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ABSTRACT 

Small amounts of nitric oxide are released by endothelial cells under normal 

physiological conditions whereas, excess amounts are released under inflammatory 

conditions. Histamine is one of the inflammatory mediators that increases venular 

permeability to water and proteins. However, the increase in venular permeability that is 

caused by histamine is transient, and recovers to control levels even with histamine 

present. The permeability recovery phenomenon suggests a control mechanism that 

limits the histamine insult. 

This dissertation research was to investigate the role of nitric oxide in this 

recovery period after histamine injury. The research was performed to test the hypothesis 

that nitric oxide is the physiological molecule that counteracts the destructive effect of 

histamine. Therefore, the role was investigated by using a nitric oxide synthase inhibitor 

to suppress the production of nitric oxide during the recovery period. The rat mesenteric 

microvascular network was suffused with histamine for three minutes followed by fifteen 

minutes of nitric oxide synthase inhibition. It was found that inhibition of nitric oxide 

production during the recovery period exaggerated the histamine induced venular leaks, 

and caused further degranulation of mast cells that was stimulated with histamine 

sufilision. Nitric oxide presence during the recovery period attenuated venular leaks so 

they fell toward control levels, and prevented further mast cell degranulation. 

Availability of nitric oxide, via a nitric oxide donor, in venules before histamine 

suffusion prevented these venules against histamine induced leakage, but it had little 

effect on mast cell degranulation. An electron microscopic study was performed to 
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further investigate the role of nitric oxide in the recovery period and to test the hypothesis 

that nitric oxide will be localized to the cell membrane. The immuno-electron 

microscopic results demonstrated that both number of sites and location of nitric oxide 

synthase were affected by histamine treatment. There was relocalization of nitric oxide 

synthase onto the venular endothelia cell surface. Therefore, we concluded that nitric 

oxide has a direct effect on venular endothelial cells to reduce venular leaks through 

regulatory mechanism(s) which may involve intercellular junctions and the cytoskeleton. 
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CHAPTER 1 
INTRODUCTION 

Inflammation is a physiological response to tissue injury, microbial invasion, 

foreign material or antigens. The purpose of this response is to contain or destroy the 

pathogenic insult and to remove the tissue debris resulting from this response. The main 

features of the inflammatory response include vasodilation, increment of vascular 

permeability, cellular infiltration, and activation of the immune cells as well as activation 

of the coagulation and complement systems. Inflammation can be described in terms of 

acute or chronic inflammation. 

Acute inflammation is characterized by the release of vasoactive mediators from 

mast cells (i.e. histamine), platelets, and plasma components (i.e. bradykinin), resulting in 

vasodilation, elevation of vascular permeability, and edema formation, as well as 

neutrophil activation, and infiltration into the injured tissue due to the release of 

chemotactic factors. 

Chronic inflammation is characterized by the appearance of a mononuclear cell 

(macrophages, and lymphocytes) infiltration. Chronic inflammation occurs in severe 

tissue damage at a stage in which several outcomes are possible. First, there may be 

elimination of the injured tissue, and repair, facilitating the return of tissue to normal 

structure and function. Second, there may be a persistence of the injury leading to 

granulomatous inflammation. Third, there may be irreversible injury of tissue resulting 

in loss of tissue structure and function. 

The acute inflammatory response is controlled under normal physiological 

conditions, and an unknown mechanism(s) takes place to eliminate this response, when 
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the job is accomplished. Under pathophysiological conditions this controlling 

mechanism is impaired, which leads to the development of chronic inflammation. 

Understanding this controlling mechanism will help in the prevention, or modulation of 

the chronic inflammation. Histamine is found to be associated with many inflammatory 

sequences observed clinically, such as inflammatory bowel disease (Schreiber et al, 

1992), immune dysfunction (Falus & Merety, 1992), and ischemia-reperfusion injury (Fu 

et al, 1997). 

Microvascular inflammation is an essential constituent of many clinical disease 

states. During inflammation, histamine is released locally by mast cells and targets post 

capillary venules, causing an increase in permeability and adhesion of leukocytes to the 

endothelium. Histamine also mediates a number of immunomodulatory effects including 

enhancement of natural killer ceil activity. Histamine is the primary inducer of P-selectin 

expression by endothelial cells, an essential event for leukocyte recruitment (Asako, 

1994), as well as, stimulating nitric oxide production both in vitro (Furchgott & 

Vanhoutte, 1989), and in vivo (Clough et al, 1998). In acute inflammation, venules 

normally recover from the im'tial increase in venular permeability within 30 minutes, 

whereas in inflammatory diseases fluid flux and the sequential edema formation occur. 

Because histamine triggers the production of nitric oxide, it is hypothesized that nitric 

oxide could play a role in limiting the acute inflammatory response and bringing the 

blood vessels to the normal condition. Therefore, this research project is designed to 

study the role of nitric oxide in the recovery period that follows acute inflammation. The 

achievement of this goal will contribute to clinical trends towards prevention or 



modulation of microvascular dysfunction and diseases. A medical application toward 

using a nitric oxide donor could be established if it is found that the nitric oxide can 

improve the endothelial barrier function. 

Histamine is one of the endogenous inflammatory mediators that is released in the 

early stage of the acute inflammation, and Increases microvascular permeability to water 

and solutes (Grega et al, 1988; Falus & Merety, 1992). The increase in venular 

permeability caused by histamine treatment has been investigated extensively in different 

experimental models and has been found to be transient. In a study performed by Fox et 

al (1980), cat and rat mesenteric venules showed leaks one or two minutes after histamine 

suffusion. Leaks peaked between five and 15 minutes, then returned to control levels at 

20-30 minutes after the sufiiision. In another study, performed by Horan et al (1986) in 

the hamster cheek pouch, intravascular injection of fluorescein isothiocyanate (FITC)-

dextran, followed by 60 minutes of histamine suffusion, showed a large number of 

venular leaks, whereas injection 30 minutes after the start of histamine sufiiision showed 

a smaller number of leaks. The findings of both studies point to a "recovery 

phenomenon" that follows the early increase in vascular permeability. In agreement with 

previous studies, Wu and Baldwin (1992, b) also demonstrated that in the rat mesenteric 

preparation, histamine caused a transient increase in venular permeability; 

macromolecular permeability peaked at three minutes and then decreased toward control 

values IS minutes after histamine application. The increase in venular permeability was 

accompanied by an increase in the number of endothelial gaps, which returned to normal 
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by 15 minutes. This physiological phenomenon which occurs at the microvascular level 

is referred to as the "recovery period". 

The physiological basis of the recovery period has been studied by Horan et al 

1986 who suggested "a reversible modulation of the dimension of junctional gaps" which 

resulted from a negative feedback inhibition. Wu and Baldwin (1992) demonstrated that 

the time course of the reclosure of endothelial gaps was correlated with that of low 

permeability recovery. However the regulator(s) of this recovery period remains to be 

identified. In a physiological response, such as acute inflammation to tissue injury, 

histamine is released as one of the inflammatory mediators, leading to leakage of proteins 

and subsequent edema, as well as to recruitment of leukocytes into the extravascular 

space. It is likely that the acute inflammatory response is tightly regulated by signal(s) to 

turn off the acute response and prevent excessive swelling and irritation, or isolate the 

area of inflammation when the job is done. 

The question that this research project attempts to answer is: Is nitric oxide 

responsible for the recovery period after histamine challenge? Specifically, the 

following three questions will be addressed: Firstly; Is histamine the initial chemical 

signal, which stimulates nitric oxide localization from a nuclear site to a membranous 

site? Secondly: if nitric oxide is the signal for the permeability recovery, does it protect 

against venular leaks? Thirdly: since mast cells are the main source of histamine, does the 

recovery period occur because nitric oxide stabilizes mast cells and reduces the release of 

further inflammatory mediators? 
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In this chapter I will review the basic knowledge about the biology of endothelial 

cells, and microvascular permeability. Then I will review the literature concerning the 

properties of histamine and its action on endothelial permeability. Also I will review the 

literature about mast cell distribution, mediators, and how mast cells are stimulated to 

release their mediators. Lastly, I will discuss the role of nitric oxide in reducing 

microvascular permeability and reducing mast cell reactivity. 

Endothelium and solute transport 

The endothelium is a confluent monolayer of thin, flattened cells lining the 

luminal surface of all blood and lymphatic vessels. A primary role of endothelial cells is 

to maintain an efTeaive barrier to high molecular weight proteins, lipids, and cellular 

mediators of the immune system. If the barrier function of the endothelium does not 

perform appropriately, leakage of macromolecules occurs. 

Endothelial cells form an efficient anti-thrombogenic surface by maintaining 

production of different factors, that act either as anti-coagulants (i.e. Tissue Factor 

Inhibitor, TFI,) or as promoters (i.e. Thrombomodulin) of fibrinolysis. Endothelial cells 

also regulate vascular tone by producing vasodilator substances, such as nitric oxide, or 

vasoconstrictor substances, such as endothelin (Cines et al, 1998). 

Endothelial cells play an essential role in modulating the inflammatory response. 

This is manifested in their interaction with inflammatory cells, and inflammatory cell 

mediators, besides their own production of pro-inflammatory substances, and their 
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expression of proteins essential for the processes of leukocyte rolling, adhesion, and 

emigration out of the vasculature into the interstitium (Cines et al, 1998). 

Endothelial permeability is increased during inflammation in response to 

inflammatory mediators, such as histamine, allowing macromolecular transport via gap 

formation and cellular junctions (paracellular transport). In the endothelium the 

paracellular transport maybe regulated through the actin cytoskeleton, which anchors the 

endothelial cell to their neighbors and to the subcellular matrix (Lum & Malik, 1996). 

Normally, the transport of solutes across the endothelium depends on the 

molecular interaction of the transported solutes with the trans-endothelial pathways, and 

with the junctional space between the endothelial cells. The microvascular endothelium 

is selectively permeable to hydrophilic solutes. Water, small ions (e.g. Na", K", CI', etc), 

glucose, and urea are believed to pass freely through open intercellular junaions, whereas 

macromolecules, such as proteins, are restricted. Small lipid soluble molecules such as 

O2, CO2, and N2 are transported directly through the lipid bilayer of the cell membrane 

(Renkin, 1992). Macromolecular vesicular transport across capillary endothelium 

remains under debate. Three possible mechanisms have been hypothesized for 

transendothelial vesicular transport. Palade (I960) hypothesized the first mechanism 

"ferryboat" almost, forty years ago. He suggested that the plasmalemmal vesicles act as 

shuttles, moving back and forth across the endothelial cell to transport macromolecules 

either by fluid-phase uptake, or selective binding of molecules to receptors. The second 

hypothesis suggests that vesicles fuse and transiently connect with the immediate 

neighbor vesicle to allow intermixing of the vesicular content (Clough & Michel, 1981). 



The third hypothesis suggests the formation of transendothelial channel, which may form 

transiently by fusion of two or more plasmalemmal vesicles (Palade, 1988; Lum & 

Malik, 1994). Macromolecular transport may occur through difiusive, non-vesicular flux 

pathways, via inter-cellular junctional clefts, which passively filter molecules across the 

endothelium layer. Studies carried out Schnitzer et al (1988) and Siflinger-Bimboim et al 

(1991), showed that transendothelial flux of macromolecules, such as transferrin and 

albumin, may involve recognition by receptors found on the luminal surface of the 

endothelial cell, followed by transcytosis through plasmalemmal vesicles into the 

cytoplasm. Siflinger-Bimboim et al (1991) demonstrated that 40% of the pulmonary 

artery endothelial cell (BPAEC) albumin transport was dependent on the binding of 

albumin to the specific glycoprotein receptor, (gp60), on the endothelial surface. This 

fraction of albumin transfer occurs through a transcellular pathway dependent on albumin 

binding to gp60. The other fraction of albumin transport was independent of albumin 

binding to surface receptors and could occur via intercellular junctions, which are not 

well organized in cultured pulmonary artery endothelial ceil (BPAEC). These data were 

confirmed by further studies in vivo that showed that gp60 acts as an albumin receptor 

involved in albumin transcytosis through wide range of continuous endothelium 

(Schnitzer, 1992). 

Endothelial cell intracellular vesicles were first noticed by Palade (1953), who 

described them as membrane bound compartments of 50 nm diameter. They are present 

in most endothelial cells, except those of the blood brain barrier. Other vesicles have 

been described that are free within the cell cytoplasm, or attached to the luminal or tissue 
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surface of the cell. More details were revealed by Bundgaard et al (1988), who 

demonstrated that a large number of apparently free vesicles in the cytoplasm of the 

endothelial cells of the frog mesenteric capillaries, appeared to be attached to one or other 

cell surface. 

Other studies provided subsequent evidence in support of the vesicular shuttle 

mechanism. Clough and Michel (1981) showed that ferritin labeled vesicles were both at 

the endothelial cell membrane and in the cytoplasm. The cytoplasmic vesicles had a 

lower number of ferritin molecules than the ones at the luminal surface. They suggested 

that ferritin was carried across the cell via a series of vesicular fusion, 

interconununications, and separation of adjacent vesicles. Wagner and Chen (1991) used 

terbium as an electron dense tracer to demonstrate that material can be passed across 

endothelial cells through vesicles as suggested by previous studies. They showed that in 

the rete mirabile of the eel, terbium transferred from the luminal surface of the 

endothelium, and reached to the abluminal surface of the endothelium, via the vesicles. 

The observation from the ultrathin serial sections implied that the transcellular transport 

pathway occurred via clusters of fiised vesicles. 

Albumin, perhaps, maybe adsorbed onto plasmalemmal noncoated vesicles 

(Caveolae) fused with the luminal membrane or may bind to specific albumin receptor(s). 

Then, the caveolae pinch off and move to the abluminal membrane, where their contents 

are extruded into the interstitium (Ghitescu et al, 1986; Schnitzer et al, 1988). The 

vesicle>mediated transport pathway is unaffected by transendothelial gradients of oncotic 

and hydrostatic pressures or by the size of the transported molecule (Michel, 1996). In 
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fact, a critical finding was revealed by Schnitzer and colleagues in 1994 about the role of 

caveolae in the intracellular and transcelluiar transport of albumin in endothelia. They 

used a sterol-binding agent, filipin, to disassemble only the endothelial caveolae. They 

found that filipin significantly reduced the transcelluiar transport of albumin across 

cultured endothelial monolayer and rat lung microvascular endothelium. However, 

paracellular transport of inulin was not inhibited by filipin treatment either in vitro or in 

situ. 

It becomes clear that microvascular permeability is also dependent on the 

interaction of the different transendothelial transport pathways with the multifunctional 

plasma protein, albumin. Albumin binds to the luminal surface glycocalyx layer of 

endothelium (Schneeberger & Hamelin, 1984), and binding of albumin to a specific 

receptor at the luminal surface of the endothelium facilitates its movement across the 

glucocaiyx, and subjects it to a selective regulation. It is known that albumin acts as a 

carrier for small ligands bound to it, such as fatty acids (Galis et al, 1988). 

Ultrastructural studies of the microvascular endothelium have shown that there is 

a segmental differentiation through out the microvascular bed, and that the permeability 

vanes between arterioles, capillaries and venules. For instance, there are more vesicles in 

true capillaries than in arterioles or postcapillary venules. The transendothelial channels 

are found more frequently in venules. The intercellular sealing is strong in arterioles and 

capillaries and loose in venules (Simionescu, 1980). 

Capillaries are classified into three types according to the opening in the 

intercellular clefts between endothelial cells (Milnor, 1990). First, continuous, in which a 
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narrow channel, which connects the capillary lumen with the extravascular space, lies 

between adjacent endothelial cells, such as those in capillaries found in skeletal and 

smooth muscle, central nervous system, connective tissue, and fat. Second, 

discontinuous, in which relatively large intracellular gaps are present between the 

endothelial cells. Capillaries in liver, bone marrow, and spleen are of this type. Third, 

fenestrated in which fenestrae are found in the endothelial cells of capillaries such as 

those in the intestinal mucosa and renal glomeruli (Simionescu & Simionescu 1984). 

It is generally accepted that the fenestrations are the regions of high permeability 

to water, and small and intermediate sized molecules, in fenestrated capillaries (Clough, 

1991). 

