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ABSTRACT
A major feature of inflammation is the extravasation of cellular and
macromolecular components of blood into the interstitium to attack and fend off an
offending stimuli, thus initiating healing. When prolonged and/or uncontrolled, this
process can begin to produce deleterious effects and inadvertently damage tissue. Such
instances are observed in pathologies, such as atherosclerosis, organ transplant rejection
and reperfiision injury. It is therefore vital to understand the various mechanisms that
initiate and control the process of extravasation. Since the endothelium is the key
component between blood and the interstitium, its regulation is largely responsible for
control of extravasation. TNFa and IFNy are cytokines that flmction in orchestrating
signals between different cellular players involved in inflanunation. In this dissertation,
the effects of these cytokines on endothelial permeability were explored using in vivo and
in vitro methods. I investigated two ways whereby the endothelial barrier could be
controlled. Firstly, the molecular mechanisms at intercellular junctions could be
regulated, thus influencing permeability via the paracellular pathway. One such
mechanism involves cadherins which are transmembrane homoQpic Ca^^-dependent cellcell adhesion molecules implicated in the control of junctional organization and therefore,
paracellular permeability. Secondly, manipulation of signaling pathways by cytokines
that induce endothelial apoptotic cell death could create cell-sized gaps in the endothelial
barrier. The results of this work demonstrated that combined cytokine treatments: i)
induced focal areas of cadherin-5 relocalization which corresponded to regions of
macromolecular extravasation in a rat m vivo model and ii) induced the upregulation and
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junctionalization of N-cadherin, concomitant with downregulation and decreased
junctionalization of cadherin-S in cultured endothelial cells. Thus, combined cytokine
regulation of endothelial cadherin Action was found central in both accommodating an
initial microvascular permeability increase upon cytokine induction of inflammation and
in limiting the extent of paracellular gap formation (via its effects on N-cadherin) under
chronic inflammatory conditions. Furthermore, despite in vitro evidence of endothelial
apoptosis, the combined cytokines induced most endothelial cells to express protective,
anti-apoptotic molecules (e.g. Al) and therefore contributed to preserving endothelial
barrier integrity. Through these experiments, specific mechanisms for regulating the
endothelial barrier during inflammation have been identified and are better understood.
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CHAPTER 1: INTRODUCTION

The Inflammatory Response
The Physiology of Inflammation
The inflammatory response is a vital aspect of the immime reaction as a protective
mechanism against injury and infection. The characteristic signs and symptoms of
inflammation were described approximately 2000 years ago by Aulus Cornelius Celsus, a
1st century Roman physician. He listed four "cardinal signs of inflanmiation": calor
(heat), rubor (redness), turgor (swelling), and dolor (pain). These observations are highly
consistent with what is presently known about the physiology of the inflammatory
response. Increased heat on the skin surface and reddening can mainly be attributed to
microvascular dilatation. Blood vessels dilate in response to the release of powerful
soluble vasoactive substances by immune cells and cells within the vascular wall,
resulting in increased delivery of blood to the affected area. Swelling is due to
extravasation and accumulation of blood plasma and leukocytes (white blood cells) in the
tissue interstitium. Pain can result from injured nerve endings and/or the presence of
certain soluble inflammatory mediators (e.g. bradykinin). These four main features of
inflanmiation are vital in promoting the healing of injury and the eradication of infectious
agents. There can, however, be detrimental effects resulting from the intrinsically
destructive properties of both cellular and soluble inflammatory mediators to tissue
surrounding the inflamed area especially if the inflammatory stimuli cannot be eliminated
easily. In fact, certain pathologies such as autoimmune diseases and transplantation
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rejection stem chiefly finm the inflammatory response going awry. There are a number of
different types of inflammation (e.g. allergic, septic, traumatic, autoimmune, etc.)
characterized by the nature of the initiating agent, the recognition component of the
immune system activated, the type of soluble mediators induced and the inmiune cell
type involved at the site of activation.^ Nonetheless, in general the different types of
inflammation can be categorized as either acute or chronic.
The acute phase of inflammation is usually evident within minutes upon
stimulation. It is typified by i) vasodilatation, ii) interstitial

presence of

polymorphonuclear (PMNs) cells such as neutrophils (some mononuclear cells such as
macrophages can also be present) and iii) increased vascular permeability. These events
are initiated by soluble inflammatory mediators either produced by cells in the vicinity of
the activated site or derived from inactive precursors in blood plasma (Table l.I).
Vasoactive substances such as Nitric Oxide (NO), prostacyclin (PGI2), histamine and
serotonin are potent vasodilators, stimulating vascular smooth muscle cells to relax either
directly or by stimulating endothelial cells to release relaxing factors.^^'^""^"*
Vasodilatation is an essential step in the delivery of leukocytes and serum molecules of
the immune system (e.g. antibodies and complement), to the vicinity of the inflamed
tissue but in order for these mediators to act upon the inflammatory stimuli they have to
diffuse past the endothelial cell barrier into the interstitium. Hence, an increase in
vascular permeability also has to occur and this is triggered by most of the soluble
mediators listed on Table 1.1. (What is known about the mechanisms by which the
endothelial permeability barrier is altered will be discussed later in the Endothelium
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section.) Extravasated serum molecules in turn act to neutralize the infectious agent either
directly (e.g. formation of membrane attack complex of complement), or indirectly by
acting

as

antigenic

recognition

molecules

(IgE,

IgG,

IgM)

and/or

as
5 88

activating/chemotactic ^ents for PMN cells (Leukotriene B4, complement, IL-8).'

PMN cells are considered part of the innate immune system since they can act without
specific antigenic recognition. Activated neutrophils further eliminate mflammatory
stimuli by phagocytosis of foreign bodies opsonized (tagged) by either complement or
antibodies and by releasing cytotoxic substances such as lysosomal enzymes, H2O2 and
5 88,267

&ee radicals such as reactive oxygen species.'

The trafBcking of neutrophils from

the blood stream to the interstitium requires exquisite interactions with the endothelium
in order to ensure cell type selectivity and to avoid greater macromolecular extravasation
39,44

than necessary. ' (See Leukocyte Extravasation under Endothelium section)
Chronic or delayed inflammatory responses develop over time periods ranging
from hours to days and are associated mainly with the infiltration of mononuclear cells
such as lymphocytes and macrophages and the formation of granulomas.'^'*^^
Progression firom acute to chronic inflammation happens when indigestible material is
present and/or cell-mediated immunity is triggered.^ Granulomas, composed of multiple
macrophages adhered together, serve to collectively envelope foreign bodies such as
splinters or other debris. Macrophages also continue the task of phagocytosis started by
PMNs. Macrophages and PMNs, together with other cells in the surrounding area such as
endothelial cells, keratinocytes, fibroblasts, and smooth muscle cells produce a range of
cytokines including the Diterleukins (ILs), the Interferons (IFNs), the Tumor Necrosis
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Factors (TNFs), the Colony Stimulating Factors (CSFs), etc, to promote the
commencement of cell mediated immunity. Cell-mediated immunity refers to the
activities of mononuclear cells such as CD4^ and CD8^ helper T lymphocytes, which
specifically recognize and respond to antigens via cell surface receptors known as T cell
receptors (TcR). The antigen recognition process is assisted by the actions of antigen
presenting cells (APCs) such as macrophages and endothelial cells which 'present'
antigens bound to molecules, known as Major Histocompatibility Complex (MHC),
expressed on their cell surface and act as ligands for TcRs. Some of the functions of T
lymphocytes at the site of inflanmiation include i) cooperating with B cells to enhance
antibody production, ii) production of cytokines such as TNFa, IL-2, IL-3 and IFNy that
recruit and activate other monocytes and macrophages, iii) release of cytotoxic mediators
such as perforin, lysosomal enzymes and granzymes which are serine proteases, and iv)
cell surface expression of the Fas ligand, which can induce apoptotic death (described in
detail later) of targeted cells. The potency of these defense mechanisms highlight the
risks created, by their deployment, towards causing more barm than good to surrounding
tissue, especially under prolonged circumstances.
Although this overview of the physiology of inflammation attempts to delineate
the process into acute and chronic phases, it must be recognized that the mechanisms
described often overlap depending on the disease type and inflammatory stimuli. The
mediators mentioned, whether soluble (such as cytokines) or cellular (such as
macrophages), play multiple roles, are produced under multiple circumstances, and are
therefore involved in both phases of the inflammatory response. The essential underlying
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theme in both phases of the inflammatory response however, is the increase in endothelial
permeability that is necessary to permit the delivery of mediators to the extravascular site
of injury or infection. Understanding die processes involved in regulating changes in
endothelial permeability may yield novel treatment methods to limit or control
inadvertent damage caused by sustained inflammatory activation in a wide range of
diseases.

18

Table 1.1; Major soluble mediators involved in the acute inflammatory response.
Source

Soluble Mediators

Humoral products

Complement (C5a, C3a, etc) Thrombin,
Bradykinin, Kallikrein

Endothelial derived

Nitric Oxide G^O), Prostacyclin (PGI2),
Platelet Activating Factor ^AF)

Mast cells, basophils and
platelet derived

Histamine, Serotonin

Basophils, neutrophils and
macrophages

PAF, H2O2

Various leukocytes.
endothelial cells

Leukotrienes B4, C4, and E4, IL-8

Lymphocyte, macrophages.
smooth muscle cells

TNFa, IL-ip, IFNy.

IL: Interleukin; TNF: Tumor Necrosis Factor; IFN: Interferon.
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Inflammation and Disease
A common denominator between a vast range of different diseases from cut/bum
injuries, to infections and even to solid organ transplant rejection, is the induction of
some form of an inflammatory response. The resulting effect of the inflammatory
response is usually beneficial; providing a defensive means of countering injury or
infection. There are occasions, however, when the inflammatory response has a net
negative effect and interventions to downregulate the response is desired. When the
offending stimuli cannot be eradicated, the continued induction of inflanunation results in
the net effect of damage to normal tissue which, in turn leads to organ dysfunction. This
203

is the case in such diseases as tuberculosis and certain virus infections.

The inadvertent

activation of the inflammatory process in some treatment modalities is sometimes
considered an acceptable risk in order to correct a more serious pathology. For example,
initiating a patient on cardiopulmonary bypass in order to repair the heart has been shown
to induce the production and activation of multiple soluble inflammatory mediators and
cytokines.^''^''" Furthermore, mechanical stresses endured while traversing the heartlung machine, combined with its contact with air and foreign surfaces can activate
neutrophils. This is especially apparent in the lungs where activated neutrophils are
137

sequestered and a syndrome known as 'pump lung' may be manifested.

The activated

neutrophils continuously release cytotoxic substances as well as mediators that induce
critical increases in vascular permeabili^ leading to pulmonary edema and thus,
compromise the limg's c^acity for carbon dioxide/oxygen exchange.
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Another treatment modality that triggers persistent activation of the inflammatory
response is solid organ transplantation. The term used to describe this reaction is
'rejection' and its severity is mostly determined by how different the match is between
antigens expressed in the donor versus recipient (human leukocyte antigen-HLA type).^^
In chronic heart transplant rejection, foreign HLA markers on the endothelial surface of
the donor heart activate T lymphocytes which in tum activate the donor endothelium
while signaling other lymphocytes to produce alloantibodies. Cytokines such as IFNy,
TNFa, H-la, IL-ip, IL-2, and IL-3 play a major role in this process as they mediate the
recruitment and activation of the other leukocytes. On the endothelium, the cytokines
activate the expression of MHC Class II molecules as well as a variety of adhesion
molecules that mediate the adhesion and extravasation of lymphocytes and macrophages
(described in further detail later). Having infiltrated the donor organ these immune cells
contribute to the inflammatory and remodeling changes that characterize tissue necrosis,
204

apoptosis, fibrosis, graft atherosclerosis and ultimately, graft failure.

Atherosclerosis is the root cause of heart attacks, strokes, gangrene and as
mentioned above, a major contributor to graft failure in transplantation. The genesis of
this pathology is presently thought to be endothelial dysflmction in particular arteries
possibly caused by one of more of the following conditions; hypertension, diabetes
mellitus, genetic predispositions, infectious microorganisms, elevated LDL(low density
223

lipoproteins), elevated plasma homocysteine and others.

Dysfimctionai endothelial

cells promote the adhesion and migration of monocyte-derlved macrophages and
lymphocytes into the smooth muscle layers of artery walls. Monocyte-derived
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macrophages are known to ingest massive amounts of lipid and transform to what are
91

known as foam cells.

Transmigrated mononuclear cells can also cause damage by

releasing growth factors (e.g. platelet-derived growth factor [PDGF], insulin-like growth
factor-I [IGF-l]), cytokines (e.g. TNFa, IL-1, Transforming Growth Factor-P [TGF-P]),
metalloproteinases and other cytotoxic mediators that can modulate or kill smooth muscle
223

and endothelial cells.

The growth factors released, in particular, stimulate the migration

and proliferation of smooth muscle cells and formation of fibrous tissue. These lesions
have been observed to resemble fatty streaks in the early stages and when allowed to
continue developing, form a fibrous cap overlying a core of lipid and necrotic tissue. The
necrotic tissue may begin to obstruct blood flow and can potentially occlude the vessel or
cause it to rupture.
The clim'cal pathologies caused by cardiopuhnonary bypass, transplantation
rejection and atherosclerosis described above only highlight some of the more elaborate
ways in which the inflammatory response results in negative sequelae. The following are
several other conditions that emphasize the wide range of pathologies in which
inflammation and the compromise of the endothelial barrier play a central role. These
include for example, allergy attacks, septic shock, myocardial reperfiision injury, tumor
metastasis in cancer and rheumatoid arthritis.
Endotheliuni
Functions
Blood capillaries were first observed by Malpighi in 1661 through a flea-lens
microscope. The endothelium was first recognized as a lining for the vessels circulating
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blood in the 1800s by Von Reckingausen/" The surface area of this disseminated organ
in an adult himian has been estimated to be approximately 1 to 7 m^, composing of 1 to 6
xlO'^ cells and weighing about 1 kg.'^ It is estimated that the quiescent in vivo rate of
50

replication is ~ 0.1% replications/ day. Starling's experiments on the law of capillary
exchange conferred the notion that lasted for many years, i.e. that the endothelium was
basically a static, selectively permeable filter. Electron microscopic and physiological
studies in the l9S0s by researchers such as Palade and Gowan finally

led to the

realization that the endothelium was dynamic, heterogenous and conducted many
82

functions.

In depth studies of the endothelial flmction were made practical by the
93

development of in vitro cell culture methods in the 1970's.

As the innermost layer in blood vessels, the primary role of the endothelial lining
is to separate the cellular and soluble components of the blood within the lumen of blood
vessels from rest of body. Aside from this duty in compartmentalization, the endothelium
also plays major roles in the body's immune response, in the regulation of blood
coagulation, in promoting wound healing and in regulating vascular tone. Endothelial
113^09
cells can activate the immune system via their capacity as APCs.
The endothelium's
anticoagulation function comes in part firom its production of prostacyclin, which inhibits
platelet aggregation and its surface expression of the anticoagulants thrombomodulin and
heparan sulfates.^"^*^^^ In wound healing, the endotheliimi functions by releasing
proteases that degrade the extracellular matrix, by migrating and responding to growth
factors which leads to angiogenesis, i.e. the proliferation of endothelial cells and
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fonnatioii of new vessels. The endothelium has also been shown to respond to fluid shear
stress and other metabolic stimuli (such as hypoxia and elevated metabolic waste
products) by releasing vasoactive factors as well as by altering gene expression.'^ Some
of the vasoactive factors that endothelial cells can release include Nitric Oxide (NO) and
Prostaglandin I2 (PGI2) which are vasodilatory substances, Endothelin>I (ET-1) and PAF
which has vasoconstrictive effects. Changes in shear stress also lead to alterations in
cytoskeletal arrangement and cell morphology and in gene expression via the activation
of shear stress response elements (SSREs) and sites for other transcription factors located
on the promoter regions of genes, such as PDGF-A and -B, NO, ET-1, TGFp.""'^''^
Molecular Constituents of the Inter-Endothelial Junction
Early reports that leakage of 'fluids' in the microvasculature occurred via the
paracellular pathway, i.e. through gaps between endothelial cells, were made by Majno
and Palade in 1961 during Investigations of vascular permeability changes resulting &om
169

histamine and serotonin treatments.

The same group of investigators also found that

the microvascular permeability changes observed occurred at venules rather than
170

capillaries or arterioles.

The electron microscopic study of freeze fracture

replicas

yielded much of the early findings in the 1970's regarding the structure of organelles
making up the interendothelial junction. In particular, differences were found by
Simionescu, et al., (1975, 1976) in the distribution and organization of these structures
234^5
when the various segments of the microvasculature were compared.
Since then,
many of the molecular constituents at the interendothelial junction have been better
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elucidated and understood. The different groups of knoAvn molecules have been
categorized into three types of junctional linkages. These are the tight junctions, gap
junctions and anchoring junctions (Fig. l.l). Together, these molecules comprise the
endothelial junctional complex. A central hypothesis of this dissertation is that the
endothelial cadherins fimction in maintaining stability of the complex due to their role in
cell-cell adhesion.

VASCULAR LUMEN

HgKt Junctions

(Ocdutin, Oaudns,
Z0-1,«c)

Gap

Junctions

Anchoring
Junctions

pecam-1

Figure 1.1:3 major groups of molecular links present at endothelial cell junctions.
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Tight Junctions
Tight junctions function to provide a selectively permeable sieve between cells
and are commonly found in tissues that create a barrier between compartments such as
the endothelia and the epithelia.^'^'^^^ Early fireeze-firacture electron microscopic studies
showed a network of strands forming a quasi-continuous ring around endothelial cells
where they contact with adjacent cells. These networks varied in their level of
organization and complexity according to where they were found; i.e. in decreasing
234

order: arterioles, capillaries and post-capillary venules.

Some of the identified

intracellular molecules found in the vicinity of tight junctions include occludin, claudin-1
8 89 112,140 179 183

to -IS, zonula occludens-1 (ZO-1), ZO-2 and cingulin.' '

'Of these, occludm

and the claudins have been reported to be integral membrane proteins while the other
89

peripheral membrane molecules form the undercoat structure of tight junctions.

The

structural and fimctional regulation of tight junctions have recently been demonstrated to
involve smaU GTPases, RhoA and Racl.'^
Gap Junctions
Gap junctions allow for chemical and electrical communication to take place
between cells. Clusters of gap junctions are usually found intercalated within the meshes
234

of tight junction networks.

Gap junctions consist of two connexons firom adjacent

endothelial cells making contact and forming a 1.2 nm channel through which
communication can take place. Coimexons themselves consists of six protein subunits
known as connexins. A number of distinct connexins exist. In endothelium, Connexins -

27

37, -40 and -43 have been identified. Multiple subunit combinations are possible and
23

these are distributed in a tissue specific manner.
Anchoring Junctions

Anchoring junctions are thought to assume the main responsibility for
piaintaining the mechanical linkage between adjacent cells on one hand, and between

cells and their extracellular matrices on the other. Some of these links are likely to be
particularly strong because they also associate with cytoskeletal elements. Included
among proteins constituting anchoring junctions are members of the following classes of
molecules: cadherins, integrins and Ig-like cell adhesion molecules. Integrins are large
heterodimeric glycoproteins consisting of members fiom two subfamilies, a and p.
Multiple combinations of a and P subunits are possible.
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Cadherins (described in detail

later) and integrins associate with the actin cytoskeleton whereas this is not the case for
Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-l

or CD 31) an

Immunoglobulin (Ig) -like molecule. Relative to cadherin-5, the predominantly
endothelial specific cadherin, PECAM-l has been observed to be distributed more
17

basally

149

as are integrins

at the mtercellular junction. Integrins also bind to the

extracellular matrix of the basement membrane. Integrins act not only as anchors but
have also been found to act as matrix receptors; that is, they can generate an intracellular
response to changes involving their association with the extracellular matrix. The
association of integrins with the cytoskeleton is made possible via attachment proteins
(e.g. talin, a-actinin, etc.) binding at the intracellular domain of the p subunit. Aside fiom
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binding to specific amino acid sequences on extracellular matrix proteins, endothelial
integrins, specifically avP3, have also been found to bind to PECAM-l
Regulation of Vascular Permeability to Macromolecules
Vascular permeability refers to movement of substances across the endothelial
lining of blood vessels. Under normal circumstance, fluid exchange occurs passively
according to Starling's laws but the exchange of proteins and other macromolecules is
usually highly restricted by the endothelial barrier. Vascular permeability is therefore
considered altered when proteins and macromolecules are allowed to extravasate.
Vascular permeability has also sometimes been used to refer to the regulation of cellular
trafficking across the endothelial barrier. As emphasized earlier, execution of the
inflammatory response hinges on the movement of soluble and cellular mediators &om
the bloodstream into the interstitium. The mechanisms responsible for increases in
macromolecular permeability are not necessarily the same ones which allow migrating
cells to leave the vascular space. Measuring changes in transcellular electrical resistance
(TER) across a monolayer of endothelial ceils, as well as its permeability to albumin,
Huang et al. (1988) demonstrated that PMN cells migrating towards a chemoattractant
did not result in any measurable TER differences, thus implying that the passage of cells
across the endothelium, by itself, does not cause increases in vascular macromolecular
120

permeability.

In this section, some of the mechanisms that alter the permeability of the

endothelial barrier to macromolecules will be presented.
Changes in macromolecule permeabili^ caused by inflammatory mediators can
be a transient event, lasting only several minutes. Wu and Baldwin (1992) demonstrated
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in the rat mesentery that the formation of gaps between endothelial cells due to
276

continuous histamine treatment peaked at 3 minutes before returning to control.

The

mechanisms involved in causing macromolecular leakage at intercellular junctions are
still currently debated. Some investigators have attributed the opening of gaps to active
actomyosin contraction. Indeed, histamine, hypoxia and even migrating PMNs cause
2+,

13,121^4

rapid transient increases in intracellular calcium ([Ca jO-

Figure 1.2 illustrates

how [Ca^^i induces actin-myosin interactions that lead to endothelial contraction.
Boswell et al.(l992) showed that bradykmin and histamine did not cause
endothelial cells to contract while serum and thrombin did.^' Contraction in these studies
was assessed by the recording of changes in the wrinkling of a pliable silicone membrane
on which endothelial cells were grown. Although this work was done on large vessel
endothelial cells as opposed to post-capillary venular endothelial ceils, it was indicative
of the fact that multiple mechanisms induce permeability changes depending on the
stimuli.
Visualization of peripheral actin rings near intercellular gap formations due to
histamine exposure in the rat mesentery revealed a decrease in actin content and/or the
18 194

formation of diffuse F-actin localization. '

This study did not however, address

whether endothelial cell contraction was responsible for gap formation and permeability
increases. In fact, the observation may fit

an alternative mechanism that other

investigators have proposed, that is, that gaps form because of a breakdown in the
31 191^3

cytoskeletal scaffolding of endothelial cells. '

This theory subscribes to the

30

postulation that endothelial cells are normally under a certain amount of tension
123

maintained by the cytoskeleton (the tensegrity model).

Thus, alterations in cytoskeletal

arrangements or the breakdown of endothelial peripheral actin rim can result in the
diminishing of this tension and the opening of intercellular gaps. One possible
mechanism by which this breakdown can happen was raised by recent studies of small
GTPases. Rho, its fellow GTP-binding proteins Rac and Cdc42 are thought to regulate
myosin light chain phosphatases and the synthesis of phosphatidylinositol 4,5bisphosphate; activities thought to result in the assembly and disassembly of the actin
256

cytoskeleton and therefore regulate endothelial permeability.

Indeed, specific

inactivation of the small GTP-binding protein, Rho, by Clostridium difficile toxin B has
been shown to increase the macromolecular permeability of endotheUal cell
monolayers.'"
Leukocyte Extravasation
Leukocyte trafGcking involves a number of steps as summarized in Figure 1.3.
The initial interaction between leukocytes and endothelial cells have been characterized
as random contacts that are followed by the 'rolling' of leukocytes on the apical surfaces
of the endothelium. This observation has been attributed to the intermittent binding of
endothelial and leukocyte receptors known as selectins (L-, P- and E-selectin) to their
38 44»239

corresponding carbohydrate ligands. '

Some of the selectins are constitutively

expressed while others are expressed very rapidly and may peak within 4 hours, in
response to intravascular stimuli such as histamine and thrombin, as well as extravascular

31

stimuli such as liposaccharide (LPS), cytokines (IL-1, TNFa, etc.) and leukotrienes. This
rapidity is possible in part because some of the selectin molecules are stored
intracellularly in special reservoirs (e.g. P-selectin in Weibel-Palade bodies). Selectin
mediated rolling is regarded as an important means of recruiting leukocytes to the
endothelial cell surface and to slow them down so that firm adhesions can take place.
Molecules that mediate firm adhesions between endothelial cells and leukocytes
are generally synthesized when the endothelium is stimulated by inflanunatory cytokines
such as IFNy, TNFa and IL-1p. These adhesion molecules, such as (Intercellular
Adhesion Molecule-I) ICAM-l and (Vascular Cell Adhesion Molecule-1) VCAM-l, are
Ig-like cell adhesion molecules that have an onset of expression ranging from 4-6 hours.
The sequential upregulation of different combinations of adhesion molecules may be a
means of selective leukocyte recruitment as it corresponds to the sequence in which the
44

different leukocytes are stimulated to transmigrate.

Leukocyte selectivity for

transmigration may also be detennined by the type of chemokine or chemoattractant
present. Neutrophil infiltration occurs early in the inflammatory response and is generally
44^9
followed by monocytes and then lymphocytes.
Other molecules taking part in the
transendothelial migration process include PECAM-1, a constitutively expressed Ig-like
cell adhesion molecule found to be essential in mediating neutrophil migration,

185

and the

208

integrins, especially the P2 integrins (e.g. the ligand for ICAM-l: CDl la/CD18).
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There are a number of hypothetical means by which leukocytes migrating across
the endothelium may trigger intercellular junctional openings. For example, activated
leukocytes often produce proteases which degrade extracellular matrices and other
endothelial cell surface molecules. This mechanism is quite plausible in the case of the
disruption of cadherin-S binding since the extracellular domain of cadherins is known to
be susceptible to protease cleavage.'^'^'*^'' More recent reports have suggested that a
localized, reversible loss in the staining of cadherin-S/catenin complex members occurs
during in vitro monocyte transendothelial migration assays.^ Evidence against a role for
proteases does, however, exists. Furie et al., (1987) conducted neutrophil migration
assays in the presence of a variety of protease inhibitors. They did not observe any effect
87

on the number of neutrophils migrated.

While this was not conclusive proof that

protease action was not essential to leukocyte transendothelial migration, it did provide
evidence that other mecham'sms might exist concurrently. These other mechanisms may
be utilized in non-toxic leukocyte migrations (absence of both endothelial cell and
leukocyte activation) such as the T-Iymphocyte circulation between the extravascular
space and the systemic circulation or, as investigated by Muller and Weigl (1992),
184

monocyte transmigration.

Any proposed mechanism should also have to account for
147

the rapid reversibility in junctional openings,

and the localization of openings, i.e.

openings only occur in a specific position on the endothelial cell perimeter rather than
around entire endothelial cells. In addition, activated leukocytes bound to the
endothelium do not always extravasate. Local tissue microenvironment and specific

33

Rolling
Leukocyte

Activation

SLn (nj4k CIA (iLH odwr
sbIylilBd» fbeoqrlaicd itmctum
L«ledhs(UM.MV

Endothelial
L^leetfa ligind CDM (N>tU
MAdCAM-l (L).

HinainineTlminliin; LPS;
Ondmn; Lculuwiaa:
CyMtincs.

mssim
cd(!^IS!NS8S
pi and fiTiniepmi*

Transendotheiial
Migration
Miara
CDliyCDIS(N>l,L):
Riand KrimcgrinL

Subendothelial
Migration

a>M(u

|)i and f|:inlcgrin>*

ICAM-l.tCAM'Z
MAdCAM-t (U

CtmaUncs:
IL4 (ML
MCP-UM);MII>-I|) (Lk
VCAM-t (M.U
PAF(N1:

E4cI^n(KMjL);

PF4(N>n;
reCAM-l (NJkUL).

Tissue

irm

Cytokmcs:
e(.CM-CSF;tL-S:
ClMmoMincaiili;

a».CS«(N);FMLP(NAn;

PECAM-I (NMiL);
ICAM-I (NML);
VCAM-I (MX).

ChfflWfcilKTT

CytoUiKi:e.|. TNF-^ IL-I:
ChRtraumctmu.
IFN.T;ll^.

Euncellulwimrix
tiimiiomiili; Chemoliinei:
ChmouOKnius.

Chmnlriiics: &(. IL4 (N,L!
MCP-l(M);IL-2|iL).

Figure 1.3: Steps in the transmigration of leukocytes across the endothelial barrier.
Leukocytes, endothelial cells and cells in the intersitial tissue produce a variety of
mediators and express various receptors/ligands to promote the sequence of events.
Indicated in parenthesis are the leukocyte populations that are known to express a
particular adhesion receptor or respond to a particular mediator. N: Neutrophils; M:
Monocytes; L: Lymphocytes; sL; a subset of lymphocytes. See Glossary for key to
abbreviations. (Adapted from Carlos and Harlan, 1994 and Butcher, 1991.)
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There are a number of hypothetical means by which leukocytes migrating across
the endothelium may trigger intercellular junctional openings. For example, activated
leukocytes often produce proteases which degrade extracellular matrices and other
endothelial cell surface molecules. This mechanism is quite plausible in the case of the
disruption of cadherin-S binding since the extracellular domain of cadherins is known to
be susceptible to protease cleavage.'^^ '^'^ More recent reports have suggested that a
localized, reversible loss in the staining of cadherin-S/catenin complex members occurs
during in vitro monocyte transendothelial migration assays.^ Evidence against a role for
proteases does, however, exists. Furie et al., (1987) conducted neutrophil migration
assays in the presence of a variety of protease inhibitors. They did not observe any efTect
87

on the number of neutrophils migrated.

While this was not conclusive proof that

protease action was not essential to leukocyte transendothelial migration, it did provide
evidence that other mechanisms might exist concurrently. These other mechanisms may
be utilized in non-toxic leukocyte migrations (absence of both endothelial cell and
leukocyte activation) such as the T-lymphocyte circulation between the extravascular
space and the systemic cvculation or, as investigated by Muller and Weigl (1992),
184

monocyte transmigration.

Any proposed mechanism should also have to account for
147

the rapid reversibility in junctional openings,

and the localization of openings, i.e.

openings only occur in a specific position on the endothelial cell perimeter rather than
around entire endothelial cells. In addition, activated leukocytes bound to the
endothelium do not always extravasate. Local tissue microenvironment and specific

inflammatory stimuli may simply cause transient adhesions without migration such as the
case with CSa mediated neutrophil adhesions.''^
Several possibilities may also exist that involve PECAM-1. Romer, et al. (1995)
showed that cytokine treatment of human umbilical vein endotheh'al cells (HUVECs)
222

caused a redistribution of PECAM-1 away fi»m endothelial cell junctions.

