intraperitoneal combination of ketamine and acepromazine (75mg/kg and 2.5 mg/kg,
respectively). The anesthetized animal was placed in a supine position directly on the
heating pad, in order to maintain body temperature at 37 °C. The animal’s body
temperature was maintained throughout the experiment. From this point on, toe
pinches at 15-minute intervals were administered to monitor the animal’s plane of

anesthesia.

Cannulations

For this experiment, both femoral veins and the trachea were cannaluated.
Tracheal intubation allowed for the maintenance of an open airway. It is an invasive
procedure that helps maintain normal blood gases and acid-base balance in an

anesthetized animal.
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With the animal placed ventral side up on the heating pad, an approximately 1
cm lateral cut of the skin perpendicular to the body axis was made. The incision was
about 1.5 cm below the mouth. The opening was extended until the skin was separated
from the underlying connective tissue and fat. The site was cleared until the
sternohyoid muscle was visible. Two forceps were used to divide the muscle down the
center to expose the trachea that lies underneath the sternohyoid muscle; the trachea
was then isolated for cannulation. Two curved forceps were used to clear away any
connective tissue surrounding the lateral and dorsal sides of the trachea. One of the
curved forceps was used to hook under and elevate the trachea, a surgical plate was
placed underneath the trachea, and the forceps were removed. With a pair of
microdissection scissors a 1/3 circumferential incision was made between two cartilage
bands of the trachea. The tracheal cannula (PE-250 tubing) was inserted into the
trachea. The tracheal tube length outside the animal’s body cavity was similar to the
length of the trachea that it was replacing in order to maintain the normal anatomical
dead space volume.

The femoral vein returns blood to the heart via the iliac vein and the
caudal/inferior vena cava. The femoral vein cannulations were used for fluid infusions.
In this experiment, one femoral vein was used for a continuous administration of
anesthesia, and the other femoral vein was used for administering the dextran solutions
and the enzyme hyaluronidase.

The left and right femoral veins were cannulated similarly. The animal was
placed in a supine position so that the head of the animal was either facing left or right

depending on which femoral vein was being cannulated. Tape was placed across the
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foot of the hind limbs to temporarily secure the legs to the bench top. The hind limbs
were extended from the abdomen, in order to make the dissection clear. An
approximately 1 cm incision in the integument with dissection scissors was made. The
opening was extended, and the skin was separated from the underlying superficial
fascia. Two curved forceps were used to clean the area that surrounds the femoral
vein, artery, and nerve. Using the forceps, the vein, artery, and nerve were separated.
One of the curved forceps was used to hook underneath and elevate the vein. Then
with the other curved forceps a 7 cm piece of suture (3-0, non-sterile, braided silk) was
retrieved. The thread was doubled over and threaded underneath the vessel. The
surgical plate was placed underneath the vessel and the forceps were removed. The
thread was cut in half, and, in a double knot fashion, one thread was tied distal to the
surgical plate. The knot was placed underneath the surgical plate to prevent blood flow.
The proximal thread was tied loosely, and the ends were placed on the animal’s body
cavity.

In order to make the incision, the vessel was moistened with phosphate buffered
saline (PBS). Looking through the dissecting scope at the vessel, the middle of the
vessel was located. Using the microdissecting scissors, an approximately one-fourth
circumferential incision was made in the femoral vein. With one hand, the curved
forceps held the tip of femoral vein cannula ( PE-50 tubing with a PE-10 attached
segment). With the other hand the tip of the micro-dissecting tweezers was placed
inside the vessel opening. The tip of the cannula was placed inside the vein and was
fed into the vessel until approximately 1.5 cm of the tube was inside the vessel. In a

double knot fashion, the proximal tie was made surrounding both the vessel and tube.
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The distal thread was tied around the cannula. The surgical plate was removed and

excess suture material was cut.

Anesthesia

After one femoral vein was cannulated, it was possible to start continuous
intravenous administration of anesthesia using the anesthesia pump. As long as the
animal had a negative toe pinch, continuous anesthesia was not started. An hour after
administering the intraperitioneal injection of ketamine and acepromazine, and if the
animal had a positive toe pinch, the continuous intravenous anesthesia pump with
Alfaxan® (alfaxalone (3-a-hydroxy-5-a-pregnane-11,20-dione)) (10 mg/ml) was started.
Alfaxan was given at a rate of 0.02 ml/kg/minute. The animal was monitored for signs

of anesthesia level.

Thermostatic Animal Platform

In this study, a thermostatic animal platform was designed and constructed by
Dr. Aleksander S. Golub (Golub and Pittman, 2003). The platform separately
maintained the animal’s core body temperature and mesentery temperature. The
platform had a Lexan base, a tissue pedestal with a glass window, and an aluminum
heating platform. The tissue pedestal and aluminum animal platform had independent

controls for heating. The aluminum heating platform was maintained at a constant
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temperature of 39°C and the tissue pedestal was maintained at a constant temperature

of 37°C.

The tissue pedestal was a transparent glass window that was elevated to the
height of the rat’'s abdomen. A neoprene ring was attached to the top of the pedestal,
which allowed support for the intestinal segment of the mesentery being used for the

study.

Mesentery Preparation

A 4 cm midline abdominal incision was made on the ventral side of the animal
using dissection scissors. The incision was proximal to the urethral opening and distal
to the diaphragm. The skin was separated from the abdominal wall muscles. A cautery
unit (Gemini Model RS-300, Roboz Surgical Instrument Co., Rockville, MD) was used
as needed to prevent bleeding. A 2 cm incision was made through the abdominal wall
following the line of the linea alba, using a straight dissection scissor. The entire
incision was cauterized to prevent blood from contaminating the preparation.

The animal was then transferred to the aluminum heating pad on the animal
platform, and placed on its right side. The incision was aligned with the glass window of
the tissue pedestal. Hemostatic clamps were used to pull the exterior skin tissue back,
in order to expose the incision. The glass window on top the tissue pedestal was
wetted with PBS. A small loop of the small intestine was pulled gently outside of the
body and onto the pedestal by stretching the mesentery over the pedestal, using two Q-

tips that had been dipped in PBS solution. Observation using a dissection microscope
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ensured that several radial vessels were clearly visible in the mesenteric window. The
mesentery was lubricated with PBS and a piece of Saran film was placed over the
mesentery. A Q-tip was used to remove any bubbles that were underneath the film.
The film was used to prevent the mesentery from drying out after being exteriorized
from the abdominal cavity.