Intercellular junctions are important structural determinants of endothelial barrier 

function. Different types of endothelial junctions have been described; tight junctions, 

adherence, and gap junctions. The molecular organization of these junctions are 

illustrated in figure 1.1. These junctions are linked to a network of cytoskeletal filament 

systems (actin filaments, intermediate filaments) via intermediate proteins, such as 

catem'ns, a-actinin, zonula occludens-1 (ZO-1), zonula occludens-2 (ZO-2), and 

desmoplakin (Schnittler, 1998). The interendotheUal junctions present a different degree 

of complexity along the vascular tree. In large arteries, or in the blood vessels of the 

brain, the interjunctions are well organized to provide a low permeability, whereas they 

are less organized, and almost disappear, in the postcapillary venules (Simionescu & 

Simionescu, 1991). Tight junctions form a very close contact between membranes of 

adjacent endothelial cells, and behave as selective pores that can be regulated to 
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accomplish selective molecular sieving and serve as diffusive pathways. At the 

molecular level, a transmembrane integral protein called occludin, and intracellular 

proteins such as zonula occludens-1 (ZO-1), occludens-2 (ZO-2), and cingulin form tight 

junctions (Anderson et al, 1993; Schnittler, 1998). These cytoplasmic molecules may 

contribute to tight junction anchorage to the actin cytoskeleton. A close relationship 

between tight junctions, actin microfilaments and altered solute transport via the 

junctional paracellular pathway was concluded from studies showing that disruption of 

the actin cytoskeleton caused alterations in tight junctions (Madra, 1987), and increased 

transendothelial permeability to albumin (Shasby, 1982). Moreover, evidence were 

collected under stimulating condition with gamma interferon, demonstrated that in both 

cultured human intestinal epithelial cells (T84), and microvascular endothelial cells 

(MVEC), tight junction protein ZO-1 was colocalized with F-actin (Bulm et al, 1997; 

Youakim & Ahdieh, 1999). 

Adherens junctions, consist of cell-cell membrane contacts formed by cadherins. 

Cadherins are transmembrane glycoproteins that are responsible for Ca^*^- dependent 

homophilic cell-to-cell recognition. Cadherins are linked to actin filaments through the 

actin-linking proteins, vinculin, a-actinin, and catenins (Takeichi, 1990, Fig. 1.1) 

Endothelial cells express a major type of cadherin called VE (vascular endothelial) 

cadherin or cadherin-S, and N-cadherin (Alexander et al, 1993; Dejana et al, 199S; 

Dejana, 1997). 

Gap junctions are found frequently in endothelial cells of large vessels and 

arterioles. They form a cluster of transmembrane hydrophobic channels (connexons) to 
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facilitate the direct exchange of ions and small molecules between the adjacent 

endothelial cells. Three forms of connexins (Co 43, Co 40, Co 37) are identified to be 

characteristic to the endothelial cells and are expressed differentially in the various 

vessels (Beyer, 1993). In vivo, gap junctions are intercalated with tight junctions 

(Simionscu& Simionscu, 1991). 

Adhesive molecules, other than junctional molecules, have been found at sites of 

endothelial cell-to-cell contacts, such as the platelet endothelial adhesion molecule 

(PECAM) (DeLisser et al, 1994). It is a transmembrane protein, belongs to the 

immunoglobulin superfamily which promotes homotypic adhesion with another PECAM 

molecule in the adjacent endothelial cells. PECAM is widely distributed in platelets, 

monocytes, and leukocytes. In endothelial cells, PECAM is mostly found at the site of 

cell-to-cell contacts in areas distinct from tight junction or adhesion junction (DeLisser et 

al, 1994). 

The endothelium regulates transportation of macromolecules through the 

paracellular way via different mechanisms. One possible mechanism is the maintenance 

of a highly negatively charged glycocalyx that causes electrostatic repulsion of protein-

cell interactions. Glycocalyx is a layer of glycoproteins on the endothelial cell luminal 

surface. A second mechanism includes the junctional complex that consists of junctions 

between confluent endothelial cells and the specialized inter-cellular adhesive proteins, 

including cadherins. The third mechanism is the contribution of focal adhesion plaques 

that form a "tethering" force, between endothelial cells and the extracellular matrix 

(ECM), via integrins. The concept of transendothelial transport through endothelial 
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junctions has gradually gained more recognition. This concept is supported by the results 

of the measured permeability of the microvascular wall to small solutes (less than 100 in 

molecular weight) which agreed with the predicted permeability based on morphological 

data of endothelial junctions, when they are assumed to be the only pathway for the 

solutes (Curry, 1988; Crone, 1986). During inflammation, inflammatory agents such as 

histamine, thrombin, serotonin, and cytokines increase endothelial permeability. 

Different signaling mechanisms are Involved, resulting in the local dissociation of tight 

and adherence junctions and causing gap formation accompanied by a reorganization of 

the actin-containing microfilament systems (Feldmann et al, 1996; Lum & Malik, 1994). 

It has been shown that gap formation is associated with dissociation of actin filaments 

and associated proteins (Shasby, 1982; Lum & Malik 1994; Baldwin & Thurston 1995; 

McDonald et al, 1997). Actin filaments are regulated by small GTP-binding proteins, 

Rho proteins, which are one among other signaling cascades (Hall, 1994). Inactivation of 

Rho proteins plays a critical role in interendothelial gap formation and is associated with 

increase in endothelial permeability (Hippenstiel et al, 1997). Rho proteins activate a 

tyrosine kinase (Ridley & Hall, 1994) which causes phosphorylation of several proteins. 

Therefore actin filament dynamics could be regulated via linking proteins (i.e. a-actinin) 

or cell-to-cell junction associated proteins. 
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Figure (1.1). The molecular organization of the endothelial junctions. Tight junction, 
adherens junction, focal adhesion and PECAM-l. Zona occludin-1 (ZO-l); Zona 
occludin-2 (ZO-2); Ca"^-dependent cadherin; a-catenins (a); P-catenins (P); plakoglobin 
(P); Vasodilator stimmulated phosphoprotein (V). (Reproduced from Lum, Malik, 1994 
and Schnittler, 1998) 
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Histamine properties 

Histamine is a highly polar biogenic amine, which does not difiElise readily across 

cell membranes. Histamine is formed by decarboxylation of the amino acid L-histidine, a 

reaction that is catalyzed in tissues by a pyridoxal-requiring enzyme, histidine 

decarboxylase (Schayer, 1956). In mammals, histamine is catabolized by two routes. 

One involves deamination, in the presence of diamine oxidase; the other, the methylation 

of the imidazole ring in the presence of the enzyme histamine-N-methyltransferase. 

Histamine-N- methyltransferase is widely and ubiquitously distributed among animal 

tissues, whereas the distribution of diamine oxidase is restricted to the tissues, which 

transport large quantities of materials, such as intestines, kidney, and plasma (Maslinski 

& FoGel, 1991). 

Histamine was one of the first vasoactive substances to be identified in the body. 

Histamine is released explosively from the tissue mast cells by an energy-dependent 

mechanism, in response to non-immunologicai (trauma, toxins, and by compound such as 

48/80) and immunological (IgE-antigen-mediated immune reactions) stimuli. In the rat, 

each mucosal mast cell contains 1-3 pg and each connective tissue mast cell contains > 

35 pg histamine/cell (Saavedra-Delgado et al, 1984; Dumitrascu, 1996). With 

degranulation, histamine is released and difflises rapidly. Extracellular histamine is 

metabolized within minutes of release, which suggests that it is destined to act quickly 

and locally. The biologic and patholobiologic histamine effects are mediated by three 

distinct histamine receptors, HI, H2, and H3 (Ash & Schild, 1966). These receptors were 

defined with the recognition of specific agonists and antagonists. Chlorpheniramine is a 
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blocker for the HI receptor, whereas cimetidine is a blocker for the H2 receptor, and 

thioperamind is a blocker for H3. 

Histamine has different biological effects via its different receptors. If histamine 

binds to HI receptors its effect will include increased permeability of postcapillary 

venules, vasodilatation, increased mucus secretion at mucosal sites, and contraction of 

bronchial and gastrointestinal smooth muscle. Binding of histamine to H2 receptor 

stimulates gastric acid secretion, and prostacyclin by endothelial cells. Effects of 

histamine mediated by H3 receptors include, regulation of histamine release from 

peritoneal mast cells (Kohno et al, 1994), neurotransmitter release and histamine 

formation in the central and peripheral nervous system (Arrang et al, 1988 & Greaves, 

1996). 

The idea that histamine aas as an inflammatory mediator is based on the 

following evidence; a: the actions of histamine in regional vascular beds closely parallel 

those seen in inflammatory foci, including vasodilation, increased vascular permeability 

and interstitial edema; b: histamine release has been demonstrated in a variety of 

inflammatory conditions; and c: histamine antagonists reduce hyperemia and edema 

associated with early inflammation (White & Kaliner, 1988). 

Mcchanism of Histamine Action on Endothelial Permeability 

The mechanism for the increment in permeability due to histamine application has 

been studied extensively. Early studies by Majno and Palade (1961) showed that 

histamine caused gap formation at the venular endothelial junctions and reported that 
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these gaps are responsible for the increment of permeability. Electron micrographs 

showed that the endothelial cells had become partially disconnected along the 

intercellular junctions, which they attributed to endothelial cell contraction. It has been 

shown by Drenckhan (1983), that endothelial cells contain contractile elements (actin and 

myosin) that modulate the dimensions of the junctional gaps of the postcapillary venules. 

Immunocytochemistry study, at the light and electron microscope levels, showed that 

actin and myosin were colocalized in close vicinity to the intercellular clefts of both 

micro- and macrovascular endothelial cells, in situ, and in vivo (Schnittler et al, 1990). 

Interestingly it is found that histamine receptors are most dense in venular endothelial 

cells and are localized near endothelial cell junctions in close proximity to actin and 

myosin contractile elements (Heltianu et al, 1982). Two possible intracellular signal 

transduction pathways are suggested to regulate the permeability by histamine. First, an 

intracellular calcium-dependent pathway in which histamine, binding to HI receptor, 

activates the phospholipase C-dependent breakdown of the phosphoinositides and inositol 

phosphate production, resulting in the mobilization of intracellular calcium and causing 

myosin-actin contraction and formation of intercellular gaps as shown in figure 1.2 

(Hoek, 1992; Rotrosen & Gallin, 1986). Second, a calcium-independent pathway in 

which diacylglycerol (DAG) activates protein kinase C (PKC), resulting in a serine 

phosphorylation of the endothelial cytoskeleton and subsequent alterations in endothelial 

barrier function (Hoek, 1992; Lynch et al ,1990, Fig. 1.2). However, despite the 

available evidence for the increase in permeability due to histamine, little is known about 

the mechanisms underlying these phenomena. 



Endothelial cells respond to the binding of histamine to their receptors by 

increasing their cytosolic free calcium concentration, and assembly of actin filaments 

(Rotrosen & Gallin, 1986). These responses can be reduced by decreasing the availability 

of intracellular calcium (Ca^i). An increase in intracellular calcium concentration [Ca^i 

may signal the increase in endothelial permeability, because [Ca^]i regulates cytoskeletal 

assembly and contractility (Bennett & Weeds, 1986). The formation of gaps between 

endothelial cells (EC) was observed upon activation of endothelial cell myosin light chain 

kinase in permeablized endothelial monolayers, and was dependent upon the availability 

of ATP, Ca"" and calmodulin (CaM) (Schnittler et al, 1990). Existing data suggest that 

endothelial cells are similar to smooth muscle cells (SMC), in which phosphorylation of 

the regulatory myosin light chain (MLC), catalyzed by Ca^ /CaM-dependent myosin 

light chain kinase (KMLC), provides the molecular machinery for endothelial cell force 

generation, contraction and subsequent intercellular gap formation (Garcia & Schaphorst, 

199S). Histamine induces active actomyosin interactions via rapid (30-60s) and 

substantial increases in mono-and di-phosphorylated MLCs in human endothelial cells, 

which return to control levels by 5 minutes (Moy et al, 1993). Thus, the actin-myosin 

contractile mechanism, activated by phosphorylation of MLC may regulate the increase 

in endothelial permeability. 

In contrast to the activation of cell contractility, passive retraction of cells can 

occur independently of MLCK, and thus mediate formation of intercellular gaps. This 

process may be regulated by phosphorylation of actin-linking proteins such as vinculin 

and talin that are critical for maintaining cell-cell, and cell-matrix contracts. Both 
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calcium and protein kinase C (PKC) are required for vinculin phosphorylation (Werth et 

al, 1993). In close agreement with these data it has been observed in vivo that a transient 

increase in cytoplasmic Ca^ concentration parallels an increase in endothelial 

permeability after exposure of frog mesenteric microvessels to histamine (Curry, 1992). 

It is evident that endothelial cells, both in vitro, and in vivo, express a biphasic 

response to histamine. Histamine induces endothelial cell morphological changes such as 

the appearance of nuclear folds and gap formation that are affected by histamine H-l 

receptor-mediated calcium signaling. Initial calcium responses are associated with ion 

mobilization from intracellular pools, as deduced from the fact that this component is 

insensitive to changes in extracellular calcium concentration. Sustained histamine 

responses are dependent upon transmembrane intluxes of extracellular calcium, because 

the response is abolished by depletion of calcium in the extracellular medium (Haraldson 

etal, 1986). 

Histamine-induced increase in [Ca""^]! may regulate the degree, or sensitivity of, 

PKC activation and thereby phosphorylation of actin binding proteins, and the degree of 

retraction of endothelial cells. Alternatively, the histamine induced increase in [Ca""^! 

may act as a signal to cause uncoupling of adhesion or occluding junctions between 

endothelial cells, and thus facilitate the opening of intracellular junctions. The 

mechanism(s) of the histamine-induced increase in endothelial permeability can be 

partially attributed to activation of endothelial PKC and to the increase in [Ca^i or to the 

synergistic actions of these second messengers. 
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More evidence suggests that when histamine is released, it binds to its receptor 

(HI receptor) on endothelial cells. The receptor activation leads to the activation of G-

proteins and the coupled phospholipase C located in the cell membrane, which catalyzes 

the production of inositol triphosphates (IP3), and diacylglycerol (DAG) (Yuan et al, 

1993). PKC phosphorylates linking proteins at the cell-cell and cell-matrix junctions. 

The increased phosphorylation is associated with the actin reorganization, cell rounding 

and increased paracellular transport (Lum & Malik, 1994). Depletion of PKC has been 

shown to decrease endothelial permeability (Lynch et al, 1990). Evidence indicates that 

the early signals converge on the family of PKC isoenzymes, which are critical in 

mediating the increase in transendothelial permeability. In vitro studies demonstrated 

that DAG was the second messenger formed after PLC activation. The pathway, PLC-

DAG-PKC, has been systematically investigated by Huang and Yuan (1997). They 

reported that activation of PKC caused an increase in the permeability of the isolated 

pig's coronary venules. Also, activation of bovine pulmonary artery endothelial cell PKC 

by phorbol l2-myristate 13-acetate (PMA), PLC and a-thrombin led to an increase in 

endothelial permeability to albumin, whereas the inactive analogues of the PKC 

activators (4a-phorbol didecanote and 1-mono-oleyI glycerol) neither increased the 

transendothelial albumin permeability nor activated endothelial cell PKC (Lynch et al, 

1990). In the same study, inhibition of endothelial PKC using PKC inhibitor, H7, 

significantly attenuated the permeability increasing effects of PMA, a-thrombin and 

PLC. This study clearly shows that activation of endothelial cell PKC is an important 

pathway by which extracellular mediators increase transendothelial albumin transport. 
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The mechanism by which histamine activates PKC is not clearly identified. Recently, 

Ehringer et al (1996) showed that application of histamine to human umbilical vein 

endothelial cells (HUVEC) induced an increase in intracellular calcium mobilization, 

alterations in cytoskeletal F-actin distribution and increased permeability. This F-actin 

content is substantially altered after 10 minutes of histamine exposure. This time 

coincides with PKC phosphorylation of protein. These data suggest that histamine may 

utilize intracellular calcium to modify cytoskeletal proteins, and hence alter permeability 

by calcium dependent intercellular pathways. 
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Figure (1.2). Effects of histamine. Signal transduction involved in the vascular effects of 
histamine on endothelial cell (EC), and smooth muscle cell (SMC) via the different 
histamine receptors Hi, and Hz. G, G-protein; PIP2, phosphatidylinositol 4,5-
diphosphate; IP3, inositol 1,4,4-triphosphate; DAG, diacylgiycerol; PLA2, phospholipase 
A2; PLC, phoshpholipase C; AA, arachidonic acid; PGK, prostaglandin 12; cNOS, 
constitutive nitric oxide synthase; GC, guanylate cyclase; AC, adenylate cyclase. 
(Reproduced from Gothert et ai 1995) 



Mast cells 

Origin and Distribution 

Mast cells are granulated inflammatory cells, which reside within tissues. They 

originate from haemotopoietic precursors (CD34+), and differentiate at tissue sites. Mast 

cells are long-lived guardians of the tissues, where they are strategically located at 

interfaces with either the envirormient or the microvasculature network (Galli, 1993). 

They are prominent inflammatory cells in the gastrointestinal tract, and play a 

pathophysiological role as an effector cell in immediate hypersensitivity reactions 

(Metcalfe, 1984). Mast cells exhibit substantial structural and functional heterogeneity. 