They

proposed that PECAM-1 could act as a cue for PMN cells to aggregate at the junctions
and that this effect would be diminished when redistribution occurs on endothelial
activation. On the other hand, the loss of PECAM-1 from the junctions, and therefore
from active cell-cell adhesion, may serve to accommodate transendothelial migration. A
third possibility provides for the fact that PECAM-1 expressed on neutrophils may bind
homotypically to PECAM-l molecules within the inter-endothelial junction. Such
binding may simply be a means of providing a tighter adhesion, or it may provide the
neutrophil with a means of'gripping' and 'pulling' itself through. PECAM-1, however is
254

not be found on all leukocytes.

The role of PECAM-1 in cellular transendothelial

migration, at least as discussed above, may also be diminished by data suggesting that
PECAM-l is preferentially distributed on the basal side of endothelial cell junctions.'^
The same work suggested that cadherin-5 is distributed in a band about 0.4 ^m more
apically than the PECAM-1 band within endothelial cell junctions thus implying that
leukocytes have to penetrate past cadherin bridges before they enter the zone where most
PECAM-l molecules are located.
Adhesion of leukocytes to the vascular endothelium may be yet another way by
which the signal to open intercellular junctions can be initiated. Such a mechanism has

36

been observed in vitro whereby E-selectm linkage to the actin cytoskeleton was triggered
after leukocyte adhesion, and thus potentially signaled the endothelial cell to create
278

junctional openings.
Cytokines

General Role And Biological Activities
Cytokines are secreted regulatory proteins that play a major role in modulating
tissue survival, growth and differentiation as well as in coordinating an organism's
defense against infectious agents and tissue injury. Target cells may be signaled by a
range of cytokines via cell surface receptors unique to each cytokine. Unlike hormonal
signaling, cytokine signaling occurs primarily in autocrine and paracrine fashions; i.e.
only cells in the immediate vicinity of the cytokine producing cell are targeted. A variety
of different cytokines may be produced by a single cell. Different cytokines may
sometimes overlap in flmction as they may produce identical responses from target cells.
A common phenomenon in the vast cytokine signaling network is the occurrence of
59

synergistic and antagonistic interactions between the different members.

'Pro-inflammatory cytokines' refer to a subset of cytokines, such as Interleukin-I
(IL-l), IL-8, Tumor Necrosis Factor-a (TNFa), Monocyte Chemoattractant Protein
(MCP-1), Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), that
participate in the initiation and the progression of an inflanmiatory response. Alternately,
cytokines such as IL-4, H-IO. IL-13 and Transforming Growth Factor-|3 (TGF-P) have
69

been characterized as anti-inflammatory cytokines. Furthermore, another subset which
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would include the interferons, such as Interferon-y (IFNy), IFN-a and -p, comprises of
cytokines that perform inmiunomodulatory roles; i.e. by modulating the activities of other
cytokines.
Specific Events Induced by TNFa and IFNy
The biological activities of TNFa and IFNy have been intensively studied due to
the prominent roles they have been observed to play in response to inflanunatory and
immunological stimuli. The major features and functions of these cytokines are
summarized on Table 1.2. TNFa, while predominantly derived &om macrophages is also
produced by T and B lymphocytes, NK cells, myocytes and smooth muscle cells in
response to a myriad of stimuli such as bacteria, viruses, other cytokines, tumor cells,
complement and immune complexes.

IW4

In heart disease, TNFa has been correlated with

impaired hemodynamic function as well as the development of graft coronary
253

atherosclerosis.

Elevated levels of TNFa have been reported in animal models as well

66;263^64
as m patients undergoing heart transplantation and immunosuppressive therapy.
IFNy, is induced by both Major Histocompatibili^ Complex (MHC) Class I and MHC
Class Q presented antigens. Only T lymphocytes and Natural Killer (NK) cells, both of
which are found to infiltrate the interstitium of transplanted organs during rejection, have
gQ
been found to produce IFNy. IFNy expression has in fact been found to correlate with
225

the severity of cellular rejection in biopsy samples fiom heart transplant recipients.

Because of their multiple biological properties and their ability to synergistically
elevate the level of target cell stimulation, TNFa and IFNy, present in combination, are
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thought to contribute to disease when chronically present. While IFNy is not a potent
inducer of adhesion molecules expression when present alone, it has often been found to
promote the process of cellular and macromolecular extravasation by inducing other
mediators, such as chemokines, and act in synergy with TNFa to generate the following
responses in endothelial cells:
• Increased macromolecular permeability.^'^^
• Increased leukocyte infiltration.

186

• Morphological reorganization and changes in F-actin organization.'^'*^^'
27

• Redistribution of tight junctional protein ZO-1.

• Induction of E-selectin mRNA/protein expression.^
• Induction ICAM-l mRNA/protein expression.'
• Decrease in PECAM-1 mRNA levels/cellular expression.^'"
The frequently documented synergistic outcomes in these studies have most often
been attributed to the presence of binding sites, on promoters of a particular gene of
interest, for both TNFa and IFNy activated transcription factors (described later).
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Table 1.2; Sources, stimuli and major actions of TNFa and IFNy.

TNFa (Proinflammatory)

DFNy (Immunomodulatory)

Mr:

17kDa

20-25 kDa

Receptors;

TNF-R1&R2: p55, p75.

IFNy-R; 80-95 kDa

Found in all cells except RBCs

Found in all cells except RBCs

Sources:

T cells, B cells, macrophages, NK
cells, myocytes, smooth muscle
cells, etc.

NK Cells, T cells

Stimuli;

Bacteria, viruses, cytokines, tumor
cells, complement, immune
complexes.

Antigenic activation

Major actions:

• Mediate upregulation of adhesion • Modulate growth,
differentiation and activity of T
molecules
cells, NK cells, B cells and
• Activation of neutrophils
macrophages
• Induce production of other
cytokines

• Powerful enhancer of MHC
Class I in many different cell
types

• Cytotoxic effect on tumor cells
• Selectively cytotoxic to
transformed cells
• Angiogenic in vivo; inhibits
proliferation in vitro.

• Powerful enhancer of MHC
Class n in APCs.
• Induce TNFa, MEP-la and ip,
RANTES, mcki production.
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TNFaand IFNy Intracellular Signaling Pathways
Studies on the TNFa and IFNy intracellular signaling pathways to date have
yielded information regarding numerous, intricate mechanisms. As listed above and on
Table 1.2, the cytokines elicit a number of different responses via diverse signal
transduction pathways. Further complexity is rendered by the well documented
synergism between TNFa and IFNy as well as between other combinations of cytokines.
IFNv Signaling
The IFNy receptor is a single transmembrane, 472 amino acid molecule. It is
ubiquitously expressed in all cells. The intracellular domain has two regions that seem to
go

play important roles in the internalization and signal induction processes.

It has also

been found that a second accessory molecule, probably anchored to the membrane, must
be present for the receptor to be functional

108

Two major lines of work have been pursued

by investigators in tracing the IFNy signaling pathway. Initial work on IFNy in the 80's
and early 90's focused on tracing the activation of Protein Kinase C (PKC) and ion fluxes
80

as the major mediator of intracellular signaling.

More recently however, a clearer

picture incorporating the activities of nuclear transcriptional factors, via the Jak-STAT
(Janus BCinases), (Signal Transducers and Activators of Transcription) pathway, began to
60

emerge.

Ligand binding to the receptor leads to receptor dimerization followed

by

receptor-ligand internalization. Celada and Schreiber have shown in macrophages that
IFNy dissociates and is eventually degraded while the receptor is recycled back to the cell
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surface. Investigators studying EFNy activation of the Jak-STAT pathway report that
their evidence points to an association of Jaks, a family of tyrosine kinases, with the
receptor-ligand complex. Members of the STAT family of proteins are then subsequently
phosphorylated by Jaks, dimerize, translocate to the nucleus and bind to inunediate
response elements denoted as GAS (Ganmia-interferon Activation Site),^ thereby
upregulating gene expression ultimately resulting in the upregulation of proteins such as
the MHCI and II and chemokines such as MlP-la and ip, RANTES and MCP-1.
TNFa Signaling
Like IFNy signaling, many endothelial cell responses to TNFa, such as adhesion
molecule upregulation and growth inhibition, require the induction of gene expression.
Indeed, TNFa has been found to activate the transcription factors Activation Protein-1
(AP-1), Activating Transcription Factor-2 (ATF2)/c-jun and Nuclear-Factor-kB (NF-kB),
accounting for the upregulation of several genes such as ICAM-1, E-selectin and VCAM1. The well characterized pro-apoptotic (described later) activities of TNFa however,
does not require de novo gene expression. TNFa receptor (TNFR) binding can cause
trimerization/activation of two subtypes of receptors, p55 (TNFR 1) and p75(TNFR 2).
These have similar extracellular domains that are characteristic of the TNF receptor
superfamily, but have unrelated intracellular domain sequences.^^ Of the two, pS5 has
167^6
been shown to be the dominant receptor in endothelial cells.
Early investigations focused on signaling pathways involving the activation of
phosphatidylcholine-specific phospholipase C (PC-PLC) derived 1,2-diacylglycerol
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(DAG) and the activation of sphingomyelinases (SM-ase).

PC-PLC derived DAG can

also stimulate endosomal acidic SM-ase which goes on to produce ceramide. The lipid
second messengers DAG and ceramide can both activate PKC, which has been
demonstrated to be involved in the mediation of typical endothelial cell responses to
TNFa such as adhesion molecule upregulation and induction of uPA (urokinase
plasminogen activator) expression.'^' "^ Subsequent to these findings,

specific

transcription factors activated by TNFa signaling were identified. Transcription factors
such as NF-kB did not require PKC mediated activation thus indicating the existence of
178

multiple distinct signaling pathways.

The activation of NF-kB requires the dissociation

and degradation of its inhibitor molecule,
translocation of

NF-kB

IkB.

The inactivation of

IkB

permits the

into the nucleus and its subsequent binding to gene enhancer

53

sequences.

More recent advances in the dissection of events occurring at the TNF-R
following ligand binding have yielded in the discovery of the intracellular complex of
multiple subunits containing common 'death domain' protein sequences (Fig. 1.4). The
term 'death domain' was coined to indicate the necessity of this conserved sequence of
proteins in members of the TNF-R superfamily for generating the apoptotic response
(defined/discussed in next section). The protein subunits at the receptor, including RIP,
TRADD, FADD and TRAF-2 (see Fig. 1.4 for key to abbreviations), have been found to
interact amongst each other generating multiple independent signaling pathways.'^'^'^
While overexpressed TRADD, has been shown to activate both apoptosis and nf-kb,"^

43

dominant negative mutants of TRAF2 and FADD has been demonstrated to block TNFa
mediated NF-tcB and cell death respectively, thus demonstrating a branching of signaling
pathways distal firom TRADD.*^^ The precise pathways leading to apoptosis versus NFkB as well as c-Jun activation have since been described and are illustrated on Fig. 1.4.
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Figure 1.4: Signaling transduction pathways activated upon TNFa ligand binding
on receptor TNF-Rl.
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TNFa and IFN/Signaling in Apoptosis
Apoptosis, or programmed cell death, is a unique mechanism of cell suicide in
which an intrinsic biochemical machinery is triggered leading to the disassembly of the
75 81

cell and resulting in a morphologically characteristic death. ' Apoptosis is an essential
means by which organisms regulate cell numbers and cell types during morphogenesis in
the developing embryo and homeostasis in adult animals. Apoptotic cells undergo DNA
fragmentation, cytoskeletal reorganization, mitochondrial membrane permeabilization
and disintegration into membrane bound apoptotic bodies. The formation of apoptotic
bodies permit the phagocytotic elimination of cell components thus averting the
detrimental effects of intracellular biochemicals being released into the extracellular
domain. The recent evidence of endothelial apoptotic induction in inflammatory
132

diseases

raises the possibility that this process is another major means by which the

endothelial barrier integrity is compromised.
Tumor necrosis factor, indicates by its nomenclature, the cytotoxic effect it has on
various tumor cell lines. However, it was soon recognized that ui certain tumor cell lines,
that cell death was induced via apoptosis rather than by necrosis.'^^ Given the central role
that TNFa was known to play in mediating the inflammatory response, specifically in
activating endothelial cells, the significance of whether or not the endothelium was
susceptible to TNFa induced apoptosis became apparent. Indeed, Robaye et al., first
reported the TNFa triggering of apoptotic cell death in normal endothelial cells in
220

culture.

The findings

were by no means definitive because, although several

47

investigators also reported the initiation of endothelial apoptosis by treatment with TNFa
68^40

alone,

many other studies have demonstrated the requirement of TNFa treatments in

conjunction with another agent such as cycloheximide or actinomycin D to trigger
133^7
endothelial apoptosis.
The induction of endothelial apoptosis upon TNFa treatment
in conjunction with inhibitors of protein or mRNA synthesis inferred the existence of
signaling molecules whose expression, when allowed to upregulate in response to
cytokine signaling, protected endothelial cells from undergoing apoptosis. Thus, the
prevailing notion that TNFa treatments activated a complex system of both pro- and antiapoptotic signaling pathways was established.
Studies in non-endothelial systems have elucidated many of the signaling
pathways that control the destiny of a cell in response to TNFa stimuli. The description
of the intracellular mechanism by which the TNF-R signaling triggered apoptosis began
with the identification of a specific intracellular 'death domain' responsible for signaling
257

cell death.

Next, the signaling pathways linking the TNF-R to the activation of

caspases, members of a family of cysteine proteases, was dissected as summarized in Fig
1.4.^^ Caspases are highly specific proteases requiring an aspartic acid as the first residue
of tetrapeptide recognition motifs at the cleavage site.^^ Each caspase has its own
preferred tetrapeptide sequence. However, not all proteins containing the favored
tetrapeptide sequences are cleaved, thus indicating the significance of tertiary structures
259

in the targeting of potential substrates.

Caspase signaling has been described as

occurring in a cascading fashion; whereby initiator caspases, activated by pro-apoptotic

48

stimuli such as ligand binding at the TNF-R, cleaves multiple downstream executioner
caspases, thereby activating them in an amplified manner. The executioner caspases have
been demonstrated to cleave various molecules such as lamins, focal adhesion kinase, p35138 158

catenin and gelsolin. ' '

Substrates such as these are involved in maintaining

cytoskeletal structures and their cleavage directly contributes to the characteristic
disassembly of apoptotic cells.
Unlike the case with TNFa induced apoptosis, the induction of apoptosis with
IFNy has not been as well defined. IFNy has not been observed to be cytotoxic to
endothelial cells when treated individually. However, some evidence exists to suggest
that the Jak-STAT signaling pathway can induce caspase 1 (Interleukin-ip-converting
49

enzyme) expression which resulted in an apoptotic response.

Such evidence was

obtained &om work conducted in the immortalized cell lines A43I and HeLa and, as
such, may not be replicable in primary cell cultures. In addition, caspase I is generally
regarded to lack a role in cell death and instead, plays a prominent role in inflammation.
IFNy has been described to modulate the susceptibility of certain tumor cell lines
to TNFa induced apoptosis.

198

Moreover, although IFNy is not likely a primary inducer

of apoptosis, its ability tc potentiate events triggered by TNFa associated with
inflammatory responses has been well documented in endothelial cells. Whether or not
TNFa's potential to induce endothelial apoptosis is enhanced by treatments in
conjunction with IFNy has not been established and will be the focus of the work
presented in Chapter 4.
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Cadherins
General Characteristics
Cadherin-S belongs to a superfamily of

130 kDa integral membrane proteins

that mediate Ca^'^-dependent cell-cell adhesion. Cadherin-5 is unique in that it has been
ahnost exclusively found on vascular endothelial cells. The cadherin superfamily,
however, consists of more than 25 members, distributed in a tissue-specific manner.
Cadherin-S was identified by Suzuki et al. (1991) using polymerase chain reaction (PGR)
247

techniques.

Primers consisted of degenerate oligonucleotides to highly conserved

amino acid sequences from the cadherins that were then known, while templates were
cDNA libraries made firom rat brain and retinal tissue using reverse transcriptase-PCR
(RT-PCR).
The extracellular domains of the various cadherin family members bind in a
homophilic manner and are known to profoundly influence animal morphogenesis
especially during embryonic development.^^^ Some of the known tissue specific functions
include maintenance of cell polarity and epithelial cell barriers by E-cadherin and P215^0
cadherin and neurite outgrowth promotion by N-cadherin.
Formation of low
permeability tight junctions on epithelial cells have been found to first require E-cadherin
100

mediated intercellular adhesion.

Also, loss of E-cadherin expression has been linked to

aggressive tumor cell invasiveness and increased metastasis.^^
There is as much as a 50-60% homology between members of the classical
250

subfamily (also known as type I cadherins) and between species.

Type II cadherins, of

50

which cadherin-5 is a member of, are distinct from type I cadherins on the basis of small
but significant variations in amino acid sequence.^^ The general structural organization
187

of both cadherin types is depicted on Fig. 1.5.

The extracellular domain is at the N-

terminal side and consists of subunits with cadherin-unique motif (EC1-5), Ca^^ binding
sites (EC1-3), a proteolytic cleavage site (EC5) and an adhesive recognition site that
mediates homotypic binding (ECl). The relatively small intracellular domain is highly
conserved among cadherins and contributes to the molecules' function via associations
with intracellular proteins and its capacity to be phosphorylated at serine/threonine or
tyrosine residues. Foremost among cadherin associated intracellular proteins are the
catenins. As shown in the cluster of molecules constituting the anchoring junction on Fig.
1.1, the catenins play a vital role in providing the link between cadherins and the actin
cytoskeleton as well as other cytoskeletal proteins such as vinculin, a-actinin and
potentially, other unidentified proteins.
Cadherin-catenin complex
The cadherin-catenin intracellular complex of proteins links cadherin molecules
to the actin cytoskeleton. It has been shown that the formation of these complexes is
essential to the normal functioning of cadherins in intercellular adhesion and cellular
187^00

reorganization.

Cadherins bind directly to either P-catenin (94 kDa) or plakoglobin

(y-catenin, 86 kDa) which in tum, bind to a-catenin.

199

a-Catenin has binding sites for

actin thus completing the linkage of the complex to the actin cytoskeleton.^ p-Catenin
and plakoglobin are related (>60% amino acid sequence identity), both having highly
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conserved central regions consisting of 'arm repeats', a protein motif present in the
Drosophila protein. Armadillo.

lOl

a-Catenin whereas, is a 102 kDa protein similar to the

cytoskeletal protein, vinculin. a-Catenin has a homodimerization site and a p-Catenin or
plakoglobin binding site in the amino terminal, binding sites to a-actinin at a central
region and to actin at both the amino and carboxyl terminal sites. In addition, a-catenin
has also been reported to bind ZO-1, the tight junction protein.
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It has been postulated

that ZO-1 may be mobilized to the cell surface by this linkage during the during the
initial stages of junction formation but transferred to the apical tight junctional regions
214

during the junctional maturation process.

Another catenin that has been found to bind

to cadherins independent of either p-catenin or plakoglobin is pl20(ctn) [or pl20(cas)]
218

which was originally reported as a Src-substrate.

The phosphorylation state of

pl20(ctn) has been implicated as a major regulating factor in the modulation of cadherin
adhesiveness.'"'^^' In addition pl20(ctn) has also been proposed to regulate the actin
cytoskeleton when not cadherin-bound via activation of small GTPases Cdc42 and Racl
196

while reducing RhoA activity, thus promoting a state favoring cell migration.

Other

cytoskeletal proteins that have been reported to associate and regulate the functions of the
cadherin-catenin complexes include a-actinin, vinculin, spectrin and ZO-2. Their
respective binding sites and specific fimctions are still under investigation.^'^
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Figure 1.5: Functional domains of the classical cadherin molecule. (Adapted from
Gnmwald, 1993).
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Structural and Barrier Maintenance
Ayalon et al., (1994), using pan-cadherin antibodies on HUVEC extracts, showed
the presence of at least 4 immunoreactive bands, of which two were identified as
17

cadherin-5 and N-cadherin.

Immunofluorescence microscopy demonstrated the

localization of cadherin-5 protein at intercellular junctions of confluent endothelial
monolayers and their associations with components of the intracellular cytoskeleton.'^^'^^^
Experiments that involved the incubation of endothelial cells with an anti-cadherin-5
monoclonal antibody resulted in a dose responsive increase in the monolayer's
macromolecule permeability.

ISO

Disruption of the cadherin intracellular binding sites
250

usmg mutagenesis techniques resulted in cells that did not adhere to adjacent cells.

Shasby and Shasby (1986) used a calcium switch assay to show that the removal of Ca^^
resulted in a loss of
232

replacement.

endothelial barrier function which was reversible with Ca^^

In an extension of the calcium switch assay, Alexander, et al. (1993)

demonstrated that the reversibility was lost however, if anti-cadherin antibodies were
4

2+

262

added. The role of Car may be more involved than as merely a bridging molecule.

Studies using protein kinase inhibitor pretreatment followed by Ca^^ depletion on MadinDarby canine kidney (MDCK) cells show a decrease in the disassembly of the adherens
51
in
junction. It was supposed that Ca may instead regulate transduction systems involving
serine/threonine kinases.^^^
Staddon et al (1995) demonstrated that increased ^osine phosphorylation of pcatenin and of ZO-1 as a result of phenylarsine oxide (^osine phosphatase inhibitor)
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lead to increased tight junction permeability in MDCK epithelial cells.

This work was

supported by results from Takeda et al. (1995) using temperature sensitive v-src249

transfected MDCK cells.

Both studies evaluated the change in permeability via

transcellular electrical resistance measurements. Takeda et al. however, found that pcatenin phosphorylation may not have played a role in the weakening of cell-cell
adhesion. They discovered this by carrying out experiments on a cell line that was
transfected with both v-src kinase and a functional E-cadherin/a-catenin fusion molecule,
nEaCL (i.e. lacking P-catenin). These cells performed in a similar permeability elevating
manner to normal MDCK cells in cell aggregation and dissociation assays. This
countered the previous notions that tyrosine phosphorylation of P-catenin leads to the
dysfunction of the cadherin-catenin complex.
Another major adhesion molecule located in the intercellular junction is PECAM1. This adhesion molecule has also been found to be downregulated by TNFa and IFNy
treatment. This downregulation was recently attributed to the destabilization of the
244

PECAM-l mRNA . However, through detergent extractibili^ experiments, PECAM-1
has been shown to have a much weaker association with the cytoskeleton than cadherin5,'^ thus implying the lesser role it may play in maintaining endothelial barrier integrity.
Together, these pieces information provide strong evidence that normal,
fiinctioning cadherin-5 is required for endotheUal barrier integrity. There is still much to
be learned about the signaling mechanisms occurring at the cadherin-catenin complex
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even though it has become obvious that cadherin-5 is a major mediator of tight junction
formation and cell-cell adhesion between adjacent endothelial cells.
Signaling Pathways Associated With Cadherins.
In this section, signaling pathways that may be influenced by cadherin mediated
cell-cell adhesion are discussed.
Wnt signaling via P-catenin.
P-catenin's involvement in signal u:ansduction and development patterning was
first uncovered with the finding that it was highly homologous (70% amino acid
sequence identity) with the Drosophila segment polarity gene product, Armadillo.'^^
Besides its localization near the membrane where it plays a central role as a member of
the cadherin-catenin complex, p-catenin also exists in the nuclear and cytoplasmic pools.
In the cytoplasm, P-catenin can form complexes with APC (adenomatous polyposis coli),
Axin and GSK3P (glycogen synthase kinase 3p). Formation of this second complex
allows the GSK3P mediated phosphorylation of P-catenin and therefore targets it for
1 122

degradation via the ubiquitin-proteosome pathway.

Wnt/Wingless (Wg) proteins are a

large family of cysteine-rich secreted molecules that are associated with the extracellular
40,58

matrix and they control embryonic patterning and cell-fate decisions in development.

Binding of Wnt molecules to its receptor (proteins known as Frizzled, of which there are
eight mammalian family members), activates an intermediary protein known as
'Disheveled' which in turn antagonizes the formation of p-catenin's complex with APCGSK3p-axin. Wnt signaling therefore has the net effect of reducing p-catenin degradation
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and stabilizing cytoplasmic P-catenin. Increased intact P-catenin can translocate into the
nucleus where, it acts as a co-activator by binding to LEF-l/TCF (lymphoid enhancer
118
factor-l/T-cell factor) transcription factors which promote Wnt target genes.
Conversely, increased cadherin-mediated cell-cell adhesion and formation of cadherincatenin complexes can reduce the amount of firee cytoplasmic and consequently, nuclear
105

P-catenin available to act as co-activators of LEF-l/TCF.
PI 3-kinase/Akt Signaling Pathwav

PI 3-lcinase (Phosphatidylinositol 3-kinase) is a ubiquitous heterodimeric lipid86

modifying enzyme.

This enzyme has been shown to mediate the anti-apoptotic

responses initiated by growth factors such as PDGF and fibroblast growth factor (FGF)
and cytokines such as TNFa as well as by cell-substrate adhesion, via its phosphorylation
52,168

of Protein Kinase B (better known as Akt).

Akt in turn, inhibits apoptosis by the

phosphorylation and inactivation of the pro-apoptotic Bci-2 homolog Bad,^^ and of the
43

apoptosis-initiating enzyme caspase 9.

Recent evidence has demonstrated that

engagement of E-cadherin cell-cell interactions recruited PI 3-kinase to E-cadherin206

catenin complexes and resulted in the PI 3-kinase mediated activation of Akt.

Together, these data provoke the notion that cadherin-5 mediated cell-cell adhesion may
have the additional purpose of maintaining endothelial cells in an anti-apoptotic state and
by the same token, the loss of cadherin-5 adhesion may promote endothelial apoptotic
cell death.
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Significance of the Present Study
Much has been learned in the past four decades regarding the role and fimction of
endothelial cells in triggering and coordinating the inflammatory response. The various
means by which this innermost layer of cells in the vascular wall regulates the passage of
bloodbome macromolecules and leukocytes into the interstitium has been well
delineated. The effect of cytokines such as TNFa and IFNy in stimulating many of the
different aspects of the endothelial inflammatory response has been well established. The
correlation of changes in the interendothelial junctions with changes in vascular
permeability has highlighted the crucial role that junctional cell-cell adhesion molecules
might play in maintaining the integrity of the endothelial barrier. However, many of the
precise mechanisms by which TNFa and IFNy stimulate changes in endothelial barrier
maintenance have yet to be well understood. In general, these cytokines mediate changes
in the endothelial production of soluble mediators, expression of cell surface adhesion
molecules and influence the both survival and apoptotic signaling pathways. Cadherins
have been demonstrated to be a major mediator of endothelial cell-cell adhesion. The
influence of proinflammatory cytokines on their function have however not been
carefully explored. Thus, the overriding hypothesis of this dissertation is that the
qrtoldnes TNFa and IFNy act in combination to regulate endothelial barrier
integrity both by affecting changes to specific molecules (Le. cadherins) at the
interendothelial junctions, as well as to cellular-wide systems via altering the
balance of pro- and anti- apoptotic signaling pathways. Three specific aims were thus
designed to investigate this hypothesis;
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Specific Aims and Hypotiieses
The vital role of cadherins in maintaining barrier integrity in both endothelial and
epithelial cells have been well established.'""''"**'^' However, the mechanisms that allow
agonists, such as the cytokines TNFa and IFNy, to regulate cadherin function has not
been clear. One study had reported the lack of change in cadherin-5 protein expression in
early passage endothelial cell cultures treated with combined TNFa and IFNy, despite,
finding changes in its jimctional organization.'^" In preliminary studies carried out in
preparation for this dissertation, evidence contrary to the aforementioned study was
found, that is, diat steady state cadherin-5 protein expression levels in endothelial cell
cultures were found reduced in response to TNFa and IFNy treatment. To help resolve
this contradiction in findings, an in vivo model, which allowed the elimination of many
factors stemming from the artificial conditions imposed on cells under culture, was
utilized to extend the studies. Thus the following specific aim and hypothesis was
proposed. Specific Aim 1; Establish the in vivo effects of treatment with proinflammatory
cytokines TNFa and IFNy, on cadherin-5 mediated endothelial cell-cell adhesion and its
correlation to changes in vascular permeability. Hypothesis 1: TNFa and IFNy
treatment in combination synergisticaily stimulates the disruption of cadherin-5
organization leading to the failure of endothelial barrier integrity. Employing laser
confocal microscopy methods, the rat mesenteric window preparation will be used to
document these changes.
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In continuation of efforts to understand the basic effects of TNFa and IFNy on
cadherin expression and fimction in endothelial cells, a number of in vitro experiments
would be necessary. In these studies, N-cadherin would also be studied in addition to
cadherin-5. The role of N-cadherin in endothelial cells has been a subject of speculation
since it has been reported to be diftlisely distributed over the surface of endothelial cells
228

with occasional enrichment at the junctions.

Since the cytoplasmic domain of cadherin-

5 was demonstrated to mediate its dominance over N-cadherin in competition for
190

localization at the intercellular junction,

the evidence of cadherin-5 redistribution &om

the junction reported in vitro in the literature'^'' and to be confirmed in an in vivo system
in Specific Aim 1, allowed the possibility that N-cadherin might localize there. Thus the
following specific aim and hypothesis were posed. Specific Aun 2: Investigate changes
in expression and function of cadherins found in endothelial cells under inflammatory
conditions as simulated by treatment with combined TNFa and IFNy. Hypothesis 2:
Loss of cadherin-5 mediated cell-cell adhesion due to combined TNFa and IFNy
treatment allows N-cadherin participation in endothelial cell-cell adhesion as a
compensatory mechanism. An in vitro cell culture model will be used to explore the
role of inflanunation in causing intracellular biochemical changes, such as to cadherin-5
and N-cadherin expression, localization and Action.
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The potential for TNFa to activate both pro- and anti-apoptotic signaling
pathways in endothelial cells have been recognized.'^^ Most studies have used TNFa
treatments with exogenous biochemicals such as cycloheximide and actinomycin D to
210^12^7
explore TNFa's pro-apoptotic activities.
By contrast, the endogenous cytokine
IFNy's influence on TNFa's ability to control apoptotic outcomes have not been as well
elucidated. A clearer understanding of the effects of TNFa + IFNy on endothelial
apoptosis could yield further clues as to the conditions under which these cytokines can
utilize a different mechanism (apoptosis, as opposed to merely affecting paracellular
permeability) to alter microvascular barrier function. The following specific aun and
hypothesis were thus postulated. Specific Aim 3: Evaluate the influence of TNFa and
IFNy on the balance of pro- and anti- apoptotic signaling pathways in endothelial cells
under different conditions. Hypothesis 3: TNFa and IFNy treatment in combination
can botii promote and iniiibit endothelial apoptosis depending on the influence of
other conditions on the balance of pro- and anti-apoptotic signak. An in vitro cell
culture model will be used along with a variety of methods to detect significant changes
in cell viabili^ and apoptotic index. Different conditions, such as the proliferation state
and the ability to activate the NF-tcB signaling pathway, will be tested to examine for
changes that would promote or inhibit the ability of the combined cytokines to
endothelial susceptibility to apoptosis.

alter
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CHAPTER 2: CADHERIN-S REDISTRIBUTION AT SITES OF TNFa AND IFNy
INDUCED

MACROMOLECULAR

PERMEABILITY

IN

MESENTERIC

VENULES

Introduction
During an immune inflammatory response, endothelium at postcapillary venules
participate in the recruitment of circulatory leukocytes through expression of adhesion
208

molecules, chemokines, and cytokines.