The animal and the platform were transferred to an Axioplan 2 (Zeiss,
Thornwood, NY) imaging microscope. The animal platform was secured to the

microscope with two screws.

Non-invasive Monitoring of Heart Rate and Oxygen Saturation

In this experiment, heart rate and oxygen saturation were measured using a

digital pulse oximeter (Nonin Medical, Inc., Plymouth, MN) which was attached to the

animal’s tail. The information was used to monitor the overall condition of the animal.

Solutions

Phosphate-Buffered Saline Solution

Phosphate-Buffered Saline (PBS) was prepared by dissolving pre-mixed packets
(Sigma-Aldrich) in 1 L of distilled, deionized water. PBS was used to prepare the
dextran and hyaluronidase solutions, to keep vessels moist during cannulations and to

flush cannulas after administering dextran, hyaluronidase, and anesthesia.
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Dextran 40 Texas Red ®

Dextran 40 Texas Red® (Invitrogen Molecular Probes, Eugene, OR;
concentration 2 moles dye/ mole solution, MW=40,000 Da) was diluted to a trace
concentration (2.5 mg/ml/300 g animal). Twenty-five ug of dextran 40 was diluted, in
the dark, with 1ml PBS to obtain a concentration of 2.5 mg/ml. The diluted sample was

placed into a light protected bottle and stored at 4 °C for later use.

Dextran 70 Fluorescein Isothiocyanate (FITC)

Dextran 70 FITC (Sigma Chemical Co., St. Louis, MO; MW= 70,000 Da) was
diluted to trace concentrations (1.2 mg/mi/300 g animal). Twelve ug of dextran 70 was
diluted, in the dark, with 1ml PBS to obtain a concentration of 1.2 mg/ml. The diluted

sample was placed into a light protected bottle and stored at 4 °C for later use.

Dextran 500 Fluorescein Isothiocyanate(FITC)

Dextran 500 FITC (Sigma Chemical Co., St. Louis, MO; MW= 500,000 Da) was

diluted to trace concentrations (1.2 mg/ml/300 g animal). Twelve ug of dextran 500 was
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diluted, in the dark, with 1ml PBS to obtain a concentration of 1.2 mg/ml. The diluted

sample was placed into a light protected bottle and stored at 4 °C for later use.

Hyaluronidase, From Streptomyces Hyalurolyticus

Ten ug of hyaluronidase from Streptomyces Hyalurolyticus (Sigma Chemical Co.,
St. Louis, MO; pH optimum 5-6.0, MW=70,000 Da) was diluted with 1 ml PBS to obtain
a concentration of 1.0 mg/ml. Each 1 ml of prepared hyaluronidase had 1360 units of
hyaluronidase. The diluted sample was placed into a bottle and stored at 4 °C for later

use.

Fluorescence Microscope

An Axioplan 2 (Zeiss, Thornwood, NY) imaging microscope was used to image
the microcirculation. Acroplan 40x/0.25 and 100x/0.25 (Zeiss, Thornwood, NY) water
immersion objectives were used for transillumination and fluorescence measurements.
A digital camera (model CoolSnap cf, Roper Scientific, Tuscon, AZ) was connected to
the microscope. The automatic features of the microscope were controlled with a
computer (Dell Dimension 8250, Dell) and IP Lab software (version 3.6, Scanalytics,
VA). The width measurements were made directly from the captured images of the
microcirculation. A 100- watt halogen lamp was used to transilluminate the muscle

preparations. For fluorescence imaging, two fluorescence filter cubes were used. In
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order to capture images emitting a wavelength of 535 nm, a narrow- band FITC filter
cube was used (#31001;FITC/RSGZP/Fluo 3/DiO/Acradine Orange, Chroma
Technology Group, Brattleboro, VT). The peak excitation wavelength for this cube was
480 nm. The FITC filter cube was able to detect fluorescence emitted by dextran 70
FITC and dextran 500 FITC. For fluorescence images emitting a wavelength of 605 nm,
a TRITC filter cube was used (#31002; TRITC/Dil/Cy3, Chroma Technologies,
Brattleboro, VT). This peak excitation wavelength for this cube was 540 nm. The
TRITC filter cube was able to detect fluorescence emitted by the dextran 40 Texas

Red®.

Data Acquisition

Measurement of Vessel and Fluorescence Column Widths

Microvessels that satisfied selection criteria based on image clarity and internal
diameter (4 um - 9 um) were randomly chosen for study. The transillumination and epi-
illumination images were captured via the CCD camera and IP Lab software for image
acquisition and offline data analysis. Images obtained with transillumination were used
to measure inside vessel diameter, whereas images obtained with epi-illumination were

used to measure the width of the fluorescent column in the vessel lumen.

Protocol
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Control

After the animal and platform were securely attached to the microscope,
transillumination imaging was used to locate a region of the tissue with well perfused
vessels. For a 300 g animal, 1 ml of the dextran solution was injected in the darkened
room. Because of the different wavelengths of the fluorescence labels on dextran 40,
70 and 500, 1 ml of dextran 40 and 1 ml of either dextran 70 or dextran 500 were given
at the same time. The infusion cannula was flushed with PBS to ensure the animal
received the proper dose of the dextran solution.

A transillumination image of the microvessels was first taken using either a 40X
or 100X water immersion objective. In order to obtain accurate images of the
microvessels, it was important that the focus be precise, neither over-focused nor
under-focused. The vessel wall did not always appear to have distinct bright and dark
edges or boundaries. Next, an epi-illumination image at the same site with the
corresponding filter for the specific dye (a narrow-band FITC filter cube for dextran 70
and dextran 500; a TRITC filter cube for dextran 40) was obtained immediately after the
trans-illumination image. Each set of images (transillumination and epi-illumination)
was taken within a two-minute time window at approximately 10-minute intervals for 60
minutes. The time at which the image was captures was noted, so that a plot of the
time course of the size of the exclusion zone could be made.