The heterogeneity between mast ceils is illustrated by various properties as shown in 

table (l.l); such as, distribution, size, and histamine content, proteoglycans and, neutral 

protease composition. Intestinal mucosal mast cells (IMMC) from the rat contain less 

histamine and serotonin than conneaive tissue mast cells (CTMC). In the 

gastrointestinal tract, mast cells occur in the epithelium, mucosa, submucosa, muscular 

layers and serosa. Mast cells in the mucosa tend to occur randomly throughout the 

lamina propria. Within connective tissues the human mast cells are predominantly 

located adjacent to small blood vessels, especially post capillary venules. Mast ceils in 

the submucosa, muscular layer, and serosa occur both in the vicinity of small vessels and 

at sites distant from these vessels (Beflis et al, 1982; Saavedra-Delgado, 1984). 
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Table (1.1) Mast cells in rodents 

Properties Mucosal mast cell 

MMC 

Connective tissue mast cell 

CTMC 

Appearance Small, variable-size granules Larger, uniform-size granules 

Size 9.7 nm 19.6 (am 

Life span Half life <40 days Half life > 6 months 

Histamine content Low <2pg/cell High > 35 pg/ cell 

Proteoglycan Non-heparin Heparin 

Serine protease RMCPn RMCPI 

IgE Cytoplasmic Surface 

Mediators 

Mast cells produce a wide range of bioactive mediators; many of these mediators 

are stored and preformed in an active state, thus allowing an immediate effect upon 

release (McNeil, 1996). Activation of mast cells results in partial to complete discharge 

of preformed granule contents (histamine, serotonin, and chemotactic factors) into the 

extracellular space, and synthesis of new mediators derived from membrane lipid 

(prostaglandin D2, leukotriene C4). Other mediators are firmly associated with the 

granule under physiologic conditions, such as platelet activating &ctor (PAF), heparin-

chondroitin sulfates, chymotrypsin, trypsin, peroxidase, and superoxide dismutase 
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(Metcalfe, 1984), as shown in table (1.2). All of these mediators are involved in 

immediate and late phase reactions of allergic inflammation. 

Table (1.2) Mediators released by mast cell activation 

Performed mediators Newly-synthesized mediator 

Histamine Prostaglandin D2 

Serotonin Leukotriene B4 

Neutrophil chemotactic factor (IL-8) Leukotriene C4 

Eosinophil chemotactic factor (IL-S) Leukotriene D4 

Tumor necrosis factor (TNF) Leukotriene E4 

Chymase Platelet activator faaor (PAF) 

Tryptase 

Proteoglycans (Heparin, condroitin sulfate) 

Mast cells express high af^nity receptors for IgE (FCeRl) which allow for the 

rapid activation of these cells upon contact with antigens, once armed with specific 

immunoglobulin of the IgE isotype. Small peptides, such as substance P, cause mast 

cells to degranulate (McNeil, 1996). A number of chemokines, monocyte 

chemoattractant peptide (MCP)-l and macrophage inflammatory protein (MTP)-la 

induce intense inflammatory reactions, characterized by mast cell degranulation, when 

they are injected into mouse foot pads (Alam et al, 1994). Endothelin-1 and -3 have been 

shown to be potent activators of murine mast cells in vitro. Mast cells can also be 

stimulated via receptors that recognize anaphylatoxins (C3a, CSa). It has been found that 
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C5a stimulates mast cell degranulation in vitro, whereas C3a has been observed to 

activate mast cells in vivo and in vitro (Johnson et al 1975). 

Evidence suggests that endothelial nitric oxide (NO) may regulate mast cell 

reactivity and thereby alter microvascular permeability. For example, inhibition of NO 

synthesis with N-nitro-L-arginine methyl ester (L-NAME) caused mast cell 

degranulation, an increase in microvascular permeability, and an increase in leukocyte 

infiltration (Kubes et al, 1993; Kanwar et al, 1994; Gaboury et al, 1996; Baldwin et 

al,1998). The role of nitric oxide as a modulator of mast cell reactivity was further 

examined by Hogaboam and his colleagues in 1993. The release of platelet-activating 

factor and nitric oxide from peritoneal mast cells was examined with the use of an in vitro 

preparation (Hogaboam et al, 1993). In this preparation aggregation of rabbit platelets 

was used as a bioassay for both mediators. The researchers found that mast ceils 

spontaneously released nitric oxide under these conditions. Salvemini et al (1991) 

showed that exposure of mast cells to exogenous nitric oxide decreased mast cell 

reactivity. Histamine release from rat peritoneal mast cells was increased when these 

cells were pretreated with NOS inhibitors (Masini et al, 1991). However, although those 

studies showed that nitric oxide regulates mast cell reactivity, it is not well documented 

how exactly mast cells react in the presence of histamine. In the case of acute 

inflammation, histamine is released from mast cells and diffuses through tissues, but the 

reaction of mast ceils in such situations is still unknown. 



Endothelial nitric oxide 

Nitric oxide (NO) is a ubiquitous, naturally occurring molecule found in a variety 

of cell types and organ systems. Nitric oxide is a short-lived, highly reactive molecule 

synthesized from the amino acid, L-argim*ne, by nitric oxide synthase (NOS) (Schini-

Kerth, 1995). In biologic systems, NO has a half-life of 6 seconds. (Palmer et al, 1987; 

Lancaster, 1996). In the cardiovascular system, NO is an important determinant of basal 

vascular tone, prevents platelet activation (Radomiski et al, 1987) and limits leukocyte 

adhesion to the endothelium (Kubes et al, 1991). NO may also play a role in the 

pathogenesis of common cardiovascular disorders such as atherosclerosis (Loscalzo & 

welch, 1995). 

It becomes apparent that there are at least two types of nitric oxide synthase 

(NOS). One is constitutive (cNOS), cytosolic Ca"" /calmodulin dependent, and releases 

NO within seconds for short periods in response to receptor or physical stimulation. This 

cNOS is mostly expressed in vascular endothelium and neurons. 

The constitutive enzyme (cNOS) is present in the vascular endothelium (eNOS), 

and neural cells (nNOS). Under resting conditions, NO is continually released from 

healthy endothelial cells, and its release can be stimulated by a variety of physiological 

stimuli and pharmacological probes such as sheer stress, and histamine. Calcium appears 

to be the primary stimulus required for activation of endothelial nitric oxide synthase in 

the short term (Schini-kerth & Vanhoutte, 1995). Thus, reactions that increase 

intracellular free calcium levels will also increase production of NO. This includes 

endothelium-dependent pharmacological probes, such as acetylcholine, bradykinin. 



substance P, adenosine diphosphate (ADP), thrombin, serotonin, and calcium ionophore. 

In the vascular endothelium agonists, such as acetylcholine and bradykinin, stimulate 

inositol l,4,S-triphosphate (IP3) production by activating the phosphoinositide second 

messenger system. IPS binds to receptors on the endoplasmic reticulum and causes Ca"^ 

release from intracellular stores. This transient elevation in intracellular Ca^ promotes 

calcium binding to calmodulin complex and activates eNOS (Dinerman et al, 1993). 

Another important stimulus for eNOS activation in the vascular wall is blood flow itself 

Hemodymanic shear stress of cultured EC is associated with an acute increase in NO 

release (Uematsa et al, 1995). 

The other main isoform of NOS is the inducible enzyme (iNOS), which has been 

found in maaophages (Marietta et al, 1988) and neutrophils (Yui et al, 1991). This 

isoform does not require calcium for its activity. It is induced after activation of 

endothelial cells, macrophages, and other cells by cytokines. Such expression, requiring 

transcription of the gene coding for iNOS, may take minutes to hours. Once iNOS is 

present it may generate NO for many hours. 

Endothelium-derived NO diffiises into the cytosol of subjacent smooth muscle 

cells (SMC) and activates soluble guanylate cyclase, stimulating conversion of guanosine 

triphosphate to cyclic guanosine monophosphate (cGMP), which in turn leads to SMC 

relaxation and hence vasodilation (Greutter et al, 1981). Diffusion of NO through the 

luminal surface of endothelial cells into circulating platelets inhibits platelet adhesion 

(Busse, and Fleming, I99S). Nitric oxide also can inhibit P-selectin expression on 

endothelial cells, and platelets (Armstead et al, 1997). The relevance of nitric oxide in 
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biological processes has emerged with the identification of monomethyl-L-arginine 

(L-NMMA) as a competitive inhibitor of the enzyme nitric oxide synthase (Moncada, & 

Higgs, 1993). 

Histamine and nitric oxide production 

Histamine triggers production of nitric oxide from endothelial cells (Furchgott & 

Vanhoutte, 1989). Several investigators have suggested that inhibition of nitric oxide 

synthesis increases the basal level of microvascular permeability and potentiates agonist-

induced increases in vascular permeability. Kubes and Granger (1992) found that 

inhibition of NO synthesis with L-NAME caused an increase in microvascular 

permeability and this increment was completely reversed by NO donors. Also, 

microvascular permeability in the feline small intestine has been shown to be regulated 

by NO, since NOS inhibitor causes an increase in albumin leakage, which is reversed by 

cGMP and phalloidin. Phalloidin is known to stabilize the actin cytoskeleton. These 

results point to a mechanism involving NO, cGMP and the actin cytoskeleton to comrol 

the endothelial cell barrier function by causing endothelial relaxation, which results in 

reduced intercellular junctional width (Kubes, 1993). Inhibition of NO production has 

been observed to increase albumin leakage in a cGMP and actin cytoskeleton-dependent 

manner in postcapillary venules (Kurose et al, 1993). 

In contrast, nitric oxide has also been reported to be responsible for the increased 

microvascular permeability in response to histamine (Yuan et al, 1993). This inaease in 

permeability is reversed by using the NOS inhibitor (L-NMMA), or the guanylate cyclase 

inhibitor (LY83S83). Yuan et al reported that coronary venular permeability increases 



when histamine binds to its receptor and activates phospholipase C (PLC), which 

catalyzes the production of inositol triphosphates (IP3), leading to release of calcium 

from intracellular stores. Nitric oxide production occurs when cytosolic calcium binds to 

calmodulin and stimulates nitric oxide synthase (NOS). Yuan et al 1993 also suggested 

that NO further activates guanylate cyclase (GC) and induces the formation of guanosine 

3^ ,S' cyclic monophosphate (cGMP), which in turn increases endothelial permeability by 

acting on endothelial cytoskeleton. Further studies have found that cGMP affects 

endothelial permeability both directly by activating cGMP-dependent protein kinase 

(cGMP-PKI) (Draijer et al, 1995, b), and indirectly by inhibiting cyclic adonisine mono

phosphate (cAMP) degrading via phosphodiesterase (PDEII) and activating cAMP 

degrading via phosphodiesterase (PDEm). In umbilical vein endothelial ceils, cGMP 

reduced thrombin-induced endothelial permeability via inhibiting a cGMP-inhibited 

phosphodiesterase (PDEIII) (Draijer et al, 1995, a). The contribution of these different 

mechanisms is more likely to differ in the various types of the endothelial cells. 

Another in vivo study, performed on the hamster cheek pouch microcirculation by 

Mayhan (1994) reported that histamine increased the formation of venular leaky sites 

through the production of nitric oxide, whereas superflision of the NO inhibitor, L-

NMMA, significantly decreased histamine-induced formation of venular leaky sites. On 

the other hand, superfusion of L-arginine (NOS substrate for NO production) potentiated 

histamine-induced formation of venular leaky sites. These contrasting results could 

perhaps be explained by the use of different species (Kubes et al, 1995; He et al, 1997; 

Mayhan, 1994) experimental models (Wu & Baldwin, 1992; Mayhan, 1994) different 
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experimental preparations (Yaun et al, 1993), or different drug concentration (Al-Naemi 

& Baldwin, 1997; He et al, 1997). Therefore the role of nitric oxide in the 

microvasculature is not fijlly understood, since in different anatomical locations it has 

different effects. 
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Hypotheses to be tested 
I 

First hypothesis 

Nitric oxide is responsible for the permeability recovery after histaim'ne challenge. This 

hypothesis is proposed to test the possibility that nitric oxide is the physiological 

molecule produced by endothelial cells to signal for recovery after a histamine challenge. 

Second hypothesis 

Nitric oxide protects endothelial cells against histamine effects and prevents the 

maintenance of the increase in venular permeability. To test this hypothesis, NO donor 

will be used. If the venular permeability increases the hypothesis will be refuted. 

Third hypothesis 

Histamine stimulates mast cell degranulation, and nitric oxide released by endothelial 

cells down-regulates mast cell reactivity, and hence mast cell degranulation. Histological 

evaluation of mast cell behavior will be tested in the presence and absence of nitric oxide. 

Forth hypothesis 

Histamine stimulates endothelial nitric oxide synthase localization at the endothelial cell 

membrane. This hypothesis is proposed to test the effect of histamine on the distribution 

of eNOS. Specific location of eNOS will be determined with the aid of eNOS antibodies. 

The detailed experimental design and the results will be described in the next three 

chapters. Chapter Two will focus on the testing of hypothesis 1, Chapter Three will 

focus on the testing of hypotheses 2 and 3, and Chapter Four will focus on the testing of 

hypothesis 4. 
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Figure (1.3). Research hypothesis. 

(1) Histamine causes mast ceil degranulation. 

(2) Histamine induces increase in venular permeability, and NOS relocalization. 

(3) NO production increases. 

(4) NO decreases venular permeability and mast cell degranulation. 
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CHAPTER! 

NITRIC OXIDE REGULATES VENULAR PERMEABILITY 

RECOVERY AFTER fflSTAMINE TREATMENT 

Abstract 

Histamine is an inflammatory mediator produced by mast cells that reside close to 

blood vessels. It causes a transient increase in venular permeability, and stimulates 

endothelial production of nitric oxide (NO). In this study, the role that NO plays in the 

permeability recovery is investigated and the response of mast cells is evaluated. The 

mesenteric microvasculature of anesthetized rats was suffused with 10'^ M histamine for 

three minutes, then perfiised with the NO donor, sodium nitroprusside, (SNP 10"^ M), 

nitric oxide synthase (eNO) inhibitor, N^-monomethyl-L-arginine (L-NMMA 10'^ M), its 

enantiomer (D-NMMA 10'^ M), or Hepes buffered saline containing 0.5% BSA (HBS-

BSA) for 15 minutes. The perfusate was replaced by FITC-albumin for three minutes, 

followed by fixative. The vasculature was visualized using epifluorescence microscopy, 

and stained for mast cells. Preparations treated with histamine only showed discrete 

FITC-albumin leaks. Subsequent inhibition of NO increased venular FITC-albumin leaks 

and prevented permeability recovery (P<0.001). Post-treatment with SNP decreased the 

histamine-induced venular leaks (P<0.01). Mast cell degranulated due to histamine and 

the other treatment combinations. In conclusion, inhibition of NO prevented 

permeability recovery and depleted mast cells of their histamine content. 
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Introduction 

Acute inflammation is a physiologic response to tissue injury, to foreign antigens, 

or to aberrant autologoug antigens. It is characterized by increases in blood flow and 

vascular permeability, leading to leakage of proteins and subsequent edema, as well as 

recruitment of leukocytes into the extravascular space. It is likely that the acute 

inflammatory response is tightly controlled. 

Histamine is one of the inflammatory mediators released locally by mast cells and 

it participates in the acute inflammatory response. The increase in venular permeability 

due to histamine treatment has been investigated extensively in different experimental 

models and has been found to be transient. In a study performed by Fox et al (1980) cat 

and rat mesenteric venules showed leaks one or two minutes after histamine suffusion. 

Leaks peaked between five and IS minutes, then returned to control levels at 20-30 

minutes after the suffusion. In another study, performed by Horan et al (I98S) in the 

hamster cheek pouch, intravascular injection of fluorescein isothiocyanate (FITC)-

dextran followed by 60 minutes of histamine sufiusion showed a large number of venular 

leaks, whereas injection 30 min after the start of histamine suffusion showed a smaller 

number of leaks. The findings of both studies point to a "recovery phenomenon" that 

follows the early increase in vascular permeability. In agreement with previous studies, 

Wu and Baldwin (1992) also demonstrated that in the rat mesenteric preparation, 

histamine caused a transient increase in venular permeability; macromolecular 

permeability peaked at three minutes and then decreased toward control values 15 

minutes after histamine application. This increase in venular permeability was 



accompanied by an increase in the number of endothelial gaps, which returned to normal 

by IS minutes. Some studies have been performed to determine the physiological basis 

of the permeability recovery that takes place after a histamine challenge. Horan et al 

(1986) suggested "a reversible modulation of the dimension of junctional gaps" which 

resulted from a negative feedback inhibition. Wu and Baldwin (1992) demonstrated that 

the time course of the reclosure of endothelial gaps correlated with that of permeability 

recovery. However, the regulator(s) of this permeability recovery remains to be 

identified. Histamine is known to stimulate endothelial production of nitric oxide (NO) 

(Crone, 1987; Lantoine et al, 1998), and it is possible that NO plays a role in promoting 

this recovery period, which might lead to the prevention of further complications of acute 

inflammation. 