The proinflammatory cytokines tumor necrosis

factor-alpha (TNFa) and gamma-Interferon (IFNy) act synergistically in vitro and in vivo
to activate endothelium resulting in cellular responses, such as altered morphology, loss
37^19J22;J45
of barrier function, and adhesion molecule upregulation and/or redistribution.
Rearrangement of the actin cytoskeleton and tight junction components to TNFa and
27»94 181

IFNy have also been well documented in cultured endothelial cells.

'

Cytokine-

induced failure in microvascular barrier function resulting in tissue edema is evident in a
variety of pathologic conditions, such as septic shock, adult respiratory distress
syndrome, reperfiision injury and post-perfusion syndrome in cardiopulmonary bypass
surgery.
Endothelial intercellular junctions have been shown to constitute the paracellular
217

pathway of difiusive transendothelial transport.

Morphological analysis of intercellular

jimctions in microvascular endotheliimi by fieeze-firacture electron microscopy shows a
234

segmental distribution of junctional structures.

In mesenteric venules endothelial
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intercellular junction structure show that they are composed of loosely organized and
discontinuous tight junctions. Arterioles, in contrast, show a complex combination of
tight junctions suggesting a less permeable barrier. Tight junctions or zonula occludens
consist of a complex of proteins, including ZO-1, ZO-2, cingulin, and occludin, and are
responsible for the macromolecular permeability barrier in endothelial and epithelial
179

monolayers.

The organization and hierarchy of assembly of the various components of

the tight junction have yet to be completely elucidated.
Continuity of the endothelial barrier is also maintained by adhesive proteins of the
adherens junction complex {zonula adherens). Disruption of cell-cell contact between
endothelial cells by reducing the level of extracellular calcium leads to opening of tight
232

junctions.

Adherens junctions are closely apposed regions of adjacent membranes

associated with peripheral actin filaments, and. In addition to cytoskeletal proteins, are
102

composed of a complex of cadherins, tyrosine kinases and phosphatases.

Cadherins are

one of the major families of transmembrane cell-cell adhesion molecules, and function in
2+

251

Ca^-dependent homotypic adhesion to maintain the structure of normal tissue.

Cadherin-5 (also called VE-Cadherin) is localized to the intercellular junctions of
endothelium in arterioles, capillaries, and venules.^^^"^^^ Cadherin-S is associated with the
cytoplasmic proteins P-catenin or plakoglobin, and this complex binds a-catenin which
148

mediates binding to the actin cytoskeleton.

The catenins fimction in the dynamic

regulation of the cadherin complex with the actin cytoskeleton.^ Formation of the
endothelial permeability barrier requires prior self-association of the extracellular
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domains of cadherin-S at the anchoring junctions, in addition, to binding to the
104,150

cytoskeleton.

Localized in a discrete separate subdomain of adherens junctions is

another transmembrane adhesion molecule, PECAM-l(CD3l),'^ which is a member of
the Ig superfamily. Regulation of the balance of multiple cell-cell adhesion molecules is
likely to play a role in the control of endothelial cell integrity and tight junction assembly.
Inflanunatory mediators transiently increase permeability of blood components by
focal disruption of the peripheral actin microfilaments, and induce gap formation between
18,20 171

endothelium.

'

In vitro models show a synergistic role in the regulation of PECAM219,222

1 in endothelium by the proinflammatory cytokines TNFa and IFNy.

hi the present

study, we examined the immediate effects of TNFa and IFNy mediated endothelial
activation in vivo on the organization of cadherin-S and the associated peripheral actin
microfilaments. We used an in situ system, the microvascular endothelium of the rat
mesentery, to make our observations. A major advantage of the mesenteric window
preparation is the capability of examining changes occurring at sites precisely where the
18,276

interendotheliai junctional barrier has failed.

Materiak and Methods
Materials
Human recombinant TNFa (Boehringer Mannheim, Indianapolis, IN) - Specific
Activity: = IxlO'U/mg; rat IFNy (Gibco BRL, Gaithersburg, MD) - Specific Activity:
4x10' U/mg. Endotoxin (LAL test): <10 EU/mg (TNFa and ylFN).
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Antibodies
The murine monoclonal antibody (mAb) to cadherin-5, 9H7, was developed as
104

described previously.

The cadherin-S mAb, 9H7, is immunoreactive with cadherin-S in

human, bovine, and rat endothelium. Murine monoclonal antibody to rat CDl Ib/c, OX42 was purchased from

Pharmingen (San Diego, CA). Indocarbocyanine (Cy3) -

conjugated rat anti-mouse IgG was purchased from Jackson ImmunoResearch Labs
(West Grove, PA).
Surgical Procedure for the Isolation of the Mesenteric Window
The surgical procedures for the rat

mesenteric preparation as detailed and
276

diagrammed in Appendix A have been described previously

and are simunarized here.

The mesentery of male Sprague-Dawley (Harlan Sprague Dawley, Indianapolis, IN) rats
(3S0-4S0g) was used for all experiments. The rats

were pre-anesthetized with an

intramuscular injection of a cocktail containing Ketamine HCl - 20mg/100 gm body wt.
and Acepromazine Maleate - 1.2Smg/100 gm body wt. After the animal was sufficiently
sedated, the primary anesthetic, which consisted of sodium pentobarbital, was injected
into the intraperitoneal cavity (6mg/100gm body wt.). The animal was tracheotomized to
facilitate artificial ventilation. The mast cell stabilizer Cromolyn (10 mg/kg; Sigma, St.
Louis, MO) was injected into the internal jugular vein at this point and again after an
90

mterval of 30 minutes.

An abdominal incision along the linea alba was performed using a cautery to seal
cut vessels in both the skin and the fascia. Care was taken to keep the underlying intestine
&om coming

into contact with blood, thus reducing the chance of exposure to
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inflammatory mediators generated during the mcision. A segment of intestine was then
externalized upon moist gauze pads and continuously superfused with HBS (N-2hydroxyethylpiperazine-N'-2-ethanesulfonic acid - buffered saline, pH 7.4, Sigma, St.
Louis, MO) solution at 37°C. A loop of suture thread was placed around the hepatic
portal vein in preparation for its later incision in order to create an outflow vent for
experimental perfusates. A well vascularized series of mesenteric windows was selected,
taking care to examine the microvascular networks under a dissection microscope for the
lack of micro-hemorrhages and blood stagnation.
The superior mesenteric artery (SMA) was cannulated distal to the selected series
of mesenteric windows and the appropriate bordering arteries and veins were ligated to
allow perfusion only to these chosen windows. Prior to completely isolating the windows
from systemic blood flow and the subsequent commencement of the experiment, the
windows were examined again under the dissection microscope to confirm that surgical
manipulations did not initiate new micro-hemorrhages or the clotting off of microvessels.
The SMA proximal to the windows was then clamped and the window was flushed clear
of blood with HBS containing 1 U/ml Sodium Heparin (Pharmacia and Upjohn
Company, Kalamazoo, MI) and 0.5% (w/v) bovine serum albumin (BSA, Sigma, St.
Louis, MO). The animal was euthanized, via removal of the tracheal tube and intracardial
injection (0.5 ml) of Eutha-6 CII, a sodium pentobarbital based euthanizing solution
(Western Medical Supply Inc., Arcadia, CA). The portal vein was cut and the isolated
windows were perfused with either the heparinized HBS-BSA in control experiments or
cytokine (TNFo/ IFNy) treated heparinized HBS-BSA in treated experiments (cytokine
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dosages reported in legends to Figs. 2-7). These solutions were allowed to incubate for 7
minutes with the hepatic portal outlet clamped. The incubating solution was then flushed
(hepatic portal outlet clamp removed) with an identical solution, this time containing
0.05% fluorescein isothiocyanate (FITC)-BSA (Sigma, St. Louis, MO), and allowed to
incubate for three additional minutes; thus bringing the total treatment time to 10
minutes. After treatment, 3 ml of fixative, 4% para-formaldehyde (Electron Microscopy
Sciences, Ft. Washington, PA) diluted in calcium-magnesium free phosphate-buffered
saline - (CMF-PBS) was infused and, with the hepatic portal outlet clamp replaced,
allowed to incubate for 30 minutes. The fixative was also superfused onto the windows
during this incubation period.
Pressure monitoring was performed using a pressure transducer (Gould
Instrumentation Systems Inc., Cleveland, OH) connected by a 3-way-stopcock to the
SMA cannula. Pressure traces were generated on a Gould RS3400 chart recorder (Gould
Instrumentation Systems Inc., Cleveland, OH). Systemic arterial blood pressure measured
at the superior mesenteric artery was typically 110/75. All perfiisates were introduced (3
cc over = 5 seconds) manually using syringes. Buffer solutions were infiised at pressures
fluctuating around 50 mmHg (range: 0-85 mmHg). Fixatives, whereas, were infused at
pressures fluctuating

around 75 mmHg (range: 0-130). Lumen pressures during

incubation periods were essentially 0 mmHg. Using this method of introducing the
perfusates, it was not possible to accurately document any changes in vascular tone
between cytokine treated and control mesenteric windows.
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For experiments in which immunohistochemistry was performed, the windows
were excised after the initial 30 minute fixation period, rinsed with CMF-PBS, and
processed as described. To examine the distribution of the actin microfilaments, the
windows were subsequently perfused with 2.5 ml of a cocktail of 4% para-formaldehyde,
0.1% Triton X-100 (Boehringer Mannheim, Indianapolis, IN) and Rhodamine-Phalloidin
(10 U/ml) (Sigma, St. Louis, MO) in CMF-PBS. This cocktail was incubated for 30
minutes before being flushed with more fixative. The mesenteric window was then
carefully excised, and mounted in the aqueous mounting medium Vectashield (Vecta
Labs, Burlingame, CA) on a glass slide.
Immunohistochemistry
The excised mesenteric tissue was permeabilized in cytoskeletal stabilization
(CSK) buffer (0.5% Triton X-100, 10 mM PIPES, pH 6.8, 50 mM NaCl, 300 mM
sucrose, 3 mM MgCb) for 30 minutes at room temperature. The tissue was washed once
with CMF-PBS, incubated at room temperature in blocking solution (1% BSA in CMFPBS) for 30 min. Next, the tissue was incubated with a primary antibody diluted in
blocking solution for 1 hour, washed 3 times for 5 minutes each in CMF-PBS containing
0.1% BSA, and then incubated with the Cy3 conjugated secondary antibody for 30
minutes. After another set of three 5 minute washes the tissue was mounted on a glass
slide in Vectashield.
Laser Confocal Microscopy
The microvascular network of the specimens were examined with a laser scanning
confocal microscope (ZEISS LSM 410, Carl Zeiss Inc, Thomwood, NY) equipped with a
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krypton-argon laser and a x40 (NA 1.3) Planneofluar oil immersion objective lens.
Becaiise the FITC-BSA incubation step is followed immediately by the infusion of the
fixative, the lumen of the entire microvasculature was lightly stained, and thus appeared
outlined. Areas of FITC-BSA leakage could be identified by the observation of intense
extravascular FITC-BSA staining. In the Z-axis, extravascular staining was confirmed by
confocal microscopy, i.e. observing continuity of intense FITC-BSA staining when
scanning planes several microns above and/or below the outlined lumen of the blood
vessel. Having identified a leakage site on a vessel of interest, a Z-series was collected
(step size 1 |im) at excitation wavelengths of 488nra (for FITC-BSA) and 568nm (for
Cy3 secondary antibody or rhodamine phalloidin). The collection of image sets for each
fluorophore was conducted separately (i.e. two automated runs over precisely the same
set of planes in the Z-axis, each collecting information for one fiuorophore) in order to
eliminate "bleed through" which would be apparent due to the intensity of the
extravascular FITC staining. The two sets of images were then stacked in the Z-axis and
then merged. Metamorph Imaging System 3.0 (Universal Imaging Corporation, West
Chester, PA) and Adobe PhotoShop 4.0 (Adobe Systems Inc., Mountain View, CA) were
used to manipulate and merge the stacked images.
Assessment of Microvascular Albumin Permeability
The sites of FITC-BSA leakage were assessed on venules ranging in size fiiom 1575 ^m in diameter. Venules were distinguished by their larger diameters and their
positions relative to their corresponding smaller diameter arteries. Using a Zeiss Axiopan
microscope (x20 objective, numerical aperture 0.6, fitted for epifluorescence) the number
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of sites and the size of extravascular FITC-BSA stained areas were observed. Using a
CCD video camera (VI-470, Optronics Engineering, Goleta, CA) mounted at the camera
port of the microscope, scans of the microvascular network were recorded on a video
recorder. The video recording was later converted into digital images, and analyzed using
NIH Image 1.61 (Public domain: http://rsb.info.nih.gov/nih-image/). From several (6-13)
random firames obtained of each window scanned, the length and diameter of vessels
(both leaky and non-leaky) were measured as well as the number and size (using density
slicing macros) of extravascular FITC-BSA sites in that field. The data were then pooled
for each experimental condition and the average number of leaks per micrometer of
venule was determined. For each experimental condition data were collected &om at least
3 animals. The resulting data were compared using the two-tailed Student's t-test with a p
value < O.OS to indicate statistical significance.
Mast Cell Staining
Mast cells were visualized by labeling with Ruthenium red (Sigma).
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Mesenteric

windows that had been scanned for albumin permeability were lifted from their glass
slides and mcubated for 1 minute in 0.05% (w/v) Ruthenium red and were then rinsed in
HBS and remounted. Ruthenium red stained both degranulated and non-degranulated
mast cells, but did not wash off the extravascular FITC-BSA staining, which was fixed by
the para-formaldehyde. Correlations between degranulated mast cells and areas of
vascular barrier failure could thus be investigated.
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Results
Immunolocalization of Cadherin-5 in Mesenteric Microvascular Endothelium..
The rat mesenteric window preparation is a well characterized in situ system for
examining the response of microvascular beds to edemagenic agents.'^*'^^ Individual
arterioles (A) and venules (V) within the thin transparent fihn of connective tissue of the
window can be readily visualized at the light microscopic level (Fig. 2.1A). These
microvessels were characterized in categories according to their sizes: large arterioles and
venules (>S0 ^m ID), mid-sized to small arterioles and venules (10-50 ^m ID) and
capillaries. Small venules were further categorized as post-capillary venules if their
internal diameters ranged &om 10-20 ^m.
Immunohistochemistry of a control mesenteric window using a murine
monoclonal antibody specific for cadherin-S (9H7) revealed a pattern delineating
endothelial cell borders of the microvasculature. Immunoreactivity of the cadherin-5
antibody was selected for reactivity with the extracellular domain of cadlierin-5.
Characteristic cadherin-5 immunolabeling is shown in Fig. 2.1. The inmiunolocalization
of cadherin-5 was distinctive for arteriolar and venular endothelial cells (Figs. 2. IB and
C, large and small vessels, respectively). Endothelial cells of both the large arteriole in
Fig. 2.1B and the small arteriole in Fig. 2.1C were narrow (5-7 ^m at widest points) and
elongated. In comparison, venular endothelial cells were much wider (approx. 15 ^m at
widest point) and less elongated. In capillaries, cadherin-5 immunoreactivity was limited
to just one or two 'strands' as it should be when the circumference of the entire vessel is
comprised of only one or two endothelial cells (data not shown). In all vessels, cadherin-5
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localization was well-defined and continuous along the entire border of each endothelial
cell with almost no presence in the cytoplasmic regions. The inmiunolabeling pattern for
cadherin-S was very similar to that shown for the peripheral F-actin (compare Figs.
2.1B,C and 2.6A, B).
Quantification of Microvascular Barrier Function in Response to Cytokines.
The microvasculature in control experiments (10 minute incubation with buffer
solution) showed few spontaneously occurring focal albumin leaks (Fig. 2.2A).
Epifluorescence microscopy, performed after fixation,

revealed outlines of entire

microvascular networks due to residual FITC-BSA remaining on the lumenal surfaces. At
high magnification, endothelial cell outlines could be observed, presumably as a result of
additional FITC-BSA accumulated in interendothelial junctional grooves (data not
shown). In addition, extravascular areas that were marked by the extravasated FITC-BSA
indicated precise locations where the vessel's barrier function had been compromised
(Figs. 2.2A and C). These sites, occurring randomly in both arterioles and venules, have
been noted by other investigators.
Mesenteric windows perfused under physiologic conditions with buffered salme
to remove blood and then treated for 10 minutes by infusion with the cytokines TNFa
and IFNy (12.5 U/ml and 20 U/ml respectively) had more sites of FITC-BSA
extravascular leakage (Fig. 2.2C) compared to control (Fig. 2.2A) mesentery. Moreover,
the extravascular FITC-BSA staining marking these leakage sites had diffused further
fi:om the vessel into the interstitium of the surrounding tissue. This suggests that changes
had occurred in the permeability barrier fimction of the vascular endothelial lining in
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response to the combined cytokine treatment. In order to quantify these observations,
video scans of random fields of venules within the microvasculature of the mesentery
were digitized and analyzed by NIH Image. As shown in Figs. 2.2B and D, the sites that
stained brightly due to extravasated FITC-BSA were delineated by the software. The area
and numbers of these delineated locations were tabulated and analyzed for statistical
significance between sets of experiments. For the cohort of animals used in this study, the
average number of albumin leakage sites per micrometer of venule length was 2.3 ± 1.7
in control experiments. As shown in Fig. 2.3, there was a significant increase in the
number of albumin leakage sites when either of the TNFa and IFNy co-treated groups of
experiments were compared to control [p <0.005 (n=7): (125 U/ml TNFa + 200 U/ml
IFNy); p<0.05 (n=6): (12.5 U/ml TNFa + 20 U/ml IFNy)]. There was no significant
difference when the control group (n=6) was compared to the group treated with TNFa
alone (125 U/ml) (n=3). When the two groups of windows treated with the 12.5 U/ml
TNFa + 20 U/ml IFNy and 10-fold higher dosages of combined cytokines were
compared to each other, there was no significant differences as determined by the
Students t-test. However, the data suggests that experiments with the 10-fold higher
treatment concentration of TNFa and IFNy induced an even greater increase in
permeability compared to the low dose regiment.
Correlation of Endothelial Barrier Failure with Cadherin-5 Redistribution,
Using immunolabeling and confocal microscopy, we examined changes in the
endothelial intercellular junctions occurring specifically at areas where the vascular
barrier had failed as evidenced by macromolecular extravasation, hi particular, we
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focused on the changes occurring to one constituent of the adherens junction, cadherin-S,
which has been shown to be important in the barrier formation of cultured
104,150

endothelium.

Experiments were conducted whereby isolated rat mesenteric

windows were perfused and incubated for 10 minutes with a control buffer solution (Figs.
2.4A, C and E), 12.5 U/ml TNFa and 20 U/ml IFNy of cytokines in combination (Figs.
2.4B, D, F), a lO-fold higher dose (125 U/ml TNFa and 200 U/ml yIFN)(Figs. 2.5A, C
and E), and a 100-fold higher dose of cytokines (Figs. 2.5B, D, F). The tissue were then
perfusion fixed, subjected to immunohistochemistry and analyzed.
As shown on Fig. 2.4C, confocal microscopy analysis on mesenteric venules from
control experiments, immunostained with anti-cadherin-5 demonstrated a normal interendothelial junctional staining pattern even at areas where small, spontaneous, focal
FITC-BSA extravasation were detected (Fig. 2.4E). Reorganization of cadherin-5
immunolabelmg was seen both in individual optical sections (not shown), and in the 3dimensional reconstructions shown in Figs. 2.4 and 2.5. Analysis of areas where there
was extravascular FITC-BSA leakage in mesenteric windows treated with multiple
cytokines consistently revealed a striking degree of disruption in the distinctive
intercellular borders of the endothelium (merged images in Figs. 2.4F, 2.5E and F).
Cadherin-5 immunolocalization was no longer confined to the intercellular junction.
Instead, a rather diffuse labeling pattern indicated that the remaining cadherin-5
molecules where firee floating within the plasma membrane, and were no longer anchored
at the intercellular junction (Figs. 2.4D, 2.5C and D). With the experimental protocol
used in these studies however, we were not able to follow the development of FITC-BSA
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leakage sites and cadherin-S reorganization at different time points using the same
preparation.
When FITC-BSA leakage sites in the experiments with varying TNFa and IFNy
dosages were compared, increasing the cytokine concentrations resulted in observations
of lengthier stretches of endothelium exhibiting FITC-BSA extravascular leakage and
disruption of cadherin-S immunolocalization. These results are illustrated in Figs. 2.4 and
2.5 where a comparison of representative image sets with ten-fold increments of the
cytokine concentration. Cadherin-5 disruption involved approximately 140 ^m of venule
(Figs. 2.4B, D and F) when caused by treatment with 12.5 U/ml TNFa, 20 U/ml IFNy
while the 10-fold higher cytokine dosage (125 U/ml TNFa, 200 U/ml IFNy) affected
approximately 240 ^m of venule (Figs. 2.5A, C and E). The 100-fold cytokine dosage
(1250 U/ml TNFa, 2000 U/ml IFNy) tested whereas, was able to affect several hundred
microns of venule, a segment of which, is illustrated on Figs. 2.5B, D and F. Although we
do not regard the highest cytokine dosage used in this study to be physiologically relevant
(as described in the Discussion section), the differences in the extent of leakage sites
represented in Figs. 2.4 and 2.5 provide evidence there is a dose-dependent response, i.e.
the number of endothelial cells affected by the cytokines increases in a dose responsive
manner.
To quantitate the relative frequency with which leakage sites correlate with
disorganized cadherin-5 immunolabeling, the albumin leakage sites on a representative
mesenteric window treated with 125 U/ml TNFa, 200 U/ml IFNy were counted, and each
leak evaluated under high magnification (lOOX) for changes in the cadherin-5 staining
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pattern. Only extended leaks that involved more than two endothelial cells were
evaluated in the collection of this data. Cadherin-5 immunolabeling at leakage sites were
categorized as either 'normal', 'reorganized' or 'not determined' and tabulated under the
vessel type it was noted on (Table 2.1). The sites were categorized as 'not determined'
when a comprehensive examination of the cadherin-5 organization could not be made
either due to peculiarities in the morphology of the microvascular network or high
background.
Of 39 leakage sites observed, 22 correlated with altered cadherin-5
inununolabeling. A minority of the leaks involved arterioles and capillaries (3 leaks per
vessel type), some of which (100% and 33% respectively) correlated with cadherin-5
organizational changes in the treated window. Together, these observations indicate that
although venular endothelial cells were more likely to be affected by the cytokines (as
indicated by alterations in cadherin-5 immunolabeling), some endothelial cells firom
arterioles and capillaries were also susceptible. Failure in the permeability fimction of
arteriolar vessels have rarely been reported in acute inflammatory studies using
histamine-type mediators, but have been reported to occur as a result of chronic
nonspecific irritation.'^
Cytokines Induced Changes in the Actin Cytoskeleton.
The endotheliimi of mesenteric venules show a prominent peripheral rim of actin
microfilaments in a pattern similar to cadherin-5. We examined whether combined
cytokine-induced changes occur in our in situ experimental model using rhodaminephalloidin to visualize the actin microfilaments. As shown in the epifluorescence
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micrographs of Fig. 2.6, both post-capillary venules (Fig. 2.6A) and large venules (Fig.
2.6B) from control experiments had fairly continuous peripheral actin rims as previously
260

reported.

Central stress fibers were not apparent.

Treatment of the mesenteric window with 12.5 U/ml TNFa and 20 U/ml IFNy
showed that there were subtle changes in the actin microfilament pattern in venular
endothelium. However, due to the high background caused by the leakage of perfused
rhodamine-phalloidin, we could not characterize the peripheral F-actin microfilament
changes at major sites of compromised endothelial permeability. Even so, a range of
different labeling patterns for F-actin filaments

was observed elsewhere in the

microvasculature, i.e. not correlated to leakage (FITC-BSA stained) sites. In some
venules, the organization of peripheral actin cytoskeleton was no longer discernible,
while disorganized cytoplasmic staining increased drastically (Fig. 2.6C).

In other

venules where the peripheral actin rims could still be visualized, more subtle changes
were apparent, such as stretches of punctate interendothelial junctional staining and the
presence of small gaps in the peripheral F-actin microfilaments (Fig. 2.6D). We conclude
that the cytokines TNFa and IFNy do indeed cause global changes in the peripheral F245

actin cytoskeleton as reported by others.

We postulate that cytokine stimulated changes

in the peripheral actin cytoskeleton may precede the disorganization of the adherence
junctions and the increased macromolecular permeability.
Leukocytes and Mast Cells at Sites of Endothelial Barrier Failure.
To isolate the effects of the cytokines TNFa and IFNy on the endothelial lining of
the mesenteric microvasculature, we attempted to eliminate the effects of the blood-
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borne cellular and humoral inflammatory mediators by flushing

the isolated

microvascular network with heparinized, buffered saline prior to beginning each
experiment. We verified whether potential endothelial barrier damaging residual
leukocytes remained within the intravascular space of the microvascular networks by
221

immunodetection using the anti-CD1 Ib/c mAb, OX-42.

As shown by inmiunofluorescence microscopy (Figs. 2.7A and B), the venular
intravascular space from TNFa and IFNy treated (12.5 U/ml TNFa and 20 U/ml IFNy)
experiments was free

of OX-42 positively immunolabeled cells. There were no

extravasating OX-42 positively labeled cells observed. Extravascular OX-42 positively
immimolabeled cells were conunon in interstitial areas surrounding the microvascular
networks (Figs. 2.7A and B). Since cells other than leukocytes express CDllb/c, these
other cells probably accounted for some of the positively labeled cells detected. These
cells include other granulocytes, B-cell subsets, T-cell subsets, natural killer cells and
macrophages. Nevertheless, no correlation could be made regarding the positions of
positively labeled cells and the presence of extravascular FITC-BSA leakage. For
example, examination of 47 extended FITC-BSA leakage sites from two cytokine treated
windows revealed only five sites with immediately adjacent CDl Ib/c positively labeled
cells present. In comparison, three out of nine leakage sites in a window from a control
experiment had CDllb/c positively labeled cells inmiediately adjacent to the abluminal
surface. In addition, the microvascular barrier was often intact in specific areas where
CDIlb/c positively immunolabeled cells were immediately adjacent to a venule (white
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arrows, Fig. 2.7A). Conversely, areas of FITC-BSA leakage occurred at areas where no
CDl Ib/c positively labeled cells were immediately present (white arrows. Fig 2.7B).
The increase in both leukocyte adhesion, as well as albumin flux, across the
endothelial barrier in the rat mesenteric preparations has previously been attributed, in
part, to the activation of the endothelium by proinflammatory mediators released from
degranulating mast cells. Gaboury, et al. (1996) demonstrated that when connective tissue
mast cells within the rat mesentery were activated (using compound 48/80), the resulting
degranulation caused the release of mediators that both increased leukocyte recruitment
139

and FITC-albumin extravasation.

To minimize mast cell degranulation in our experiment, the mesenteric
microvascular network was pretreated with cromolyn which is a well established
90

stabilizer of mast cells and granulocytes.

To explore die possibility of whether the

observed TNFa and IFNy induced increase in permeability was mediated by mast cells,
combined cytokine treated mesenteric windows were stained for mast cells with
103

Ruthenium red

and examined with light microscopy.

Since OX-42 had been

characterized by Robinson (1986) as not recognizing rat mast cells,
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we predicted that

Ruthenium red would stain a separate population of cells. This was confirmed by
restaining 0X42 treated windows with Ruthenium Red (data not shown). Since the
FITC-BSA staining could still be detected in these tissue samples under epifluorescence,
a correlation between areas of microvascular barrier failure and of degranulated mast
cells could be investigated.
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FITC-BSA leakage sites were found regardless of whether or not mast cells were
present adjacent to the microvessels. Images taken under both normal light and
epiiluorescence (Figs. 2.7C and D) reveal relatively intact mast cells in the viciniQr of a
venule with just one focal FITC-BSA leakage site (white arrows). In Figs. 2.7E and F,
two well degranulated mast cells (black arrows, Fig. 2.7E), as evidenced by the reduced
density of the Ruthenium red stain and the surrounding released granules, were captured
in the same field, but distant &om a small venule with a focal albumin leak (white arrows,
Fig 2.7F). These observations provide evidence that the perfusion of these mesenteric
windows with the cytokines TNFa and IFNy did not cause widespread mast cell
activation and degranulation.
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Figure 2.1: Photomicrograph of cadherin-S irmnunolocalization in endothelium of rat
mesenteric microvasculature.
(A) Microvascular network within a rat mesenteric window is shown. White arrows on
branches of the mesenteric artery and vein indicate the direction of blood flow to and
from the network. Black arrow points towards the location of the intestines. (B) Adjacent
large arteriolar and venular vessels immunolabeled with anti-cadherin-5 (9H7) primary
antibody followed by Cy3 conjugated anti-mouse IgG. (C) Typical staining pattern of
adjacent mid-sized-to-small arteriole and venule inununolabeled for cadherin-S. AArteriole, V-Venule. Scale bars: (A) 400 ^m. (B, C) 8 |im.
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Figure 2.2: Digitized images of the extravascular FITC-albumin labeling pattern used to
evaluate the microvascular paracellular permeability in response to cytokines TNFa and
IFNy.
(A and C) Representative digitized images of microvascular networks firom control
experiment (n=72) and firom a window treated with TNFa (12.5 U/ml) and IFNy (20
U/ml) for 10 minutes (n=68). (B and D) Areas of intense extravascular FITC-albumin
staining were then delineated and quantitated by NIH Image. Scale bar; 50 ^m.
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Figure 2.3: Quantitatioii of the average number of albumin leakage sites per ^m of venule
(diameters of 10-75 ^m) for each experimental group as indicated.
Multiple cytokine treated windows have significantly more leaks than control (*:P <
0.05, t

< 0.005). Error bars are means ± SE.
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Figure 2.4: Confocai image pairs and overlays showing colocalization of cadherin-S
immunoreactivity and sites of increased FITC-albumin permeability in TNFa and IFNy
treated venules.
Comparison between control (A,C,E) and low dose TNFa (12.5 U/ml) and IFNy (20
U/ml) cytokine treatments (B,D,F). (A and B) FITC-albumin staining pattern. (C and D)
Immunolabeling was with anti-cadherin-S (9H7) primary antibody followed by Cy3
conjugated anti-mouse IgG. (E and F) Overlays of image pairs. Representative of 3
separate experiments per condition. Scale bar: 40 ^m.
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Figure 2.5: Confocal image pairs and overlays showing colocalization of cadherin-5
immunoreactivity and sites of increased permeability in TNFa and IFNy treated venules.
Comparison between 10-fold higher dose [TNFa (125 U/ml), IFNy (200 U/ml)] cytokine
treatments (A, C, E) and 100-fold higher dose [TNFa (1250 U/ml), IFNy (2000 U/ml)]
cytokine treatments (B, D, F). (A and B) FITC-albumin staining pattern. (C and D)
Immunolabeling with anti-cadherin-5 (9H7) primary antibody followed by Cy3
conjugated anti-mouse IgG. (D) A: Arteriole, V: Venule, Z: Lymph vessel. (E and F)
Overlays of image pairs. Representative of 3 separate experiments per condition. Scale
bar; 80 ^m.
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Table 2.1: Comparison of cytokine-induced albumin leakage sites and changes in
cadherin-S organization in different microvascular segments.