After collecting images for 60 minutes, a 0.1 ml injection of Euthasol was given to

euthanize the animal.
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Treatment with Hyaluronidase

For the enzyme treatment protocol, 1 hour before images were taken, the animal
was given hyaluronidase (1.25 units/g) intravenously. Within that one-hour time frame,
the mesentery preparation was completed and the animal and platform were securely
attached to the microscope. All procedures in regard to capturing images were done in

the same manner as in the control protocol.

Calculations and Data Analysis

The width of the fluorescent column provided information on how well the specific
dextran was able to penetrate into the endothelial glycocalyx layer, which was
represented as the exclusion zone. We expected that the permeability properties of the
glycocalyx structure would restrict certain dextrans based upon size from gaining
access to the endothelial surface.

Both sides of the vessel were captured in the images. Therefore, when
measuring the width of the bright-field vessel and the fluorescent column, both sides of
the vessel were measured. The glycocalyx surrounded the entire endothelial surface.
Since the vessel is similar to a cylinder, the endothelial glycocalyx layer was present on
each side of the vessel. Therefore, the apparent endothelial exclusion zone was
determined as one half the difference between transillumination width and fluorescent

column width.
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Statistics

Experimental values were expressed as Mean + SE(N), where SE is the
standard error of the mean and N is the number of observations. Significance between
the control group and treated group was determined using Student'’s t-test with a critical
P value of 0.05. Significance among the different dextran groups was determined using
a single factor analysis of variance. Linear regressions were performed on the apparent
exclusion zone versus time graphs. A student T test was performed on the slope in

comparison to zero.
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RESULTS

Control

Dextran 40

Dextran 40 Texas Red® is a neutral fluorescent molecule that showed a
negligible difference between the transillumination luminal vessel width and the
fluorescent column width under control conditions (Figure 1). The apparent endothelial
exclusion zone width for Dextran 40 was 0.08+0.01(n=53) um (Figure 4). The apparent
endothelial exclusion zone was determined as one half the difference between
transillumination width and fluorescent width. Fluorescent regions were observed in the

interstitium.

Dextran 70 and Dextran 500

Dextran 70 and Dextran 500 were labeled with the anionic fluorescent tag FITC.
In Figure 1, it showed under control conditions there was a significant difference
between the width of the vessel and the fluorescent column. The fluorescent column
widths for Dextran 70 and Dextran 500 were smaller than the vessel width.

In Figure 4, it showed that Dextran 70 apparent exclusion zone was 0.50+0.01

(n=111) um. Over the 60-minute time course, there were fluctuations, but a consistent
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trend showed that Dextran 70 had a clear exclusion zone. Similar to Dextran 70 results,

the apparent exclusion zone for Dextran 500 was 0.55+0.02 (n=46) um.

Treated With Hyaluronidase

Dextran 40

The results for Dextran 40 after treatment with hyaluronidase were similar to the
control results. This is the difference between the transillumination vessel width and the
fluorescent column width (Figure 2). The apparent exclusion zone was 0.03+0.01(n=33)
um (Figure 5). These results suggest that Dextran 40 was able to permeate the
endothelial glycocalyx layer under both control and treated conditions. In addition,
fluorescent spots in the interstitium were observed indicating extravasation of Dextran

40.

Dextran 70

When hyaluronidase was used, Dextran 70 was able to permeate the exclusion
zone that it had not been able to permeate under control conditions. In Figure 2, there is
no significant difference in the transillumination width and the fluorescent column.
Figure 5 showed that the apparent exclusion zone was 0.05+0.01 (n=103) um. Figure 6
shows the comparison between the apparent exclusion zone under control conditions

versus treated conditions for Dextran 70. In Figure 3 the apparent exclusion zones in
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the control versus the treated conditions are illustrated. A significant decrease in the
exclusion zone occurred in the treated condition for Dextran 70 (P < 0.001). When
treated with hyaluronidase, fluorescent spots in the interstitium were observed indicating

extravasation of Dextran 70.

Dextran 500

Dextran 500 appeared to have similar results in the treated state as in the
controlled state. In Figure 2 Dextran 500 has a significant difference from
transillumination width to fluorescent column width. Figure 5 showed that the apparent
exclusion zone for Dextran 500 in the treated condition was 0.56+0.02 (n=70) um. In
control and treated conditions Dextran 500 maintained an exclusion zone of 0.55 um.
Fluorescent molecules in the interstitium were not observed in either control or treated

conditions.
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Figure 1: Vessel Width vs Fluorescent Column Width in Control Animals. The graph
represents the average vessel width and average fluorescence column width based on
the size of Dextran molecule used under control conditions. Error bars are SE and
number of observations (n) is given above each bar. * denotes significance (P < 0.05)
between transillumination values and fluorescent values for each dextran. 1 denotes
significance (P < 0.05) between Dextran 40 and Dextran 70 and between Dextran 40

and Dextran 500 fluorescent values.
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Figure 2: Vessel Width vs Fluorescence Column Width in Treated Animals. This graph represents the
average vessel width and fluorescence column width based on Dextran size when treated with
Hyaluronidase. Error bars are SE and numbers of observations (n) is given above each bar. *
denotes significance (P < 0.05) between transillumination values and fluorescent values for each
dextran. 1 denotes significance (P < 0.05) between Dextran 40 and Dextran 500 and Dextran 70 and

Dextran 500 fluorescent values.
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Figure 9: Dextran 40 and Dextran 500 in Treated Animal. A) This image is of Dextran 40 in treated
conditions. It shows extravasation of Dextran 40 molecules into the intersitium. B) Dextran 500

treated with Hyaluronidase appears to show no extravasation.
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Table 1: Comparison between Control and Treated Transillumination Vessel Width and
Fluorescent Column Width. This table shows the average values for vessel width and

fluorescent column width under control and treated conditions.
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Control

Treated

Dextran
Size

Transillumination
Width

Fluorescent Column
Width

Transillumination
Width

Fluorescent Column
Width

Dx 40

6.73-0.2 (n=53) pm

6.56-0.2 (n=53) um

6.91-0.25 (n=33) um

6.84-0.25 (n=33) um

Dx 70

6.5-0.16 (n=11) um

5.7-0.17 (n=111) ym

6.81-0.15 (n=103) pm

6.74 -0.16 (n=103) pm

Dx 500

6.85-0.22 (n=46) um

5.89-0.24 (n=46) um

7.03-0.14 (n=70) ym

6.27-0.20 (n=70) um




Table 2: Comparison between Control and Treated Apparent Endothelial Exclusion
Zone. The average endothelial exclusion zone for each Dextran size in controlled and

treated conditions are shown.