Nitric oxide is a molecule that is produced constitutively at small amounts by 

endothelial cells and is involved in many physiological responses, such as modulation of 

the adhesive interaction between leukocytes, platelets, and microvascular endothelium 

(Kubes & Granger, 1996), and reducing mast cell reactivity (Kanwar et al, 1994; 

Salvemini et al, 1991). Several studies have demonstrated the protective role of nitric 

oxide in regulating venular permeability. These studies, which were performed on 

normal preparations, showed that inhibition of NO increased venular permeability 

(Baldwin & Thurston, 1995; Kubes & Granger, 1992; Kurose et al, 1993). On the other 

hand, the role of NO in altering vascular permeability under inflamed conditions appears 

to contradict these results. Endogenous NO has been demonstrated to mediate 

microvascular permeability evoked by inflammatory mediators in the hamster cheek 



pouch (Mayhan, 1992), rat skin (lalenti et al, 1992), and guinea pig skin (Teixeira et al, 

1993). The role played by NO in regulating vascular permeability is not defined. In the 

present study we investigate the role of nitric oxide in modulating venular permeability in 

a mesenteric preparation, which has been exposed to histamine. 

Mast cells are the major source of histamine in the microvascular environment. It 

has been shown that nitric oxide decreases mast cell reactivity (Kanwar et al, 1994; 

Salvemini et al, 1991), but it has not been documented how mast cells react in the 

presence of histamine. For this reason we also studied mast cells reactivity in the 

presence of histamine, and histologically evaluated their response during the permeability 

recovery. 

Materiab and Methods: 

Surgical procedure and experimental protocol: Male Sprague-Dawley rats (3S0-4S0g) 

were anesthetized with an intraperitoneal injection of sodium pentobarbital (6mg/100g). 

The anesthetic type was chosen because several investigators have used it in similar kind 

of studies (Kubes et al, 1994; Gaboury et al, 1996). A tracheotomy was performed and 

the animals were ventilated artificially with the aid of the small animal ventilator system 

(SAR-830, the CTP-930 cycle triggered ventilator, Oakwood Center, Wood Dale, 

Illinois, USA). The advantage of this type of ventilator that it has CTP-VA valve 

assembly which provide a constant air flow, regulated by (flow meter/regulator) during 

inspiration. During expiration, airflows passively form the animal due to lung elastic 

recoil. The flow rate was 100 ml/min, and the tidal volume was 1.5 ml. The partial 

pressure of O2 ^Oj), and €02 (PCOz) for the same flow rate was determined previously 



by investigator from the same lab and found to be within the normal values. A dose of 

the mast cell stabilizer, sodium cromoglycate (Smg/kg, Sigma, St Louis, MO) was 

administered intravenously into the jugular vein, followed by another dose 30 minutes 

latter. The mast cell stabilizer was used to inhibit mast cell degranulation in response to 

surgery and handling as documented by other authors (Kubes & Kanwar 1994; Tromp et 

al, 1998). The abdomen was slit along the linea alba, and the open blood vessels were 

cauterized to avoid any contact of blood with mesenteric vessels. Mesenteric windows (3-

4) were selected on the basis that they had an 'unbroken' adequate vascular network lying 

between adjacent pairs of traversing arteries and veins. The chosen windows were spread 

out flat over a Plexiglas platform and continuously superfiised with 37°C HBS (N-2-

hydrocyethyl poperazine N-2-ethanesulfonic acid buffered saline, pH 7.4) solution. The 

superior mesenteric artery was cannulated close to the selected series of mesenteric 

windows and the appropriate bordering arteries and veins were ligated to allow perfusion 

only to these chosen windows. A clamp was placed around the superior mesenteric artery 

near the chosen windows, and then the windows were flushed clear of blood with HBS 

containing lU/ml heparin and 0.5% bovine serum albumin (BSA) at 37°C under an inlet 

pressure of lOOmmHg. Histamine (10'^ M) was suffused over the mesenteric preparation 

for three minutes, either alone or followed by IS minutes perfusion of HBS-BSA, L-

NMMA (10"^ M), D-NMMA (10*^ M), or (SNPIO"^ M). The concentration of NOS 

inhibitor (L-NMMA 10'^ M) was chosen to block NO release from both constitutive 

(cNOS), and inducible (iNOS) nitric oxide synthase. Laszlo (199S) and his colleagues 

reported that inhibition of both cNOS and iNOS was dose dependent of L-NMMA, and a 



dose of 2x10'^ M L-NMMA was enough to inhibit more than 90% of both of the 

enzymes (Laszlo et al, 1995). The control group was perfused with HB-BSA for three 

minutes. There were 7 animals used for each treatment. Next, in all cases a solution of 

0.05% FTTC-BSA was perfiised and incubated for three minutes. Then, a fixative 

consisting of 3% formaldehyde in HBS was per&sed, the portal vein flow outlet 

clamped, and the fixative allowed to incubate for 30 minutes under a pressure of 40 

mmHg. After the fixation, the vasculature was flushed with HBS and the mesenteric 

tissue was excised and mounted on glass slides with an aqueous mounting medium 

(Vectashield, DAKO). 

Venular permeability: Changes in venular permeability were evaluated by measuring 

the number and area of FlTC-albumin extravascularizations. Slides of mesenteric 

windows were visualized under epifluorescence microscopy (Zeiss Axioplan), and the 

mesenteric venules were scanned and videotaped using a videocamera (Optronix VI470) 

attached to the microscope. Images of venules were obtained by epifluorescence with the 

suitable FTTC excitation filter (A,=488) and emission filter (515nm), then converted into 

digital images and analyzed by using National Institutes of Heahh (NIH) Image (1.61). 

The length and diameter of each venule were measured, as well as the number and the 

area of leaks per venule. Data were pooled within each experimental group and the 

average number of leaks per unit length of venule, and the average leak area per um't 

length of venule were calculated. 

Mast cell staining: Slides with mesenteric windows were rehydrated with distilled water, 

then stained with 0.1% Alcian Blue (Sigma) in 0.7N HCl for 30 minutes, rinsed in 0.7N 



HCl and subsequently stained with 0.5% Safranin O (Sigma) in 0.125N HCl for five 

minutes. They were then rinsed in distilled water, counter stained with 0.1% eosin 

(Sigma) for 30 seconds, and gradually dehydrated in a series of 70, 80, 90, 95%, and 

absolute ethanol. The slides were cleared in xylene and mounted with mounting media 

(mounting medium xylene Fisher Scientific, Swedesboro, N. J.). This staining procedure 

was modified from Mayrhofer (1980). 

Mast cell counting: A microscopic 100 square counting grid (Carl Zeiss, Germany) was 

used at x200 magnification to count the number mast cells within an area of 0.4 Imm^ 

around mesenteric venules of diameter (26-50 tun). This area corresponded to the field of 

view of a x20 microscope objective. For each animal (7 animals/treatment) five fields 

were counted. The grid was randomly placed around different venules and the numbers of 

degranulated and non-degranulated mast cells were counted. All mast cells were classified 

morphologically as not degranulated, moderately degranulated (10-50% of the granules 

expelled from the cell) or extensively degranulated (50-100% of the granules expelled) as 

in Tromp et al. (Tromp et al, 1998). All counts were pooled for each treatment and the 

percentage of mast cells was calculated and expressed as the percentage of total mast cells. 
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Figure (2.1). Experimental Protocol. 

Histamine FITC Fixation Videotaping MC staining 

HBS-BSA FITC Fixation Videotaping MC staining 

3 minutes 3 min 30 min 

Histamine L-NMMA FITC Fixation Videotaping MC staining 

Histamine D-NMMA FITC Fixation Videotaping MC staim'ng 

Histamine SNP FITC Fixation Videotaping MC staining 

Histamine HBS-BSA FITC Fixation Videotaping MC staining 

3 minutes 15 min 3 min 30 min 



Statistics: Power analysis test was used to determine the number of animals for each 

experiment (Young et ai, 1983). Analysis of variance (ANOVA) was used for statistical 

comparison. Significance of difference between pairs of groups was assessed by using 

Student's r-test with P < 0.05 considered statistically significant, and n equal to the number 

of venules per group. All values are expressed as mean ± SEM. 

The sigmHcance of the difference between the proportion of the counted mast 

cells was tested by using the z test with p < 0.05 (Bruning & Kintz, 1997). 

Results: From the ANOVA analysis there was a highly significant difference (P< 0.001) 

between the experimental groups for venular leakage parameters. 

Venular permeability; Observation of venular leaks by epifluorescence microscopy 

showed that the FITC-albumin leakage occurred in venules rather than in arterioles or 

capillaries. Very few leaky sites, or no leaks, were noticed within the control group after 

perfusion with HBS-BSA for three minutes (7 experiments, n= 82 venules) as shown in 

Fig. (2.2A). Venules suffused with histamine for 3 min showed many discreet FITC-

albumin leaks (7 experiments, «= 82 venules) as shown in Fig. (2.2B). Preparations 

suffused with histamine for three minutes then perfused with L-NMMA for 15 minutes 

showed many small and large venular leaks (7 experiment «= 90 venules) Fig. (2.3A). 

Preparations treated with SNP (2.3B), D-NMMA, or HBS-BSA for 15 min after the three 

min of histamine suffusion showed fewer venular leaks (7 experiments, /i= 82, 129, and 

82 respectively venules). Figure (2.4) summarizes the effects of the different treatments 

on the rat mesenteric venules, expressed as the area of FITC-albumin leaks per venule 

length for each treatment. The average leak area per venule length increased significantly 



(14.19 ± 2.64 (SEM) |imV^m) after three minutes of histamine suffusion compared to the 

control value of 3.08 ± 0.95 for the same time (Table 2.1). Inhibition of NO for 15 

minutes after 3 minutes of histamine treatment caused a significant increase in the area of 

leaks (26.82 ± 2.16 compared to 14.19 ± 2.62), whereas using the NO donor (SNP) for 15 

minutes after histamine application, significantly reduced the area of leaks (5.13 ± 0.8) 

close to the control value (Table 2.1). Similar decreases in the average leak area per 

venule length were observed after 15 minutes post-treatment with D-NMMA (6.11 ± 

0.67) or HBS-BSA (5.13 ± 0.8) (Table 2.1). The average number of leaky sites per ^m 

length of venule for the control group was 6.64 ±1.19 x 10*^ which increased significantly 

to 26.0 ± 6.38 after three minutes of histamine suffusion (Fig. 2.5, Table 2.2). Inhibition 

of NO for 15 minutes after histamine application almost doubled the average number of 

the leaky sites per length of venule (51.93 ± 9.03), whereas this number decreased 

significantly after 15 minutes perfusion of SNP (12.3 ± 1.15), D-NMMA (13.85 ± 1.08), 

or HBS-BSA (13.8 ± 1.10), as shown in figure 2.5, and table 2.2. 
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Figure (2.2): Light micrograph of FlTC-albumin leakage (A) Control network of 
venules (arrow) and arterioles (arrowhead) with no leakage. (^) Histamine treatment 
showing venule (arrow) with le^ (big arrow), and arteriole (arrowhead) with no leak. 
Bar = 50 [im. 
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Figure (2.3): Light micrograph of FITC-albumin leakage (A) Histamine+ L-NMMA 
treatment showing venules (arrow) with many leaks, and arterioles (arrowhead) with no 
leakage. (B) Histamine^ treatment showing venule (arrow) with few small leaks. 
Bar =50 nm. 
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Figure (2.4). Average total leak area / |im venule length 

* Significant compared to control. 

*'*' Significant compared to histamine. 
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Figure (2.5). Average total number of leaks / |im x 10'^ venule length 

n Control 
Histamine 
H-t-L-NMMA 
H+D-NMMA 
H+SNP 

BH+HBS-BSA 

M 40 

O 30 

* Significant compared to control. 

** Significant compared to histamine. 
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Table (2.1). Area of leak f.im^/^iin of venule length 

Experimental groups Mean SiDM N P-value-1 P value-2 

Control 3.08 0.95 48 — 0.001 

Histamine 14.19 2.64 82 O.OOl *• 

Histamine + L-NMIMA 26.82 2.16 90 0.02 0.001 

Histamine + D-NIVIIVIA 6.11 0.67 129 0.001 0.001 

Histamine 4- SNP 5.13 0.8 80 NS 0.01 

Histamine + HBS-BSA 6.45 1.06 82 0.05 0.001 

N = number of vessels 

NS = Not significant 

P-value-I= comparison between control group and other experimental groups. 

P-value-2= comparison between histamine group and other experimental groups. 



Table (2.2). Number of leak/^m x 10'^ of venule length 

Experimental groups Mean SEM N P-value-1 F value-2 

Control 6.64 1.19 48 • 0.02 

Histamine 26 6.38 82 0.02 *" 

Histamine + L-NMMA 51.39 9.03 90 0.001 0.05 

Histamine + D-NMMA 13.85 1.08 129 0.001 0.05 

Histamine SNP 12.3 1.51 82 0.01 0.05 

Histamine+ HBS-BSA 13.8 1.1 82 0.001 NS 

N = number of vessels 

NS = Not significant 

P-value-l= comparison between control group and other experimental groups. 

P-value-2= comparison between histamine group and other experimental groups 



Mast cell degranulation; The mast cell stabilizer did not totally prevent mast cell 

degranulation. In the control group, 11% of the mast cells had degranulated, which is 

similar to previous results from our laboratory (Baldwin et al, 1998), and from others 

(Tromp et al, 1998). In-groups treated with histamine alone, or followed by L-NMMA, 

D-NMMA, SNP, or BHS-BSA, high percentages of degranulation occurred. 

Histamine granules (blue) were released from mesenteric mast cells after 

histamine suffusion for 3 minutes (2.6 B), 91% of which were degranulated. Inhibition 

of NO with L-NMMA after histamine application caused further degranulation of mast 

cells (98%). Most of the cells were almost depleted of histamine, as demonstrated by the 

rim of blue stain around each mast cell (2.6C). Few granules or no granules were release 

from mast cells in the control group (2.6A). The percentages of mesenteric mast cell 

degranulation are shown in figure 2.7, and table 2.3. There was a significant (P<0.05) 

difference in the percentage of mast cell degranulation between the control group and the 

other experimental groups. In control group 9% of mast cells were moderately 

degranulated, whereas in the histamine group 31% of mast cells were moderately 

degranulated. Two percent of mast cells were extensively degranulated in the control 

group, compared to 60% in the histamine group (Fig.2.7, table 2.3). There was no 

significant difference in the degree of mast cell degranulation between animals treated 

with histamine alone, or with histamine plus D-NMMA, SNP, or HBS-BSA. However, 

there was a significant difference between the histamine group and the group treated with 

histamine and L-NMMA for IS minutes. There were more moderately degranulated mast 
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cells and fewer extensively degranulated cells in the histamine group compare to the 

histamine and L-NMMA group (Table 2.3). 
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Figure (2.6). Light micrograph of mast cells stained with Alcian blue- Safi^nin and 
counter stained with eosin. Venules (arrow); arterioles (arrowhead); mast cell with 
biogenic amine granules (blue), heparin (red). A: Control group; non-degranulated mast 
cells (NDMC). B: Histamine group; degranulated mast cells (DMC). C; Histamine + 
L-NMMA); extensively degranulated mast cells (EDMC). Bar = 25 ^m. 
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Figure (2.7) Percentage of mast cell degranulation 

100% 

80% 

60% 

40% 

20% 

0% 
Control Histamine H«L-NMMA H-̂ O-NMMA H^SNP 

• Normal MC • Moderately • Bctenslvely degranulated 

H-̂ HBS-BSA 



Table (2.3). The percentage of total mast cell counts 

% of mast cell Normal mast cell Moderately degranulated Extensively degranulated 

Control 89 9 2 

Histamine (H) 9* 31* 60* 

H-t-L-NMMA 0*# 2*» 98*# 

H+D-NMMA 13* 32* 55* 

H+SNP 13* 29* 58* 

H4^HBS-BSA 12* 31* 57* 

* Significant compared to control (p < 0.05). 

# Significant compared to histamine (p < O.OS). 
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Discussion: 

In this study, the role of NO in modulating venular permeability during the 

recovery period after histamine challenge was demonstrated, in situ, in parallel with 

evaluation of the mast cell response during this period. The present results showed that 

suf^usion of the mesenteric microcirculation with histamine for three minutes increased 

venular leaidness four-fold compared to its control level, followed by a decline to normal 

values during the next 15 minutes. This finding is consistent with previous results 

reported fi-om our laboratory (Baldwin & Thurston, 1995, Wu & Baldwin, 1992). The 

decline in venular permeability was prevented when the microvasculature was treated 

with NO inhibitor for 15 minutes. The results showed a significant increase in the leak 

area and the number of these leaks, which can be reversed with the NO donor (SNP). 