Cadherin-5
Organization

TNFa (125 U/ml) + IFNy (200 U/ml)
—
—
Ntonl

Altered
Normal
N.D.

Nven

Ncip

22(56%)

3(100%)

18(55%)

1(33%)

2 (5%)

0 (0%)

2 (6%)

0 (0%)

15(39%)

0(0%)

13(39%)

2(67%)

Average counts of extended leakage sites (involving >2 endothelial cells) &om
representative treated mesenteric window. Nrom, Number of Leaks (Percent of total
leaks); Nah, Number of arteriole leaks (Percent of arteriole leaks); Nv«, Number of venule
leaks (Percent of venule leaks); Nc^„ Number of capillary leaks (Percent of capillary
leaks). N.D., not determined - sites of FlTC-albumin leakage where cadherin-5
inmiunoreactivity at intercellular junctions was inconclusive.
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Figure 2.6: lUiodamine-phailoidin staining patterns in mesenteric vessels within untreated
and cytokine treated microvascular networks.
(A and B) Untreated postcapillary venules showing continuous, well-defined peripheral
actin rims. (C) Treated [TNFa (12.5 U/ml), IFN7 (20 U/ml)] postcapillary venule
showing disorganized cytoskeleton and undefined peripheral actin rims. (D) Treated
[TNFa (12.S U/ml), IFNy (20 U/ml)] postcapillary venule showing punctate staining
patterns and gaps within the barely defined peripheral actin rim in a larger postcapillary
venule. Representative of 3 separate experiments per condition. Scale bar: 8 ^m
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Figure 2.7; Photomicrographs showing endothelial albumin permeability due to multiple
cytokine treatment (TNFa, 12.S U/ml and IFNy, 20 U/ml) is not mediated via leukocyte
extravasation or mast cell degranulation.
(A and B) Double-exposure epifluorescence micrographs reveal that CDllb/c-positive
cells (including leukocytes) identified by mAb OX-42, are exclusively extravascular in
this model. CDllb/c positive staining cells inmiediately adjacent to venule (arrows. A)
does not correlate with FlTC-albumin leakage. Also, FITC-albumin leakage can occur at
areas where no CDllb/c positive staining cells were immediately present (arrow, B).
Scale bars: 13 ^m. (C and D) Normal light and epifluorescence micrographs taken of the
same field show non-degranulated mast cells stained with Ruthenium red in the vicinity
of a venule with one FITC-albumin leakage site (white arrows). Black outline in Fig.
2.7C delineates the position of the venule in the field. Scale bars: 20 ^m. (E and F) A
pair of degranulated mast cells (black arrows, E) present in the same field, but at a
distance (>100^m) from a venule with a FITC-albumin leakage site (white arrows).
Representative of 2 separate experiments per condition. Scale bars: 20 ^m.
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Discussion
In this study, we provide evidence that the cytokines, TNFa and IFNy, in
combination, affect the barrier fimction of the vascular endothelial lining by direct
stimulation of endothelium that ultimately results in the disruption of cadherin-S
mediated cell-cell adhesion. The microvasculature of the mesentery was perfiised with
cytokines, and subsequently fixed under physiological conditions. Disruption of the
endothelial barrier occurred in the absence of leukocytes in the lumen of microvessels,
and did not correlate with the presence of mast cells or leukocytes in the interstitium. Our
data suggests the following conclusions: i) the combined infusion of TNFa and IFNy was
effective in triggering rapid vascular barrier failure at physiological doses, i.e. at least one
order of magnitude lower than that which has often been used in in vitro
27,181^.245

studies.

ii) The rapid opening of the interendothelial junctions required the

synergy generated by the presence of both cytokines. TNFa, even at 125 U/ml, was not
able to elicit a significant, consistent response in the time period examined. However,
longer incubation times in vitro have shown that TNFa alters endothelial
37,94,181,268

permeability.

We did not present data addressing the effects of IFNy treatment

because of the lack of support in the literature, of IFNy induced increase in endothelial
permeability, iii) Although not statistically significant, there was a trend towards more
albumin leakage sites and larger leakage areas (comparison of image sets in Figs. 2.4 and
2.5) when higher cytokine dosages were used. This lack of significance, however, may be
due to limitations in the analysis of kinetics in the mesenteric window preparation. For
example, the merging of closely situated large extravascular leakage sites (observe leaks
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No. 4 and 7 on Fig. 2.2D) tended to cause an underestimation in leakage site counts. For
this reason quantification of leakage sites in mesenteric windows treated with the highest
cytokine dosage was not plausible and therefore not conducted.
Serum levels for cytokines reported from clinical studies indicates that at 12.5
U/ml TNFa, 20 U/ml IFNy and the 10-fold higher cytokine dosage (125 U/ml TNFa, 200
U/ml IFNy) concentration used in this study are likely to be physiologically relevant.
Measurement of plasma TNFa in patients with acute myocardial infarction and septic
shock ranged from 10 to 1510 pg/ml, while the concentration used in this study ranged
-

22,42

from 12.5 to 125 pg/ml.

Clinical measurements of cytokine plasma levels can

however be inaccurate due to their short half-lives in plasma, as well as, the cyclical
24 143

nature of cytokine release by immune cells. '

In addition, plasma levels of cytokines

reported in most studies may not reflect the local tissue environment where immune cells
releasing cytokines are active and may produce environments with even higher cytokine
concentrations. Together, these complications in plasma measurements may account for
the fact that some studies have not been able to report a correlation of IFNy serum levels
42^7
with acute inflanunatory responses such as during transplant rejection or septic shock.
Agonist-induced macromolecular extravasation via the paracellular pathway in
the microvascular endothelium has previously been shown to be linked to changes in the
163

endothelial cytoskeleton and junctional proteins.

The presence of interendothelial gaps,

which mediated macromolecular leakage into the interstitium, was observed in rat
cremaster microvessels treated with histamine

171

20

and Substance P. In the rat mesenteric
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microvasculature, sites of increased venular permeability in response to histamine were
18
correlated with disruption of the peripheral F-actin cytoskeleton. Formation of focal
transient intercellular spaces or gaps between endothelium were found to correspond to
sites of plasma protein leakage and cytoskeletal changes. Leach, et al. demonstrated a
generalized loss of cadherin-S detection in frozen

sections of human placental

microvessels after perfusion with histamme.'^^ Our studies ftirther demonstrated that in
response to TNFa and IFNy, changes in the organization of cadherin-S occurred precisely
at areas where the endothelial barrier had failed, as well as, changes in the associated
actin cytoskeleton.
The intercellular junction complex in microvascular endothelium consists of the
234

tight junction barrier, and the actin-associated adherens junction.

Evidence suggests

that together these junctional structures form a functional unit. The distinctions between
the tight junction and the adherens junction are based on morphologic and biochemical
.

. 27,136,150,179^4

cntena.

^

...

.

j

^

.

These criteria however, do not descnbe the functional

interrelationships between proteins of the junctional complex. In cultured endothelium,
cadherin-5 mediated cell-cell contacts are critical in the formation of tight junctions,
which confer permeability barrier properties.'"^''^" Moreover, the protein complexes,
which form the specialized intercellular structures of tight and adherens junctions, have
been shown to share common proteins. Components of cadherin-based adherens
214

junctions fimction in the assembly of ZO-l into tight junctions.

The catenins facilitate
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mobilization of ZO-1 firom the cytosol to the plasma membrane during junction assembly
in epithelium, which is initiated by E-cadherin adhesion.
The increase in endothelial permeability in response to inflammatory mediators
has previously been attributed to disruption in cellular localization of components of both
tight and adherens junctions. Morphological and immunohistochemical evidence of tight
junction and adherens junction changes induced by histamine perfusion have been
reported in intact human placental model.'^^ Changes in the localization of both cadherin5 and occludin, an integral membrane component of the tight junction, has recently been
reported to occur in cultured endothelial cells treated with vascular permeability factor.
In addition, TNFa and IFNy induced changes in the cellular localization of the tight
junction associated protein, ZO-1, and these changes closely correlated with alterations in
the F-actin microfilament system along the cell junctions.^^ The changes in ZO-l
localization, dependent on peripheral actin organization, and were blocked by
cytochalasin D. Together, these results suggest that TNFa and IFNy induce the
disassembly of the cadherin-5/catenin complex which occurs in conjunction with a series
of other changes in components of the tight junction and the actin cytoskeleton and
contribute to increasing permeability.
The rapid kinetics of cytokine induced reorganization of cadherin-5 in venular
endothelium suggests modification of the cadherin-5/catenin complex at the distal end of
the signaling cascade. Adhesion of cadherin-5 requires the interaction of the cytoplasmic
domains with the F-actin cytoskeleton through the catenins, which have been shown to be
148

a site for regulation of the complex.

At the proximal end of the signaling cascade.
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signal transduction by TNFa and IFNy is initiated through ceil surface receptors. Binding
of IFNy to its receptors initiates intracellular signal transduction primarily through
activation of a cascade of subunits in the JAK/STAT pathway such as Jak-1, Jak-2 and
60

Statla. Two cellular receptors for TNFa, pSS and p7S, have been identified. Although
both receptors are present in endothelial cells, pS5 has been found to be largely
236

responsible for the activation of the diverse intracellular signaling pathways.

On TNFa

binding adapter proteins associate with the cytoplasmic domain of members of die TNF
receptor superfamily and mediate downstream signaling (e.g. TRADD, FADD, RIP,
TRAF-1 and TRAF-2)."' These proteins associate with the receptors via 'death domain'
sequences, termed as such because their activities have been linked to apoptotic
responses. It has been postulated that TRADD association with the p55 receptor in
endothelial cells is followed by the recruitinent of multiple adapter proteins (e.g. FADD
or TRAF-2) thereby generating multiple signaling pathways.'""^'
The dynamic disorganization of the cadherin-S/catenin complex from intercellular
junctions in response to TNFa and IFNy is likely to involve the regulation of interaction
of the cadherin/catenin complex with the actin cytoskeleton. One mechanism could be via
the alteration of the afBnity or conformation of the cadherin-S/catenin complex, thus
modifying its association with actin filaments or the cadherin mediated intercellular
adhesion of the extiracellular domains. A second potenti'al mechanism is the disruption of
the peripheral F-actin filaments, which could break up any linkage of the cadherinS/catenin complex to the cellular cytoskeleton. Either mechanism could result in the
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redistribution of cadherin-S molecules within the plasma membrane or, if internalized,
the cytoplasm. We propose four distinct signaling cascades that may operate via one or
both of our proposed mechanisms to redistribute cadherin-5 in response to TNFa and
148

IFNy stimulation. These signaling cascades could involve either i) tyrosine

or

serine/threonine

iii)

phosphorylation;

ii)

small

GTP-binding

proteins;^^'"'

apoptosis/caspases activity, or iv) nitric oxide activity." '^^
Rho family members are key players in the signal transduction mechanisms that
regulate a diverse range of intracellular activities such as the formation of actin stress
fibers, lamellipodia and filopodia, as well as a number of intracellular tyrosine and
serine/threonine kinases.
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Hippenstiel, et. al., demonstrated that the inactivation of Rho

members of the Ras superfamily of small GTP-binding proteins disrupted the barrier
function of porcine puhnonary artery endothelial monolayers.'" Braga, et al. (1997)
recentiy reported that the small GTPases Rho and Rac are required for the establishment
34

of cadherin-dependent cell-cell contacts in keratinocytes.

Inhibition of Rho and Rac

resulted in loss of E-cadherin localization at cell-cell junctions. Thus, TNFa and IFNy to
disrupt cadherin-S localization, either Rho subfamily proteins must activate kinases that
phosphorylate members of the cadherin-catenin complex, or certain Rho subfamily
members are inactivated.
Numerous studies show that TNFa or IFNy are able to activate signaling cascades
49^7
implicated in the apoptotic response.
For example, the TRADD/FADD pathway
192

leads to the activation of a cascade of cysteine proteases known as caspases.

Caspase-8
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(MACH) has been found to be recruited to FADD upon TNF-pSS binding and is thus
28

likely to be the first member of the caspase cascade to be activated.

Cytoskeletal

substrates for activated caspases include proteins associated with the actin cytoskeleton,
35 138

such as gelsolin or p-catenin. '

Notably, a recent report demonstrated the caspase

mediated cleavage of p-catenin in cultured human endothelial cells undergoing apoptosis
triggered by growth factor deprivation."^ Cleavage of p-catenin leaves it incapable of
maintaining an association with the cadherin-catenin junctional complex, thereby leading
to the loss of cadherin mediated cell-cell adhesion and finally cadherin relocalization.
The cadherin-S/catenin complex and the associated actin cytoskeleton appears to
play a role in control of vascular permeability by stabilization of the interendothelial
junction, hi a microvascular network, postcapillary venules are principally involved in
the pathophysiological response to proinfianmiatory cytokines. We have shown that
treatment of microvascular endothelium in situ with TNFa and IFNy results in loss of the
venular endothelial barrier fimction with the disruption of cadherin-S adhesion in
intercellular junctions. Self-association of the extracellular domains of cadherin-S on
adjacent cells, as well as, the stable association of cadherin-S with the actin cytoskeleton
104450

are important in the formation of the endothelial barrier formed by tight junctions.

Future investigations are directed towards determining the mechanism of regulation of
the cadherin-S/catenin complex in modulating the permeability barrier in endothelium
exposed to promflammatory cytokines.
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CHAPTER 3: TNFa AND IFNy INDUCE ENDOTHELIUM TO SWITCH
EXPRESSION AND JUNCTIONAL LOCAUZATION OF CADHERIN-S FOR NCADHERIN

Introduction
TNFa and IFNy function in the immune response to induce local extravasation of
186

leukocytes and disrupt the barrier function of endothelium.

The primary means by

which these cytokines and other acute inflammatory agonists mediate increases in
endothelial permeability is by disrupting the organization of junctional complexes
27

consisting of tight junctional molecules,

and adherens junction molecules, such as

cadherin-S (also called VE-cadherin)."^ '^^'^'^ N-cadherin has also been identified in
150^8
endothelium,
and is present in other cell types, such as smooth muscle and cardiac
92

myocytes.

While the homotypic adhesion molecules cadherin-5 and PECAM-l are

localized to intercellular junctions, N-cadherin is diffusely distributed over the
228

endothelial cell surface with occasional enrichment at the junctions.

The cytoplasmic

domain of cadherin-S was demonstrated by Navarro et al. (1998) to mediate competition
190

between the two cadherins for localization at the intercellular junction.

Lacking any

role in interendothelial adhesion, the fimction of N-cadherin has been a matter of
speculation. N-cadherin has been proposed to mediate endothelial anchorage to other cell
190

types, such as smooth muscle cells.
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In this study, we explored the dynamics of cadherin-S and N-cadherin expression
and localization under chronic inflammatory conditions, where both TNFa and IFNy are
44^08
pathophysiologically present.
We examined whether disruption of cadherin-S
junctional localization during the endothelial response to cytokines allows the
participation of N-cadherin in intercellular adhesion. Our findings indicated that
cadherin-S expression levels were reduced by the cytokines and that N-cadherin
expression and localization was regulated in a manner consistent with a transient
compensation for the loss of cadherin-S. The serine/threonine kinase, Akt (protein kinase
B) is an integral component of survival pathways initiated by growth factors and
61^06

extracellular stimuli.

E-cadherin homotypic adhesion between neighboring cells

induces a phosphatidylinositol 3-kinase (PI 3-kinase) dependent increase in the activation
of protein kinase B/Akt. Our results suggest that N-cadherin receptor engagement can
induce Akt activation and thus likely plays a functional role in cell-cell adhesion and
signaling of endothelial survival during chronic inflammation.
Materiab and Methods
Antibodies
The murine monoclonal antibody (mAb), 9H7 and the rabbit polyclonal antibody,
104»255

1013G to cadherin-S were developed as described previously.

Monoclonal

antibodies to N-cadherin were purchased from Transduction Laboratories (Lexington,
KY) and (GC-4) Sigma (St Louis, MO); to a-cateninand P-catenin from Transduction
Laboratories; to Akt and phosphorylated Akt (Serine 473) from New England Biolabs.
Indocarbocyanine (Cy3) -conjugated goat anti-mouse IgG and fluorescein isothiocyanate
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(FITCy-conjugated

donkey

anti-rabbit

IgG

were

purchased from

Jackson

ImmunoResearch Labs (West Grove, PA).
Cell Culture and Cell Adhesion Asse^
Human lUac Vein Endothelial Cells (HIVECs) were grown to confluency on
surfaces coated with 10 ^g/ml fibronectin (Sigma) in Medium 199 containing 15% fetal
bovine serum (Gibco BRL, Gaithersburg, MD), bovine endothelial growth factor (50
128

^g/ml), 100|ig/ml heparin, non-essential amino acids, penicillin and streptomycin.

HIVECs (passages 4-9) were treated with a combination of human recombinant
TNFa(125 U/ml- Specific Activity; >lxlO*U/mg; Boehringer Mannheim) and human
IFNy (200 U/ml- Specific Activity: IxlO'U/mg; Gibco/BRL).
For evaluation of individual cadherin subtypes as agonists of cadherin fVmction,
polystyrene dishes were coated with 25 ^g/ml goat anti-mouse IgG Fab fragments, and
then anti-cadherin-5(9H7) or anti-N-cadherin (GC-4,Sigma) monoclonal antibodies, as
246

described by Stromblad et al.

Subconfluent HIVECs were detached with EDTA,

incubated in serum-fi%e medium lacking calcium (sMEM) for 30 min and allowed to
attach to antibody coated dishes. To maintain cells in suspension for controls, dishes were
only coated with heat denatured Bovine Serum Albumin (BSA).
Mmunoblot Analysis
145

Endothelial monolayers were scrapped, lysed in 2X Laemmli Sample Buffer

and boiled for 3 minutes. Samples, normalized according to protein concentrations using
the Micro BCA Protein Assay Kit (Pierce, Rockford, IL), were electrophoresed on a 7%
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sodium dodecyl sulfate/polyacrylamide gel (SDS/PAGE) and transferred onto
nitrocellulose membranes (Schleicher and Schuell, Keene, NH). Membranes were
blocked for 30 minutes in 5% nonfat dry milk diluted in TBST, pH 8.0. Primary
antibodies were added to the blocking solution and incubated with the membrane for 1
hour. After washing, a peroxidase conjugated secondary antibody (Promega, Madison,
Wl), also diluted in blocking solution, was incubated with the membrane. Protein bands
were detected on X-ray film using the Enhanced Chemiiummescence method (NEN,
Boston, MA). Densitometric analysis of bands was carried out on digitized images of
fihn using NIH Image 1.62 (public domain; http;//rsb.info.nih.gov/nih-image/). Analysis
of multiple proteins on the same membrane was carried out by stripping previously
applied probing antibodies before repeating the above procedure. Stripping of blots
involved incubation for 30 minutes at 50°C in 62.5 mM Tris HCl, pH 6.7; 100 mM Pmercaptoethanol and 2% SDS. Immunoblots were stripped up to 4 times without signal
alterations (Data not shown).
Immmocytochemistry
For immunolocalization, HIVECs were plated at confluent density (10^ cells/cm^)
on coated cover slips and cultured overnight before treatment. Control or cytokine treated
HIVECs were fixed for S minutes in 4% p-formaldehyde at room temperature (RT). The
monolayers were permeabilized in cytoskeietal stabilization (CSK) buffer for 5 minutes
and were incubated for 30 min at RT in blocking solution (1% BSA, 2% normal goat
serum in (Calcium-Magnesium Free-Phosphate Buffered Solution [CMF-PBS]).
Incubation with primary antibodies diluted in blocking solution was carried out for 1 hour
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followed by 3 rinses, using CMF-PBS containing 0.1% BSA. Incubation with secondary
antibodies was carried out for 30 minutes. After another set of washes the cover slips
were mounted on glass slides in Vectashield mounting medium (Vector Labs,
106

Burlingame, CA).

For nuclear labeling, 1 ^g/ml of Hoechst 33258 (Molecular Probes,

Inc, Eugene, Oregon) was incubated for 5 minutes prior to the final set of washes. F-actin
labeling was performed simultaneously with secondary antibody incubation by adding
NBD-phallicidin (Molecular Probes). Analysis was performed by laser scanning confocal
microscopy (LSM410, Carl Zeiss Inc.).^^ Image processing was conducted using the
software programs, NIH Image 1.62 and Photoshop 4.0 (Adobe Systems, Mountain
View, CA).
Northern Blot Analysis
Total RNA was isolated using TRIzol (Gibco/BRL). RNA (20 ^g) was separated
by electrophoresis on a 1% agarose-formaldehyde gel and transferred to Hybond-N+
membrane (Amersham) and immobilized by UV irradiation with a UV Stratalinker 2400
(Stratagene, La Jolla, CA). Blots were prehybridized for 4 hours and hybridized
overnight at 42°C with random-primed ^^P-labeled cDNA probes: a 300 bp Notl
fragment fix)m human N-cadherin (GenBank XS431S), obtained fix)m Dr. John Hemperly
(Becton Dickinson); a 902 bp Pstl firagment of human cadherin-5 (Genbank XS9796);
and a 1.2kb Pstl fitigment

of human GAPDH (GenBank AJ005371). The

prehybridization buffer consisted of SX SSC, 0.05M NaH2P04, 10 % Denhardt's
Solution, 1%SDS, 50% Formamide and 10 ^g/ml denatured salmon spemi DNA. The
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final washing conditions were 0.3X SSC, 0.1% SDS for IS minutes at S&'C. Blots were
stripped in boiling water before reprobing.
Detergent Extraction and Immunoprecipitation
Monolayers of HIVECs were washed with PBS at room temperature and were
extracted on ice with 1 ml/100 mm^ culture dish CSK buffer + protease inhibitors (0.5%
Tritdn X-100, 10 mM PIPES, pH 6.8, 50 mM NaCl, 300 mM sucrose, 3 mM MgChjl
mM PMSF, ImM sodium orthovanadate, 10 ^g/ml of each, aprotinin, leupeptin,
pepstatin and soybean trypsin inhibitor), with gentle agitation for 20 minutes. The
resulting extracts were scrapped off the culture dishes, transferred to eppendorf tubes and
centrifliged at 12, 000 x g for 20 minutes at 4''C. Detergent-soluble supematants were
transferred to fresh eppendorf tubes. The cytoskeletal associated, detergent insoluble
pellets were solubilized in 100 |il 2X Laemmli sample buffer. 900 ^1 CSK buffer was
then added to the solubilized pellet. Both 6:actions were then subjected to
inununoprecipitation by incubation overnight on a rotator with an anti N-cadherin (1:100)
mAb (Sigma) at 4°C. Protein G-Sepharose was then added to the tubes and allowed to
incubate on a rotator for 1 hour at 4°C. After a brief centrifugation the
immunoprecipitates were washed and the immunocomplexes were released by boiling for
5 minutes in 2X Laenunli sample buffer containing 20% p-mercaptoethanol followed by
separation on a 7% SDS/PAGE and immunoblot analysis as described above.
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Statistical Methods
The results are expressed as mean ± SD. of the number (n) of experiments.
Statistical analysis was performed by two-tailed Student's t-Test. Differences were
considered significant when p<O.OS.
Results
Effects of Combined Cytokines on Endothelial Cadherin Subcellular Localization.
We previously demonstrated in vivo that failure of the endothelial barrier induced
by TNFa and IFNy resulted in the redistribution of cadherin-5 away from its normal
junctional localization.^^ In untreated cultured HIVECs, cadherin-S inununoreactivity
was concentrated in a continuous pattern at intercellular junctions (Fig. 3.1A), while Ncadherin immunolabeling was diffusely distributed over the cell surface (Fig. 3.1B).

|QQ228

The starkly different localization of the two cadherin subtypes inmiunolabeled with
individual fluorophores was emphasized by merging the pairs of confocal scans (Fig.
3.1C).
Cadherin-S immunolabeling in HIVECs treated with TNFa and IFNy for 24 hours
remained localized in areas where cell-cell contact was retained, albeit in a discontinuous
pattern (Fig. 3.1D). N-cadherin immunolabeling showed a dramatic alteration in staining
pattern whereby in contrast to control cells, junctional localization was now present (Fig.
3.IE). As shown in Fig. 3.1F, the merging of the confocal scans revealed the lack of
orange colored areas, indicating that cadherin-S and N-cadherin never co-localized in the
same intercellular region in combined cytokine treated HIVECs. Individual cells were
occasionally found expressing both cadherins junctionally, however, at different ceil
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borders. In addition, intercellular gaps were often found at regions that did not
immunolabel for either cadherin subtype.
Co-labeling of HIVEC nuclei and N-cadherin was used to determine the number
of cells exhibiting junctional enrichment of N-cadherin. Photomicrographs of control and
cytokine treated monolayers were evaluated (n=3). A positive count was assigned, for
example, to both cells sharing a border with enriched inununolocalization of N-cadherin.
The counts revealed that 46±20% (20 fields, n=303 cells) of treated HIVECs expressed
junctional enrichment of N-cadherin compared to 9.2^9%, (6 fields, n=148 cells) in
control monolayers (p<O.OOOS). Although these results provided an indication of the
extensiveness of N-cadherin junctionalization in HIVECs, they did not reflect differences
in quality. We did not differentiate between a focal occurrence of N-cadherin, which was
observed in the majority of the cells in control monolayers, versus the extensive lengths
of N-cadherin junctional localization in treated HTVECs. These results demonstrate that
under the influence of cytokine activation, endothelial N-cadherin was able to participate
in homotypic adhesion in approximately half of the HIVEC population. This
phenomenon was often observed despite the presence of cadherin-5 in the same cell,
although, the two molecules never co-labeled the same junctional sites.
Cadherin-5 andN-Cadherin Expression in Combined Cytokine Treated HIVECs.
To examine temporal changes in cadherin and catenin protein expression in
endothelium, total cellular lysates were prepared firom HIVECs treated with TNFa and
IFNy. Immunoblot analysis revealed a time dependent reduction in intensity of the 130
kD band corresponding to cadherin-S (Fig. 3.2A). Densitometric analysis revealed that
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cadherin-S protein level was significantly reduced by 66% compared to control levels at
24 hours (Table 3.1). In contrast, a time dependent increase (83% above the control level
at 24 hours) in the 13S kD bands corresponding to N-cadherin steady state protein levels
was revealed (Table 3.1). Also, as shown in Fig. 3.2A, the level of p-catenin, which
190

associates with the cadherin cytoplasmic domain as part of a junctional complex,

was

not altered by the combined cytokines.
To investigate whether TNFa and IFNy also induced changes in the steady state
levels of cadherin-S and N-cadherin mRNA transcripts. Northern analysis was performed.
Total RNA was extracted &om control and HIVECs treated with both cytokines for
various time periods and hybridization was carried out using human cadherin-S, and Ncadherin (Fig. 3.2B) cDNA probes. Optical densitometric analysis showed a
reproducible, reciprocal effect on cadherin mRNA levels as observed with cadherin-S and
N-cadherin protein expression. Steady state cadherin-S mRNA was reduced by 33%,
compared to the control levels, in HIVECs treated with combined cytokines for 24 hours
(Table 3.1). Conversely, steady state N-cadherin mRNA was increased by 39% over 24
hours in treated HIVECs, compared to control (Table 3.1).
At the cytokine dosages used in these in vitro studies [TNFa (12S U/ml) and IFNy
(200 U/ml)], the changes in cadherin level observed required the synergistic effect
produced by simultaneous presence of both cytokines (Fig. 3.2C). The presence of either
cytokine alone did not produce significant changes in steady state cadherin expression
level after 24 hours of incubation. However, single cytokine treatments at ten-fold higher
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concentrations were sufficient to elicit changes in steady state cadherin-S and N-cadherin
protein expression (data not shown).
To investigate whether the cytokine induced decrease in cadherin-5 expression
was reversible, HIVECs were returned to normal culture media for 21 hours after having
been treated for 24 hours with TNFa and IFNy. As shown in Fig. 3.2D, cadherin-S
protein expression in recovering cells was still below control levels, but was higher
compared to 24 hour cytokine treated cells. These results indicated that cadherin-S
expression in HIVECs was not permanently suppressed by combined cytokine treatment.
Evaluation of N-Cadherin Cytoskeletal Association in Combined Cytokine Treated
Endothelial Cells.
Studies have described a correlation of cadherin adhesion strength and
functionality with the state of its intracellular association with the actin cytoskeleton via
9

catenin linkages. We co-labeled control and combined cytokine treated HIVECs for Factin and N-cadherin. As others have previously shown, F-actin in confluent, untreated
270

endothelium was concentrated at the cell periphery.

Cytokine treated endothelium

formed numerous central stress fibers while the peripheral F-actin network was present in
both control and combined cytokine treated monolayers (Fig 3.3A). In cytokine treated
HIVECs, we observed the colocalization of junctional N-cadherin with the peripheral
actin microfilaments where cell-cell contact was retained Fig 3.3A-C). Other confocal
scans collected confirmed that this co-localization was observed in all cells exhibiting Ncadherin junctional localization.
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Numerous reports have described the correlation of cadherin adhesion strength
and fiinctionality with the state of its intracellular association with the actin cytoskeleton
9, 189, 250

via catenin linkages.

We thus sought to investigate whether junctionalized N-

cadherin in cytokine treated HIVECs were capable of intracellular association with the
actin cytoskeleton. The detergent solubility of cadherins has previously been
demonstrated to indicate the extent of its association with the cytoskeleton^. In order to
examine if there were changes in the amount of detergent insoluble versus soluble Ncadherin, we treated control and combined cytokine treated [TNFa (125 U/ml) and IFNy
(200 U /ml), 24 hours] HIVEC monolayers with a Triton XlOO containing buffer and
separated the soluble and insoluble fractions

by centrifiigation. Using a specific

monoclonal antibody, we immunoprecipitated N-cadherin from the two pairs of fractions
and ran them on an SDS/PAGE followed by Western blot analysis. As shown in Fig.
3.3D, the ratio of N-cadherin in the insoluble versus soluble fractions

were not

remarkably different between control (34% insoluble; 66% soluble) and cytokine treated
lanes (31% insoluble versus 69% soluble). The amount of N-cadherin detected was
increased in the cytokine treated fractions

compared with the control fractions.

In

particular, the insoluble, cytokine treated fraction was increased by 31% compared to the
insoluble control fraction.