56
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Dextran Size

Apparent Exclusion
Zone in Control

Apparent Exclusion Zone in
Treated

Dx 40 0.08-0.01 (n=53) pm 0.03-0.01 (n=33) pm
Dx 70 0.50-0.01 (n=111) pm 0.05-0.01 (n=103) pm
Dx 500 0.55-0.02 (n=46) um

0.56-0.02 (n=70) pm
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DISCUSSION

Major Findings

In this study, under control conditions dextran molecules larger than 70 kDa
could not permeate the endothelial exclusion zone in capillaries of rat mesentery, which
represents the space occupied by the glycocalyx (Figure 3). The glycocalyx is estimated
to be between 0.5-0.55um. Under both control and treated conditions, dextran 40
permeates the exclusion zone; thus, the glycocalyx barrier was not selective against
neutral dextran molecules that are smaller than 40 kDa (Figure 3). Within an hour, the
enzyme hyaluronidase was capable of degrading hyaluron, an glycosaminoglycan,
which is an important component of the glycocalyx. The degradation of the glycocalyx
barrier resulted in dextran 70’s ability to permeate the exclusion zone, whereas dextran

500 was still too large to penetrate (Figure 5).

Control Conditions

Fluorescent Dye Characteristics

Fluorescein isothiocyanate (FITC) is an anionic fluorescent dye. According to
Vink and Duling (2000), the dextran charge and molecular weight are not proportional to

each other. For a dextran molecule, approximately 0.6 fluorescein molecules per sugar
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molecule were attached. Due to the variation in the charge and molecular weight, Vink
and Duling (2000) were not able to systemically and independently state the effects of
charge and size on the ability of the dextrans to permeate the glycocalyx. Nonetheless,
in this study it was found that Dextran 40 labeled with FITC took a significantly longer
time (half-time 60 minutes) to permeate the glycocalyx, whereas Dextran 40 with the
neutral label Texas Red® was able to permeate in less than one minute (Vink and
Duling 2000). Neutral and anionic Dextran 70 were not able to permeate the exclusion
zone (Vink and Duling 2000; Cabrales et al. 2007). In this experiment, Texas Red® is a

neutral fluorescence tag. It was tagged to Dextran 40.

Results

Under control conditions, it was discovered that anionic dextrans larger than 70
kDa were not able to permeate the glycocalyx. These results can be applied to
physiological molecules with similar structure, size, and charge. According to Vink
(2000), Dextran 70 has radii of approximately 5.7 nm. This helps characterize the
selective barrier of the glycocalyx. In addition, molecules that are 40 kDa or smaller are
capable of permeating the glycocalyx. The radius of Dextran 40 is 4.7nm (Vink 2000).

In agreement with Vinks (2000), | found similar results as reported. In Vink’s
study, he found that neutral Dextran 40 was able to permeate the exclusion zone in less
than 1 minute. The study also showed that neutral and anionic dextrans that are 70 kDa
and larger maintained an exclusion zone between 0.4- 0.5 um in Syrian golden

hamsters (Vink 2000, Vink and Duling 1996). In this study, the exclusion zone is
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reported to be between 0.5-0.55 um in Sprague Dawley rats, the upper size in the
glycocalyx could be based on the fact that the rats that were used were approximately

three times larger than the hamsters in Vink’s study (2000).

Treated Conditions

Enzyme

The glycocalyx is characterized as a network of polysaccharides and membrane-
bound proteoglycans and glycoproteins (vanTeeffelen 2007; Reitsma 2007). The
glycocalyx covers the luminal surface of the endothelium, and both endothelium and
plasma soluble molecules are able to integrate into this meshwork (Reitsma 2007). The
five types of glycosaminoglycan chains that compose the glycocalyx layer are heparan
sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate, and hyaluronan (Reitsma
2007). An enzyme that degrades any of the five types of glycosaminoglycans could be
used to observe the particular effect that degradation of a specific glycosaminoglycan
had on the function of the glycocalyx. The primary glycocalyx proteoglycan is heparan
sulfate, which accounts for 50-90% of the proteoglycans. Although heparan sulfate
contributes significantly to the structure and function of the glycocalyx, hyaluronan is the
only proteoglycan that is not linked to a core protein (Reitsma 2007). Thus, in this
experiment, it was interesting to see how the degradation of hyaluronan would affect the

barrier properties of the glycocalyx.
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Results

According to Henry and Duling (1999), hyaluronidase affects the permeability
properties of the glycocalyx. Hyaluronidase degrades the proteoglycan hyaluronan,
which is a long polymeric molecule whose molecular weight can be up to 10* kDa
(Reitsma 2007). Cabrales et al. (2007) and Henry and Duling (1999) both found that,
after treating with Hyaluronidase for an hour, smaller dextran molecules (70 kDa) were
able to penetrate the glycocalyx. Henry and Duling (1999) noted that dextran 145 was
able to permeate the glycocalyx. In agreement with these studies, in this experiment
dextran 70 permeated the glycocalyx after treatment with hyaluronidase. Henry and
Duling (1999) suggested that hyaluronidase is able to enter the glycocalyx network and
create a more open meshwork. This suggestion is based upon the fact that
hyaluronidase is similar in size to albumin. Vink and Duling (2000) showed that
albumin was able to permeate the glycocalyx. With this further support, it can be
concluded that an hour after administering hyaluronidase, it is able to penetrate the
glycocalyx meshwork and degrade hyaluronan, creating an open space within the
meshwork that allows smaller dextrans to diffuse through the network.

After treatment with hyaluronidase, the permeatability of the glycocalyx
increased; however, other components of the glycocalyx still prevented large dextrans
from permeating the layer. Under hyaluronidase treated conditions dextran 500
maintained the same exclusion zone (0.55 um) as under control conditions. Since the

glycocalyx is comprised of various membrane-bound proteoglycans and glycoproteins, it
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can be assumed that these molecules play a role in the size selectivity of the glycocalyx
barrier. Henry and Duling (1999) found that there was no change in the permeation of

FITC-Dextran 580 and 2000.