Similar results regarding the decrease in leak area and number were obtained with D-

NMMA, or with HBS-BSA. The similarity in the decrease that occurs in the leak area 

and the number of leaks with D-NMMA, SNP, and HBS-BSA is due to the effect of NO, 

which has been demonstrated to be present after the histamine challenge. 

Single or continuous application of histamine is found to trigger NO release from 

endothelial cells (Crone, 1987; Lantoine et al, 1998; Mayhan, 1992). Recently, a direct 

measurement of NO production after an agonist challenge was carried out by 

microdialysis in human skin (Clough et al, 1998). Clough and her colleagues found that 

a single dose of histamine increased NO concentration in human skin for 6-8 minutes, 

whereas L-NAME inhibited it. In our experiments endothelial cells were challenged with 

histamine for three minutes, which is the peak time for the maximum increase in venular 



permeability (Wu & Baldwin, 1992). This time duration should be sufficient for NO 

release, since in cultured endothelial cells, NO is released 20s after histamine application 

(Lantoine et al, 1998). If this release was inhibited, no venular permeability recovery 

occurred, as shown by our resuhs, but if this NO release was interrupted, as is the case 

with D-NMMA or HBS-BSA, the recovery process did take place. 

Previous studies performed in vivo in different animal species have indicated that 

histamine suffusion directly activates endothelial Hi receptors, causing the transient 

increase in venular permeability. It was suggested that this occurred via a phospholipase 

C (PLC) NO/cyclic GMP-dependent mechanism (Wu & Baldwin, 1992; Yuan et al, 

1993). In our study, the histamine-induced rapid transient increase in FITC-albumin 

extravasation was altered by L-NMMA. Rather than peaking after three minutes and 

subsiding by 15 minutes, venular leakage was still high after IS minutes. Thus the 

reduction in histamine-induced venular leaks is probably related to the histamine-induced 

release of NO. 

Similar results were reported by Kubes et al (Kubes et al, 1995) from inflamed 

feline mesenteric vessels. They found that co-application of NO donor (CAS 754) with 

platelet activating factor (PAF) reduced the increase in venular permeability caused by 

PAF. Another obligatory role of NO was reported from isolated coronary venules (Yuan 

et al, 1993). It was demonstrated that histamine induced an increase in venular 

permeability via NO. The contradiction between this finding and our finding might be 

explained by the faa that in the other study the vessels were isolated, from the 

surrounding interstitium, whereas in our experiment the vessels were kept in situ. The 
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interstitium may contain an extravascular source of mediator(s) that would induce an 

increase of venular permeability with NOS inhibition, as suggested by Kubes (1995). In 

this study we showed that mast cells release their granular contents in the absence of NO, 

that could account indirectly for the increase in venular permeability. Also this 

contradiction could be due to the fact that the venules were isolated from pig's heart, and 

the NO might have a different effect in different tissues. He et al (1997) showed that the 

increment in NO production induced by an agonist was correlated with the increase in 

venular permeability of frog mesenteric microvasculature. This dichotomy could be 

explained by the possibility that NO plays a different biological role in different animal 

species, and in different anatomical location in the same animal. Therefore it is important 

to consider the living tissue as a whole, in the different species, and to include other 

major cellular components of the tissues. 

How much NO is required to produce the recovery phenomenon? This is an 

important question. In this study we showed that perfusion with 10"^ M SNP after 

histamine suffusion produced comparable venular leakage to that observed after 

perfiision with D-NMMA or HBS-BS A. Thus, the amount of NO that is produced by this 

concentration of SNP appears to be functionally similar to that produced endogenously. 

Mast cells are strategically located adjacent to vessels within microvasculature 

networks. There is a wide heterogeneity in the structure and function of mast ceils that 

has been documented both in vitro and in vivo (Katz et al, 1985). For this reason we used 

the Alcian blue-Safranin method for mast cell staining in order to differentiate between 

the mast cells containing proteoglycan heparin (red) and those with biogenic amines. 



such as histamine, (blue). From the present study, the histological observation of mast 

cell granules revealed that most of the mast cell population in the mesenteric windows 

with well-developed vasculature have blue granules, and few have both red and blue 

granules. However, in small mesenteric windows, with less well-developed vasculature, 

most mast cells contain red granules, and few have both red and blue. These 

observations indicate that the majority of mast cells in well-vascularized windows 

contain biogenic amines. 

Mast cells that were stimulated to release their granules in the presence of 

histamine continued to expel more granules in the absence of NO. Kubes et al (1993) 

reported that 23-30% of mast cells were partly degranulated and, 17.4-31.2% of mast 

cells were fully degranulated after 60 minutes of NO inhibition, whereas we found that 

most of the mast cells were extensively degranulated after IS minutes of NO inhibition. 

The difference between our results and those of Kubes et al (1993) is probably due to the 

combination of histamine and L-NMMA used in our study. Histamine stimulates mast 

cells to release their granules, and in the absence of NO this reactivity continues, causing 

the further loss of granules. A period of IS minutes was not enough time for the mast 

cells to recover from the degranulation and replenish their histamine stores. This was 

indicated by the insignificant difference between the degree of degranulation observed 

after three minutes of histamine treatment alone, and that seen IS minutes later. The type 

of biogenic amines that were released is uncertain. It has been reported that different 

stimuli result in different patterns of mast cell mediator release (Theoharides et al, 198S). 



The increase in venular permeability after histamine application may be due to 

release of mast cell mediators as well as exogenous histamine. However, there Is 

probably not a direct link bettveen degranulation and leak formation, because site of leaks 

did not usually coincide with the exact site of mast cell degranulation (unpublished data). 

In summary we, have found that the venular permeability recovery following the 

histamine challenge was, in part, due to release of nitric oxide. In addition we have 

found that mast cell reactivity is triggered by histamine, and is increased in the absence of 

NO. These results, together, imply that the changes in microvascular permeability 

produced by exogenous histamine are not just a direct response to histamine, since 

histamine also invokes the release of different biogenic amines from mast cells. 
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CHAPTERS 

NITRIC OXIDE PROTECTS VENULES AGAINST 

HISTAMINE -INDUCED LEAKS 

Abstract 

Inflammatory disorders exist in almost every field of medicine. In these cases 

there is an increased production of different inflanunatory mediators, one of them being 

histamine, which is released in the early phase of inflammation. Some of the pro

inflammatory mediators are known to enhance nitric oxide (NO) production, which is 

suggested to serve a protective function. In this study we investigated the protective role 

of NO in the microvasculature under inflammatory conditions. The rat mesenteric 

microcirculation was pre-treated with the NO donor, sodium nitroprusside, (SNP 10"^ M) 

or, Hepes-buffered saline containing 0.5% bovine serum albumin (HBS-BSA) for 15 

minutes, then exposed to histamine (10*^ M) for another three minutes. In another set of 

experiments the microvasculature was treated with histamine (10'^ M) for three minutes, 

or SNP (10"^ M) for 15 minutes. A control group was treated with HBS-BSA for 15 

minutes. The protective role of NO was evaluated in this study by its ability to reduce, or 

prevent, histamine-induced venuiar leaks, and mast cell degranulation. Both area and 

number of venuiar leaks were reduced significantly with SNP pre-treatment, compared to 

both control and histamine groups. Although SNP pre-treatment did not totally prevent 

mast cell degranulation in the presence of histamine, it did prevent further degranulation. 

The results of this study support the protective role of NO in the mesenteric 

microvasculature against histamine-induced leaks in venules. 
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Introduction 

Nitric oxide is a multifunctional molecule with an important role in the relation 

ship between the cells that compose the microvascular environment. Nitric oxide plays a 

significant role in regulating the vascular tone of blood vessels, preventing platelet 

activation (Radomiski et al, 1987), and limiting leukocyte adhesion to the endothelium 

(Kubes et al, 1993). Despite the agreement about the roles of NO described above, its 

role in microvascular permeability is still a controversial issue, especially in 

inflammatory conditions. Different experimental models have been used to clarify the 

role of NO in vascular permeability. There is much evidence that NO increases 

microvascular permeability under specific conditions. On the other hand there are also 

data suggesting that NO maintains a tight barrier function in the microvasculature. The 

role of NO in inflammatory conditions has been evaluated by using NOS inhibitors and 

NO donors by different investigators. It has been found that NO increases microvascular 

permeability under inflammatory conditions in the hamster cheek pouch (Mayhan, 1994), 

guinea pig skin (Paul, 1994), rat skin (Hughes et al, 1990), and isolated porcine coronary 

vessels (Yuan et al, 1993). On the other hand, NO decreases permeability in the cat and 

rat mesenteric microvasculature under inflamed condition due to platelet activating factor 

(PAF) and histamine treatments respectively (Kubes et al, 1995; Baldwin et al, 1998). 

Evidence from a study carried by Hutcheson and colleagues (1990) suggests that NO has 

a protective role against the acute intestinal damage induced by E. Coli 

lipopolysaccharide (LPS). 
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Hence, the role of NO in vascular permeability under stimulated conditions is 

complicated; and further investigation is needed to evaluate the role of NO under 

inflammatory conditions. 

In inflammation, microvasculatur changes are caused by locally released 

mediators, one of which is histamine. Mast cells are the major source of histamine in the 

mesenteric tissue (Metcalfe, 1984). Histamine is known to cause a range of effects at the 

microvascular level, such as arteriolar dilatation, and formation of gaps between 

endothelial cells in postcapillary venules resulting in albumin extravasation (Majno & 

Palade 1961; Wu & Baldwin, 1992). Histamine is also known to increase P-selectin 

expression and leukocyte rolling in vitro (Jones et al, 1993) as well as in vivo (Kubes & 

Kanwar, 1994), both of which are thought to represent inflammation. 

In Chapter One it was shown that NO plays a significant role in decreasing 

venular leaks induced by histamine treatment, and is responsible for the venular 

permeability recovery. Because of our finding that NO facilitates the function of the 

endothelium as a tight barrier, we hypothesized that NO would have a protective effect 

against inflammatory mediators if available prior to the insult. In the present study, the 

possible effects of an exogenous source of NO against histamine induced venular leakage 

were investigated using the NO donor, sodium nitroprusside (SNP). 

Material and Methods 

Surgical procedure and experimental protocol: 
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The animal procedure was similar to that described in Chapter Two and summarized 

here. Male Sprague-Dawley rats (350-4S0g) were anesthetized with an intraperitoneal 

injection of sodium pentobarbital (6mg/I00g). A tracheotomy was performed and the 

animals were ventilated artificially with the aid of the small animal ventilator system 

(SAR-830, the CTP-930 cycle triggered ventilator, Oalcwood Center, Wood Dale, 

Illinois, USA). The flow rate was adjusted to 100 ml/min. A dose of the mast cell 

stabilizer, cromolyn (5mg/kg; Sigma, St Louis, MO) was administered intravenously into 

the jugular vein, followed by another dose 30 minutes latter. The abdomen was opened 

and the open blood vessels were cauterized to avoid any contact of blood with mesenteric 

vessels. Mesenteric windows (3-4) were selected with adequate vascular network and 

spread out flat over a Plexiglas platform and continuously superflised with 37°C HBS (N-

2-hydrocyethyl poperazine N-2-ethanesulfonic acid buffered saline, pH 7.4) solution. 

The superior mesenteric artery was cannulated close to the selected series of mesenteric 

windows and the appropriate bordering arteries and veins were ligated to allow perfusion 

only to these chosen windows. A clamp was placed around the superior mesenteric artery 

near the chosen windows, and then the windows were flushed clear of blood with HBS 

containing lU/ml heparin and 0.5% bovine serum albumin (BSA) at 37°C under an inlet 

pressure of lOOmmHg. Histamine (10*^ M) was suffused over the mesenteric preparation 

for 3 minutes, either alone, or preceded by 15 minutes perfusion of 10*^ M sodium 

nitroprusside (SNP), or HBS-BSA. In a fourth set of experiments sodium m'troprusside 

was perfused alone for 15 minutes. In a fifth set of experiments (control), the mesentery 

was perfused with HBS-BSA for three minutes, and there were 7 am'mals used for each 



treatment. Next, a solution of 0.05% fluorescein thiocyanate (FITC-BSA) was perfused 

and incubated for three minutes. Then, a fixative consisting of 3% formaldehyde in HBS 

was perfused, the portal vein flow outlet clamped, and the fixative allowed to incubate for 

30 minutes under a pressure of 40 mmHg. After fixation, the vasculature was flushed 

with HBS and the mesenteric tissue was excised and mounted on a glass slide with an 

aqueous mounting medium (Vectashield, DAKO). 

Venular permeability: Changes in venular permeability were evaluated by measuring 

the number and area of FITC-albumin extravascularizations. Slides of mesenteric 

windows were visualized under an epifluorescence microscopy (Zeiss Axioplan), and the 

mesenteric venules were scanned and videotaped using a videocamera (Optronix VT 470) 

attached to the microscope. Images of venules were obtained by epifluorescence with the 

suitable FITC excitation filter (X=488) and emission filter (SlSnm), then converted into 

digital images and analyzed by using National Institutes of Health (NSI) Image 1.61. 

The length and the diameter of each venule were measured, as well as the number and the 

area of leaks per venule. Data were pooled within each experimental group and the 

average number of leaks per length of venule, and the average leak area per micrometer 

of venules were calculated. 

Mast cell staining: Slides with mesenteric windows were rehydrated with distilled water, 

then stained with 0.1% Alcian Blue (Sigma) in 0.7N HCl for 30 minutes, rinsed in 0.7N 

HCl and subsequently stained with 0.5% Safi^n O (Sigma) in 0.125N HCl for five 

minutes. They were then rinsed in distilled water, counter stained with 0.1% eosin 

(Sigma) for 30 seconds, and gradually dehydrated in a series of 70, 80, 90, 95%, and 



absolute ethanol. The slides were cleared in xylene and mounted using Xylene Fisher 

Scientific mounting media. This staining procedure was modified from Mayrhofer 

(1980). 

Mast cell counting: A microscopic 100 square counting grid (Carl Zeiss, Germany) was 

used at x200 magnification to count the number mast cell within an area of 0.41mm^ 

around mesenteric venules of diameter (26-50 |im). This area corresponded to the field 

of view of a x20 microscope objective. For each animal (7 animals/treatment) five fields 

were counted. The grid was randomly placed around different venules and the numbers 

of degranulated and normal mast cells were counted. All mast cells were classified 

morphologically as not degranulated, moderately degranulated (10-50% of the granules 

expelled from the cell) or extensively degranulated (50-100%of the granules expelled) as 

described by Tromp et al (1998). All counts were pooled for each treatment and the 

percentage of mast cells were calculated and expressed as percentage number of total 

mast cells. 



Figure (3.1). Experimental protocol. 
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Histamine FITC Fixation Videotaping MC staining 

HBS-BSA FITC Fixation Videotaping MC staining 

3 minutes 3 min 30 min 

SNP Histamine FITC Fixation Videotaping MC staining 

HBS-BSA Histamine FTTC Fixation Videotaping MC staining 

15 min 3 min 3 min 30 min 
• 

SNP FITC Fixation Videotaping MC staining 

15 min 3 min 30 min 



Statistics: Power analysis test was used to determine the number of animals for each 

experiment (Young et al, 1983). Analysis of variance (ANOVA) was used for statistical 

comparison. Significance of difference between pairs of groups was assessed by using 

Student's Mest with P < O.OS considered statistically sigm'flcant, and n equal to the 

number of venules per group. All values are expressed as mean ± SEM. 

The significance of the difference between the proportion of the 

counted mast cells was tested by using the z test with P <0.05 (Bruning, & Kintz, 1997). 

Results: 

From the ANOVA analysis there was a significant difference (P< 0.001) between the 

experimental groups for venular leakage parameters. 

Venular permeability.* Observation of venular leaks by epifluorescence microscopy 

showed that the FlTC-albumin leakage occurred in venules rather than in arterioles or 

capillaries. Very few leaky sites, or no leaks, were noticed within the control (HBS-

BSA), or SNP groups (7 experiments each, n= 82,94 venules respeaively) as shown in 

Figure (3.2A, 3.3B). Venules suffused with histamine for three minutes showed many 

discreet FlTC-albumin leaks (7 experiments, n= 82 venules) as shown in Figure (3.23). 

Preparations perfused with SNP for IS minutes then suffused with histamine for three 

minutes showed very small venular leaks (7 experiment, /i= 94 venules) Figure (3.3 A). 

Perfusion with HBS-BSA for IS minutes followed by histamine for three minutes caused 

venular leaks similar to those of three minutes histamine. Preparations treated with SNP 

alone (3.3 B) for IS min showed, almost, no venular leaks (7 &q)eriments, n= 91). Figure 



(3.4) summarizes the effects of the different treatments on the rat mesenteric venules, 

expressed as the area of FITC-albumin leaks per venule length for each treatment. The 

average leak area per venule length increased significantly (14.19 ± 2.60 (SEM) ^mV{im) 

after three minutes of histamine sufiusion compared to the control value of 3.08 ± 0.95 

for the same time (Table 3.1). Pretreatment with NO donor (SNP) for 15 minutes before 

histamine sufiusion protects the venules against the histamine effect. A significant 

decrease in the average area of leaks occurred (1.06 ± 0.09 compared to 14.19 ± 2.62), 

whereas using the HBS-BSA for 15 minutes before histamine application, did not 

significantly reduced the area of leaks (12.72 ± 1.88). The average number of leaky sites 

per |xm x 10'^ length of venule (Fig. 3.5, Table 3.2) for the control group was 6.64 ±1.19 

which increased significantly to 26 ± 6.38 after three minutes of histamine suffusion. 