The implication of this finding,

that more N-cadherin

associated with the cytoskeleton in cytokine treated HIVECs was consistent with our
data, that N-cadherin protein expression was increased (Fig. 3.2A) and that some of the
increased N-cadherin became junctionalized (Fig. 3.1E) in cytokine treated HIVECs.
Furthermore, by stripping and reprobing the blot we were able to detect a-catenin co-
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immunoprecipitated with N-cadherin in the soluble fractions in both control and treated
HIVEC samples (data not shown) thus providing evidence that N-cadherin potentially
participates in the formation of cadherin-catenin junctional complexes. As a result of the
need to solubilize the insoluble pellets before performing the immunoprecipitation we
were not able to examine proteins co-immunoprecipitated with the insoluble fractions.
N-Cadherin Adhesion Initiates Akt/PKB Activation
From our observations as described above, we deduced that, N-cadherin was able
to mediate cell-cell adhesion that uicluded association with the organized peripheral Factin under inflammatory conditions. To test whether N-cadherin engagement participates
in transducing outside-to-in signals, we examined whether N-cadherin and cadherin-S
were able to activate Akt kinase. We plated HIVECs in serum-free conditions on a
substrate of immobilized anti-cadherin antibodies and then examined the phosphorylation
of Akt on serine473, which is required for activation. When anti-N-cadherin or anticadherin-5 were immobilized on a substrate, they mediated clustering and co-localization
of F-actin filaments (data not shown). Using an antibody that specifically recognizes
phosphorylated serine-473, we found that cells plated on a non-adherent substrate of BSA
(Fig. 3.4A) had a low level of activated Akt. In contrast, cells attached to immobilized
anti-N-cadherin showed a 8-fold increase in serine-473 phosphorylation and anticadherin-5 a 3.4-fold increase. Since activation of Akt by cadherin engagement has been
found to be dependent on PI 3-kinase activiQr, we tested whether the PI 3-kinase
inhibitor, wortmanin, would decrease endotheh'al cell survival in response to combined
cytokines (Fig. 3.4B). Treatment of HIVECs with TNFa and IFNy for 24 hours resulted
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in a 11% decrease in cell number which was not statistically significant. However,
addition of SO nM wortmanin with combined cytokines resulted in a 39% decrease in cell
number which was a statistically significant change compared with either control or
combined cytokine treated HIVECs.
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Figure 3.1; Confocal image pairs showing localization of cadherin-S and Ncadherin immunoreactivity. Comparison of cadherin-5 and N-cadherin immunoreactivity
between control (A,B>C) and combined cytokine treated (D,E,F) endothelial cells.
Immunolabeling was with rabbit anti-cadherin-S and mouse anti-N-cadherin followed by
FITC conjugated anti-rabbit IgG (A,D) and Cy3 conjugated anti-mouse IgG (B, E); Scale
bars: 10 nm (A,B»C); 20 nm (D,E,F).
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Figure 3.2: Immunoblot and Northern blot analysis of TNFa and/or IFNy treated
endothelial cells. (A) Effect of combined cytokines on the protein expression of the
endothelial cadherin-catenin complex over the indicated time course. (B) Effect of TNFa
and IFNy treatment on steady state cadherin-S, N-cadherin and GAPDH mRNA
expression as well as optical densities over the indicated time course. (C) Effects of 24
hour cytokine treatments, either singly or in combination, on cadherin-S and N-cadherin.
(D) Recovery of cadherin-S protein expression upon removal of combined cytokines.
Lanes: 1, control; 2, combined TNFa and IFNy for 24 hours; 3, combined TNFa and
IFNy for 24 hours followed by control media for an additional 21 hours.
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Table 3.1: Change in steady state expression of cadherinS and N-cadherin in response to combined cytokine
treatment. Percent control cadherin protein and transcript
expression level in HIVECs treated with TNFa and IFNy
for 24 hours. N-cadherin and cadherin-5 mRNA were
normalized to GAPDH, and protein levels to equivalent
cellular protein.

Protein

mRNA

Cadherin-5

N-Cadherin

-66±5%*

+ 83±2%*

n=5

n=3

-33±4%^

+39±6%^

n=3

n=3

• p<0.0005, ^ p<0.05; compared to controls.
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Figure 3.3; Confocai microscope and immunoprecipitation analysis of N-cadherin
cytoskeletal association. Labeling of F-actin and N-cadherin in control (A,B>C) and
combined cytokine treated endothelial cells (D,E,F). Image overlay in (F) show areas
where junctional N-cadherin colocalized with F-actin filaments. Immunolabeling was
with anti-N-cadherin mAb followed by Cy3 conjugated anti-mouse IgG (B,E). F-actin
was labeled with NDB-conjugated phallicidin (A,D). Scale bars: 10 fun (A-F). (G)
Detergent solubility of immunoprecipitated N-cadherin. N-cadherin immunoprecipitated
firom Triton XlOO insoluble (I) vs. soluble (S) fractions in control and TNFa+IFNy
treated HIVECs.
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Figure 3.4: Endothelial cadherin mediated adhesion activates phosphorylation of Akt. (A)
HIVECs were plated under serum-free conditions on immobilized monoclonal antibodies
anti-cadherin-S (cdh5;9H7) and anti-N-cadherin (Ncdh;GC4) or on a BSA coated surface
for 1 hour. Cells were collected and equivalent protein from lysates were analyzed for
Akt and serine-463 phosphorylated Akt. (B) HIVECs were plated at 10^ cells/cm^ and
cultured for 24hours before preincubation with 50 nM of wortmanin (Wn) for 20 min
followed by addition of cytokines. Cell number was determined by counting random
fields. NS - Not Significant. Error bars are standard deviations. (Data, figures courtesy of
Dr. R.L. Hemark)
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Discussion
In this study, we found evidence that N-cadherin may functioa to maintain the
junctional integrity of endothelium under inflammatory conditions. With combined
TNFa and IFNy treatment, we demonstrated that junctional cadherin-S was redistributed
away fiom intercellular borders, and its steady state mRNA and protein expression were
reduced. At the same time N-cadherin expression was upregulated at the mRNA and
protein level, and replaced cadherin-S at intercellular junctions.
The homophilic N-cadherin binding apparently 'zips' together the contacting
surfaces of adjacent cells, and the strength of the junction would initially depend on the
number of cadherin dimers involved. Since the junctional N-cadherin co-localized with
peripheral F-actin, this suggests formation of stable, fimctional adhesion complexes
which require binding of the N-cadherin cytoplasmic domain with the catenins and,
9

indirectly, to the actin cytoskeleton. The dominance of cadherin-S over N-cadherin for
junctional localization has been related to molecular properties of cadherin-S rather than
cell type specific factors. Navarro, et al. demonstrated that the exclusion of N-cadherin
finm intercellular junctions was mediated by the 82 amino acid sequence between Arg^^'
70^

and Pro
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in the cytoplasmic tail of cadherin-S.

This region is distinct from the catenin

binding region of the cytoplasmic domain, which mediates cadherin-S binding to F-actin.
TNFa and IFNy initiates morphological and cytoskeletal changes in the endothelium and
induces expression of leukocyte adhesion molecules.^^'^'^"^"*"^^^ Both PECAM-1
junctional

localization

and

expression

are

disrupted

upon

TNFa

and

219^
IFNy treatment
Previous m vitro studies have characterized a variety of TNFa
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induced changes, such as the fonnation of actin stress fibers, intercellular g:q)s and the
33 94^70

dispersion of cadherin-S. '

The activation of small guanosine-triphosphate(GTP)-

binding proteins in TNFa treated endothelium has been demonstrated to lead to actin270

myosin mediated cell retraction resulting in formation of intercellular gaps.

Multiple

mechanisms are likely responsible for changes in cadherin-S localization, since specific
inhibitors of small GTP-binding proteins prevented the TNFa induced cytoskeletal
270

changes and gap formation, but did not completely inhibit the dispersion of cadherin-S.

In our study, reformation of new cell-cell contact regions lacking the presence of
cadherin-S molecules presented N-cadherin molecules with the opportunity to participate
in cell-cell adhesion. This switch in cadherin subtypes participating in cell-cell adhesion
was further sustained by the cytokine induced reciprocal changes in protein expression,
i.e., resulting in less cadherin-S and more N-cadherin availability. The reciprocal changes
on cadherin-S/N-cadherin expression was detected as early as 4 hours fix)m the onset of
treatment. In comparison TNFa treatment induces expression of ICAM-1 and VCAM-1
208

n:om 4 hours onwards and persisting beyond 24 hours.

Our results examining the

redundancy in cadherin expression in endothelium thus suggests that during
inflammation, N-cadherin provides a backup adhesion system to cadherin-S.
Cadherin mediated anti-apoptotic survival signals were recently demonstrated to
mvolve cytoplasmic interactions between cadherin-S, p-catenin, PI 3-kinase, Akt and
45

vascular endothelial growth factor receptor-2.

Akt is an important component of

6U06
survival pathways initiated by growth factors and extracellular stimuli.
Activated
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Akt has been reported to uihibit apoptosis by the phosphorylation and inactivation of the
62
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pro-apoptotic Bcl-2 homolog Bad, and of the apoptosis-initiating enzyme caspase 9.

In agreement with those findings, we demonstrated in our model reduced cell survival
when Akt activation was prevented by wortmanin co-treatment of combined cytokine
treated HIVECs. Thus, our data demonstrating the PI 3-kinase dependent activation of
Akt subsequent to N-cadherin receptor engagement suggests that N-cadherin may also
play a role in preventing endothelial cell death that could result with the combined
cytokine stimulated loss of cadherin-5 mediated cell-cell adhesion.
Synergy between TNFa and IFNy has been described for a number of effects in
226

endothelium such as the inhibition of integrin UvPa function in angiogenesis.

The

synergy between cytokines may occur through the cooperation of induced signal
transduction pathways or transcription factors. There are relatively few examples of
reciprocal changes in mRNA transcripts by proinflammatory cytokines. During the
transition of the endothelium to a procoagulant state there is a down regulation of
thrombomodulin gene expression and a concurrent upregulation of tissue factor gene
I <7,MO

transcription.

We did not conduct experiments to examine whether the changes in

steady state cadherin transcripts we measured resulted fix)m changes in transcriptional
regulation or, alternatively, changes in the stability of cadherin transcripts. Analysis of
[59

the promoter regions of both N-cadherin

and cadherin-S however, indicated numerous

potential sites whereby transcription factors activated by TNFa such as NF-kB, AP-land
Sp-l could regulate cadherin gene transcription (SIGSCAN Version 4.05 available at
http://bimas.dcttmh.gov).
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In conclusion, we have demonstrated a link between TNFo/DFNy signaling and a
transient switch in the cadherin subtype mediating endothelial cell-cell adhesion. The
presence of a redundant system of maintaining junctional interactions demonstrates a
novel mechanism to regulate cell adhesion under the influence of cytokines. N-cadherin
cell-cell adhesion, under chronic inflammatory conditions, may limit increases in
vascular permeability by maintaining endothelium in a spread state and preventing
endothelial apoptosis resulting from loss of cell-cell contact along with other antiapoptotic pathways induced by cytokines.^^'"*'''^^ Thus, the switch in cadherin subtype
during inflammation suggests a mechanism which promotes extravasation of leukocytes
across endothelium, but maintains adhesion between endothelial cells.
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CHAPTER 4: THE CYTOKINES TNFa AND IFNy REGULATE THE BALANCE
OF PRO- AND ANTI-APOPTOTIC PATHWAYS IN ENDOTHELIAL CELLS
Introduction
Failure of tiie endothelial barrier is a major event during an inflammatory
response since its development is directly responsible for the evolution of tissue edema
and facilitates, along with the surface expression of adhesion molecules, the mfiltration of
leukocytes into the interstitium. The barrier failure occurs primarily at the intercellular
junctions, thereby allowing the paracellular extravasation of plasma and immune reactive
ld3

cells.

The loss of adequate intercellular adhesion could result firom morphological

and/or cytoskeletal changes^^*^^'*^'" as well as changes in the cell-cell adhesion
8,27

molecules as demonstrated in the work presented in Chapters 2 and 3 and by others.

More recent studies have provided evidence for another means by which the endothelial
barrier can be compromised, that is, via the apoptotic induction of endothelial cell
death.
Apoptosis, or programmed cell death, is an active, physiological mechanism that
eliminates abnormal cells and maintains tissue homeostasis. As opposed to necrotic cell
death where the visible features are cellular swelling and bursting, apoptotic cell death is
characterized by the shrinkage of the cytoplasm via dehydration, nuclear chromatin
condensation and the fragmentation of the cell into small apoptotic bodies that can
rapidly be phagocytosed by surrounding cells, hi addition to these visual features,
apoptosis is also characterized by the extemalization of phosphatidylserine on the cell
membrane, degradation of the chromosomal DNA into high-molecular-weight and
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gl 1^2
oligonucleosomal fragments and the mitochondrial membrane permeabilization. ' bi
general, the induction of apoptosis occurs when an imbalance of pro- and anti-apoptotic
intracellular signals originates. This can result from either the amplification of proapoptotic signals or via the inhibition of anti-apoptotic ones. The execution phase of the
apoptotic response has largely been attributed to the activity of a family of cysteine
proteases known as caspases. Initial proteolytic activation of caspases stimulates the
further activation (also by proteolysis) of a self-amplifying cascade of downstream
caspases, which ultimately leads to the cleavage of a heterogenous range of cellular
proteins depending on cell type and apoptotic stimuli."^ These include cytoskeletal
associated proteins (e.g. gelsolin, a-fodrin and p-catenin), nuclear proteins (e.g. lamin A,
lamin B), DNA repair proteins (e.g. poly(ADP-ribose)polymerase, [PARP]), protein
kinases such as (e.g. PKC, focal adhesion kinase [FAK]), cell cycle proteins (e.g.
75

p27KIPl) as well as proteins that regulate apoptosis (Bcl-2, Bcl-XL, Bid, Bax).

Furthermore, activated caspases can trigger mitochondrial depolarization causing the
98

release of cytochrome c, which is a potent co-factor in activating caspases.

The consequences of endothelial apoptosis are obvious since endothelial cell
death would directly contribute to an irreversible loss of the endothelial barrier thus
initiating end stage tissue damage and organ dysfunction. In addition, apoptotic
endothelial cells have been shown to become procoagulant and thus promote the
occurrence of thrombosis before succumbing to cell fragmentation.

29

Using estabUshed

TUNEL (terminal deoxynucleotidyl transferase mediated-dUTP nick end labeling)
assays, investigators have observed apoptotic endothelial cells in tissue samples from
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humans with pathologic states such as scleroderma,^' atherosclerosis,^'*^" ischemiareperfusion injury,^" and organ transplantation/'*'^ The manifestation of endothelial
apoptosis in such a broad range of human disease states has prompted investigators to
look for a means of altering clinical outcomes by disrupting the pro-apoptotic
intracellular signaling cascades and stimulating die anti-apoptotic signaling pathways.
Indeed, the attenuation of sinusoidal endothelial apoptosis witfi the use of caspase
inhibitors in preservation and reperfusion media was recently demonstrated in an animal
models of liver transplantation/^''"*
Studies of apoptotic endotheUal cells in culture primarily use growth factor
deprivation or TNFa treatment in combination with inhibitors of protein or mRNA
158^10^12,237

synthesis to induce apoptosis.

In those studies, TNFa, in combination with the

inhibitors, was shown to induce apoptosis in a dose dependent manner. It is likely that
these inhibitors block the de novo synthesis of anti-apoptotic molecules stimulated by
TNFa, thus pushing the balance of molecular signals towards apoptotic cell death. These
artificial means of inducing apoptosis ate however not normally relevant in vivo, TNFa
and IFNy are endogenously produced cytokines both of which have been detected under
66 Hi 775
chronic inflammatory conditions *
and ^ere endothelial apoptosis has also been
reported, such as in whole organ transplant rejection.^'*'^ Although IFNy does not
normally play a role in inducing endothelial apoptosis, we hypothesized that it may
synergize with TNFa's effect in doing so. The potent cytotoxic potential of TNFa
treatment, in combination with IFNy on normal and tumor human cell lines has been
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130^8^48
previously demonstrated.
The combined presence of these two cytokines thus
represents a likely means of inducing endothelial apoptosis in vivo.
The intracellular signaling pathways of TNFa in particular, provide a direct
mechanistic link to the apoptotic effector machinery via the activation of the caspase
cascade of proteases.'^ Studies have shown however, that the TNF-R mediated activation
of caspases may not always occur after ligand binding since the interactions of the
necessary accessory molecules such as TRADD, FADD and FLICE (caspase-8) at the
receptor complex are modulated by other anti-apoptotic molecules, such as the Bcl-2
homologue Al, the zinc finger protein, A20 and products of the inhibitor-of-apoptosis
(lAP) genes (See Fig. 1.3 for illustration of signaling pathways and key to
abbreviations).'^^'^^ Al and A20 are both transcriptionally upregulated upon NF-kB
activation, thus directly linking TNFa stimulation to anti-apoptotic mechanisms as well
133

as the above mentioned pro-apoptotic ones.

Hence, the balance of these pro-and anti-

apoptotic signaling molecules likely determines the apoptotic fate of the endothelial cell
in response to TNFa activation.
In this series of studies, we evaluated whether or not TNFa and IFNy treatments
in combination could induce apoptosis in cultured endothelial cells. Our preliminary
observations showed that combined cytokine induced P-catenin proteolytic breakdown
273

was caspase dependent.

Previous studies by another group had demonstrated growth

factor deprivation induced endothelial p-catenin breakdown along with apoptosis.""
Thus, for these studies, several different experiments, all of which implemented standard
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methods of evaluating apoptosis, were conducted once suitable ceil culture conditions
were verified. We also set out to explore conditions which alter the susceptibility of
endothelial cells to TNFa and IFNy induced apoptosis. Specifically, we sought to
evaluate changes in the apoptotic susceptibility of surviving cytokine treated endothelial
cells re-treated with fiesh combined cytokines as well as endotheUal cells cytokine
treated in the presence of inhibitors ofNF-icB activation. Our findings indicated that the
combined cytokine treatments were able to induce apoptosis in a subpopulation of
endothelial cells in culture. However, we also collected evidence that the combined
cytokines had anti-apoptotic effects that were manifested by the alteration of the
proliferative state of the culture model as well as by the NF-kB mediated induction of
anti-apoptotic molecule expression, such as Al; which when blocked enhanced
endothelial apoptotic susceptibility. Our results thus shed new light on the potential of
TNFa and IFNy to regulate the balance of signals involved in inducing apoptosis in in
vitro models.
Materials And Methods
Cytokines
Human recombinant TNFa (Boehringer Mannheim, fodianapolis, IN) - Specific
Activity: > IxloHl/mg; human IFNy (Gibco BRL, Gaithersburg, MD) - Specific
Activity: IxlO' U/mg. Endotoxin: TNFa, <10 EU/mg (LAL test); IFN-y, <0.1 ng/^g
of IFN-y). Treatment concentrations were as follows unless otherwise indicated: TNFa 125 U/ml; IFNy-200 U/ml.
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Antibodies
Monoclonal antibodies to P-catenin were purchased finm

Transduction

Laboratories (Lexington, KY). Monoclonal antibodies to PARP and caspase 3 were finm
Enzyme Systems Products, Livermore, CA. Horse Radish Peroxidase (HRP)-conjugated
goat anti-mouse was from Promega (Madison, WI).
Peptide and Biochemical Inhibitors/Substrates
NF-kB

inhibitors N-acetyl-Leu-Leu-norleucinal (ALLN) and Gliotoxin (GLTX)

as well as their inactive analogs N-acetyl-Leu-Leu-Met-al (ALLM), and MethylGliotoxin (MTGLTX) were purchased from Sigma, St. Louis, MO. Z-Asp-Glu-Val-AspFluoromethyl Ketone (DEVD.fink) and Z-Asp-Glu-Val-Asp-AFC (DEVD.AFC) were
purchased from Enzyme Systems Products.
Cell Culture
Human Iliac Vein Endothelial Cells (HIVEC) were a kind gift fiom Dr. Stuart
Williams (UniversiQr of Arizona). Isolation and culture of these cells has been previously
described.^^''^^'^^ Cells were grown to confluency on tissue culture surfaces [precoated
overnight with 0.1% Gelatin in PBS and 10 ^g/ml bovine plasma fibronectin (FBN)
(Sigma), in Medium 199 containing 15% fetal bovine serum (Gibco BRL, Gaithersburg,
MD), bovine endothelial cell growth factor (ECGF - SO ^g/ioil), 100 |ig/ml heparin, non
essential amino acids, penicillin and streptomycin. HIVECs were used between passages
4-9.
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^H-Thymidine Incorporation Assay For DNA Synthesis
HIVECs were plated at 2x10^ cells/cm^ on 6 wells of a 24 well plate. After an
overnight incubation, fiesh

media was placed, either containing ECGF or not, in

triplicates, for a 24 hour incubation period. One hundred microliters of ^H-Thymidine
(specific activity: 10 iici/ml) was added for the final 2 hours of the 24 hour incubation
period. The wells were then aspirated and rinsed with D-PBS. This was followed by a 30
minute incubation and rinsing with O.Sml of cold 10% TCA at 4 T. After a final
incubation with 0.5 ml IM NaOH for 45 minutes at room temperature, on a shaker, the
contents of each well were transferred into scintillation vials. Eight milliliters of Aquesol
107

were added and the vials were counted for 5 minutes each in a scintillation counter.
Cell Counting With Coulter Counter

HIVECs were plated at confluent density on 24 well plates. After an overnight
incubation period the wells were each rinsed twice with fi:esh media before being
incubated, either untreated or treated in triplicates for various time points. At the end of
the treatment periods, media in each well was collected. The wells were rinsed once with
PBS which was pooled along with the collected media to be used as the 'Floating Cell'
samples. The 'Adherent Cell' samples were harvested by trypsinization and rinsing of
each well. The samples were run through a Coulter counter; cell counts were calculated
and tabulated using standard protocols.
Immunoblot Analysis
Control and treated HIVEC monolayers in 60 mm tissue culture dishes were
14s

scnqpped, lysed in 2X Laemmli Sample Buffer

and boiled for 3 minutes. Samples,
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nonnalized according to protein concentrations using the Micro BCA Protein Assay Kit
(Pierce,

Rockford,

IL),

were

electrophoresed

on

a

7%

sodium

dodecyl

sulfate/polyacrylamide gel (SDS/PAGE) and transferred onto nitrocellulose membranes
(Schleicher and Schuell, Keene, NH). Membranes were blocked for 30 minutes in 5%
nonfat dry milk diluted in Tris-buffered (10 mM) saline containing 0.05% Tween 20
(TBST), pH 8.0. Primary antibodies were added to the blocking solution and incubated
with the membrane for 1 hour. After washing, a peroxidase-conjugated secondary
antibody (Promega, Madison, WI), also diluted in blocking solution, was incubated with
the membrane. Protein bands were detected on X-ray fihn

using the Enhanced

Chemiluminescence method (NEN, Boston, MA). Densitometric analysis of bands was
carried out on digitized images of fihn

using NIH Image 1.62 (public domain;

http;//rsb.info.nih.gov/nih-image/). Analysis of multiple proteins on the same membrane
was carried out by stripping previously applied probing antibodies before repeating the
above procedure. Stripping of blots involved incubation for 30 minutes at SO'C in 62.5
mM Tris HCl, pH 6.7; 100 mM P-mercaptoethanol and 2% SDS. Immunoblots were
stripped up to 4 times without signal alterations (Data not shown).
Colorimetric MTT Viability Assay
For this assay, a 96 well plate was coated overnight with FBN (10 ^g/ml) before
HIVECs were seeded. Four serial dilutions of cells, ranging fiom 8000 to 1000 cells,
were plated in duplicate to obtain a standard curve correlating cell densiQr with
spectrophotometer readings. In addition, six wells were plated for each treatment
condition with 8000 cells each, corresponding to a plating density of 2.08 x lO'* cells/cm^
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After an overnight incubation period, the wells were treated with TNFa and IFNy
various time periods in a manner such that all the incubation periods ended at the same
time. The wells were then each rinsed twice with media and replaced with 100 (il of fiesh
media containing 10 ^1 of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT - Sigma) at S mg/ml. After 4 hours, the media was aspirated. One hundred and
fifty ^Is of dimethyl sulphoxide (DMSO - Sigma) and 25 pis of Glycine (Sigma) at pH
10.5 were then added to each well. After a 30 minute period of incubation and vigorous
pipetting to dissolve the violet formazon crystals, the plate was read in a
spectrophotometer at a wavelength of540nm.
Caspase Fluorometric Assay
For detection of caspase 3-like enzyme activity, control and treated HIVECs on
60 mm dishes were lysed in buffer (1% Triton X-100, 0.32 M sucrose, 5mM EDTA, 1
mM PMSF, 1 ng/ml aprotinin, 1 pg/ml leupeptin, 2 mM DTT, 10 mM Tris/HCl, pH 8)
for IS minutes at 4 "C, followed by centrifugation (20, 000 g) for 2 min. Twenty pis of
the fluorogenic peptide substrate DEVD.AFC(20 mM stock) was added to 50 pi of
sample lysates finm different experiments in 500 pi of assay buffer (0.1 M HEPES, pH
7.4, 2 mM DTT, 0.1% Chaps, 1% sucrose) just prior to insertion into the fluorospectrophotometer. Optical Density (OD) readings at 505 nm were taken every 20
seconds. These readings were plotted and standard curves were generated. The slopes of
these curves indicated the extent of caspase enz^e activity in the lysate sample and are
reported in Table 42.
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Morphological Assessment of Apoptosis
Control and treated HIVEC monolayers in 35 nun tissue culture dishes were lifted
via trypsinization and pooled with floating cells in the media. The cells were then
pelleted and resuspended in ISO ^1 of fresh media. Using a pasteur pipette, two drops of
this cell suspension were placed onto the fiinnel section of a cytospin/microscope slide
assembly. This assembly was placed into a cytocentrifuge and spun at 600 rpm for 2
minutes. The ceils on the slides were then air-dried, fixed and stained using a Diff-Quick
kit (Baxter Healthcare Corp., CA). The slides were then coded so that evaluation and
scoring using a lOOX light microscope could be conducted in a blinded fashion. Criteria
for scoring a cell as undergoing apoptosis included the observation of chromatin
condensation, nuclear condensation and fiagmentation, and cytoplasmic vacuolization.
Northern Blot Analysis
The following primers were used to construct cDNA probes specific for A1 (see
Appendix A for details).

Forward: GACTATCTGCAGTGCGTCCTACAG
Reverse: GGGCAATTTGCTGTCGTAGAAG.

Total cellular mRNA (20 ^g) was isolated using the TRIzol Reagent (Gibco BRL,
Gaithersburg, MD) method. RNA was separated by electrophoresis on a 1% agarose
formaldehyde gel, transferred to Hybond-N+ membrane (Amersham) and immobilized by
UV irradiation (Stratagene, La Jolla, CA). Blots wete prehybridized for 4 hours and
hybridized overnight at 42°C with the denatured random*primed ^^P-labeled (Amersham)
probe. The prehybridization buffer consisted of 5X SSC, O.OSM NaH2P04, 10 %
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Denhaidt's Solution, 1%SDS, S0% Fonnamide and 10 ^g/ml salmon sperm DNA. The
final washing conditions were 0.3X SSC, 0.1% SDS for IS minutes at S6°C.
Statistical Methods
The results are expressed as mean ± SJ). of the number (n) of independent
experiments. Statistical analysis was performed by two-tailed Student's t-Test.
Differences were considered significant when p<O.OS.

Results
Establishing The Effect Of Growth Factor Supplementation In The Testing Of Apoptotic
Induction In Endothelial Cells
The study of apoptosis in cultured endothelial cells requires some consideration of
the inherent rate of replication and apoptosis observed under control conditions. Evidence
in the literature suggests that proliferating subconfiuent populations of cells are more
susceptible to agents that induce apoptosis than confluent, quiescent populations. The
difGculty of moving human endothelial cells in culture into the quiescent phase of their
cell cycle is a recognized chaUenge. The protocol for the continued maintenance of aduk
endothelial cells in culture requires supplementation with bovine brain derived
95128,165

endothelial cell growth factor (ECGF). '

Under these conditions, endothelial cells

remain activated and continue to replicate at 1%-10% replication/day despite reaching
so
confluency, as compared to their quiescent in vivo rate of 0.1% replication/ day. Thus,
endothelial cells continue to proliferate at confluency, resulting in the detachment of
overlapping cells fi»m the monolayer. These cells, having been forced to lift off the
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bottom of tissue culture dishes, rapidly become apoptotic due to the loss in cell-matrix
158

adhesion dependent survival signals, a phenomenon known as 'anoikis',

and this

accounted for the high numbers of floating, apoptotic endotheUal cells when incubated
for 24 hours with untreated complete media in our control experiments (described later in
the 'Results' section).
We attempted to arrest the high rate of replication in HIVECs by removing the
bovine ECGF supplementation and modi^dng by modifying cell-matrix adhesion. Major
components of ECGF are the Fibroblast Growth Factors, FGFl and FGF2, whose
85

mitogenic and angiogenic c^bility have been well established. Removal of ECGF for
a period of 24 hours resulted in an approximately 45% drop in the proliferation rate as
implied by measuring the rate of DNA synthesis using ^H-Thymidine incorporation
(Table 4.1). However, the removal of ECGF also induced a 36% reduction in the cell
population attached to the substrate as determined by Coulter counts of cell numbers.
Polimovsky, et al., (1996) found that bovine aortic endothelial cells were most
susceptible to apoptosis induced by TNFa and cycloheximide co-treatments during the
late Gi and early Si phases of the cell cycle (i.e. just when DNA replication had been
triggered) and least susceptible in the Go phase, when cells are in the quiescent state.
Thus, although the ideal test conditions (i.e. conditions when ceils were least susceptible)
to study apoptosis included cellular quiescence at the outset of experimentation, our
It 135158

results with human endothelial cells, in agreement with others, '

demonstrated that

withdrawal of ECGF to achieve quiescence was not possible without inducing
widespread apoptosis. Indeed, Karsan, et al. (1997) reported that human endothelial cells
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were susceptible to growth factor deprivation induced apoptosis at all phases of the cell
135

cycle.

They postulated that the mechanism by which the bFGF in ECGF protected in

vitro human endothelial cells firom sqpoptosis was via the promotion of integrin mediated
78
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cell-matrix adhesion and/or the stimulation of Bcl-2 upregulation.

In the majority of our experiments, we included ECGF supplementation and
therefore, the cells in those experiments remained in a viable, proliferative state, at least
during the commencement of cytokine treatment, and throughout the treatment period in
control dishes. On the other hand, in the experiments in which ECGF supplementation
was not included, there may have been more cells in the Go phase of the cell cycle, but
also a high number of cells that were likely to be predisposed to apoptosis.
Time Course Of fi-Catenin

Cleavage In Combined Cytokine Treated Adherent And

Floating Emhthelial Cells.
The caspase mediated cleavage of p-catenin has previously been described to
occur in the development of the apoptotic response under growth factor deprived
35

conditions. This cleavage event was proposed as a crucial step in the disassembly of
cell-cell contacts, a hallmark indicator of the apoptotic form of cell death, because of the
key role that p-catenin plays in linking the adherens junctional complex to the actin
cytoskeleton. Moreover, recent reports of experiments using P-catenin deletion constructs
resembling the caspase cleaved fragments in gene reporter assays revealed a strongly
242

reduced transcription activation potential.