Measurement Technique

Microscopy Measurement Issues

The accuracy and precision of the diameter measurements when using intravital
microscopy for bright field and fluorescence illumination can be difficult to achieve if
certain technical issues are not addressed. According to Gretz and Duling (1995), the
focus and refractive index are important aspects to consider when achieving precise
and accurate images for measurement. The results of Gretz and Duling (1995) indicated
a 0.2 um standard deviation in their measurements between bright field images and
fluorescence images. For instance, the discrepancy between bright field and
fluorescence images were observed in capillaries of the cremaster muscle and cheek
pouch of hamsters. The values of diameter capillary from fluorescence images
appeared to be larger than from the bright field images diameters (0.7 um larger in the
cheekpouch and 0.4 um larger in the cremaster muscle (Gretz and Duling 1995).

When using the fluorescent beads immersed in saline, the discrepancy between
the bright field and fluorescence images were significant (Gretz and Duling 1995).
However, when the beads were immersed in a medium with a refractive index (Np)

closer to that of the beads, no significant discrepancy was observed (Gretz and Duling
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1997). Thus, they concluded that it is important to account for any refractive index
mismatch in order to obtain accurate measurements.

In addition, focus and edge selection are important factors to consider. Typically,
defocusing in order to obtain a stronger contrast in images is done and preferred when
there is an absence of pigment (Gretz and Duling 1995). As a result, most observers will
consistently either under- or over-focus and this practice is typically overlooked (Gretz
and Duling 1995). Focusing above or under the equatorial plane will change the
contrast of the image due to the geometrical shape of the microsphere and the
difference in refractive index between the microsphere and the medium (Gretz and
Duling 1995). Gretz and Duling (1995) showed that a discrepancy of as much as 0.6 um
was observed when the images were either over-focused or under-focused. In order for
an image to be focused, the bright field image will not have a sharp edge; thus, the
prominent black and white edhes often associated with the vessel wall will not appear
when the image is properly focused (Gretz and Duling 1995).

In order to compensate for the potential discrepancies in the images taken,
images were focused in the same manner that Gretz and Duling (1995) recommended.
In addition, Gretz and Duling (1995) and Gahm and Witte (1986) stated that the Np of
the rat mesentery ranges from 1.38 to 1.49, while the plasma Np is 1.34 (Gretz and
Duling 1995; Bayliss 1965). Gretz and Duling (1995) assumed that Np for rat mesentery
was the same as for the hamster cremaster muscle and cheek pouch. They concluded
that the ratio of plasma to tissue would range from 0.97 to 0.90. Furthermore they
anticipated finding no discrepancy in the diameter results for bright field and

fluorescence images or, if there was a discrepancy, the fluorescence diameter would be
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less than the bright field diameter. Based on this information and the results that were
found in this study, it was concluded that refractive index was matched without any
further manipulation of the medium.

Additionally, the endothelial exclusion zone was calculated in only capillaries.
This allowed the observer to see the whole image of the fluorescent column; thus
permitting the use of both sides of the column in determining the size of the exclusion
zone. Since Gretz and Duling (1995) had a 0.2 um standard deviation in measurements
of fluorescent column width, it might seem as though the standard deviation is
approximately 40 % the reported size of the glycocalyx, which would lead to concerns
regarding the validity of the reported size. However, results in the present study can be
considered valid because the refractive index was accounted for, the proper focusing

procedure was used, and measurements were made including two exclusion zones.

Observation

When analyzing data from this study, it was observed that fluorescence was
present outside the capillary lumen (in the interstitium) for dextran 40 treated with
hyaluronidase. However, in the same vessel, fluorescence was not observed outside
the lumen for FITC dextran 500. This observation was made in vessels larger than 20
um. Quantification of this observation was not made. For future studies, it would be

interesting to determine the significance of this observation.
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Conclusion

In conclusion, macromolecules with radii 5.3 nm or larger will likely not be able to
permeate an intact glycocalyx. Macromolecules with radii 4.3 nm or smaller radii will be
able to permeate the glycocalyx barrier. Thus, it can be concluded that the permeability
of the glycocalyx barrier depends upon size.

Due to the fact that the glycocalyx is a complicated mesh of different
proteoglycans and glycoproteins, degradation of hyaluronan will increase the
permeability of the glycocalyx; however, the glycocalyx will still have some barrier
properties that remain intact. Thus, macromolecules with radii less than 5.3 nm will be
able to permeate a degraded glycocalyx, but larger radii may or may not be able to

penetrate the layer.



FUTURE STUDIES

In order to continue this study, there are several aspects to consider for future
research. It would be helpful in treated conditions to use different dextran sizes (145
kDa and 250 kDa) in order to determine what is the largest size molecule that can
permeate the glycocalyx after it is degraded.

In addition, one might observe the time course from the moment of injection of
the dextran to the first minute after injection. It appears that the dextrans were able to
permeate the glycocalyx layer within the first minute after injection.

Lastly, the effects of hemorrhage on glycocalyx permeation by different size
dextran would contribute to our knowledge of the role the glycocalyx plays in

pathophysiological situations.
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APPENDIX
TIME (Min) TRANS DX500 | TRANS- DX 500
1.00 5.94 4.54 0.7
1.00 9.14 7.57 0.8
30.00 8.35 6.94 0.7
30.00 12.75 9.19 18
35.00 5.50 4.77 0.4
35.00 9.68 8.63 0.5
40.00 5.50 4.50 0.5
40.00 9.31 8.33 0.5
45.00 10.61 8.86 0.9

The following tables summarize data collected for each animal. Time indicates the time in
minutes the image was taken. TRANS is the internal diameter measurement. DX (size of
dextran) and HDX (size of dextran) are the fluorescence column width in control and treated
conditions, respectively. TRANS- DX is the calculated exclusion zone. All measurements
regarding the width of the vessel, fluorescence column, and exclusion zone were made in um.
Although vessels larger than 9.99 um were measured, theses vessels were not included in the

data analysis.