Pre-treated venules with SNP for 15 minutes before histamine application, showed a 

small number of leaky sites per length of venule (10 ± 0.001) compared to histamine (26 

± 6.38). The pre-treatment with HBS-BSA for 15 minutes before histamine application 

did not decrease the number of leaky sites (20 ± 0.001) compared to histamine (26 ± 

6.23). However, the number of leaky sites per venule length was decreased significantly 

with SNP treatments (no histamine) (2 ± 0.0003) compared to HBS-BSA (6.64 ±1.19) or 

histamine (26 ± 6.38) groups (Table 3.2). 

Mast cell degranulation.* In the control and SNP groups, 11%, and 9% of the mast cells 

had degranulated respectively, which is similar to previous results from our laboratory 

(Baldwin et al, 1998), and from others (Tromp et al, 1998). In groups treated with 



histamine alone, or pre-treated with SNP, or HBS-BSA for IS nunutes before histamine 

suffusion; a large percentage of degranulation occurred. 

Histamine granules were released from mesenteric mast cells after histamine 

suffusion for three minutes, 91% of, which were degranulated. Pre-treatment of the 

mesenteric tissue with nitric oxide donor (SNP) did not protea mast cells against 

histamine effects, but it did prevent further extensive degranulation. Similar degrees of 

mast cell degranulation occurred in groups pre-treated with SNP (83%) or with HBS-

BSA (88%) before histamine suffusion (Table 3.3). Few granules or no granules were 

release from mast cells in the control group, or in the SNP group. The percentages of 

mesenteric mast cell degranulation are shown in Figure (3.6). There was a significant 

(P<O.OS) difference in the percentage of mast cell degranulation between the control 

group and the other experimental groups that received histamine (with and without SNP 

pretreatment). In control, and SNP groups, 9% and 5% of mast cells were moderately 

degranulated respectively, whereas in the histamine alone group, the SNP and histamine 

and the HBS-BSA group, 31%, 37% and 32% of mast cells, respectively, were 

moderately degranulated (Table 3.3). The percentage of mast cells that were extensively 

degranulated in the control group was 2%, compared to 60% in the histamine group. 

There was a significant difference in the degree of degranulation of degranulated cells 

mast cell between animals treated with histamine alone, or with SNP alone, or SNP 

pretreatment before histamine. Mast cells tended to degranulate extensively after 

histamine treatment, and SNP pretreatment prevents this tendency as shown in table 

(3.3). 
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Figure (3.2): Light micrograph of FITC-albumin leakage (A) Control network of venules 
(arrow) and arterioles (arrowhead) with no leakage. (B) Histamine treatment showing 
venule (arrow) with leaks (big arrow). Bar = 50 ^m. 
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Figure (3.3): Light micrograph of FlTC-albumin leakage (A) SNP+ histamine treatment 
showing venules (arrow) with few small leaks, and arterioles (arrowhead) with no 
leakage. (B) SNP treatment showing venule (arrow) with no leakage. Bar = 50 ^im. 
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Figure (3.4). Average total leak area / fxm venule length 

• Control 
I hfstanine 
• SNPt-H 
OhBS-BSA+H 
iSNP 

* Significant compared to control. 

** Significant compared to histamine. 



Figure (3.5). Average total number of leak / x 10*^ venule length. 

•Control 
Histamine 
SNP+H 

• HBS-BSA+H 
E3SNP 

* Significant compared to control. 

** Significant compared to iiistamine. 



Table (3.1). Area ofleak^m^/^m of venule length 

Experimental groups Mean SEM N P-value-1 P value-2 

Control 3.08 0.95 48 • 0.001 

Histamine 14.19 2.64 82 0.001 • 

SNP + Histamine 1.06 0.093 I S I  0.01 0.001 

HBS-BSA + Histamine 12.72 1.88 77 0.001 NS 

SNP 0.241 0.055 94 0.001 0.001 

N = number of vessels 

NS = Not significant 

P-value-l= significant compared to control. 

P-value-2= significant compared to histamine. 



Table (3.2). Number of leak/^m x 10'^ of venule length 

Eiperimental groups Mean SEM N P-value-1 P value-2 

Control 6.64 1 19 48 - 0.02 

Histamine 26 6.38 82 0.02 -

SNP + Histamine 10 0.001 151 0.001 0.01 

HBS-BSA 4- Histamine 20 0.001 77 0.01 NS 

SNP 2 0.0003 94 0.001 0.001 

N = number of vessels 

NS = Not significant 

P-vaIue-l= significant compared to control. 

P-value-2= significant compared to histamine. 



JFigure. (3.6). Percentage of mast ceil degranuiation 

Control Histamine SNP+H HBS-BSA+H SNP 

• Normal MC • Msderetely degranulated • Gttenslvely degranulated 



Table (33). The percentage of total mast cell degranulation 

Vo of mast cell Normal mast cell Moderately 

degranulated 

Extensively 

degranulated 

Control 89 9 2 

Histamine (H) 9* 31* 60* 

SNP + H 17* 37* 46*# 

HBS-BSA + H 12 32* 56 

SNP 91# 5# 4# 

Significant compared to control (p< 0.05). 

# Significant compared to histamine (p< 0.05). 
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Discussion: 

The process of inflammation is a normal physiological response against any 

physical injury or infectious insult that occurs at the microvascular level. Triggering this 

response under some circumstances can contribute to, or augment, pathophysiological 

events. 

During inflammation histamine is released locally, and its action promotes the 

inflammatory response by disrupting the endothelial barrier function. This effea is only 

manifest for a certain time, after which the endothelial barrier is reconstituted. The 

evidence from our previous study (Al-Naemi & Baldwin, 1999) and from others (Kubes, 

Reinhardt, et al, 1995) suggest that endogenous NO might play a protective role in 

maintaining vascular integrity in pre-inflammatory conditions. The protective effect was 

further investigated in this study by pre-treating with SNP, which spontaneously 

generates NO, and has minimum side efTeas, especially in the absence of the hemoglobin 

(Friedrich et al, 1995). In this study, the vessels were flushed out of blood. The results of 

the present study showed that pretreatment with SNP protects the venules against the 

histamine-induced venular leaks. A dose of 10"^ M SNP was sufficient to inhibit the 

histamine action on the endothelial barrier function. 

A similar protective role of NO in the intestinal vasculature against LPS damage was 

reported by Boughton-Smith et al (1990). Later, other supportive results were reported 

using the feline mesenteric microvasculature by Kubes, Reinhardt et al (1995). They 

found that co-application of NO and platelet-activating factor (PAF) reduced the PAF-

induced rise in microvascular permeability. Also, nitric oxide has a protective role in the 



ischemia/reperfusion onset of the small bowel. Intra-arterial infusion of L-arginine, the 

substrate for NO production, at the onset of reperfusion protected the intestine from post-

ischemic injury (Kubes, 1993; Aoki et al, 1990). Nitric oxide was found to be beneficial 

in the cardiac model of ischemia-reperfusion injury, (Siegfried et al, 1992). However, a 

study carried by Noel et al (1995) implicated that NO is involved in inflammation-

induced increases in microvascular permeability. In this study by Noel et al, the hamster 

cheek pouch was used to assess the role of NO in changes of microvascular permeability 

that occurred during inflammation. Nitric oxide production was inhibited 10 minutes 

before co-application of two inflammatory mediators; platelet-activating factor (PAF), 

and histamine. They found that inhibition of NO attenuated the increment in 

microvascular permeability induced by PAF and histamine. The opposing roles of NO in 

our study, and in that by Noel et al and his collaborators may be related to the use of a 

different animal model, or to the anatomical location of the treated tissues. It is more 

likely that the hamster cheek pouch responds differently to NO than does the rat 

mesentery. Another explanation for the dispute in the role of NO in the different 

microvascular beds might be related to the signaling mechanisms downstream of NO 

production. Recently, Lakshminarayanan et al (1999) reported that human umbilical vein 

endothelial cells (HUVECs) produced NO in response to both shear stress and vascular 

endothelial growth factor (VEGF). Then the NO activates cGMP, which is believed to 

cause the decline in the hydraulic conductivity (Lp). Also the bovine aortic endothelial 

cells (BAECs) induced NO in response to both shear stress, and VEGF, but there was not 

sufficient cGMP available to prevent the increase in Lp. It should, however, be noted 
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that the histamine-induced increase in venular permeability could be exacerbated in the 

rat mesenteric microvasculature with the NOS inhibitor (L-NMMA), as reported in 

Chapter Two. The data from Chapter Two suggests that nitric oxide is still produced 

during three minutes of histamine suasion and works to limit the histamine-induced 

increament in venular permeability. 

During inflammatory conditions macromolecular extravasation occurs via 

paracellular pathway that is mainly correlated with gap formation and dissociation of 

intercellular junctions between adjacent endothelial cells (Lum & Malik, 1994). It has 

been shown that gap formation in general is associated with both the dissociation of the 

actin dense peripheral band and the reorganization of actin filaments and associated 

proteins (Lum & Malik, 1994; Baldwin et al, 1998; Schnittler, 1998). With respect to 

our findings, the protective effert of SNP in this study could have occurred via 

stabilization of the endothelial intercellular junctions and reduction of gap formation. 

This idea is consistent with our observation that SNP alone sigm'ficantly reduces the basal 

endothelial leakage below the control level. 

On the other hand, the protective effect of SNP could have resulted from the 

scavenger property of NO against reactive oxygen species (ROS). Nitric oxide acts as a 

scavenger of the free radicals (Stroes et al, 1998), and the protective effect could be 

related to the fact that NO scavenges the reactive species before they reach the 

endothelial cell and cause the damage, or signal to open paracellular pathways. 

In these experiments, ROS could be generated from mast cells, since in this 

experiment, and those that have been described in Chapter Two, the vessels were cleared 
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of neutrophils. The pretreatment with SNP makes NO available when ROS are released 

during mast cell degranulation, which is caused by the histamine application. As shown 

in Chapter Two, that histamine causes mast cell degranulation and SNP prevents further 

degranulation, whereas L-NMMA aggravates the release of mast cell granular contents. 

All the above the results suggest that a basal level of NO release in the micro vasculature 

may act as an oxidant scavenger to maintain the normal endothelial permeability and 

reduce mast cell reactivity. 

Nitric oxide has been reported to be a depressor of mast cell reactivity both in 

vitro and in vivo. Data collected from the in vitro study have shown that inhibition of NO 

synthesis increases histamine release from activated mast cell (likura et al, 1998). In 

vivo, the NO donor, spermine-NO, was found to reduce mast cell reactivity (Gaboury et 

al, 1996). Although the present study showed that SNP has a protective effect against 

histamine induced leaks, it did not prevent histamine-induced mast cell degranulation. 

The failure of NO to prevent mast cell degranulation was unexpected, since it has been 

reported to be efficient in inhibiting fiuther mast cell degranulation after histamine 

challenge (Al-Naemi & Baldwin, 1999). Also there was a failure of disodium 

cromoglycate, the connective tissue mast cell stabilizer, to prevent mast cell 

degranulation in the presence of histamine, whereas we found it effective in 

uninflammatory mesenteric preparations (Al-Naemi et al, 1997; Baldwin et al, 1998). 

These data indicate, that both NO, and mast cell stabilizers, are less than effective in 

preventing mast cell degranulation in the presence of histamine. It is likely that mast 

cells express high-affinity receptors for histamine that cause spontaneous or regulated 
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release of the granule contents. The present study clearly showed that the protective 

effect of NO directly affects the endothelial cells and may act through a mechanism 

controlling the cytoskeleton and cell junctions. 

In conclusion, the present data demonstrate that exogenous NO protects the 

microvasculature against histamine leaks and maintains the integrity of endothelial 

barrier function, whereas it is less efifective in reducing mast cell reactivity in the 

presence of histamine. 



95 

CHAPTER 4 

ENDOTHELIAL NITRIC OXIDE SYNTHASE LOCALIZATION 

Abstract 

The subcellular localization of endothelial nitric oxide synthase (eNOS) in 

venular endothelial cells of rat mesenteric microvasculature was examined using an 

immuno-fluorescence technique at the light microscopic level and an immuno-gold 

technique at the electron microscopic level, both in control, and in inflammatory 

conditions of histamine treatment. Cryosections of mesenteric venules, under the 

fluorescence microscope, revealed distinct eNOS labeling of the endothelium. The 

specific site of fluorescence labeling was not distinguishable in the individual endothelial 

cells. Higher resolution, using the immuno-gold staining procedure, revealed that eNOS 

is localized at the cell surface, in the cytosol, and at peri-nuclear sites in individual 

venular endothelial cells under control conditions. Three minutes of histamine (lO'^M) 

treatment shifted eNOS localization to the cell surface. These results suggest that 

endothelial nitric oxide synthase, and thereby m'tric oxide production, are subjected to 

regulation under inflammatory conditions. 

Introduction 

The first demonstration of the existence of endothelial relaxing factor (EDRF) 

was made, by Furchgott and Zawadzkin in 1980. They noticed that rabbit aortic rings 

relax in response to acetylcholine only in the presence of an intact endothelium. Later 



on, the endothelium-derived relaxing factor was recognized to be nitric oxide (NO) 

(Palmer et al, 1987). 

Nitric oxide is synthesized from L-arginine by the enzyme nitric oxide synthase 

(NOS) (Palmer et al, 1988). Several isoforms of NOS have been described. Endothelial 

NOS (eNOS), neural NOS (nNOS), and macrophage NOS (iNOS). Both eNOS, and 

nNOS are constitutive enzymes, which means their activation does not require new 

protein synthesis. The constitutive NOS isoforms are Ca^V calmodulin-dependent. The 

inducible isoform (iNOS) is produced upon activation by bacterial lipopolysaccharides 

(LPS) or cytokines, and is Ca^^-independent. Different kinds of cells express iNOS, 

including endothelial cells, vascular smooth muscle cells, and macrophages. The 

constitutive endothelial nitric oxide synthase (eNOS) is transiently activated by an 

increase in intracellular calcium induced by activation of diverse G-protein-coupled cell 

surface receptors. 

The molecular mass of eNOS is 13S kDa. Endothelial nitric oxide synthase is 

present as a homodimer protein in its active form. Each polypeptide is consist of an N-

terminal heme-contaim'ng oxidase domain and a C-terminal reductase domain with a 

recognition sequence for the binding protein calmodulin (CaM) located between the 

two domains (Stuehr, 1997). The nucleotide NADPH reduces the flavin component 

(FAD, FMN) of the reductase domain. Calcium/ calmodulin is necessary for electron 

transfer to the heme group to reduce oxygen, which is used to oxidize L-arginine to NO 

and citrulline. Endothelial nitric oxide undergoes post-translational acylation at the N-

terminal, which appears to be essential for anchoring the enzyme to the cell membrane. 



Phosphorylation is another post-translational mechanism of regulation that eNOS is 

subjected to. Tyrosine phosphorylation of eNOS was detected in bovine aortic 

endothelial cells (Garcia-Cardena et al, 1996). Endothelial NOS is characterized as a 

membrane associated protein (Pollock et al, 1991), that is targeted to a specific 

particulate subcellular fraction. The identity of the specific subcellular organelle(s) to 

which eNOS is targeted has been a point of dispute. Recently it has been resolved by the 

discovery that eNOS is localized to plasmalemmal caveolae (Feron et al, 1996). 

Caveolae are present as small invaginations (SO-lOOtmi) in the plasma membrane 

of many tissues, and are characterized by the presence of a transmembrane protein called 

caveolin (Parton, 1996). In endothelial cells, up to 10,000 caveolae per cell have been 

reported by Simonescu and Simionescu (1983). They are localized in close proximity to, 

or attached to, plasma membrane. The caveolae have been proposed to serve three major 

functions; first; to shuttle molecules across endothelial ceils (transcytosis), second; to 

take up small molecules by a process called pinocytosis, and third; to sequester signaling 

molecules (Travis, 1993). As evidence exists in favor of all these functions, the role of 

caveolae may be to integrate signal transduction with vesicular transport processes. 