In cultured endothelial cells, p-catenin

cleavage fixigments were detected by Herren, et al. (1998) when apoptosis was induced

138

by deprivation of serum growth factors in the culture media."" In those studies,
endothelial cells were observed to retract and lose cell-cell and cell-matrix contacts
before detaching and undergoing sqsoptosis. The disruption of P-catenin was described as
an early event in a series of cell-wide geometrical remodeling that concluded with the
apoptotic demise of the cells, hi this study, the detection of P-catenin cleavage fragments
was used to investigate whether apoptosis was initiated in HiVECs treated with the
cytokines TNFa and IFNy.
Western blot analysis was carried out on total cell lysates &om pooled adherent
and floating HIVECs treated with TNFa and IFNy for various time periods in the absence
of ECGF as indicated on Fig. 4.1A and B. A monoclonal antibody that recognized both
intact (92 kD) and cleaved p-catenin molecules (65 and 67 kD) was used. Cleaved pcatenin fragments were first detected in the pooled lysates at 4 hours (Fig. 4.1A) and
remained detectable at least up to the 12 hour time point but was not observed in the 24
hour lysates. Subsequent time course studies using just lysates from adherent cells
revealed the presence of p-catenin cleavage fragments only in the 4 hour cytokine treated
samples (Fig. 4.IB). Together, these Western Blot results indicated that P-catenin
cleavage in adhered cells, initiated by combined cytokine treatment, peaked near the 4
hour time point At the 8 and 12 hour time points, cleaved P-catenin was only detected in
cells that were detached and undergoing iqsoptosis since P-catenin fragments were only
detected in pooled adherent and floating lysates and not in lysates from purely adherent
cells. The bands corresponding to p-catenin cleavage fragments

intensified in the
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combined lysates at 8 and 12 hours O^ig. 4.1A) likely due to the continued proteolytic
processing of cytoplasmic pools of the molecule after the cells became detached.
HIVECs remaining attached to the dish bottom were not susceptible to the combined
cytokine mediated P-catenin cleavage as indicated by the lack of p-catenin fiagments at
the 24 hour time point in Fig. 4.1A as well as in the 8 through 24 hour lanes in Fig. 4.1B.
It was also apparent that cleaved P-catenin fragments in apoptotic bodies floating in the
media had degraded beyond detection by 24 hours as evidenced in Fig. 4.1A by the lack
of fragments in the 24 hour lane. Although ECGF supplementation was not included in
the treatment of cells used in this series of experiments, similar results were obtained in
other experiments with similar treatment protocols including ECGF, with the exception
that the cleaved P-catenin bands were somewhat less intense (data not shown). This
observed difference, was in agreement with both our preliminary data in Table 4.1 and
the results of others in that the presence of ECGF likely provided some protection against
the breakdown of P-catenin and subsequent apoptosis.
The low intensity of the cleaved fragments in adherent cells, relative to the intact
fragment detected in Fig 4.IB, was interpretable in one of two ways; i) p-catenin
cleavage, and subsequent cell detachment and apoptotic cell death, were induced in only
a small population of cells or ii) a small fraction of p-catenin was cleaved in each cell of
the entire cell population in a manner that did not necessarily result in apoptotic cell
death. Both interpretations imply that pro-and anti-apoptotic signaling pathways were
activated by the combined cytokine treatments, hi the first scenario, either one of the
signaling pathways likely dominated resulting in either the survival or death of a
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particular cell. Di the second scenario, the anti-apoptotic pathway predominates in
adherent cells such that none of these ceils succumb to apoptotic cell death. Experiments
to specifically evaluate whether apoptosis was induced in adhered cells were therefore
warranted to resolve the issue and these are described in a later section.
^ergistic Induction Of fi-Catenin Cleavage by TNFa and IFNy and its Inhibition by
Caspase Inhibitors
In order to ascertain whether the P-catenin cleavage detected in the time course
experiments required the presence of both TNFa and IFNy, HIVEC monolayers were
treated for 4 hours with either cytokine alone or in combination in the presence of ECGF.
Cell lysates were then made fiom the adherent cells and subjected to Western Blot
analysis. As shown in Fig. 4.1C, P-catenin cleavage fragments were most abundant in
lysates treated with the cytokines in combination, followed by treatment with TNFa
alone. Densitometric analysis of the bands conesponding to p-cstenin cleavage fragments
revealed that the combined cytokines induced more p-catenin cleavage than the sum of pcatenin cleavage induced by the individual cytokine treatments. Thus as has previously
been reported for the induction of inflammatory responses such as ICAM-1 and VCAM-1
72,1s6,186

upregulation

as well as the downregulation of cadherin-5 (Chapter 3), the

endothelial induction of apoptosis by combined TNFa and IFNy was a synergistic
phenomenon.
To verify that caspase activity was indeed responsible for the cleavage of Pcatenin as was reported in other studies,HIVECs were pretreated with DEVD.fink
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(20 ^M), a caspase specific peptide inhibitor/^"'^^''^' ''^ for one hour prior to combined
TNFa and IFNy treatment for a further 4 hours. The dosage of DEVDJnk chosen was
based on the recommendation of the manufacturer to avoid toxic levels of the solvent,
DMSO. DEVD.fink primarily inhibits the activity of caspase 3 but has also been
characterized to inhibit caspases 2 and 7 due to the similarity of their target amino acid
sequences.'^^ ''^ The Westem blot analysis of adherent endothelial lysates made firom
DEVD.fink pretreated cells had markedly less p-catenin cleaved fragments than those
treated with just the combined cytokines alone (Fig. 4.1C).
For fiirther confirmation of the role of caspases in the P-catenin cleavage events
we observed, we attempted to detect other products of caspase mediated proteolytic
processing, namely firagments of the DNA repair enzyme, PARP, and of caspase 3 itself
The caspase mediated cleavage of PARP has been reported as an early characteristic of
apoptotic induction

IS4

whereas caspase 3 activation can include autocatalytic cleavages

which produces active fragments.
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By stripping and reprobing the blot in Fig. 4.1A,

with monoclonal antibodies specific for precursor and activated forms of caspase 3, we
were able to determine whether caspase 3 cleavage fragments were present in lysates
from pooled adherent and floating HIVECs. As shown in Fig. 4.ID, intermediate (-21
kD) and active fragments (~17 kD) of caspase 3 were detected at the 4, 8 and 12 hour
time points, i.e. the same time points when p-catenin cleavage fragments were apparent.
Intact precursor caspase 3 was approximately 32 kD in size. Westem Blotting, using
monoclonal antibodies specific for intact and cleaved isoforms of PARP, was also
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perfonned on another set of lysates fix)m pooled adherent and floating cells. As can be
seen in Fig. 4.1E, PARP cleavage fragments (89 kD) were distinct from the 113 kD intact
molecule beginning at the 4 hour time point and persisting up to the 24 hours.
Together, these results provided strong evidence that the P-catenin cleavage we
observed subsequent to combined cytokine treatment was mediated by caspase
proteolytic activity. Furthermore, caspase mediated cleavages of other substrates, PARP
and caspase 3, were highly indicative of the initiation of multiple events that would
terminate with the apoptotic demise of the affected cells.
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Table 4.1: Effects of ECGF removal on numbers (by Coulter
counting) and replication rates (by quantifying DNA synthesis
using ^H-Thymidine incorporation) of cells remaining attached to
the substrate after 24 hours of incubation.

^H-Thymidine
Incorporated
(Counts, n=3)

Cell Count

M199 + ECGF+15%FBS+
Heparin

3054±158

56465±3971

M199 +15%FBS

1079±56

36035±16l

(% Decrease)

(-45%)*

(-36%)

P value

<0.005

<0.05

(#,n=3)

*;Percentage decrease taking into account the reduction of cell count.
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Figure 4.1; Western blot analysis showing evidence of combined cytokine induced
caspase mediated cleavage of various substrates.
(A) Inmiunoblot analysis, using anti p-catenin mAb, of whole cell lysates from pooled
adherent and floating

HIVECs or (B) just adherent HIVECs after treatment with

combined TNFa (125 U/ml) and IFNy (200 U/ml) for the indicated time periods. (C)
Immunoblot analysis, using anti P-catenin mAb, of whole cell lysates from adherent
HIVECs treated for 4 hours with the indicated cytokines at identical dosages as in (A)
and (B). Lysates in the right-most lane were made from cells pre-treated for 1 hour with
caspase inhibitor DEVD.fink (20 ^M) followed by its combination treatment with
cytokines for a further 4 hours. (D) Immunoblot from (A), stripped and reprobed using
anti-caspase-3 mAb. (E) Immunoblot analysis, using anti-PARP mAb, of whole cell
lysates from pooled adherent and floating HIVECs treated with combined cytokines as
(A) for the indicated time periods.
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Verification Of Apoptotic Induction In Combined Cytokine Treated WVECs.
The biochemical data obtained from the Western Blot analysis in Figs. 4.1A-E
indicated that the cytokines TNFa and IFNy induced caspase proteolytic activity which in
turn raised the distinct possibility that endothelial apoptotic cell death was triggered. For
further verification, several standard techniques commonly used to evaluate the induction
of apoptosis were utilized. The conclusions from the following experiments are not easily
apparent and required careful interpretation of the data as presented at the end of this
section.
Coulter Count
In order to determine whether a significant fraction of cells were induced to
undergo apoptotic cell death by the combined TNFa and IFNy treatment, adhered and
floating HIVECs were separately collected after various incubation periods. An
estimation of the number of cells was determined using a Coulter counter. As illustrated
in Fig. 4.2A, no significant differences were found in the number of adherent HIVECs at
the end of the treatment periods between any of the samples (ANOVA, p>O.OS in all
comparisons).In Fig. 4.2B, there was significantly more floating cells in the 12 and 24
hour cytokine treated wells (ANOVA, p<0.05 in both comparisons). However,
interpretation of these results were limited by the inherent shortcomings of Coulter
counting since the device operates basically as a particle counter. As such, apoptotic
bodies blebbing off from apoptotic cells may have been counted as individual cells
therefore inflating the mmibers obtained for the floating cell samples.
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MTT Viability Assay.
The MTT colorimetric assay is based on the principle that live cells convert the
yellow tetrazolium salt into a violet formazan which can be solubilized and read on a
spectrophotometric plate reader at a wavelength of S40nm.'^^ This method has been
widely used as an indicator of apoptotic induction since non-viable cells, with impaired
mitochondrial function, are not able to convert the salt. A higher optical density (OD)
reading indicated a higher concentration of the crystals and thus the presence of more live
cells. Accordingly, any reduction in the number of adherent cells after the treatment time
would also likely be detected. Floating cells would not be measured even if they were
viable enough to convert the salt since the treatment media is aspirated during the
processing for this assay, hence, removing any crystals not adhered to the bottom of the
well. In order to establish the optimal cell density that would produce readings in the
linear range, a serial dilution of cell densities were tested in duplicates. The OD readings
obtained for each initial plating cell density were plotted on Fig. 4.3A. The curve fit
performed on these data provided a means of directly correlating OD readings with
nimibers of viable cells (correlating coefiGciency = 0.982). This information indicated that
the MTT assay was able to detect any reduction in numbers of viable cells from the 8000
cells/well initially plated, down to 1000 cells/well at the highest dilution.
In order to determine whether the total population viabili^ of HIVEC cultures
treated with combined TNFa and IFNy (in the presence of ECGF) was altered, a time
course experiment was conducted with each condition repeated six times. The various
wells were treated at different time points such that all the experiments would end at the
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same time and processed simultaneously for spectrophotometric analysis. As can be seen
in Fig. 4.3B, the OD readings indicated that the number of viable cells was not
significantly different between control and any of the combined cytokine treated wells.
These results were thus consistent with those obtained in Fig. 4.2 in which the number of
adherent cells was not different over various cytokine treatment time periods.
Caspase fluorometric assay.
Caspases normally exist as inactive proteases that themselves require proteolytic
259

activation.

The caspase fluorometric assay is a specific, sensitive test conmioniy used

to detect activated caspase enzymes. This assay involves the addition of peptide
substrates, conjugated to a fluorogenic molecule (AFC), into lysates made &om cells
treated under different experimental conditions. The specificity of this assay depends on
the choice of peptides used, i.e. they are designed to mimic the target cleavage sequences
of a particular caspase or class of caspase. The peptides VAD and DEVD are commonly
chosen for this assay, the latter being of broad caspase specificity and the latter, selective
192

caspase 3 specificity.

Fluorogenic molecules are released when the conjugated

substrates are cleaved by activated caspases in the cell lysates. The fi%e fluorogenic
molecules are then detected using a fluoro-spectrophotometer.
For this experiment, the tetrapeptide DEVDAFC, a predominantly caspase-3specific substrate,^^ '^^ '^' was used. Serial dilutions of a free AFC stock solution and of
the substrate were used on positive control lysates in preliminary experiments to
determine the optimal concentration necessary to attain readings in the linear range of our
equipment. Differences in caspase enzyme activity levels were reflected by differences in
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the rate at which OD readings increased after the addition of the substrate (Table 4.2).
Experiments in which cells were merely deprived of serum growth factors were used as
positive controls. Whole cell lysates were made from adherent and floating cells,
collected and processed separately in Experiment A. Lysates used in Experiment B were
made exclusively from adherent cells.
In Experiment A, caspase activity was markedly increased in spontaneously
floating cells in both control and 4 hour growth factor deprived cells. This finding was in
agreement with previous reports in the literature describing the phenomenon known as
'anoikis', which is the induction of apoptosis in cells that have lost cell-matrix
adhesion.

IS8

Caspase activity was also markedly higher in both adhered and floating

growth factor deprived HIVECs compared to control by ~5-fold and ~3 fold respectively.
This increase reflected the induction of endothelial apoptosis in adhered cells leading to
increased cell detachment mediated by growth factor deprivation as has been previously
described.'^*
In the second experiment, cells were treated with both TNFa and IFNy for 4
hours, either in the presence or absence of growth factors. It was hypothesized that the
caspase proteolytic activity responsible for generating the P-catenin cleavage fragments,
which peaked at the 4 hour time point in Western blots of adherent cell lysates, would be
detected. As shown under Experiment B in Table 4.2, no significant increases in the
reading of caspase enzyme activity were detected between treated and control adherent
cells (as judged by comparing with the extent of increases in positive controls in
Experiment A), regardless of the presence of serum growth factors. Serum growth factor
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deprivation increased enzyme activity reading in both control and treated lysates as
would have been predicted from the results of Experiment A.
Although this assay was clearly able to detect caspase proteolytic activity during
widespread apoptosis in growth factor deprived endothelial cells, it could not detect the
caspase activity evidenced in the Western Blots &om the combined cytokine treatment
experiments (Fig. 4.1A-E). This implied that the evidence detected by Western Blotting
was so minute as to be beyond the lower detectable range of the caspase fluorometric
assay. Another possible interpretation of this result include the presence of endogenous
inhibitors of caspases, such as Bcl-2 family members, lAPs (inhibitor-of-apoptosis), and
FLIPs (FADD-like ICE inhibitory proteins),that precluded the in vitro detection of
caspase enzymatic activity by this method but were not relevant when inmiunodetection
methods were used. Even so, the positive control experiments conducted provided a large
degree of confidence regarding the validity of these data. However, due to the
complexities involved in optimizing this assay to rule out such considerations as
discussed above, the assay was abandoned although repeated experiments for statistical
analysis and the investigation of additional time points may have been useful.
Apoptotic Index Determined Rv Morphological Classification.
The method of classifying cells, stained histochemically, according to
morphology has been one of the most reliable means of reporting the percentage of a cell
14

population undergoing apoptosis. Apoptotic cells can be distinguished fix)m normal and
necrotic cells by their unique morphological features such as nuclear condensation and
the formation of apoptotic bodies. These features are recognizable up to 12 hours after a
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cell has been apoptotically induced. We therefore decided to conduct experiments with
treatment times lasting 12 hours.
All test conditions in this series of experiments were evaluated in the presence of
ECGF. In Fig. 4.4, control HIVEC monolayers at the zero timepoint [Ctrl (0)] were
merely cells that were rinsed such that only those adhered to the bottom of the dishes
were collected and processed for counts. The apoptotic mdex of these cells was
approximately 2%, indicating the negligible incidence of apoptosis in adhered cells at the
beginning of the experiments. Of note, cells that were untreated for 12 hours [Ctrl (12)]
had apoptotic indices significantly higher than 'Ctrl (0)' cells(p<0.0005). Despite the
dramatic increase in floating cell fragments after the 12 hour control incubation, upon
visual observation we noted that the monolayers were confluent and well packed both
before and after the incubation period. Together, these results reflected the high degree of
spontaneous apoptosis occurring in untreated monolayers.
The apoptotic index in 12 hour, TNFa (125 U/ml)+ IFNy (200 U/ml)) treated
cells [T+I (12)] was significantly higher (p=0.0018) than that of 'Ctrl (12)' cells. [The
Student's t-test for equal variances (determined using the F-test) was used]. Results from
experiments with shorter time points (4 and 8 hours) did not show any difference between
treated and control experiments (data not shown).
When 24 hour combined cytokine treated cells were returned to firesh complete
media for another 24 hours [T+I(24)/Ctrl(24)], the apoptotic index was similar to 'Ctrl
(12)' cells (p=0.11, NS), again, reflecting the high spontaneous rate of apoptosis in
untreated cells in the presence of ECGF. However, the apoptotic index of cells cytokine
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treated for 24 hours followed by an additional 12 hours of treatment with firesh
cytokines/media [7+1(24/12)], was approximately 5% and, as such, was significantly
lower than either 'Ctrl (12)', 'T+I(12)'or T+I (24)/Ctrl(24)' cells. These data were
consistent with visual observations of 'T+I(24/12)' cells whereby adhered cells were
morphologically altered as typical with TNFa and IFNy treatment but few floating cell
fragments were observed. This information therefore raised the possibility that the
combined cytokine treatment imparted, on cells that survived the initial treatment
incubation period, some degree of protection from apoptotic induction by fresh cytokines.
We performed additional biochemical studies examining the cleavage of P-catenin under
similar conditions to verify this phenomenon. Cells treated with combined cytokines for
24 hours followed by 4 hours of re-treatment with fresh cytokines were processed for
Western Blot analysis. The results were in agreement with our findings from
morphological assessments, that is, |3-catenin cleavage fragments were not detected as
would be expected when cells were merely treated for 4 hours (Fig. 4.5).
Of the four methods used to test for the induction of apoptosis described above,
only one, evaluation of both floating and adherent cells by morphology, provided
statistically significant support that apoptotic cell death was induced by combined
cytokine treatment. The other three methods were similar in that they evaluated changes
to cells remaining adherent to the substrate at the end of the treatment incubation periods.
The combined cytokines apparendy did not stimulate apoptosis widely enough to cause
significant reductions in the number or the viability of adherent cells. Furthermore,
caspase proteolytic activity was not detectable in these adherent cells, most likely due to
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the limited detection range of the caspase fluorometric assay. However, the positive
evidence of cytokine induced apoptosis detected via morphological evaluation was
adequate to eliminate one of the two possible interpretations of the data fix)m Western
Blots raised in an earlier section; i.e. the detection of caspase proteolytic activity most
likely resulted fix)m the apoptosis of a small subpopulation of detaching cells rather than
from a population-wide, low intensity, non-apoptotic activation of caspases.
In summary, the major findings from the above experiments thus far were that i) a
high spontaneous rate of apoptosis, reflecting the high replication rates in control
incubations in the presence of ECGF; ii) the combined cytokine treatments did indeed
induce significantly higher numbers of apoptotic cells compared to controls and iii) the
cytokine re-treatment experiments provided evidence of the anti-apoptotic potential of
these same cytokines on cells that survived an initial treatment period, likely via both the
inhibition of cell proliferation and via some other direct means of activating intracellular
anti-apoptotic signaling pathways.
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Figure 4.2: Cell counts of control and cytokine treated HIVECs.Adherent (A) or Floating
(B) HIVECs from Control and Cytokine Treated [TNFa (125 U/ml) + IFNy (200 U/ml)]
incubations for different time periods as indicated, were collected separately and counted
using a Coulter counter. Each experimental condition was conducted in triplicate. Error
bars are standard deviations.
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Figure 4.3: Assessment of cell viability by MTT assay.
(A) Linear curve fit correlating number of cells plated to Optical Density (00) readings
at 565nm. (B) Number of viable cells remaining after combined cytokine treatments
[TNFa (125 U/ml) + IFNy (200 U/ml)] in the presence of ECGF for time periods as
indicated, based on interpolating OD readings on standard curve, n = 6 for each
experiment. Error bars are Standard Deviations. Representative of 3 independent
experiments.
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Table 4.2: Rate of increase in optical density units &om caspase fluorometric assay.
Experiment A
Adherent CeUs

Floating Cells

Control

0.661

4.114

-ECGF (4 Hours)

3.471

12.764

Experiment B (Adherent CeUs)
+ECGF

-ECGF

Control

1.204

2.986

TNFa + IFNy (4 Hours)

1.319

2.84

Numbers are (Increase in OD umts)/sec.
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Figure 4.4: Assessment of apoptotic index by evaluation of morphology.
Control [Ctrl] or cytokine treated [T+I: TNFa (125 U/ml) + IFNy (200 U/ml)] HIVECs
were incubated for time periods as indicated in parenthesis, cytospun, fixed in methanol
and stained with Diff-Quik™. Cells were scored in a blinded fashion according to
morphology; either dense and fragmented nuclei (apoptotic) or normal rounded, lightly
stained nuclei (viable). Apoptotic Index or %Apoptosis=(# of apoptotic cells/total # of
cells scored) X 100. At least 300 cells were scored in each slide, n = # of slides, as
indicated. Forward slashes (/) indicate multiple, consecutive incubation periods and/or
conditions with fiesh media and cytokines. Error bars are Standard Deviations. P values:
compared to Ctrl (0); f, compared to Ctrl (12).

160

Adherent Cells
kO

Intact
p-catenin

111

Cleaved
p-catenin

73

T+l
(24)

Pre-Treat
Treatment

(4)

(4) (24) (4)

Figure 4.S; Western blot analysis of p-catenin cleavage to evaluate for the anti-apoptotic
potential of cytokine treatment.
Immunoblot analysis of whole cell lysates fi»m adherent HIVECs treated with combined
TNFa (125 U/ml) and IFNy (200 U/ml) for the indicated time periods. In the right-most
lane, lysates were made fiom cells pre-treated for 24 hours with the cytokines in
combination before being treated for a further 4 hours with fiesh

cytokines.

Immunodetection was performed using antibodies specific for both intact and cleaved
forms of p-catenin.
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Combined Cytokine Induction Of Anti-Apoptotic Molecule, A1 Expression.
Previous studies have demonstrated that the Bcl-2 family member, A1 confers
protection to endothelial cells stimulated to undergo apoptosis via TNFa and
actinomycin-D co-treatments/^^ Since it was shown that A1 mRNA expression was also
induced by TNFa, likely via the activation of
whether the inhibition of

NF-kB

119 134
NF-kB, '

we sought to investigate

activation would render endothelial cells more

susceptible to combined TNFa and IFNy treatment.
Because specific antibodies were not available to examine the protein expression
of Al, it was necessary to generate a cDNA probe that could be used in Northern analysis
to provide information with regards to the steady-state mRNA expression of Al. A brief
summary of the procedures by which an AI specific cDNA probe was generated is
presented in Appendix B. Two different reagents, N-acetyl-Leu-Leu-norleucinal (ALLN)
and Gliotoxin, were used in an attempt to inhibit the activation of NF-kB and therefore
block the expression of Al. ALLN is a proteosome inhibitor and therefore blocks the
activation of

NF-kB

by preventing the proteolytic degradation of phosphorylated and

ubiquinated 1-kB, the inhibitory sub-unit of the

109

NF-kB

complex.

Gliotoxin is an

immimosuppressive fungal metabolite that has also been demonstrated to specifically
prevent the degradation of I-kB-u.^'^'
In order to verify that Al mRNA expression was induced with cytokine treatment
in our cell culture model, total RNA was isolated firom HIVECs plated on fibronectin
coated (lO^g/ml) dishes and treated in the presence of ECGF for 4 hours as indicated on
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Fig. 4.6. In addition to the cytokine treated dishes, other dishes were pretreated for one
hour with the following reagents: ALLN (10 ^g/ml) and its non-fimctional control
peptide, ALLM (10 ^g/ml); Gliotoxin (100 ng/ml) and its inactive analog, MethylGliotoxin (1 ^g/ml). These pretreatments were followed by the addition of both TNFa
(125 U/ml) and IFNy (200 U/ml) for an additional 4 hours of co-incubation.
The isolated RNA samples were quantified and loaded in equivalent amounts on
an agarose gel, transferred over 48 hours onto a Hybond (N+) membrane and UV
crosslinked. The membrane was then prehybridized and then allowed to hybridize to a
^^P-labeled cDNA probe for Al. The membrane was then washed and exposed to film
(Fig. 4.6A). The membrane was subsequently stripped and reprobed using human
GAPDH and cadherin-5 cDNA probes. Quantification of bands detected was carried out
using either densitometric analysis or readings from exposing the blot to a
phosphoimager. In Fig. 4.6B, the results of Al mRNA expression normalized to readings
for GAPDH, to compensate for unequal loading, are shown. As can be seen, combined
TNFa + IFNy treatment induced more Al mRNA then with either cytokine alone. Cotreatment of ALLM, ALLN and Methyl-Gliotoxin with TNFa + IFNy did not affect Al
mRNA expression as compared with just the combined cytokines alone. Only
pretreatment/co-treatment with Gliotoxin was effective enough to suppress the expression
of Al mRNA, by 38%, as compared to Al mRNA expression due to combined TNFa
and IFNy treatment. The results from Figs. 4.6A and B thus confirmed the induction of at
least the messenger RNA for the anti-apoptotic molecule Al. In addition, these results
also proved that pretreatment with an NF-kB specific inhibitor, Gliotoxin, suppressed the
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ability of endothelial cells to express A1 mRNA when stimulated by combined TNFa +
IFNy treatment. There were no obvious differences observed in cadherin-S mRNA levels
between any of the experiments.
Inhibition Of A1 Expression Promotes Endothelial Apoptosis
In order to determme whether or not the inhibition of A1 expression by Gliotoxin,
rendered endothelial cells more susceptible to combined cytokine induced apoptosis, we
conducted experiments in which we determined the apoptotic index of gliotoxin
pretreated, TNFa + IFNy treated HIVECs by assessment of cellular morphological
changes. As shown in Fig 4.7, the apoptotic index of HIVECs pretreated for 1 hour with
Gliotoxin followed by 12 hour combined TNFa+IFNy+Gliotoxin treatment in the
presence of ECGF was indeed significantly higher than the apoptotic index of either
control HIVECs (p<0.0001) or HIVECs treated with the combined cytokines alone for 12
hours (p=0.0008). In one slide from an experiment where Gliotoxin was the only
treatment drug, there was no difference in the apoptotic index compared to the control
experiments.
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Figure 4.6: Expression Of A1 mRNA in cytokine treated cells; inhibition by gliotoxin.
Total RNA was extracted from HIVECs receiving treatments as indicated, and ran on a
3% agarose gel. (A) Northern blot analysis was conducted using radioactively labeled
cDNA probe specific for A1 (B) A1 mRNA levels of A1 and Cadherin-S normalized to
GAPDH to account for unequal loading. * : 38% decrease compared with TNTa+IFNy.
n=l.
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Figure 4.7 Morphological assessment of the effect of gliotoxin oathe ability of cytokines
to induce apoptosis.
HIVECs, control or treated with TNFa (125 U/ml), IFNy (200 U/ml) and/or Gliotoxin
(100 ng/ml) as indicated for 12 hours were cytospun, fixed, stained and scored according
to morphology. At least 300 cells were scored in each slide, n = # of slides, as indicated.
Error bars are Standard Deviation. P values: (*) - as compared to Control (12).
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Discussion
In this series of experiments, we investigated the potential of inflammatory
cytokines, TNFa and IFNy to induce apoptosis in cultured endothelial cells. In Fig. 4.8,
we propose a model which summarizes our data and incorporates relevant reports from
other investigators. In each of panels A-C, the apoptotic outcome of the treated
endothelial cells is predicted by the balance of pro- and anti-apoptotic signals depicted.
During the early phase, subsequent to combined cytokine treatment, the presence
of ECGF in the culture media imparts an anti-apoptotic influence on the HIVECs via its
promotion of Bcl-2 and cell-matrix integrin expression (Fig. 4.8A, [i])."' Approximately
4 hours after the commencement of combined cytokine treatment however, we observed
that a subpopulation of cultured endothelial cells succumbed to apoptosis. As
summarized on Table 4.3, the size of this subpopulation was likely small since evidence
of apoptosis was only apparent in the two most sensitive tests of five different methods
used. Several pro-apoptotic conditions likely rendered this subpopulation susceptible to
apoptosis. Firstly, the presence of ECGF in the media may have resulted in these cells
being in the replicative Gate Gi/early Si) phases of the cell cycle (Fig. 4.8A, [ii]). These
phases have been reported to be the most susceptible ones to TNFa(+cycloheximide)211

mduced apoptosis.

Secondly, the high proliferative rate of these cells, again, due to the
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presence of ECGF, produced cell overcrowding and likely forced many cells to detach
fiom the substrate and become apoptotic (Fig. 4.8A, [ii]). We regard this second outcome
as an experimental artifact since it was also apparent in control HIVECs over longer
incubation periods ^ig. 4.4). A third possible condition that likely rendered this
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subpopulation of cells vulnerable to apoptosis may be its lack of ability to express antiapoptotic molecules such as the bcl-2 homologue, Al, the zinc finger protein A20 and
gene products of the hiapl, hiap2, and xiap genes; in the face of pro-apoptotic signaling
initiated at the TNFa receptor (Fig. 4.8A, [iii]).
Cells that survived the initial period (~12 hours) following combined cytokine
treatment were likely to have had increased anti-apoptotic and/or reduced pro-apoptotic
signaling pathways activated (Fig. 4.8B). For instance, consumption of growth factors
contained in the ECGF supplementation would likely reduce the influence ECGF on both
the endothelial cell cycle loci as well anti-apoptotic signaling (Fig. 4.8B, [i and ii]). Also,
we noted that the apoptotic index in cells incubated with fiesh cytokines for an additional
12 hours after having ah:eady undergone 24 hours of combined cytokine treatment was
lower than that of either 12 hour treated or untreated cells. This result possibly reflected
the anti-proliferative effects (Fig. 4.8B, [iii]) of the combined cytokines such that
apoptosis due to overcrowded, detaching cells was no longer occurring. The anti
proliferative effect of the combined cytokines has been measured by Yilmaz, et al. (1998)
who demonstrated in in vitro models that combined TNFa and IFNy treatments inhibited
endothelial proliferation rates in a dose dependent manner (e.g. by 80% after a 72 hour
%
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treatment period using 40 x 10^ U/ml of each cytokine).

Lastly, anti-apoptotic

signaling was also likely promoted in the late surviving cells by the synergistic
upregulation of Al mRNA by combined cytokine treatment (Fig. 4.8B, [iv and v]). The
role of Al in endothelial anti-apoptosis was first demonstrated by Karsan, et al, (1996)
^o proved that retroviral-mediated transfer of the Al cDNA to a human microvascular
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endothelial cell line provided protection against cell death initiated by TNFa and
Actinomycin D.
In cancer cell lines, the induction of A1 by TNFa was established to be time and
202

dose dependent.