TIME (Min) TRANS DX 70 TRANS- DX 70
1.00 7.96 6.96 0.5
2.00 9.24 8.28 0.5
4.00 8.52 7.64 0.4

12.00 10.94 9.79 0.6
13.00 11.04 8.19 1.4
16.00 6.94 5.58 0.7
17.00 7.15 6.28 0.4
19.00 8.39 7.27 0.6
20.00 9.42 7.45 1.0
21.00 10.48 9.55 0.5
23.00 6.96 5.08 0.9
23.00 7.88 6.58 0.7
26.00 9.06 8.26 0.4
26.00 9.54 8.48 0.5
27.00 6.27 5.40 0.4
29.00 4.79 3.42 0.7
29.00 9.02 7.87 0.6
29.00 10.23 7.83 1.2
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TRANS -

Time (Min) TRANS HDX 500 HDX 40 HDX 500 TRANS- HDX 40
1.00 23.21 22.49 24.80 0.4 -0.8
3.00 31.54 29.41 31.23 1.1 0.2
4.00 42.29 39.23 42.48 1.5 -0.1
7.00 34.25 32.25 34.75 1.0 -0.3

10.00 39.22 36.00 39.45 1.6 -0.1
13.00 32.38 31.29 32.88 0.5 -0.3
17.00 41.49 39.06 41.03 1.2 0.2
20.00 33.52 30.12 33.52 1.7 0.0
22.00 33.09 30.24 32.90 1.4 0.1
25.00 29.65 26.28 29.50 1.7 0.1
27.00 28.86 27.02 29.00 0.9 -0.1
30.00 37.32 35.50 37.70 0.9 -0.2
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TRANS -

Time (Min) TRANS HDX 40 HDX 70 HDX 40 TRANS- HDX 70
1.00 6.21 6.13 6.15 0.0 0.0
1.00 7.22 7.19 7.28 0.0 0.0
1.00 10.13 10.16 9.94 0.0 0.1
3.00 5.37 5.30 5.32 0.0 0.0
3.00 5.48 5.48 5.34 0.0 0.1
3.00 9.00 9.06 8.98 0.0 0.0
3.00 9.30 9.22 9.25 0.0 0.0
5.00 5.19 5.14 4.99 0.0 0.1
5.00 5.51 5.40 5.48 0.1 0.0
5.00 6.04 6.00 5.72 0.0 0.2
7.00 7.36 7.09 7.13 0.1 0.1

10.00 4.92 4.72 4.71 0.1 0.1
10.00 7.25 7.25 7.27 0.0 0.0
10.00 8.62 8.68 8.50 0.0 0.1
13.00 5.87 5.87 5.70 0.0 0.1
13.00 9.37 9.33 9.39 0.0 0.0
14.00 6.00 6.00 6.00 0.0 0.0
16.00 8.25 8.06 8.09 0.1 0.1
16.00 10.63 10.52 10.52 0.1 0.1
16.00 13.38 13.05 12.96 0.2 0.2
20.00 7.35 7.22 7.21 0.1 0.1
20.00 7.71 7.59 7.45 0.1 0.1
20.00 7.77 7.64 7.55 0.1 0.1
22.00 6.20 6.20 5.98 0.0 0.1
25.00 7.25 7.25 7.25 0.0 0.0
25.00 7.41 7.30 7.25 0.1 0.1
25.00 14.32 14.30 14.27 0.0 0.0
27.00 5.06 5.07 5.05 0.0 0.0
27.00 7.16 7.08 7.07 0.0 0.0
28.00 4.71 4.63 4.44 0.0 0.1
28.00 6.26 6.26 6.25 0.0 0.0
28.00 7.72 7.48 7.35 0.1 0.2
30.00 7.22 7.21 7.08 0.0 0.1
30.00 10.25 10.22 10.22 0.0 0.0
34.00 5.63 5.64 5.39 0.0 0.1
34.00 10.38 10.26 10.39 0.1 0.0
37.00 5.03 4.99 5.01 0.0 0.0
37.00 9.65 9.38 9.27 0.1 0.2
39.00 8.83 8.83 8.73 0.0 0.0
39.00 12.38 12.35 12.07 0.0 0.2
39.00 21.39 20.51 21.27 0.4 0.1




TIME TRANS DX 500 Trans- HDX 500
1.00 9.16 8.49 0.3
2.00 9.46 8.42 0.5
4.00 5.83 4.82 0.5
6.00 7.65 6.77 0.4
9.00 8.06 7.15 0.5

11.00 5.67 4.52 0.6
11.00 7.53 6.55 0.5
14.00 7.67 6.66 0.5
15.00 5.20 4.08 0.6
15.00 5.62 4.51 0.6
16.00 7.55 6.79 0.4
17.00 5.61 4.47 0.6
17.00 6.83 5.26 0.8
17.00 8.27 7.28 0.5
18.00 6.98 5.48 0.8
18.00 7.04 5.82 0.6
18.00 8.95 7.60 0.7
20.00 6.93 5.27 0.8
21.00 7.25 6.25 0.5
21.00 7.50 6.77 0.4
21.00 8.10 7.14 0.5
22.00 6.25 5.37 0.4
22.00 6.61 5.75 0.4
22.00 6.69 5.65 0.5
23.00 6.08 5.01 0.5
23.00 6.50 5.61 0.4
23.00 6.68 5.22 0.7
25.00 5.31 4.45 0.4
25.00 7.43 6.36 0.5
26.00 5.15 3.65 0.8
26.00 10.69 9.70 0.5
28.00 5.42 4.09 0.7
28.00 5.57 4.00 0.8
28.00 6.50 5.25 0.6
28.00 11.85 10.40 0.7
29.00 8.02 7.31 0.4
30.00 8.36 7.23 0.6
31.00 6.65 5.63 0.5
31.00 9.04 8.00 0.5
31.00 10.29 9.01 0.6
33.00 10.41 9.47 0.5
34.00 5.81 4.38 0.7
34.00 5.99 4.89 0.6
36.00 5.74 4.19 0.8
35.00 10.29 9.11 0.6
37.00 7.73 6.83 0.5
38.00 5.13 4.13 0.5
38.00 6.00 5.19 0.4
38.00 6.28 5.12 0.6