Many signaling proteins such as protein kinase C (PKC), G-proteins, and 

phospholipases undergo intracellular translocation following their activation (Anderson, 

1993; Li et al, 1995). They may migrate from membrane to cytoplasm, from cytoplasm 

to membrane, or from one membrane compartment to another. Translocation may 

promote desensitization of the signaling response for another protein or may bring 

together interacting proteins. These subcellular migrations may be regulated by 



reversible protein palmitoylation, phosphorylation, or protein-protein interactions. The 

endothelium nitric oxide synthase can be regulated by all of these processes. However, 

the subcellular localization of eNOS is controversial. Previous evidence has shown that 

eNOS is localized at Golgi compartments (Sessa et al, 1995; Liu et al, 1997). Other 

studies have shown that ^OS is targeted to plasmalemmal caveolae (Shaul et al, 1996). 

The targeting of eNOS to plasmalemal caveolae is dependent upon palmitoylation of the 

enzyme. Palmitoylation is a posttranslational modification of eNOS by adding the 

saturated tatty acid palmitate. The palmitoylation -deficient eNOS fails to be targeted to 

caveolae (Shaul et al, 1996). 

The regulation of eNOS subcellular localization by the palmitoylation process 

may have important functional consequences. Palmitoylation of eNOS and its reversible 

targeting to plasmalemal caveolae may serve as a major control point for the regulation of 

NO biological activities in the vasculature. In fact, Liu et al (1996), have shown that 

palmitoylation and caveolae localization of eNOS optimize its ability to produce NO. It 

is likely that the milieu of the caveolae is rich in eNOS substrates (L-arginine, NADPH, 

O2), and cofactors (Ca^\ tetrahydrobiopterin, and calmodulin). McDonald et al (1997) 

reported that arginine transporter (CATl) is localized in caveolar plasma membrane of 

the pulmonary artery endothelial cells (PAEC). The presence of calmodulin in purified 

caveolae has been reported by Shaul, et al (1996). Moreover, the caveolar localization of 

eNOS may be necessary for its acute regulation, by intralumenal regulatory molecules, 

since signaling molecules such as G-protein coupled receptors, and PKC, are also 

concentrated in the caveolae (Anderson, 1993). In addition, it is documented that 
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membrane cholesterol Is essential for normal caveolar function (Chang et al, 1992). 

Therefore, changes in cholesterol level may indirectly influence NO production and 

contribute to the pathology of the vasculature. 

In resting endothelial cells, eNOS appears to be inhibited by its protein-protein 

interactions with the scaffolding protein of the caveolae, caveolin. It was demonstrated, 

from endothelial cell lysate, that eNOS co-immunoprecipitates with caveolin (Feron et al, 

1996 & 1998). This interaction between eNOS and caveolin inhibits eNOS catalytic 

activity (Ju et al, 1997). The interaction between eNOS and caveolin is regulated by 

Ca^^-calmodulin complex. Michel et al (1997) have shown that the addition of 

calmodulin disrupts the interaction between eNOS and caveolin, in a Ca^^ dependent 

manner, and enhances the enzyme activity. 

Recently, in vitro biochemical studies have enriched the literature with data 

concerning the regulation of eNOS under stimulating conditions. Stimulation of bovine 

aortic endothelial cells (BAEC), with bradyldnin promotes caveolin dissociation from 

eNOS and calmodulin binding to eNOS (Feron et al, 1998). Moreover, quantitative cell 

imaging approaches have provided additional data on eNOS cellular localization, 

showing that bradykinin induces translocation of eNOS from the plasmalemmal to 

intracellular sites close to the nucleus (Prabhakar et al, 1998). Similar results were 

obtained by using the same cell line (BACE) treated with estradiol for five minutes. 

Estradiol provoked ^OS translocation from the membrane to intracellular sites close to 

the nucleus, whereas application of estradiol for 60 minutes caused most of the eNOS to 

return to the cell membrane (Goetz et al, 1999). The previous in vitro data established 



100 

that eNOS can be targeting to the endothelial cell membrane and is subjected to Ca^^-

dependent regulation. 

There is a lack of in vivo information about the localization of endothelial nitric 

oxide synthase under normal and stimulating conditions. The only in situ study to date is 

one that was carried by O'Brien et al in 199S to determine eNOS localization in vascular 

endothelial cells. They found that the immunoreactivity of eNOS was located in Golgi 

apparatus and within the membranes of some vesicles. All of the above findings suggest 

that eNOS subcellular localization is dynamically regulated. The following study was 

performed to explore the localization of eNOS in endothelial cells, under resting and 

stimulated conditions, by using a technical approach more sensitive than that used by 

O'Brien and his colleagues in 199S. The immuno-electron staining technique was used to 

target specifically eNOS inside individual endothelial cells, at the ultrastructural level. 

Material and methods: 

Surgical procedure and experimental protocol: 

The number of animals in the immuno-flourescence microscopic study was seven in each 

of the control and the histamine groups. In the immuno-gold microscopic study the 

number of animals was three each in the control and the histamine groups. 

Animal surgery was similar to that described previously. Male Sprague-Dawley rats 

(3S0-4S0g) were anesthetized with an intraperitoneal injection of sodium pentobarbital 

(6mg/100g). A tracheotomy was performed and the animals were ventilated artificially at 

a flow rate of 100 ml/minute. A dose of the mast cell stabilizer, cromolyn (Smg/kg; 
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Sigma, St Louis, MO) was administered intravenously into the jugular vein, followed by 

another dose 30 minutes latter. The abdomen was slit along the linea alba, and the open 

blood vessels were cauterized to avoid any contact of blood with mesenteric vessels. 

Mesenteric windows (3-4) were selected on the basis that they had an 'unbroken' 

adequate vascular network lying between adjacent pairs of traversing arteries and veins. 

The chosen windows were spread out flat over a Plexiglas platform and continuously 

superfused with 37°C HBS (N-2-hydrocyethyl poperazine N-2-ethanesulfonic acid 

buffered saline, pH 7.4) solution. The superior mesenteric artery was cannulated close to 

the selected series of mesenteric windows and the appropriate bordering arteries and 

veins were ligated to allow perfusion only to these chosen windows. A clamp was placed 

around the superior mesenteric artery near the chosen windows, and then the windows 

were flushed clear of blood with HBS containing lU/ml heparin and 0.5% bovine serum 

albumin (BSA) at 37'C under an inlet pressure of 100 mmHg. Histamine (10'^ M) was 

suffused over the mesenteric preparation for three minutes, then washed away with HBS. 

In another set of experiments (control) the mesentery was perfused with HBS-BSA for 

three minutes. In both cases, the mesenteric tissue was then excised and snap-fi'ozen in 

iso-pentane which was pre-cooled (- HO'C) for 20 minutes in liquid nitrogen, then stored 

at -80*C until further processing for immuno-fluorescent and immuno electron 

microscopy. 

Endothelial nitric oxide immuno-localization: 

Immuno-fluorescence microscopy: Frozen sections of S|im thickness were cut using a 

cryocent microtome (American Optical Corporation), and air dried for 30 minutes. The 
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cryosections were fixed in 2% paraformaldhyde in calcium, and magnesium-free 

phosphate buffered saline (CMF-PBS), pH 7.4 for 10 minutes, followed by three 5-

minutes washes in CMF-PBS. Then the tissues were extracted with CSK buffer for 10 

minutes on ice. CKS buffer contains 0.02% Triton X-100, lOmM Pipes (pH 6.80), 

50mM NaCl, 300mM Sucrose, and 3 mM MgClj. as described by Wong et al (1999). 

After extraction, the tissues were washed three times in PBS, each for S minutes, then 

blocked with 2% bovine serum albumin (BSA), 1% goat serum and, 0.25% casein in 

CMF-PBS for 30 minutes. Primary mouse monoclonal antibodies (anti-eNOS 1: 1000) 

(Transduction Laboratories, Lexington, KY.USA) were added and incubated overnight at 

4'C. The negative control sections were incubated overnight with mouse serum (MOPC-

21). The sections were then washed 3 times each for 5 minutes in 1% BSA in 0.15M 

phosphate buffer saline (PBS), then incubated with Cy3-conjugated secondary antibodies 

(1:1000, Jackson Immunoresearch Laboratories, West Grove, PA. USA) for one hour. 

Then the tissues were washed three times, each for S minutes, and mounted with 

Vectashield and examined under an epifluorescence microscope (Zeiss Axiopan). 

Iinmuno*gold electron microscope: This procedure was modified fi'om Schmelz et al 

(1998). Cryosections (5(im) were fixed in freshly prepared 4% paraformaldhyde in 

O.ISM phosphate buffer (PBS) for IS minutes. Ammonium chloride (50 mM in PBS pH 

7.4) was used to remove any firee aldehyde, followed by three washes in PBS, each for 10 

minutes. Nonspecific binding was blocked with 2% BSA, 1% goat serum, 0.02 Triton X-

100 in PBS for 10 minutes, then the tissues were washed three times each for 5 minutes 

with PBS. Tissues were incubated with the primary antibodies (anti-eNOS 1:100 
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or, MOPC 21, 1:100), overnight in a humid chamber at 4*C. Unbound antibodies were 

washed away with 1% BSA in PBS, 3 times each for S minutes. Secondary antibodies 

(1;S0), goat anti-mouse IgG (H+L) conjugated to 6nm colloidal gold particles (Jackson 

Immuno Research Laboratory, Inc, West Grove, PA, USA) were used to detect the 

primary antibodies, and incubated overnight in a humid chamber at 4*C. After three 

rinses in PBS, slides were post-fixed in 2.5% glutardhyde in 0.015M sodium cacodylate 

buffer, pH 7.4, for 15 minutes, followed by 0.2% osmium tetroxide for 30 minutes. After 

fixation, slides were washed in water then dehydrated in ascending series of alcohol, and 

incubated in propylene oxide for 30 minutes. The tissues were embedded flat in 1:1 

propylene- Epon overnight followed by embedding in Epon for 48 hours at 65*C. 

Ultrathin sections were cut and loaded on grids, and then stained with lead citrate for 35 

seconds, rinsed in water, dried, and examined under a transmission electron microscope 

(EM). The numbers of gold particles were counted from the EM micrographs for both 

control and histamine groups as number of particles per ^ length of endothelial ceil 

surface, and statistically compared using /-student test. Values are expressed as mean ± 

standard error of the mean (SEM). 

Results: 

Immuno-fluoresence microscopy: 

The immuno-fluoresence localization of eNOS was determined in thin cryosections of rat 

mesenteric venules in both control (14 sections, 2 from each animal) and histamine (14 

sections) groups. Venules were distinguished from arterioles by the thin muscular layer 
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and by the absence of the elastin fibers that auto-fluorescent at FITC filter. 

Immunolabeling with eNOS monoclonal antibodies was observed to be restricted on the 

endothelial layer of mesenteric venules in both control (Fig.4.1A) and histamine groups 

(Fig4.2A.). No immunoreactivity was observed with the non-specific antibodies 

(M0PC21) in the control (Fig. 4. IB), and the histamine (Fig4.2B) groups. Although the 

eNOS immunoreactivity was restricted to the endothelium, it was difficult to determine 

the specific location inside the individual endothelial cell. 
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Figure (4.1). Fluoresecent micrograph of eNOS immunoreactivity of the control group. 
A transfer cryosection (S^m) of venule; (A) positive eNOS immunoreactivity is 
concentrated in endothelial cell layer (arrow); (B) negative control (M0PC21), no 
imunoreactivity is visible in the endothelial cell layer. Bar = 50 iim 
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/-

Figure (4.2). Fluoresecent micrograph of eNOS immunoreactivity of the histamine 
group. A transverse cryosection (5^m) of venule of; (A) positive eNOS immunoreactivity 
is concentrated in endothelial cell layer (arrow); (B) negative control (M0PC21), no 
immunoreactivity is visible in the endothelial cell layer. Bar = SO fim 
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Immuno-gold electron microscope: Eighteen grids (six from each animal) were 

examined under the transmission microscope for the control group, and IS grids (Five from 

each aimal) for the histamine group. Immunoelectron microscopy, using frozen tissue 

sections and the pre embedding immunogold electron microscope technique, showed a 

specific reaction of eNOS antibodies, and diat there was a clear difference in eNOS 

localization between control and histamine groups, whereas no such reactivity was 

observed in the negative control. 

In the control group, eNOS was localized at the cell surface (Fig. 4.3 A 

arrowhead), at sites in the cytoplasm (Fig.4.3 A, arrow), and at peri-nuclear sites (Fig. 4.3 

B, star). In the histamine group, eNOS was mostly localized on the ceil surface as shown 

in Figure 4.4, (arrowhead). 

Quantitative immuno-gold electron microscope: The number of gold particles bound 

to endothelial nitric oxide synthase (eNOS) per ^m length of venular endothelial cell 

surface was found to be significantly different (p< 0.01) between control and histamine 

groups. More eNOS was translocated to the cell surface afrer histamine sufriision 

(14.21± 1.06, Mean ± SEM) compared to the amount found on the cell surface under 

control conditions (3.70 ± 0.23), as shown in table 4.1. 

Table 4.1. The number of gold particles/^m length of cell surface 

Control 
Mean ± SEM 

n=6 

Histamine 
Mean ± SEM 

n=9 

3.70 ±0.23 14.21 ± 1.06 
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A 

Figure (4.3). Immunolocalization of eNOS in venular endothelial cell by transmission 
electron microscope under control condition. eNOS is detected at the cell surface (A, 
arrowhead), at cytoplasmic sites (A, arrow), and at peri-nuclear sites (B, star). 
Bar=1.3^un. 
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Figure (4.4). Immunolocalization of eNOS in venular endothelial cell by transmission 
electron microscope under three minutes of histamine treatment. eNOS is detected at the 
cell surface (arrowhead). Bar=1.3^m. 
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Discussion: The nitric oxide synthase (NOS) family of proteins is a class of enzymes 

that converts L-arginine to nitric oxide (NO) and L-Citrulline. Three isoforms of NOS 

have been identified, neural (nNOS), macrophage (iNOS), and endothelial (eNOS). 

Endothelial nitric oxide synthase is unique among the other NOS, because it has a 

myristolation site at the N-terminal, which subjects it to regulation and targeting. It has 

been established that eNOS is dually acylated by N-myristolyation (incorporation of 

myristic acid) and cystein palmitoylation (incorporation of palmitic acid) (Liu et al, 

1996). Myristolyation is necessary for eNOS membrane association (Sessa et al, 1993), 

whereas palmitoylation is necessary for caveolar localization (Shaul et al, 1996). Recent 

accumulating evidence fi-om both in vitro and in vivo studies have demonstrated that 

eNOS is localized to the Golgi apparatus (Liu et al, 1997), as well as to the caveolae in 

the plasma membrane (Feron et al 1996; Garcia-Cardena et al, 1997), which suggests 

that enzyme location is a regulator of its function. 

This study revealed, for the first time, the ultrastructural localization of 

endothelial nitric oxide (eNOS) inside individual venular endothelial cells under the 

inflammatory condition of histamine treatment. The results demonstrated, with the 

immunogold reactivity, that eNOS localization is influenced by histamine treatment. It is 

found that eNOS is localized at the cell surface, at cytosolic, and perinuclear sites in 

resting venular endothelial cells. This eNOS localization pattern is changed, and shifted 

to the cell surface due to the histamine insult. These findings are important for several 

reasons. First, they are in situ rather than in vitro findings; second, eNOS has been 

localized inside individual venular endothelial cells, whereas other in situ studies have 
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localized eNOS at Golgi apparatus in arterial endothelial ceUs (O'Brien et al, 1995), and 

at luminal surface of the vascular endothelial cell in general (Rizzo et al, 1998). Third, 

these findings have clarified the role of nitric oxide in inflammatory conditions, and the 

accompanying changes in venular permeability. This high-resolution immunogold 

reactivity allowed a specific immunolocalization of eNOS inside the venular endothelial 

cell. There was no such immuno reactivity with the non-specific antibody (M0PC21) 

that does not recognize any protein inside the venular endothelial cell. It was previously 

reported from in vivo experiments, that endothelial NOS is largely expressed at the 

arterial side and to a lesser extent at the venular side of the vasculature (O'Brien et al, 

1995; Andries et al, 1997). Unfortunately these two studies localized eNOS only in the 

arterial endothelial cells, and did not localize it in the venular endothelial cells at the 

electron microscopic level. 

The immuno-fluorescent staining of eNOS in the present study strildngly labeled 

the endothelium in both venules and arterioles. The objeaive of this study was to 

localize eNOS inside the venular endothelial cells in order to investigate its role in 

venular permeability. For this reason the higher resolution technique was performed with 

venules only. The venules were identified by the absence of smooth muscle cell 

underneath the endothelium. 

It has been assumed that the basal NO release plays a role in modulating 

microvessel permeability different from that of increased NO production in the presence 

of inflammatory agents. It was found that inhibition of the basal level of NO increased 

microvascular permeability whereas inhibiting NO under inflammatory conditions 
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attenuated microvascular permeability (He et al, 1997). However, the results of the 

present study showed that under inflammatory conditions, eNOS is localized on the cell 

surface for further NO production, and that NO is protective as we demonstrated in 

chapter two. The surface localization of eNOS has been reported to be associated with 

both increased eNOS activity and NO production (Rizzo et al, 1998; Peterson et al 1999). 