The expression of A1 and A20 anti-apoptotic molecules have been
119

demonstrated to be induced by the activation of the transcription factor, NF-kB.
_

TNFa

48

and IFNy has been shown to synergistically induce NF-kB activation. A recent report
attributed the anti-apoptotic effect of A1 to its inhibition of mitochondrial depolarization,
thus preventing its release of cytochrome c, as well as its inhibition of the cleavage of
several other caspase substrates such as PARP, BID, a pro-apoptotic Bcl-2 homologue
74

and caspase 9.

While other groups have demonstrated the anti-apoptotic effect of

inducing A1 and A20 expression, we have extended those studies by demonstrating that
the reverse, specific inhibition of NF-kB activation and thus of A1 expression (Fig. 4.8C,
[i]), can significantly increase the size of the subpopulation susceptible to cytokine
induced apoptosis.
The ability of combined TNFa and IFNy treatment to initiate the apoptotic
160^6^77
response in endothelial cells has only been reported by one group thus far.
In
those studies, the investigators were evaluating the use of high dose (40 x 10^ U/ml each)
TNFa and IFNy as part of an anti-tumor treatment regimen. They reported that these
cytokines (administered in combination with melphalan, a bifunctional alkylating agent
used in chemother^y), only induced apoptosis in endotheh'al cells localized within
tumors. Normal, quiescent endothelial cells however were demonstrated to be

170

unsusceptible to combined cytokine induced apoptosis. The susceptible endothelial cells
in those studies were found to express the integrin avPa which is normally only detected
226

m angiogenic cells.

They proposed that the cytokine mediated interference of avPa-

dependent tumor-endothelial cell adhesion, and thus the loss of matrix adhesion
dependent survival signals, lead to their apoptotic demise. In our model, although our
HIVECs were highly proliferative and were likely expressing the avp3 integrin, we were
able to mitigate the effects of TNFa and IFNy mediated interference of avPa-dependent
matrix attachment as the mechanism of apoptotic induction since our tissue culture dishes
were coated with fibronectin and not one of the extracellular matrix proteins that were
highly avPs specific, such as vitronectin, denatured collagen and fibrinogen. In fact, in
226

Ruegg et al.'s model,

the combined cytokine treatment did not result in any significant

change in the number of cells attached to fibronectin coated plates, which, was consistent
with our results in the Coulter count experiments.
Coating of tissue culture dishes with fibronectin provides a layer of extracellular
matrix proteins in order to promote better cell-substrate adhesion (mainly via asPi, aaPi)
and spreading of HIVEC monolayers.'^^*'""^'^ Fibronectin has generally been described
as a participant in promoting angiogenesis. There are, however, conflicting reports as to
whether its promotion of cell proliferation (versus its potential to promote cell elongation
.

-

X .

.

*

r

32,83.193^16^8

or migration) is a major aspect of its angiogemc mfluence.

Plasma

fibronectin has been reported to attenuate TNFa induced increases in endothelial
monolayer permeability q)parently via its incorporation into the extracellular matrix.^^
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Upon integrin receptor engagement, fibronectin has also been reported to promote antiaptotic survival signals via its activation of FAK and of the c Jun(NH2>-terminal
ldnase(JNK) signaling pathway in the absence of ECGF and via the PI3-ldnase/Alct
pathway in the presence of ECGf/ The reduction of this source of anti-apoptotic signals
has not been evidenced in either ours or Ruegg et al.'s data as a contributory factor to
combined cytokine induced adherent endothelial cell apoptosis.
As sxirmised in Fig. 4.8B, we attributed the lack of apoptosis in cells surviving
combined cytokine treatment, in part, to the anti-proliferative effects of the cytokines.
Whether or not this postulation is valid in vivo, however, is not known. This question is
of significance because the presence of TNFa in vivo has been established to promote
79,84

angiogenesis.

It has been suggested that TNFa promotes angiogenesis not by direct

mitogenic stimulation of endothelial cells, but instead by inducing surrounding cells to
182

release secondary mediators such as Platelet-Activating Factor (PAF).

hi anycase, our

in vitro studies bring to light the risk of the inappropriate triggering of apoptosis under in
vivo conditions of inflammation and wound healing. Under these conditions, the presence
of TNFa and IFNy poses the double threat of both rendering endothelial cells in
susceptible replicative states as well as being the stimuli for apoptosis.
In conclusion, we have attempted to simulate inflammatory conditions in an in
vitro model and identified several factors that can influence the susceptibility of the
endothelium to apoptosis. The subpopulation of endothelial cells in culture most prone to
TNFa and IFNy induced apoptosis was likely in a replicative state and probably did not
have sufGcient levels of endogenous anti-i^ptotic molecules expressed. Under extended
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combined cytokine treatment, surviving endothelial cells were both induced to express
anti-apoptotic molecule, A1 as well as inhibited in their proliferation rate. However,
biochemical inhibition of A1 expression rendered endothelial cells more susceptible to
apoptosis. Identification of the various in vitro conditions that influence the balance of
pro- and anti-apoptotic forces provides insight into the understanding and manipulation
of endothelial apoptosis as a means of preventing the failure of the endothelial barrier
during inflammation.
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Table 4.3: Summary of results finm experiments conducted to detect the occurrence of
apoptosis in HIVECs treated with combined TNFa and IFNy.

Method
Cleavage of caspase substrates (Western Blotting)

Evidence of Apoptosis ?
^

Coulter Counting
MTT Viability Assay
Caspase Fluorometric Assay
Morphological Assessment

^

174

Figure 4.8: The balance of pro- and anti-apoptodc signals determine the apoptotic
outcome of endothelial cells treated with combined TNFa And IFNy.
(A) Conditions that induced apoptosis in a subpopulation of endothelial cells early (~4
hours) during the combined cytokine treatment period. (B) Cells that survived the
combined cytokine treatment were able to maintain a balance in the two opposing sets of
signaling influence. (C) Apoptosis was induced in cells that were unable to express AI
due to the presence of Gliotoxin.
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

The inflaminatory response functions in normal physiology and is manifested in
the pathogenesis of a wide range of diseases including septic shock, arteriosclerosis,
reperfiision injury and tumor metastasis. This phenomenon requires the passage of bloodbome cells and macromolecules through the endothelial barrier into the interstitial space
where it functions to limit and repair damage caused by invading pathogens or fix)m
injury. While generally advantageous to the health of the body, this phenomenon
becomes deleterious in certain chronic disease states such as arteriosclerosis^ and
208

certain treatment modalities such as in organ transplantation.

Instead of being a

mechanism for repair, ongoing extravasation of blood plasma and leukocytes leads to
chronic tissue edema and cell injury. In these situations, the ability of the endothelial
monolayer to regulate the passage of substances becomes critical. The overall objective
of my dissertation has been to investigate the molecular mechanisms of barrier function
in endothelial cells under chronic inflammatory conditions. The treatment regimen of
combining the pro-inflammatory cytokine TNFa and the immune cytokine, IFNy was
chosen to simulate chronic inflammation afflicting endothelial cells under both in vivo
and in vitro conditions.
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Outlme of Results
I approached the study of the endothelial barrier by examining what effects the
combined cytokines had on cadherin-S and N-cadherin, both transmembrane calcium
228

dependent cell-cell adhesion molecules found expressed on endothelial cells.

Also, I

endeavored to explore whether endothelial apoptosis might be another means by which
the cytokines can influence endothelial permeability. The primary observations made in
these studies have been summarized in Table 5.1, together with an indication of their
implications with regards to changes in microvascular permeability.
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Table 5.1 Summary of primary observations in TNFa+IFNy treatment studies and their
implications on endothelial permeability.

Subject Investigated

Effect induced by

Influence on

(Chp-Chapter)

combined TNFa+IFNy

Endothelial Paracellular

treatment

Permeability •

Cadherin-5 Organization
{in vivo: Chp 2; in vitro: Chp 3)

-

+

Cadherin-5 protein and mRNA
Expression (in vitro: Chp 3)

-

+

N-Cadherin protein and mRNA
Expression (m vitro: Chp 3)

+

-

N-Cadherin Junctionalization
(in vitro: Chp 3)

+

-

Endothelial Apoptosis
(in vitro: Chp 4)

+

A1 Expression (Anti-apoptotic)
(in vitro: Chp 4)

+

* - Either demonstrated or predicted.

+
-
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As described in Chapter 2, the rat mesenteric window preparation ad^ted by
260^74

Baldwin and co-workers (1994)

was used to address my hypothesis that combined

TNFa and IFNy treatments elicited areas of cadherin-S disorganization in postcapillary
venules that lead to the failure of the endothelial permeability barrier. Indeed, laser
confocal microscopic analysis revealed the co-localization of reorganized cadherin-S and
extravasated macromolecular maricers; indicating that these were the precise areas where
microvascular permeability had increased. This finding was significant because, to my
knowledge, this was the first time that the disruption of cadherin-S mediated cell-cell
adhesion was directly linked to the failure of the endothelial banner in an in vivo model.
Our results were corroborated subsequent to the publication of our findings by Corada, et
al. (1999) who reported that the intravenous injection of anti-cadherin-S monoclonal
antibodies into mice resulted in an increase in interstitial edema and cellular extravasation
54

in lung and heart tissue. Previously, the role of cadherin-S in regulating paracellular
permeability was merely assumed due to extrapolations fiiom studies by investigators that
had demonstrated the role of cadherins in maintaining barrier fiinction in in vitro models
by using calcium switch experiments to alter the function of cadherins and measuring
104^2
changes in electrical resistance.
Thus, in addition to tight junctional component
8 89 112,179

molecules such as ZO-1, ZO-2, claudin and occludin,' '

our recent data indicates

that cadherin-S can now be definitively included as another element in the molecular
basis for the regulation of endothelial paracellular permeability. This is significant due to
the direct association of cadherin-S, via the cadherin-catenin complex, with the peripheral
rim of the actin cytoskeleton. Di fact, the rat mesenteric window preparation had
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previously been used to correlate disruptions in peripheral actin filaments, in response to
histamine treatments, with focal areas of macromolecular extravasation in venules.

260

As

such, other alterations (e.g. tyrosine, serine/threonine phosphorylation; small GTPase
binding protein activity; caspase cleavage activity or nitric oxide activity as discussed in
Chapter 2) to any component of the cadherin-S junctional complex would likely affect
cadherin-5 mediated cell-cell adhesion and therefore, the endothelial barrier integrity.
Although my initial findings of decreased steady state cadherin-S protein
expression upon combined TNFa and IFNy treatment conflicted with the published
150

report fi:om another group,

our in vivo results provided strong evidence that the

cytokines did affect cadherin-S function profoundly and that our preliminary data was
potentially valid. My second hypothesis was thus aimed at using in vitro methods to
further investigate mechanisms of biochemical changes in cadherin-S. Examination of
changes in N-cadherin function and expression was included in these studies since
previous reports had not attributed a functional role for this molecule in endothelial
m;22i

permeability.

I had hypothesized that the disruption of cadherin-S mediated cell-cell

adhesion could allow N-cadherin to localize at the interendothelial junction and partake
in mediated cell-cell adhesion. Indeed, using laser confocal microscopy, combined
cytokine treatment studies demonstrated that at locations where cadherin-S was no longer
present, junctional N-cadherin was observed. Furthermore, as described in Chapter 3,
steady state N-cadherin protein and mRNA expression was found unexpectedly increased
in response to the combined cytokine treatment even as that of cadherin'^S decreased.
190^8
Junctionalized N-cadherin had never been documented before in endothelial cells.
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These results are therefore novel and demonstrate the dynamic balance of cadherin-S and
N-cadherin in endothelial cells. However, while N-cadherin could replace cadherin-S in
the endothelial cell junctions, intercellular gaps remained lacking either cadherin
junctional localization. Even so, evidence suggested that where N-cadherin was able to
form junctions, they were likely to be functional, i.e. its association with F-actin and
increased insolubility when lysed in detergent. Furthermore, experiments engaging Ncadherin receptors with anti-N-cadherin antibodies stimulated phosphorylation of the
serine/threonine kinase, Akt protein kinase B), likely via the phosphatidylinositol 3kinase (PI 3-kinase) initiated pathway. Akt has previously been characterized as a
component of cell survival pathways typically initiated by growth factors and
6U06
extracellular stimuli.
Together, these results lead to the conclusion that N-cadherin
plays a vital role during an inflammatory response as a functional backup adhesion
molecule, that reduces endothelial permeability, when cadherin-S mediated endothelial
barrier function is compromised (Table S.l). This is important not merely because a new
role has been discovered for N-cadherin in endothelial cells, but also because this
phenomenon may be taken advantage of to yield new therapeutic strategies, whereby Ncadherin may substitute for cadherin-S mediated cell-cell adhesion more efiiciently and
hence, reduce morbidity during inflammation.
During the course of in vitro experiments examining the effects of the combined
cytokine treatments on endotheh'al adhesion junction molecules, the generation of Pcatenin cleavage fiagments that were characteristic of caspase enzyme activity was
detected. Moreover, a substantial increase in the number of detached cells over the course
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of the incubation periods was noted. These observations were consistent with common
halhnarks of apoptotic cell death induction. Based on this rationale and on the reports of
TNFa's involvement in pro-and anti-apoptotic signaling pathways in the literature, 1
decided to explore conditions by which combined TNFa and IFNy induced apoptosis as
yet another mechanism by which the endothelial barrier function could be compromised
during inflammation. Apoptosis was indeed biochemically detected in a small
subpopulation of endothelial cells treated with the combined cytokines at the 4 hour time
point (Chapter 4, Fig. 4.1). Over a 12 hour combined cytokine treatment period, a
statistically significant increase in endothelial cell apoptosis was also detected using
morphological evaluation techniques (Chapter 4, Fig. 4.4). These results thus raise the
possibility that endothelial cell death could be yet another means by which the combined
cytokines induce the failure of the endothelial barrier function. The mechanism by which
the ligand-engaged TNFa receptor initiates an apoptotic response has been well
recognized to involve a series of receptor associating accessory molecules (TRADD,
FADD) which activate a cascade of caspases that ultimately carries out the execution
phase of the response (Fig 5.1). This phase includes the cleavage of p-catenm, which is a
key member of the cadherin-S/catenin junctional complex. P-catenin cleavage, thus,
conceivably leads to the dysfunction of cadherin mediated cell-cell adhesion.^^ Some
evidence exists to suggest that IFNy utilizes the JAK-STAT signaling pathway to induce
caspase 1 (Interleukin-lp-converting emqme) expression which also results in an
49

apoptotic response.

Such evidence was obtained finm

work conducted in the

unmortalized cell lines A431 and HeLa and, as such, may not be replicable in primary
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cell cultures. Moreover, caspase 1 is generally regarded to lack a role in cell death and
259

instead, play a prominent role in inflammation.

The results of this work however,

clearly ascribe a role for IFNy in potentiating the effect of TNFa via unknown pathways
which result in the synei^stic induction of apoptosis by the cytokines in combination.
Another likely participant in the promotion of apoptosis are reactive oxygen
intermediates (ROIs) since their induction is another major characteristic of pro88

inflammatory cytokine activation. The potential outcome of this concerted series of proapoptotic signals are apoptotic cellular death, the destruction of the endothelial barrier
and therefore, widespread tissue edema. Conversely, cytokines such as TNFa and IL-ip
have also been demonstrated to upregulate anti-apoptotic signaling molecules via their
activation of the transcription factor NF-kB which, for example, promotes the expression
134

of the Bcl-2 homolog, Al.

Utilizing a separate pathway, TNFa has also been

demonstrated to induce anti-apoptotic signals via the activation of PI 3-kinase and Akt in
168

endothelial cells (not shown in Fig. 5.2).

Indeed, in cells not succumbing to apoptosis,

the combined cytokines, TNFa and IFNy activated anti-apoptotic signaling pathways, as
was reflected by the induction of Al mRNA expression and the reduced survival rates
when Al expression was inhibited (Chapter 4, Figs. 4.6 and 4.7). Thus, although
endotheh'al apoptosis was detected in a small subpopulation of the combined cytokine
treated cells, the upregulation of anti-apoptotic signaling molecules such as Al promoted
cell survival in the test of the population and thus likely contributed to preserving
endothelial barrier function. It is likely that both pro- and anti-apoptotic pathways were
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activated by the combined cytokine treatment; with the &te of an activated endothelial
cell and correspondingly the permeability state of the endothelial barrier during an
inflammatory response, being determined by the balance of signals in both sets of
pathways as illustrated in Figs. 4.8A-C and Fig. S.l. Understanding the different forces
dictating endothelial apoptotic response may lead to better strategies in treatments of
inflanmiatory diseases or a re-evaluation of current strategies. One example of the latter
case is the prophylactic use of aspirin in patients at risk of heart attack and stroke may
inadvertently alter the balance of pro- and anti-apoptotic signals in endothelial cells by
preventing the expression of
266

activation.

A1

due to the inhibitory effect of aspirin on

NF-kB

Consequently, these patients may become more susceptible to increased

microvascular permeability due to endothelial apoptosis during insults resulting in an
inflammatory response where TNFa and IFNy would both be present.
Proposed Model and Implications of Work Done
The in vivo and in vitro results in this dissertation were not directly comparable
mainly because the experimental aims were not identical. With the former, the primary
objective was to document a hypothesized phenomenon in an m vivo setting whereas with
the latter, in vitro techniques allowed for the exploration of mechanisms to explain
observed phenomenon and stricter control of test conditions. There were several
unavoidable differences between the two models. For instance, although endothelial cells
from the venous segment of the vasculature were studied in both models, large venular
cells were isolated for in vitro studies while post-capillary venules were observed ui the
in vivo studies. Also, the cytokine treatment dosages were different Ten-fold lower
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cytokine dosages were su£Qcient to yield the responses necessary for data collection in
the acute in vivo studies as compared to the in vitro studies. In the in vitro studies, much
longer time courses were used to measure changes, likely more reflective of a chronic
inflammatory response. The response of endothelial cells to combined TNFa and IFNy in
vivo are likely to be modulated by surrounding cell types also being affected by the
cytokines (such as leukocytes and vascular smooth muscle cells) and by the various
intracellular signals generated fiom

cell-matrix interactions. Moreover, cultured

endothelial cells are likely to lose certain vessel type and organ specific phenotypes as
well as their quiescent state.^^ In fact, the results that were obtained using a variety of
methods (biochemical, histochemical, etc.) to evaluate the presence of apoptotic cell
death were complex, likely due in part, to the artificial nature of in vitro models.
Specifically, the necessity of including growth factors in the culture media resulted in a
high spontaneous rate of apoptosis owing to the continuous presence of the mitogenic
stimuli and to the dependency of cultured endothelial ceils for the intracellular antiaptotic signaling that these factors induced, for survival. Despite the many differences
between the in vivo and in vitro work, collectively, the studies in this dissertation add
specific and significant information to the large body of knowledge concerning the
inflammatory response of venular endothelial cells. When the cytokines TNFa and IFNy
are present in such a response, a complex, multifaceted array of outcomes are generated
in promotion of healing. To help put in perspective the results from the three specific
aims explored in this dissertation, I propose the model depicted in Fig. 5.2. As discussed
above, the inherent differences in the nature of m vivo versus in vitro studies may
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preclude direct integration of the data, for example, into a single time line, matching
events according to the precise observation timepoints in the various experiments. As
such in this model, three phases with broad time ranges, are proposed in order to at least
place the different phenomena observed in the context of each other. These are: early
events, within ten minutes of cytokine exposure; intermediate events, occurring
approximately four hours into cytokine treatment; and late events, 12 hours and beyond
post-cytokine treatment. In general, as the model portrays, the early outcomes promoted
paracellular extravasation of plasma macromolecules and cells, whereas later outcomes
essentially served to attenuate widespread failure of the endothelial barrier.
As shown in Fig. 5.2, the findings that the disruption of cadherin-5 mediated cellcell adhesion constituted an early response (within ten minutes) of endothelial cells to the
presence of TNFa and IFNy. In those experiments, the passage of labeled albumin, a
marker of macromolecular extravasation, was documented. From extensive work by other
44

investigators (reviewed by Carlos and Harlan, 1994),

it is known that another early

event in endothelial activation is the apical expression of selectins, surface adhesion
molecules such as P-selectin and L-selectin, which promote the rolling and arrest of
leukocytes that eventually migrate firom the bloodstream into the interstitial space. Hence,
it is likely that the extravasation of macromolecules that was observed in these studies
occurs in conjunction with cellular migration. This is not likely to be coincidental.
Instead, the concurrent events lend credence to the idea that a highly orchestrated series
of steps occur during the acute response to injury or to an offending pathogen, of which
cadherin-5 reorgan^tion is only a part thereof. Still, I propose that fiiture woric should
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attempt to achieve the stabilization of cadherin-S junctional localization in certain
inflammatory diseases such as during acute organ transplant rejection, whereby leukocyte
infiltration is absolutely deleterious to the graft. In this instance, the benefits of
ameliorating drastic increases in the permeability function of endothelial cells in the graft
likely outweighs the potential of this therapeutic approach to inhibit the immune-system's
ability to mount an inflammatory response and fight opportunistic infections.
The in vitro studies extended into investigations of the susceptibility of
endothelial cells under intermediate term (~4 hours) inflammatory conditions to apoptotic
cell death. The implications of widespread endothelial cell death to the control of
endothelial penneability can be grave since it would constitute the catastrophic loss of the
endothelial barrier. Although the initial studies did detect the occurrence of apoptosis in
TNFa and IFNy treated endothelial monolayers, by and large, endothelial cells were not
susceptible to apoptosis. This would be consistent with the major function of cytokines in
inflammation, that is, to mediate leukocyte adhesion and transmigration and not trigger
apoptosis. In fact, as depicted in my model in Fig. S.2, surviving endothelial cells were
likely to be protected against apoptotic induction due to their ability to upregulate levels
of anti-apoptotic molecules, such as Al, ^en stimulated by the combined cytokines.
Thus, with the exception of certain conditions that prevent the expression of Al, I
surmise that endothelial vuhierability to apoptotic cell death is likely to be reduced under
inflammatory conditions that include the presence of the cytokines TNFa and IFNy. This
model, however, provides further impetus for pursuing treatment modalities that involve
gene therapy, i.e. promoting Al expression in endothelial cells to reduce the potential
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threat of apoptotic inductioii by TNFa and IFNy during an inflammatory response.
Retroviral mediated transfer of the A1 cDNA into endothelial cells in culture have
133^7
akeady demonstrated the potential benefits of this strategy.
The data demonstrating the do>^/nregulation of cadherin-S in longer term
experiments (>12 hours) may represent a chronic inflammatory scenario characterized by
the continued presence of the cytokines, TNFa and IFNy. In these studies, the work not
only demonstrated that the long term exposure of endothelial cells to the combined
cytokines causes a potentially deleterious effect of cadherin-S protein and mRNA
expression downregulation but also, the upregulation of N-cadherin protein and mRNA
expression. Furthermore, the studies provided surprising evidence that the elevated Ncadherin levels were accompanied by substitution of cadherin-S in comprising the role of
a major cell-cell adhesion molecule (Fig. S.2, green). Additional experiments conducted
verified the functionaliQr of N-cadherin molecules in endothelial cells. I therefore propose
that this phenomenon of N-cadherin substituting for cadherin-S represents a late phase
mecham'sm by which the failure of the endothelial barrier is attenuated during chronic
inflammation. Further studies undertaken to analyze the outside-in signaling mechanisms,
resulting in the reciprocal switch in cadherin subtype expression that was observed, may
yield new therapeutic strategies. For instance, if N-cadherin expression could be
promoted without the concurrent downregulation of cadherin-S, it may be possible to
create intracellular reservoirs of N-cadherin molecules that are more readily mobilized to
backup cadherin-S mediated cell-cell adhesion.
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In conclusion, I have endeavored to investigate the regulation of endothelial
permeability during an inflammatory response and have found a number of complex
mechanisms responsible. Although increased endothelial permeability is generally an
advantageous event early during an inflammatory response, many deleterious effects are
generated when it is chronically elevated. In order to avoid continued tissue edema, organ
dysfunction and physiologically incorrect immunological responses, the components
regulating the endothelial barrier function need to be modulated appropriately in order to
allow early increases in permeability, yet return the permeability state to normal at late
phases. Understanding the processes by which these mechanisms are modulated has been
the focus of my dissertation. The primary observations made in this work increases the
comprehension of the endothelial response to inflammatory stimuli as pertains to the
control of endothelial permeability. Such knowledge may contribute to the development
of novel therapies that will enable better treatments of chronic inflammatory diseases.

190

Figure S.l: Model summarizing the pro- and anti-apoptotic signaling pathways
influencing the fate of endothelial cells during an inflammatory response.
Apoptosis, and resulting edema is promoted by TNFa signaling via the activation of the
caspase signaling cascade. This process occurs in synergism with IFNy signaling at a
point either downstream of the Jak-STAT pathways or via some other unknown pathway
as a direct result of receptor activation. Anti-apoptotic signaling molecules such as A1
can concunently be induced by TNFa as well as IL-lp via the activation of the
transcription factor, NF-kB.
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Figure S.2: Illustrated model summarizing early, intermediate and late events in a post
capillary vein exposed to TNFa and IFNy.
Within 10 minutes, presence of the combined cytokines cause focal disruptions in the
junctional organization of cadherin-S (red) which correlates with extravasation of
macromolecules. Within ~ 4 hours, apoptosis is induced in cells that are susceptible. The
Bcl-2 homolog, A1 is induced by the combined cytokines to upregulate in surviving cells,
thus increasing their anti-apoptotic protection. Under long term combined cytokine
treatments (>12 hours), N-cadherin (green) attenuates the widespread loss of cell-cell
adhesion and endothelial permeability control, by its occasional replacement of cadherin5 localization.
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APPENDIX A: THE RAT MESENTERIC WINDOW PREPARATION:
EXPERIMENTAL PROCEDURES AND DUGRAMMATIC ILLUSTRATION.

Solutions
• HEPES Buffered Saline (HBS): HEPES (20mM), NaCl (132niM), KCl (4.7mM), CaCb
(2mM),MgS04(1.2niM).
• Chromolyn (2Smg/10 ml) in HBS
• ElBS/BSA(Smg/inl)/Heparin (lU/ml) - SO ml.
• Treatment in HBS/BSA/Heparin 3mls
• Treatment as above with FITC-BSA (O.Smg/ml) 3mls
• Fix: 4% para-fomialdehyde in Calcium-Magnesium firee-phosphate buffered saline.
(CMF-PBS: Gibco BRL Cat# 14200-075)
• Cocktail in Fix (for staining of actin) 5 mis: 4ml CMF-PBS buffer, I ml 16%
formaldehyde, S ^l Triton XlOO, 100 ^l Sigma Rh-phalloidin.
• Fill IV bag with 600-1000ml HBS for drip.
Prepare animal

• Weigh Sprague-Dawley Rat
• Pre-anesthesia : Ketamine (20mg/100gm) +• Acepromazine (1.2Smg/l00gm).
Intramuscular administration.
• When rat is sufGciendy sedated, administer primary anesthesia intra-peritoneally:
Nembutal (6 mg/lOOgm)
• When animal sedated, shave, vacuum to remove hair, prepare to place animal on
ventilator.
Insertion of trachea tube:
• Cut through skin, fascia, muscle layers
• Isolate trachea, tease under blood vessels on sides, insert ties (2.0)
• Cut top half of trachea, insert tube. (Q tip under trachea helps with small rats)
• Tie down.

195

• Attach to respirator. Settings: Rate-lOO/min Vol.-100 ^1
• Infiise 0.89 ml Chromolyn. Set timer for 30 min. for 2nd dose of 0.89 ml.
<Chromolyn is an anti-mast cell degranulation drug. Dose is half of stated in literature
Open abdominal repinnr
• Cut skin down center from throat. Cauterize bleeding blood vessels.
• Cut fascia along central white 'line' up to thorax. Cauterize any bleeders immediately.
Avoid allowing blood to come in contact with intestines.
• Crack and remove zyphoid process.
• Start continuous warm drip of HEPES buffer.
• Wet gauze and place mesentery on it. Use wet Q tips. Wrap with more gauze.
• Cut quarter gauze, wet, use to push liver out of field - wedge in thoracic cavity.
• Insert double tie (4.0) around hepatic portal vein. Cut and tie loosely. One to tie down,
other to lift when need to clamp.
Prepare mesenteric window:
• Prepare to spread intestines on Gore-Tex material (Gauze stands may occlude vessels).
• Select window which had little fatty tissue and visible microvascular network. Check
network at high magnification for leaks. Should find that around middle section where
the mesenteric artery is bigger and easier to cannulate.
• Keep window elevated fi»m rest of animal. Try to rotate animal towards Gore-Tex for
better window stability. Build such that fluids and bleeding drain away fiom window.
• Proceed to tie off arteries branching off close to cannulation site.
• Insert ties proximal (4.0) to cannulation site to lift vessel for clamping as well as at the
site.
• Prepare cannula, flush with heparinized (1 U/ml) HEPES buffer such that no bubbles
are present
• Clamp, tie off distally to site. Slight tension on distal tie helps with cannulation. Cut
diagonally with fine scissors. Use fine forceps to lift flap. Cannulate up to window
branches making sure no air in cannula. Tie down cannula^
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• Infuse 3 mis of heparinized HEPES buffer to anticoagulate the animal slightly. Observe
window clearing.
• Remove clamp and allow circulation.
• Proceed with isolation of one or more mesenteric windows by tying off all AJV pairs
branching towards window. Tie off one pair at a time for better seal.
• Keep window moist at all times. Occasionally wet rest of mesentery with warm HEPES.
Prep getting cold may affect results.
Treatment fixation and labeling:
When ready to clear window and infiise treatment;
• Clamp o£f mesenteric artery supply to window
• Flush with HEPES/BSA/Heparin until window clears
• Cease ventilation, euthanize animal
• Tie off hepatic portal vein, make an incision proximally for vent
• Infiise treatment, clamp off vent
• When 3 mins of treatment incubation remains, remove clamp and infuse FITC-BSA +
treatment, replace clamp
• Initial Fix: Attach cannula to pressure fixation apparatus. Draw fix into syringe,
• Remove clamp, infuse fix, replace clamp, pressurize to 40 mmHg. Also sprinkle some
fix topically on the window. Allow 15-30 min. Put ice on top of gauze to keep window
cold - better fixation.
• Remove clamp, infiise cocktail - making sure hepatic portal vent is still flowing.
Otherwise make another incision. Replace clamp. (Skip this step if actin staining is not
required)
• Final Fix: Same as Initial Fix but for 1 hour.
• Window is ready for immunostaining or mounting. For immunostaining (see Appendix
B), store fixed window immersed in CMF-PBS at 4°C.
Mounting
• Wet window and glass slide with HEPES Buffer.
• Slip glass slide under window, cut out along edge of window to remove it
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• When fiee, proceed to trim all as much fat of the edges of window. Spread window as
far as possible without tearing window.
• Drain slide, drip fluorescent preservative. Slowly place cover slip so that no air bubbles
are over the window.
• Place in -80°C fi»ezer for a day - then seal with nail polish.
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Figure Al: Diagram of rat mesenteric window preparation
(Courtesy of Dr. A.L, Baldwin)
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APPENDIX B: IMMUNOSTAINING FOR FLUORESCENCE MICROSCOPY
Solutions:
• D-PBS (Gibco BRL)
•

Free) CMF-PBS (Gibco BRL)

• 4% para-formaldehyde in D-PBS
• CSK-Buffer
0.5% Triton X-lOO
10 mM PIPES pH 6.8
SOmMNaCl
300 mM sucrose
3 mM Mg Cl2

(JCB 98:1973-1984 Fey, Wan and Penman)

• 4 % BSA Stock Solution (2 gm BSA in SO ml CMF-PBS - agitate gently to dissolve,
pass through syringe filter)
• Block Solution (2% Goat serum, I % filtered BSA in CMF-PBS)
800ul - Goat Serum
10ml - 4 % filtered BSA in CMF-PBS
30 ml-CMF-PBS
• Wash Solution (0.1% BSA in CMF-PBS)
1ml - 4 % filtered BSA in CMF-PBS
39 ml-CMF-PBS
• Mounting Medium (n-PG)
2% n-Propyl Gallate (Sigma Cat# P-3130)
l0%50mMTBSpH8.0)
90 % glycerol
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Procedure for staininp of mesenteric window for cadherin-S
-Dissect window with some of the surrounding fatty tissue remaining. This helps in
handling the window during mounting.
-Tissue can be fixed either immersed or perfiised (when carrying out isolated window
protocol) for 30 minutes in 4% para-formaldehyde in CMF-PBS at room temp.
- Rinse with CMF-PBS. All remaining incubations carried out with tissue in a microfuge
tube, on a rotator or rocker at room temp.
- Permeabilize for 30 min. in CSK buffer.
- Rinse with CMF-PBS
- Block for 30-60 min in Block Solution.
- Primary antibody (9H7) incubation at a dilution of 1:3 in Block solution for 1-2 hours.
- Rinse with Wash Solution S minutes x3.
- Secondary antibody incubation (protect fix)m light) in Block Solution for 30 minutes:
-Cy3-conjugated anti-mouse IgG (Jackson ImmunoResearch #415-165-100)

1:1000

- Rinse with Wash Solution 5 minutes x3.
- Mount on coverslip with nPG. Seal edges with nail polish.