77



40.00 6.40 5.48 0.5
40.00 6.69 5.26 0.7
41.00 7.50 6.13 0.7
42.00 5.50 4.25 0.6
42.00 6.73 5.59 0.6
42.00 7.18 5.75 0.7
43.00 6.09 5.34 04
43.00 6.45 4.25 1.1
43.00 9.63 8.07 0.8
46.00 13.19 11.63 0.8
46.00 18.26 17.34 0.5
47.00 6.01 5.02 0.5
47.00 7.94 7.01 0.5
48.00 9.89 8.98 0.5
49.00 10.65 9.93 04
50.00 11.38 9.51 0.9
50.00 13.62 12.85 0.4
52.00 8.79 8.04 0.4
52.00 10.38 9.64 0.4
52.00 10.53 9.19 0.7
54.00 5.06 4.04 0.5
54.00 6.58 5.41 0.6
54.00 6.92 5.29 0.8
54.00 7.16 6.15 0.5
55.00 6.43 5.55 0.4
55.00 7.00 6.21 0.4
55.00 7.17 7.07 0.0
55.00 9.28 8.40 0.4
56.00 8.18 6.99 0.6
57.00 7.36 6.36 0.5
58.00 7.80 6.22 0.8
59.00 8.71 7.42 0.6
60.00 11.93 10.51 0.7
61.00 7.68 6.13 0.8
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TIME TRANS DX 40 DX500 TRANS- DX 40 | TRANS- DX 500
1.00 7.09 6.99 6.52 0.0 0.3
9.00 4.54 4.41 3.41 0.1 0.6

11.00 5.43 5.29 4.26 0.1 0.6
11.00 5.95 5.59 4.81 0.2 0.6
14.00 8.14 8.14 7.56 0.0 0.3
16.00 6.81 6.81 5.86 0.0 0.5
17.00 7.95 7.81 7.15 0.1 0.4
19.00 14.66 14.13 12.88 0.3 0.9
21.00 4.89 4.89 3.74 0.0 0.6
21.00 6.63 6.25 4.93 0.2 0.9
21.00 7.42 7.29 6.25 0.1 0.6
23.00 6.06 5.71 4.76 0.2 0.7
23.00 21.39 20.22 18.51 0.6 1.4
25.00 6.03 6.03 5.17 0.0 0.4
25.00 12.79 12.67 10.77 0.1 1.0
27.00 6.44 6.29 5.21 0.1 0.6
27.00 6.97 6.72 6.20 0.1 0.4
29.00 5.66 5.56 4.42 0.1 0.6
29.00 5.71 5.35 4.83 0.2 0.4
29.00 6.32 6.33 5.77 0.0 0.3
31.00 6.88 6.33 5.24 0.3 0.8
33.00 7.53 7.36 6.67 0.1 0.4
33.00 7.93 7.82 6.74 0.1 0.6
35.00 6.92 6.58 5.85 0.2 0.5
37.00 4.65 4.29 3.41 0.2 0.6
39.00 9.89 9.65 8.45 0.1 0.7
40.00 6.19 6.03 5.18 0.1 0.5
43.00 6.70 6.61 5.82 0.0 0.4
45.00 7.49 7.50 6.43 0.0 0.5
47.00 4.89 4.82 3.74 0.0 0.6
49.00 5.25 5.21 3.98 0.0 0.6
50.00 5.30 5.28 4.10 0.0 0.6
50.00 7.96 7.88 6.84 0.0 0.6
50.00 8.80 8.80 7.51 0.0 0.6
52.00 6.29 6.19 5.24 0.0 0.5
52.00 9.42 9.14 8.61 0.1 0.4
55.00 5.00 4.84 3.79 0.1 0.6
55.00 8.91 8.86 7.78 0.0 0.6
55.00 9.52 9.52 8.29 0.0 0.6
58.00 5.04 5.04 4.09 0.0 0.5
60.00 6.40 6.31 5.51 0.0 0.4
62.00 6.84 6.78 5.39 0.0 0.7




TIME TRANS DX 40 TRANS- DX 40
1.00 10.58 10.68 0.0
3.00 5.02 4.98 0.0
5.00 6.07 5.65 0.2
7.00 4.82 4.38 0.2
7.00 6.48 6.00 0.2
7.00 7.05 7.03 0.0
9.00 4.89 4.67 0.1
9.00 4.99 4.93 0.0
9.00 9.21 8.76 0.2

15.00 5.61 5.35 0.1
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TIME TRANS DX 40 TRANS- DX 40
1.00 7.45 7.13 0.2
1.00 8.89 8.90 0.0
3.00 8.64 8.51 0.1
5.00 8.10 7.99 0.1
7.00 7.40 7.32 0.0
10.00 15.29 15.23 0.0
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TIME Trans HDx 70 Trans-H DX 70
1.00 4.83 4.91 0.0
1.00 5.08 5.12 0.0
1.00 8.1 8.06 0.0
5.00 5.37 5.35 0.0
7.00 12.45 12.38 0.0
9.00 5.10 4.95 0.1