Procedure for immunostaining nf endothelial monolayers.
-Rinse Cover slip with D-PBS
-Fix with 4% para-formaldehyde in D-PBS at room temp, 5 min.
-Rinse xl with D-PBS
(used CMF-PBS instead for the above 3 steps if 9H7 is to be the primary antibody)
- Place on ice. Permeabilize for 5 min. in CSK buffer.
- Rinse xl with CMF-PBS
- Block for 30-60 min in Block Solution.
- Primary antibody, incubation in Block solution for 1-2 hours.
-Rinse with Wash Solution 5 minutes x3.
- Secondary antibody incubation (protect fix)m light) in Block Solution for 30 minutes:
For monoclonal primary antibodies, select one:
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•Cy3-conjugated anti-mouse IgG (Jackson ImmunoReseaich #415-165-100)
1:1000
•FITC-conjugated anti-mouse IgG (Jackson ImmunoResearcM415-095-100) 1:250
• Cy5-conjugated anti-mouse IgG (Jackson InmiunoReseaich#415-175-100) 1:250
or if polyclonal primary antibodies used, select the fluorescently conjugated
secondary antibody against the corresponding species.
- Rinse with Wash Solution 5 minutes x3.
- Mount on coverslip with n-PG. Seal edges with nail polish.
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APPENDIX C: WESTERN BLOTTING AND IMMCNOPRECIPITATION
Preparations

for

Discontinuous

Buffer

System

For

Sodium

Sulfate/Polvacrvlaniide fSDS/PAGE') Slab Gel
Heimark Lab protocol adapted &om: [Laemmli, U.K., 1970, Nature 227:680]
Mini^el electrophoresis apparatus:
Hoefet Mighty Small Mini Vertical Units (Amersham, Piscataway, NJ)
Stock Solutions
Acrylamide:Bis 30:0.8

Store at 4''C

1.5M Tris-HCl, pH 8.8

Store at 4»C

0.5MTris-HCl,pH6.8

Store at 4T

TEMED

Store at 4°C

10% SDS

Room temp

10% Ammonium Persulfate (APS)

Make fresh

Separating Gel

7%fml->

10%fml)

I5%fmn

Acryl/Bis 30:0.8

7(3.5)*

10 (5.0)

15 (7.5)

1.5M Tris-HCl, pH 8.8

7.5 (3.75)

7.5(3.75)

7.5(3.75)

10% SDS

0.6(0.3)

0.6 (0.3)

0.6(0.3)

Water (without Urea)

15.05 (7.5)

12.05 (6.0)

7.05(3.5)

TEMED

0.01(0.005)

0.01(0.005) 0.01(0.005)

10% APS

0.15(0.75)

0.15(0.75)

degas"

'^Makes 4 individual slabs (hi parenthesis, for 2 slabs).
°Mix water, acrylamide, Tris, SDS, degas,
Add TEMED and APS.
Top with water to prevent drying out, let polymerize.
Rinse with spacer gel, then fill and place comb.

0.15(0.75)

Dodecvl

Spacer Gel

(4 slabs')

5% fml'^

Acryl/Bis 30:0.8

2.5

0.5MTris-HCl,pH6.8

3.75

10% SDS

0.15

Water (without Urea)

8.55

De-gas
TEMED

0.005

10% APS

0.15

Sample Buffer

22C

0.5M Tris-HCl, pH 6.8

25.0 ml

0.25M

SDS

5.0 g

10%

Glycerol

12.5 ml

25%

Water

make up to 50 ml

Final Concentration

Reducing conditions: Add 2 ^1BME to each sample.
Oxidizing conditions: Add 18.5 mg lodoacetamide/ml buffer
Boil 2-5 min before loading onto gel

Wells can be loaded up to 50 ^1 of sample.
Optimal protein amount for Western Blotting is 30-50 ^g per well.

Buffer Solutions:
SDS/PAGE Ruminv buffer flOXi
1.5M Tris HCl, pH 8.8

668 ml

Glycine

576 gm

SDS

40 gm

MilUQHiO

3332 mL
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Transfer Buffer (1OX)
TrisBase

181.5 gm

Glycine

864 gm

MiUiQHzO

4.8 L

Working Dilution:
lOX Transfer Buffer

120 ml

MmiQH20

1080 mL

MeOH

300 mL

Tris Buffered Saline'Tween
10mMTrisHClpH8.0
O.lSMNaCl
0.05% Tween 20

Stripping Buffer
62.5 mM Tris HapH 6.7
100 mM P-mercaptoethanol
2% SDS.

Procedure to assemble minigel slab.
• Wash plates, combs and spacers well (with 95% EtOH).
• Assemble and seal bottom and sides with molten 2% agarose.
• Prepare separating gel using the above combinations and pour (using a pasteur pipette)
until level reaches bottom of comb in inserted position.
• Gently top with milUQ H2O to avoid contact of gel with air.
• Allow gel to polymerize 30-60 minutes.
• Pour offwater, rinse with stacking gel. Pour stacking gel.
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• Insert comb. Avoid trapping air bubbles anywhere beneath teeth.
• Allow gel to polymerize 30-60 minutes.
• Clamp onto electrophoresis apparatus. Fill with running buffer. Remove comb.

Sample Preparation

• Rinse endothelial cell monolayers with phosphate buffered saline (PBS).
• Scrapped and lyse (either by shearing with syringe needle or by sonicating) in 2X
Laenunli sample buffer.
• Determine protein concentration as per instructions on kit (Micro BCA Protein Assay
(Cit, Pierce, Rockford, H).
• Prepare 40 ^g aliquots of samples. To each sample, add 2

p-mercaptoethanol to

induce reducing conditions, and 2 ^l pf 2% Bromophenol Blue.
• Boil samples for 1 minute and load onto SDS/PAGE gel.
• Electrophorese on a constant current setting; initially at 20 mAmp per pair, then double
it. Set heat exchanger to 4''C.
• Terminate when dye fix)nt reaches the bottom of separating gel.
Procedure to Transfer
• Remove gel slab &om electrophoresis apparatus and place on wetted 3M Whatmann
filter paper.
• hnmerse gel and filter paper into tupperware container containing transfer buffer. Wet
and immerse each layer of the transfer sandwich in the following order: sponge pad, filter
paper, gel, nitrocellulose membrane, filter paper, sponge pad.
• Assemble transfer sandwich layers with gel/nitrocellulose membrane immersed to
avoid trapping air bubbles.
• Insert sandwich into cassette. Lower cassette into electrophoresis tank making sure that
the membrane is on the side closer to the positive electrode.
• Allow transfer to proceed overnight with heat exchanger set to 4''C. Set power supply
for constant current output at 100 mAmp for 1 slab and 150 mAmp for 2-4 slabs.
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Procedure for Immunohlottinp
• Rock membrane gently for 30 minutes in blocking solution (5% nonfat dry milk diluted
inTBST).
• Add primary antibodies to the blocking solution and incubate with the membrane for 1
hour.
• Rinse the membranes three times with TBST.
• Incubation for 30 minutes with a peroxidase conjugated secondary antibody also
diluted in blocking solution.
• After rinsing, the protein bands can be detected on X-ray film using the enhanced
chemiluminescence method (MEN, Boston, MA).
• Densitometric analysis of bands is carried out on digitized images of fihn using NIH
Image 1.62 Opublic domain; http://rsb.info.nih.gov/nih-image/).
• Analysis of multiple proteins on the same membrane was carried out by stripping
previously applied probing antibodies before repeating the above procedure. Stripping of
blots involved incubation for 30 minutes at SO'C in stripping bufferji^

Western Blot Procedure
Hunun com^li nwdli

Cytokina for i neabitiin tim

HOTM IIKVM
EnditlNiilCiltlHIVE)
[MLYHtlt

I

lessi
QmntilittPntiii
^iialVloididM7%
SOSIPAGE
Owniyht trmtfir onto
wtfwilultii imfflhuiw

I

PrabtwilhAMliodM
iQiintt pntM of iilmst
Enhmcod ChondiiniMoiin Doloction

Eiposuntoiin

i
fnuL'

ScmonltalMtcoMNr

OoositymMiaromomby
HHImigi

Figure Bl: Diagrammatic Summary of Procedures for Western Blot Analysis
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Procedure for Detergent Extraction and Tmmunoprecipitatioii
• Wash monolayers of HIVECs with PBS at room temperature and extract on ice with 1
mI/100 mm^ culture dish CSK buffer (0.5% Tritoa X-IOO, 10 mM PIPES, pH 6.8,50 mM
NaCl, 300 mM sucrose, 3 mM MgCh,! mM PMSF, 10 ^g/ml of each, aprotinin,
leupeptin, pepstatin and soybean trypsin inhibitor), with gentle agitation for 20 minutes.
• Scrap the resulting extracts off the culture dishes, transfer to eppendorf tubes and
centrifuge at 12,000 x g for 20 minutes at 4T.
•

Transfer detergent-soluble supematants to firesh eppendorf tubes. Solubilize the

cytoskeletal associated, detergent insoluble pellets in 100 ^12X Laenunli sample buffer.
• Add 900 ^l CSK buffer to the solubilized pellet.
• Subject both fractions to immunoprecipitation by incubating overnight on a rotator with
an antibody against the protein of interest, at 4''C.
• Add protein G-Sepharose (if monoclonal is used) to the tubes and allow to incubate on
a rotator for 1 hour at 4T.
• After a brief centrifiigation wash the immunoprecipitates twice, once with CSK buffer
and then with Iris (50 mM) buffered saline, pH 8.0.
• Release the immunocomplexes by boiling for 5 minutes in 2X Laemmli sample buffer
containing 20% p-mercaptoethanol.
• Separate proteins in a 7% SDS/PAGE and subject to Western Blot analysis as
described before.
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APPENDIX D: mRNA ISOLATION AND NORTHERN BLOTTING
Solutions:
I) DEPC Treatment
• Add DEPC to 0.1%, shake thoroughly or stir vigorously for 10 mins. Incubate I hr to
overnight at RT.
• Autoclave (liquids, 40 min).

Solutions that need DEPC treatment:

MilliQ H20,3M NaOAc, 0.5M EDTA, lOX SSC.
Solutions to be made up using DEPC treated reagents:
Ethidium Bromide (EtBr), 10 mg/ml, 0.5% SDS, 2% Bromophenol Blue.

2) 5X MOPs buffer (100 mM MOPs, 40 mM NaOAc, 5 mM EDTA)
To make 1 T.r

• Add 10.88gm NaOAc (FW 136.08) to 1600 mis of MiUiQHzO (i.e. SO mM NaOAc).
• Treat with DEPC.
• After autoclaving, add 20.6 gm of MOPs (RNAse free).
• pH to 7.0 with lOM NaOH (Made with DEPC H2O). S ml samples of the solution are
removed in a sterile manner and pH-ed. (>2 mis of NaOH was needed).
• Add20nilof0.5MEDTA(DEPC)
• Bring volume up to 2 L with DEPC H2O.

3) To make 2Sml lOX Loading Buffer (using RNAse free reagents)
• 50% Glycerol

=12.5 ml

• ImMEDTA

= 50 ^10.5M EDTA

• 0.25% Bromophenol Blue

=3.125ml2%BPB

• 0.25% Xylene Cyonol

= 3.125 ml 2% XC

• DEPC H2O to volume

=625 ml DEPC H2O
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4) RNA sample buffer (using RNAse fi»e reagents)
• 200^15XMOPs
• 350 ^1 Formaldehyde
• 1000 ^l Formamide

Treatment of glassware, eel boxes, combs and other apparatus:
3 options;
i)

Treat with active DEPC H2O. Rinse with DEPC treated H2O. This is least

favored since disposal of active DEPC into sink is unsafe.
ii)

Treat with 3% H2O2 for 20 min. Rinse with DEPC treated H2O.

iii)

Spray with Rnase Erase (ICN Biomedicals Inc., Aurora, OH). Rinse at least twice

with DEPC treated H2O.

RNA Isolation
Homogenization
• Tissue Culture - Monolayer. I mL per 10 cm^
Either lyse directly by adding Trizol Reagent and scraping with a cell lifter; or trypsinize
and spin down cells first before adding Trizol to the pellet.

• Tissue samples; 1 ml per 50-100 mg.
Use glass-teflon or power homogenizer. Sample volume should not exceed 10% of
Trizol Reagent volume used. See Trizol troubleshooting guide for estimated yields of
different tissue.

• hisufScient amount ofTrizol may result in DNA contamination. Too much Trizol may
affect RNA yield.
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Phase Separation
• Pipette lysate several times. Transfer to white plastic tubes and allow incubation for 5
min. at RT to permit complete dissociation of nucleoprotein complexes.
• Add 0.2 mL chloroform per 1 mL of Trizol. Cap tubes and shake vigorously by hand
for IS s. Incubate 2-3 mins at RT.
• Uncap tube, place in rubber centrifuge sleave and spin at <12000 x g for IS mins at
4''C. Insert gloved finger into tube to remove from centrifuge sleave at the end of
centrifugation.
• Without touching the upper portions of the inner surface of the tubes with pipette tip,
remove upper colorless aqueous phase. Should be ~ 60% of initial Trizol reagent used.
RNA Precipitation
• Transfer aqueous phase to fresh tube. Add 0.S ml isopropyl alcohol per 1 ml Trizol
reagent used. Incubation periods can vary from 10 mins at 15-30" C to overnight at -20T.
• Centrifuge at < 12 000 x g for 10 min. @ 4 "C.
RNA Wash
• Remove supernatant. Add 1 ml 75% Ethanol per 1 ml Trizol Reagent used. Dislodge
pellet from tube bottom but is not necessary to break it up.
• Centrifuge at < 7500 x g for 5 min @ 4''C. After removing tube from sleave, locate and
mark the gel-like pellet using a sharpie.
Redissolving RNA
•

Remove supernatant.

Briefly air dry.

May consider using Q-tip to dry area

surroimding pellet. DO NOT lyophilize or overdry! Overdrying will greatly reduce its
solubility.
• Dissolve RMA in RNase-free water or 0.5% SDS solution by passing several times
through pipette tip and incubating for 10 min. @ 55-60 "C. Use about 20 ^1 for ~5 mm
diameter pellet. Be conservative. Less is better.
• Store pellet in-20"C. Only thaw pellet in ice.
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Ouantifirine And Verification Of Purity
Spectrophotometer
• Transfer 1

of RNA sample to I ml of RNase-fiee water in a new disposable test

tube. Set up 2 additional tubes with 1 ml of water each as controls.
• Add 1 ml control (water) to cuvette and place in Spect. Set Spect. at 260 and zero.
• Return control to its tube and transfer RNA sample to cuvette. Record reading.
• Return sample to its tube and rinse cuvette once with water firom 1st control tube.
• Discard water and replace with water fiom 2nd control tube. Set spect. at 280 and zero.
• Discard water and replace with RNA sample. Record reading.
• Calculations:
For quantity, multiply 260 reading by 40.
e.g. 0.081 X 40 = 3.24 ^g/^1.
Thus, for 20 ^1, there is a total of 64.8 ^g collected.
For purity, divide 260 by 280 reading.
e.g. 0.081/0.050 = 1.62
RNA quality is best if ratio is between 1.7 and 2.0.

Analytical Gel
• May use small gel box/tray if 8 or fewer 8 samples. Small comb will hold up to 20 )il
while large one holds up to 40 ^l.
• Prepare IX MOPs, 500 ml.
• Prepare 1% agarose gel in 50 ml IXMOPs. Dissolve/liquify by heating in microwave
oven.
• Add 2.5 ^l EtBr to 1% agarose before pouring onto casting tray
• When solidified, remove top and bottom tray edges, hnmerse with remaining IX
MOPS in gel box.
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• Sample preparation:
Run 5

of RNA. Determine sample volume (SV) of RNA fiom spect. readings.

Volume of sample buffer (SB) = SV x 3.44
Volume of load buffer=SV + SB/10
• Heat samples in boiling water bath (9S''C) for 3 min. Transfer directly to incubation on
ice.
• Load samples onto gel.
• Run at 45 V until samples have entered gel. Then at 90 V until dye fix)nt is 2/3rds down
gel.
• Destain gei in water for up to 8 hours, v
• Observe bands under UV illumination. Intensities ofbands verify quantity^. Relative
intensities of ribosomai RNA bands, 28S and 18S confirm quality of sample; 28S should
be more intense than 18S. See example below.

Figure Dl: Example of 28S (upper) and 18S (lower) RNA bands in an analytical gel.
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Northern Blottine
• Prepare samples for Northern Blot agarose gel as above for analytical gel. Run 20 ^g.
• Treat all apparatus to eliminate RNAse. Use DEPC treated solutions.
• Prepare 1% agarose gel. Dissolve I gm agarose (Seakem, Inc) in 83.4 ml IX MOPS.
Preheat 16.6 ml formaldehyde in 65^ water bath. Once dissolved agarose cools to
touch, add formaldehyde and mix by swirling. (Formaldehyde is not boiled to avoid
creating its dangerous vapors.)
• Pour onto casting tray (typically 15 x20 cm). When solidified, remove comb and
inunerse in IX MOPS in gel box.
• Load samples. Run at 90 V for 2 hours.
• Prepare layers for transfer. Use gloves when handling all materials.
Filter paper (wick) - 2 sheets -12" x 3.25".
Gel Blot paper (Schleicher & Schuell, GB002)- 6 sheets - 3.25" x 4".
Cut a 2-3" stack of paper towels in half.
Hybond membrane (N+) - 3.25" x 4".
Treat tray using H2O2 method.
• End electrophoresis when fast dye is 3/4 the length of gel.
• Place gel into transfer tray. Gently agitate 20 min in lOX SSC to rinse out
formaldehyde.
• Set up transfer layers as illustrated below.

Weight

O^Pct)
Aciylic Flitet
lOXSSC

Paper Tomlt
Od Blot Piper
'Mcmbnne
Oct
Wclu
'^tcrPvo)

Figure D2: Order of Stacking for Northern Blotting
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• Membrane is wetted slowly by lowering into the lOX SSC bath gradually firom 1
comer so that no bubbles are tr^ped. It is dien placed on the gel. Firmly roll with a
sterile pipette to eliminate any trapped air.
• Saran wrap is placed over the membrane/gel. Cut saran wrsq) along the edge of the gel
with a sterile scalpel blade. Free and remove the cut portion over the gel. Remaining
wrap prevents evaporation of buffer.
• Allow transfer to proceed for 2 days, replacing wet paper towels and replenishing lOX
SSC as necessary.
•

At conclusion of transfer, remove layers above membrane. Cut one comer off

membrane to indicate orientation of lanes.
• Transfer membrane onto paper towel and place in Stratalinker (UV Stratalinker 2400,
Stratagene, La JoUa, CA) for cross-linking. Use the 'auto' setting.
• Membrane is now ready for probing.

Northern Blotting -Probing
• Prepare Prehybridization Solution:
5XSSC
0.05MNaH2P04
10 % Denhardt's Solution
1%SDS
50% Formamide
10% Dextran Sulfate
Store in-20°C
• For each incubation, boil aliquots of 10 ^g/ml sheared sahnon sperm DNA for 10
minutes, incubate 3mins in ice, add 10 ^l to above Prehyb solution.
• Incubate blot in 10 ml Prehyb solution, sealed in 'seal-a-meal' bags at 42^.
• Prepare mix tolabelcDNA probes:
l-IO^l template (depending on specificity of probe)
3^l labeling buffer (Amerst^ NIF2205)
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2 ^1 Primer/BSA (NIP410)
lnlKlenow(NIP231)
5^l32PdCTP
• Incubate at 37T for 1 hour
• Place in ice.
• Remove unincorporated nucleotides by as per protocol in Boehringer Mannheim G-SO
Quick Spin Column instructions.
• Probe may now be stored finzen at -ICPC or prepared for hybridization by boiling for 3
mins, incubating for 1 min in ice and transferred into bag containing prehyb/blot.
• Allow hybridization overnight at 42*'C.
• Remove firom bag and place membrane into tupperware container for washing.
• Wash by adding 2X SSC, 0.1% SDS solution and agitating in heated {3TC) water bath.
• Replace solution with lower salt (0.3X SSC, 0.1% SDS) and increasing temperatures
until radioactive counts on blot,^ as indicated by Geiger counter drops sufBciently to
indicate a clear region of high activity (where mRNA of interest is likely located) with
the rest of the membrane having low background of counts. Stringency of washing is
usually determined by avidity of probe for target message.
• Wrap membrane in saran wrap and place in cassette for exposure to film. Fihn
exposure may take several days for good signal. If so, place in -80^C. Alternatively,
place membrane in phospho-imager for detection.
• Blot may be stripped of current probe for reprobing with other probes by incubating in
boiled wash solution or water. This may be repeated several times.
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APPENDIX E: GENERATION OF cDNA PROBE SPECINC FOR A1 mRNA.
• Isolate total RNA, using methods as described in Appendix D, fix)m adherent HIVECs
treated for 12 hours with TNF-a (125 U/ml)+ IFN-y (200 U/ml).
• DNAse treat to eliminate any DNA contamination in the collected RNA.
For 10 ul reaction volume:
Assemble on ice: 1 |ig RNA; H2O to 8 ^l; 1 ^l lOX DNAse I buffer (Gibco
Y02340); I ^1 DNAse I (Gibco: 18068-015)
Incubate at RT for 15 mins.
AddU125mMEDTA
• Heat inactivate at 70T for 10 mins. Place on ice.
• Perform RT-PCR using random primers to create cDNA templates for PGR. Follow
reaction mixture and protocol provided by GibcoBRL for SuperScript™ II RNase H*
Reverse Transcriptase (Gatf: 18064-022).
PGR program:
Initial 5 min to 94*'C for denaturation.
Each cycle thereafter consists of:
1 min. at 94°G.
2 min. at 50T - for specific primer binding.
4 min. at 64°G -for Taq activity.
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• A1 forward and reverse primer sequences reported by Noble, et al, 1999,

were

custom synthesized by IDT, Inc. (Goralville lA). Use primers in a PGR reaction to
amplify a fragment of the Al cDNA to be cloned.
For 100 ul reaction vnlumer
Assemble on ice: 10^i lOX PGR buffer; 10 ^12 mM dNTP; 8 ^l AlF primer; 8 ^1
AIR primer; 59.5 ^1H2O; 4 ^1 Template; 0.5 ^l Taq.
Add mineral oil, centrifuge briefly.
Gommence PGR (insert when heating block is at 65°G).
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• An approximately 300 nucleotide product was obtained as verified by running the PCR
product in an agarose gel electrophoresis. The size of the product was consistent with the
published data reporting a 286 nucleotide insert.
Preparation of Agarose Gel:
Tape 3 'teeth' of comb together.
Prepare 2 % Agarose gel (LMP-low melting point). Add 5 ^l EtBr.
Load entire tube fiom PCR reaction.
Run at 90 V for~ 2 hours.
Do not observe using table top UV source. Only use handheld UV source.
Use clean scalpel blade to cut our segment of gel containing PCR product in band
of appropriate size.
Place in centrifuge tube and store at 4*'C until ready for use.
• To isolate PCR product use the GlassMax DNA Isolation Matrix system (GibcoBRL
SS49UA). Verify using spectrophotometer and running sample in analytical gel.
• The insert was then ligated into the pGEMT-EZ plasmid (using GibcoBRL Rapid DNA
Ligation Kit: 163S379) which was in turn used to transform subcloning efficiency DHSa
bacteria (GibcoBRL: 18265-017).
• The cells used in the transformation mix were used to inoculate LBM plates treated with
IPTGandX-Gal.
• Cells successfully transformed with ligated plasmid would establish white colonies
under these conditions.
• Several white colonies were picked and used to inoculate another LBM plate. Samples
of these same colonies were used in a PCR reaction using built in primers oa either side
of the insert to verify successful cloning of this gene.
For 25ul reaction mixture:
Dab sterile toothpick on colony without digging into agar.
Immerse in microfuge tube containing S ^1 of H2O.
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Add master mix containing the following for each reaction: 2.S^1 lOX PGR
buffer; 2.5 ^12 mM dNTP; 2 ^l SP6 primer; 2 ^l T7 primer; 0.125 )ii Taq; 10.875
mIHiO.
Gommence PGR as per usual.
• The PGR products were ran on a 2 % agarose gel to verify that the size of the insert was
consistent with the initially amplified fiagment
• The successfully cloned bacteria were then grown on a larger scale using Terrific Broth.
Plasmids were then isolated from these bacterial cultures using GibcoBRL Rapid
Miniprep 'Goncert' Kit. Verify on agarose gel.
• Restriction enzyme treatment (Not 1) was used to remove the cDNA insert from these
plasmids.
Digest Mix:
Assemble: 30 ^l plasmid; 10 ^l lOX Reaction 3 buffer; 54 ^i H2O; 6 ^l Not L
Incubate at 37

for 1 hour. Add loading buffer.

Prepare 2% LMP agarose gel with large (3 tooth) well. Add 5 ^1 EtBr.
Run at 90 V for 1.25 hours.
Gut 'insert' band out using handheld UV source for guidance.
Isolate using GibcoBRL GlassMax DNA Isolation Matrix System protocol.
Verify quality and quantity using spectrophotometer and analytical gel.
• Positive identification of this insert can be obtained by conducting a nucleotide
sequencing reaction and running a sequencing gel.
• The cDNA insert could therefore be radioactively labeled with ^^P-dGTP, as described
in Appendix D, and used as a probe for A1 mRNA expression in Northern Blots.
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GLOSSARY OF ABBREVUTIONS

ALLM

N-acetyl-Leu-Leu-Met-al

ALLN

N-acetyl-Leu-Leu-norleucinal

AP-l

Activation Protein-1

AFC

Adenomatous Polyposis Coii

APCs

Antigen Presenting Cells

ATF2

Activating Transcription Factor-2

BSA

Bovine Serum Albumin

CMF-PBS

Calcium Magnesium Free-Phosphate Buffered Saline

CSK buffer

Cytoskeletal Stabilization buffer

DAG

1,2-diacylglycerol

DD

Death Domain

DEVD.fink

Z-Asp-Glu-Val-Asp-Fluoromethyl Ketone

DMSO

Dimethyl Sulphoxide

ET-l

Endothelin-1

FADD

Fas-Associated Death Domain

FAK

Focal Adhesion Kinase

FBN

Fibronectin

FGF

Fibroblast Growth Factor

FITC

Fluorescein Isothiocyanate

FLICE

FADD-Like Interleukin ip-Converting Enzyme

FLIPs

FADD-like ICE Inhibitory Proteins

GLTX

Gliotoxin

GSK3

Glycogen Synthase Kinase-3

HBS

HEPES Buffered Saline

HEPES

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid

HIVECs

Human Iliac Vein Endothelial Cells

HLA

Human Leukocyte Antigen

HUVECs

Human Umbilical Vein Endothelial Cells
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lAPs

Inhibitor-of-Apoptosis

ICAM-1

Intercellular Adhesion Molecule-l

IFNy

Interferon-y

IGF-l

Insulin-like Growth Factor-I

IKK

Inhibitor of kB Kinase

IL

Interieukin

I-kB

Inhibitor of kB

Jaks

Janus Kinases

JNK

cJun NH2-tenninal Kinase

JNKK

JNK Kinase

LDL

Low Density Lipoprotems

LEF-l/TCF

Lymphoid Enhancer Factor-l/T-Cell Factor

LPS

Liposaccharide

MCP-1

Monocyte Chemoattractant Protein-1

MDCK

Madin-Darby Canine Kidney

MEKKl

MAP/Erk Kinase Kinase 1

MHC

Major Histocompatibility Complex

MLC

Myosin Light Chain

MLCK

Myosin Light Chain Kinase

MTGLTX

Methyl-Gliotoxin

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

NF-icB

Nuclear Factor - kB

NIK

NF-kB Inducing Kinase

NK

Natural Killer

NO

Nitric Oxide

n-PG

n-Propyl Gallate

PAF

Platelet Activating Factor

PARP

poly(ADP-ribose)polymerase

PC-PLC

Phosphatidylcholine-Specific Phospholipase C
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PGR

Polymerase Ghain Reaction

PDGF

Platelet-E)erived Growth Factor (-A and -B)

PEGAM-1

Platelet Endothelial Cell Adhesion Molecule-1

PGI2

Prostaglandin I2

PI 3-kinase

Phosphatidylinositol 3-kinase

PKG

Protein Kinase G

PMN

Polymorphonuclear

RIP

Receptor Interacting Protein

ROIs

Reactive Oxygen Intermediates

SDS/PAGE

Sodium Dodecyl Sulfate/Polyacrylamide Gel

SMA

Superior Mesenteric Artery

SM-ase

Sphingomyelinase

SSRE

Shear Stress Response Elements

STAT

Signal Transducers and Activators of Transcription

TcR

T-cell Receptors

TER

Transcellular Electrical Resistance

TGF-P

Transforming Growth Factor-P

TNFR

TNF Receptor

TNFa

Tumor Necrosis Factor-a

TRADD

TNF Receptor-Associated Death Domain

TRAF

TNF Receptor Associated Factor

TUNEL

Terminal Deoxynucleotidyl Transferase Mediated-dUTP Nick End
Labeling

uPA

Urokinase Plasminogen Activator

VGAM-1

Vascular Gell Adhesion Molecule-1

ZO-1

Zonula Occludens-l
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