11.00 5.14 5.10 0.0
11.00 5.64 5.28 0.2
13.00 5.04 5.03 0.0
15.00 8.09 8.04 0.0
16.00 6.75 6.40 0.2
17.00 7.40 7.40 0.0
17.00 24.45 23.77 0.3
18.00 5.46 5.48 0.0
18.00 10.55 10.55 0.0
19.00 542 5.34 0.0
19.00 7.88 7.50 0.2
19.00 9.29 9.01 0.1
20.00 9.78 9.56 0.1
21.00 4.85 4.85 0.0
21.00 4.88 4.75 0.1
21.00 5.65 5.60 0.0
21.00 6.26 6.03 0.1
22.00 6.14 6.12 0.0
24.00 5.10 4.98 0.1
24.00 5.38 5.17 0.1
24.00 5.54 5.34 0.1
25.00 9.84 9.55 0.1
26.00 7.60 7.42 0.1
27.00 6.56 6.37 0.1
27.00 9.50 9.38 0.1
29.00 4.25 4.20 0.0
29.00 4.76 4.40 0.2
29.00 9.39 9.50 -0.1
29.00 11.63 11.43 0.1
30.00 6.40 6.37 0.0
30.00 6.85 6.30 0.3
30.00 9.43 9.22 0.1
30.00 10.18 10.23 0.0
32.00 20.74 20.05 0.3
33.00 7.52 7.52 0.0
34.00 6.31 6.29 0.0
34.00 8.00 7.94 0.0
34.00 8.88 8.88 0.0
35.00 7.05 6.94 0.1
35.00 7.95 8.12 -0.1
35.00 10.68 10.48 0.1
37.00 5.30 5.22 0.0
37.00 5.34 5.29 0.0
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37.00 7.16 7.00 0.1
38.00 11.14 10.89 0.1
39.00 6.70 6.40 0.2
40.00 9.67 9.47 0.1
40.00 12.38 12.32 0.0
40.00 12.74 12.69 0.0
41.00 9.39 9.45 0.0
41.00 15.64 15.23 0.2
43.00 5.03 5.07 0.0
43.00 5.55 5.40 0.1
43.00 7.78 7.82 0.0
44.00 9.49 9.17 0.2
45.00 5.25 5.23 0.0
45.00 5.34 5.22 0.1
45.00 5.51 5.25 0.1
45.00 7.38 7.34 0.0
46.00 6.31 6.23 0.0
46.00 6.45 6.19 0.1
46.00 9.81 9.53 0.1
47.00 5.87 5.48 0.2
47.00 7.28 7.28 0.0
47.00 12.34 12.11 0.1
48.00 5.00 5.00 0.0
48.00 5.38 5.38 0.0
48.00 6.04 6.00 0.0
48.00 6.15 6.13 0.0
49.00 6.21 6.15 0.0
51.00 6.14 5.89 0.1
51.00 7.44 7.36 0.0
51.00 7.70 7.67 0.0
53.00 5.88 6.60 -0.4
57.00 9.36 9.42 0.0
57.00 9.64 9.57 0.0
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TIME Trans Dx 70 TRANS- DX 70
1 3.7 3.3 0.2
1 4.0 3.0 0.5
1 4.4 3.4 0.5
1 5.6 4.7 0.4
3 4.2 3.5 04
3 4.4 3.6 0.4
3 7.1 6.2 0.5
5 5.7 4.7 0.5
5 6.4 5.8 0.3
5 6.5 5.3 0.6
5 8.3 7.8 0.3
5 9.2 8.1 0.5
7 5.8 5.0 04
7 8.2 7.2 0.5
7 9.5 8.7 0.4
9 5.3 4.8 0.3
9 5.7 4.6 0.6
9 7.6 6.4 0.6
11 4.4 3.3 0.5
11 4.4 3.3 0.6
11 5.3 4.2 0.6
11 5.8 4.6 0.6
11 7.2 6.1 0.5
14 4.0 3.6 0.2
14 5.8 4.5 0.7
14 6.5 5.3 0.6
16 3.7 2.7 0.5
16 3.7 3.1 0.3
16 4.0 3.0 0.5
16 4.3 3.5 0.4
16 4.5 3.6 0.5
18 4.4 3.5 0.4
18 4.5 3.7 0.4
18 4.7 3.4 0.7
20 5.0 3.9 0.5
20 6.1 5.2 0.4
20 6.5 5.3 0.6
22 6.4 5.2 0.6
24 4.0 3.4 0.3
26 5.3 4.3 0.5
28 6.0 5.4 0.3
28 7.9 7.0 0.4
28 9.2 8.0 0.6
28 11.6 10.5 0.6
31 6.7 5.3 0.7
31 7.5 6.4 0.6
31 7.6 7.1 0.2
33 4.1 3.7 0.2
33 5.4 4.1 0.7

84



33 7.3 6.1 0.6
33 8.5 7.1 0.7
35 5.2 4.6 0.3
37 4.7 3.5 0.6
37 6.0 5.3 0.4
37 6.6 5.8 0.4
37 7.0 6.0 0.5
37 7.7 6.7 0.5
37 7.9 7.1 0.4
39 8.5 7.7 0.4
39 11.5 10.1 0.7
39 12.8 10.1 1.3
42 6.2 5.0 0.6
42 7.9 6.6 0.6
44 7.1 6.4 04
44 7.5 6.1 0.7
46 7.9 7.1 0.4
46 8.1 7.1 0.5
48 4.6 3.6 0.5
48 5.0 4.1 0.4
48 5.0 3.9 0.6
50 5.3 4.0 0.6
50 9.1 7.8 0.7
51 8.0 7.1 0.5
51 10.2 9.0 0.6
53 8.1 7.2 0.4
53 8.2 7.2 0.5
53 11.1 9.7 0.7
55 4.3 3.5 0.4
55 4.4 3.8 0.3
55 5.0 3.8 0.6
57 6.3 4.8 0.7
57 6.9 5.9 0.5
57 7.6 6.5 0.6
59 10.0 8.8 0.6
59 10.2 8.7 0.7
59 14.3 12.0 1.1
60 5.3 4.1 0.6
60 5.7 4.6 0.5
60 6.2 5.3 0.4
61 4.9 4.3 0.3
61 7.4 6.3 0.6
61 7.7 6.4 0.7
63 5.0 4.1 0.5
63 5.3 4.7 0.3
63 6.3 5.5 0.4
65 7.3 6.4 0.4
65 8.9 7.9 0.5
65 9.3 8.4 0.4
65 94 8.7 0.4
67 5.2 4.4 0.4
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67 7.5 6.3 0.6
67 9.3 7.8 0.7
68 5.0 4.3 0.4
68 6.4 5.9 0.2
69 8.5 6.8 0.8
69 13.6 12.3 0.6
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TOTAL Number of Vessels 3- 9 um 10-20 um 21-45 um

DX 40 ONLY 58.00 53.00 4.00 1.00
DX 500 ONLY 51.00 46.00 4.00 1.00
DX 70 ONLY 123.00 111.00 12.00 0.00
DX 40 Hyaluronidase 53.00 33.00 7.00 13.00
DX 500 Hyaluronidase 95.00 70.00 13.00 12.00
Dx 70 Hyaluronidase 123.00 104.00 17.00 2.00
TOTAL 503.00 417.00 57.00 29.00
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