The finding of the present study demonstrated that more eNOS was relocalized at 

the cell surface due to the histamine treatment. However, it was not possible to 

demonstrate that eNOS was targeted to the cell surface from the cytoplasmic sites of the 

control conditions. Relocalization of eNOS to the cell surface during histamine treatment 

could be regulated by mechanisms that would involve post-translational modifications of 

eNOS; one of them is palmitoyiation which is required for eNOS targeting to caveolae 

and to the cell surface (Shaul et al 1996, Sowa et al 1999). In control venular endothelial 

cells, eNOS was localized in cytoplamic regions, suggesting that it was missing the 

targeting signals (palmitic acid) for the cell surface, whereas in histamine stimulated 

venular endothelial cells, eNOS was found at the cell surface, which suggested that it had 

been palmitated. Shaul et al 1996 reported that palmitoyiation is very important to direct 

eNOS to caveolae and to the cell surface, and prevention of palmitic acid incorporation in 

site directed mutagensis experiments converts the membrane-associated eNOS to a 

cytosolic form. The palmitoyiation and the surface caveolar localization are found to be 

associated with the optimum NO production (Liu et al 1996). 

Endothelial NOS activity can also be regulated by other post-translational 

mechanisms, besides palmitoyiation, such as changes in intracellular levels of Ca^ and 



114 

the interaction with a Ca"^ /calmodulin complex with caveolin-1 (Feron, 1999), and 

phosphorylation of eNOS. It has been proposed that tyrosine phosphorylation of eNOS 

may regulate Ca^-independent NO production in response to fluid shear stress (Ayajiki, 

et al, 1996). Recently Garcia-Cardena et al (1998) suggested that heat-shock protein 90" 

(Hsp90) may act as an allosteric modulator of eNOS. They found that in cultured bovine 

microvascular endothelial cells Hsp90 facilitates eNOS activation by forming a 

heterocomplex with eNOS after stimulation with histamine, VEGF, and fluid shear stress. 

The surface localization of eNOS under control conditions could be for the 

production of NO at the basal level, whereas the rapid increase in eNOS trafflcking to the 

cell surface, following a histamine insult, suggests at least two other possibilities. First: 

the need of NO as a protective molecule to provide endothelial proteaion and recovery 

during and after histamine, injuries. Second: the increase in NO production is not 

regulated at the transcriptional level via iNOS. The protective effect of NO against 

histamine induced venular leaks could be related to NO as a molecule, or to eNOS as a 

protein, that could do more than NO production, or both. The results in Chapter Three 

demonstrated clearly that NO protected venules against histamine-induced leaks. The 

protective effect(s) of NO or eNOS may be mediated by at least three parameters. The 

first is inactivation of histamine receptors. It is well documented that histamine receptors 

are found in venules in parajunctional regions (Heltianu et al, 1984). Nitric oxide may 

bind to cytosolic, or integral, proteins(s) of the histamine receptor and cause a 

conformational change that will lead to receptor inactivation. It has been reported that a 

tachyphylactic response occurs after histamine application. The venules do not respond 
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to more histamine, and the permeability recovers after a certain time (Fox et al, 1998, Wu 

& Baldwin, b). The results in Chapter Two demonstrated the importance of the presence 

of NO during the permeability recovery period. 

Second: the nitric oxide molecule or eNOS could bind to a specific junctional 

protein and stabilize it. According to data on perfused human placental microvessels, the 

immunoreactivity pattern of the cell adhesion proteins is altered after histamine injury, 

which led the investigators to hypothesize that histamine induces partial junctional 

disassembly (Leach et al, 1995). In a very recent study an investigator (Sowa et al, 1999) 

used wild type eNOS linked to green fluorescent protein (WT-eNOS-GFP), and 

palmitoylation mutant eNOS (C15S/C26S-eNOS-GFP) to transfect the endothelial cell 

line ECV304 (Sowa et al, 1999). One of the most interesting findings of this study was 

that WT-eNOS-GFP was concentrated in cellular junctions, and lightly distributed on the 

cell surface. On the other hand, the palmitolyation mutant eNOS was completely absent 

at junctional sites and was distributed at the peri-nuclear region and sub-plasmalemmal 

membrane of the cell membrane. Therefore, the localization of eNOS in the plasma 

membrane was dependent on the palmitoylation state. This localization of eNOS in the 

cellular junctions pointed to some kind of association/interaction between the palmitated 

eNOS protein and the junctional sites. It is be possible that the junctional localization of 

eNOS is dependent on protein-protein or protein -lipid interaction. This kind of 

interaction may stabilize the junctional protein, signal, or trigger a signal(s) that will 

regulate the junctional proteins, and the paracellular pathway. 
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Third: nitric oxide is involved in rearrangement of the cytoskeleton indirectly 

through activation of intracellular signal transduction pathway(s) that regulate such 

mechanism(s). A number of signal transduction pathways are involved in the regulation 

of endothelial cell permeability and maintenance of their barrier function. The 

endothelial cytoskeletal network has been reported to be subject to changes in cyclic 

nucleotides, protein kinase C activation, and calcium (Hoek, 1992). The interaction 

between these different pathways is not well known. It has been found that histamine 

treatment is associated with both the disruption of the peripheral actin cytoskeleton of 

venular endothelial cells and intercellular gap formation (Baldwin & Thruston, 199S, Wu 

& Baldwin, 1992). The dense peripheral band (DPB) of the actin cytoskeleton is found at 

the cytoplasmic face of endothelial cells and along the junctional borders of adjacent 

endothelial cells connecting the tight and adherence junctional complexes. The DPB 

main components are, filamentous actin (F-actin), and a-actinin, which are considerably 

disintegrated after endothelial cell activation by inflammatory mediators and therefore 

might regulate the different association between the different types of the junctional 

proteins (Schnittler, 1998). 

Recently Zech et al (1998) demonstrated that in the rat retinal pigment epithelium 

(RPE) the tight junction is a dynamic structure that is subjected to rapid modulation in 

response to the combined effect of platelet activating factor (PAF), and interferon y (INF 

y). They observed simultaneous redistribution of F-actin and disorgam'zation of the tight 

junction structure with LPS and INF y combination. Also they found that the addition of 
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NO donor (SIN-1) maintained the ZO-1 (tight junction protein) and F-actin 

immunostaining. 

One of the intracellular targets for NO is the nucleotide ,GMP. Nitric oxide binds 

to the heme group of, and initiates the production of, cGMP and the consequent 

activation of cGMP protein kinase, which is believed to phosphorylate cellular protein(s) 

and decrease endothelial permeability (Draijer et al, 199S). Evidence showed that cGMP 

played an important role in reducing endothelial cell permeability, both under basal and 

thrombin stimulated conditions (Westendrop et al, 1994). 

Cyclic Adenosine mono-phosphate (cAMP), and the allosteric activation of 

cAMP-dependent protein idnases, are involved in phosphorylation of a variety of 

cytoskeletal proteins (Vallee et al, 1983). It has been suggested that cAMP may affect 

actomyosin-initiated contraction of the endothelial cytoskeleton through myosin light 

chain protein (MLC20) (Hinsbergh, 1997). Moreover, cAMP has been reported to 

preserve endothelial cell barrier function by suppressing phosphorylation of MLC20. 

Histamine has been found to increase MLC20 phosphorylation in human umbilical vein 

endothelial ceils (Moy et al, 1993). 

Therefore cytoskeletal organization and endothelial permeability are may be 

regulated through interactions among intracellular levels of, nitric oxide, calcium, cAMP, 

cGMP, and other protein kinases. The interaction could be very complex and regulate the 

paracellular pathway at different levels of intra/extracellular stimulation. 

In conclusion, the present study demonstrated that histamine regulates the cellular 

localization of the endothelial cell nitric oxide synthase. 
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GENERAL CONCLUSION 

This dissertation research was performed to study the role of nitric oxide in the 

permeability recovery after histamine treatment. Four hypotheses were proposed in an 

attempt to investigate this role. First it was hypothesized that nitric oxide is responsible 

for the permeability recovery after histamine challenge. Therefore venular permeability 

was induced by suftusion of the mesenteric microvasculature with histamine for three 

minutes, followed by inhibition of nitric oxide production (L-NMMA) for 15 minutes, 

which is the duration of the recovery period that normally follows histamine suffusion. It 

was found that inhibition of nitric oxide during the recovery period prevented the venules 

from returning to control conditions and significantly increased their permeability above 

the histamine-induced permeability. This effect was due to NO production inhibition 

rather than the eftect of the inhibitor compound because the inactive form of the inhibitor 

(D-NMMA) did not have such effect. These resuhs suggest that m'tric oxide may tighten 

the endothelial barrier either directly, or indirectly, by stimulating a signal cascade that 

returns the venules to their normal state. Therefore, if nitric oxide has such property it 

would be expected that it would protect endothelial cells against histamine induced-

leakage, and this was the second hypothesis. In order to test the second hypothesis the 

mesenteric microvasculature was pre-treated with the m'tric oxide donor (SNP) for 15 

minutes, then suffused with histamine. It was found that NO did in fact prevent the 

increment in venular permeability that usually follows histamine suffusion. These results 

again support the role of nitric oxide in maintaining the integrity of the barrier function. 
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The results that support the previous two hypotheses point clearly to the role of nitric 

oxide in regulating venular permeability. Nitric oxide may also play an indirect role 

during the recovery period by stabilizing mast cells and preventing the release of other 

inflammatory mediators. Therefore, in the third hypothesis, I proposed that histamine 

stimulates mast cell degranulation, and that nitric oxide down regulates their activity. 

The behavior of mast cells was evaluated in all the experimental conditions, and the 

results showed that histamine indeed stimulated mast cell degranulation and nitric oxide 

prevented further degranulation. In the absence of nitric oxide mast cell tended to release 

most of their granular contents. Although nitric oxide was found to stabilize mast cells, 

this property was lost in the presence of histamine. Pre-treatment with the NO donor did 

not prevent mast cell degranulation when histamine was suffused. It can be concluded 

that mast cells release a certain fraction of their biogenic granules under histamine 

stimulation, and that the remainder is subjected to nitric oxide regulation. From these 

results it is clear that the presence of nitric oxide is important during the recovery period, 

and for this reason it would be advantageous if nitric oxide production were regulated 

inside the produdng cell (venular endothelial cell). From this standpoint the fourth 

hypothesis was proposed that histamine stimulates endothelial nitric oxide relocalization 

to the endothelial cell membrane. By demonstrating the expression of nitric oxide 

synthase (eNOS) at the ultrastructural level, it was found that the enzyme localization 

was subjected to regulation under histamine treatment, and that more of the enzyme was 

observed at the luminal surface as opposed to the cytosolic locations in which it resided 

under control conditions. This finding was unexpected because it has been hypothesized 
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that eNOS would be expressed on both the luminal and abluminal surfaces but 

predominantly on the abluminal surface to ensure its availability to stabilize mast cells 

that reside in close contact with the basement membrane of the endothelial cells. The 

finding that eNOS is expressed more on the luminal surface suggests that the protein, 

eNOS ,itself, as well as NO may play a role in the recovery period after histamine 

challenge. Endothelial nitric oxide synthase may inactivate histamine receptors or may 

regulate intercellular junctions. However, it was not possible to test these suggestions in 

this study. Future studies may help to reveal a new role of eNOS as a protein in the 

regulation of venular permeability. 

Generally, from this dissertation research we concluded that both nitric oxide and 

endothelial nitric oxide synthase play significant roles in the recovery period after 

histamine treatment, but the underlying mechanism is not well defmed. 
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Appendix A: Evaluation of mast cell degranulation and venular leaks 

Purpose: In order to investigate if there is a direct relationship between mast cell 

degranulation and site of venular leaks, different chemical and flourescent dyes were 

used. 

I: Acridine orange staining: 

Method: The following technique was used in order to visualize mast cell granules, and 

at the same time visualize venular leaks. Venular leaks were visualized by using FITC-

albumin; a fluorescent stain that can be visualized under epifloursence microscopy at 

excitation wave length of 488 nm, whereas mast cell granules were visualized by using 

acridine orange stain. Acridine Orange (0.1%) (Bancroft, J.D., and Cook, H.C) is a 

fluorescence dye that stains mast cell granules with fluorescence orange that can be seen 

under FITC filter, and differs from the green fluorescence of FITC 

Slides of mesenteric windows were stained with 0.1% Acridine Orange 

for 3 minutes, rinsed in phosphate buffer (pH6.0), and mounted with aqueous mounting 

medium, Vectasheild. 

Results: The mast cell granules stained well with the fluorescent orange color of the 

acridine orange stain, but the other component of the mesenteric tissue also stained green 

which, make it impossible to distinguish FITC leaks. 

Conclusion: Acridine Orange is not a suitable dye that for the purpose of visualizing 

mast cell granules and venular leaks at the same time. 
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n: Toulidine blue: 

Method: Toulidine blue were used as a non-fluorescent dye to visualize mast cell 

granules. Slides of mesenteric windows were stained with aqueous toulidine blue (1%) 

for three nunutes then rinsed with water and dehydrated in ascending series of alcohol, 

cleared with xylene , and mounted with a xylene-based mounting medium (Humason, 

1979). 

Results: Toulidine blue stained mast cell granules besides staining all the surrounding 

mesenteric tissues and bleached FTTC leaks, and made them hard to visualize. Therefore, 

another modification was performed, to avoid the dehydration steps, because at this point 

it was thought that they were the cause of the bleaching effect. This modification did not 

solve the problem and the bleaching effect was attributed to the toulidine blue stain itself 

Conclusion: Toulidine blue is not a good stain to combine with FITC. 

ni: Ruithenium red: 

Methods: Ruthenium red was used as a non-fluorescent dye to stain mast cell granules, 

since it has been used by other investigators (Kubes et al 199S). Slides of mesenteric 

windows were stained with 0.02% Ruthenium in HBS for 25 minutes, rinsed in HBS and 

mounted with Vectashield. 

Results: The Ruthenium red was able to stain released mast cell granules without 

affecting the FTTC leaks which make it possible to compare degranulated mast cell and 

venular leaks. There was a limitation for this stain because it was not accurate. For 

example this stain cannot distinguish between fully degranulated mast cells and, non 

degranulated mast cells; both cells appeared round with no granules inside or outside. 
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Because it was possible to notice the RTC leaks and mast cell degranulation at the same 

slide, an evaluation was made toward investigating the relationship between the site of 

venular leaks and mast cell degranulation. The appearance of mast cells around 

mesenteric venules were evaluated after histamine treatment in attempts to test if the site 

of mast cell degranulation is correlated with the site of venular leaks. 

Appearance of venular leaks and mast cell degranulation after histamine treatment; 

Mast ceil Venular leaks 

Degranulated No 

Degranulated Yes 

Non degranulated Yes 

Non degranulated No 

From previous, it was not clear if there is a direct relationship between the site of mast 

cell degranulation and venular leaks therefore, these sites were visualized at different 

magnifications in attempts to rule a relationship from the big picture. 

Mast cell degranulation and leak sites; 

Degranulated mast cell Normal mast cell Magnification 

115.48 2.9 lOX 

31.38 0.8 20X 

11.19 0.09 40X 

Number of vessels= 25 
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The number of degranulated mast cells and the areas were calculated as a ratio at the 

different magnification to test if there is more degranulation happening in areas close to 

venules than in areas far from venules; 

Ratio lOX & 20X 20X & 40X lOX & 40X 

Degranulated MC 115.48 =3 6 
31.38 

31.38 =2 8 
11.19 

115.48 =10.32 
11.19 

Area 1.64 mm^ =1 
0.4 mm^ 

0.41 mm^ =zd 1 
0.1 mm^ 

1.64 mm^ =[15 4 

O.lmm^ 

From previous it was found that there is more mast cell degranulation in areas close to 

venules than in areas away from venules, but more mast cells are found in areas close to 

venules than in areas away from venules. 

Conclusion: Although the combination of Ruthenium Red with FITC in the same slide 

was effective in demonstrating leaks and degranulated mast cells simultaneously, it was 

not an accurate evaluation. The emphasis was to draw a relationship between 

degranulated mast cells and venular leaks as shown in the above tables. However, the 

data were inadequate to conclude a direct relationship between venular leaks and 

degranulated mast cells. Mast cells were in close contact with venules and at some sites 

they were degranulated, but there was no venular leakage, and the opposite is correct 

Therefore, it seems that endothelial cells play a direct role in controlling venular leaks, 

and mast cell maybe play an indirect role. 
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Appendix B: Ultrastrurctural localization of nitric oxide 

I: Post embeding immuno-staining. 

Purpose: To investigate a better way to localize eNOS at the ultrastructurai level. 

Methods: Surgical procedure was performed as in Material and Methods in chapter 1. 

After flushing the chosen mesenteric windows with HBS-BSA, the microvasculature was 

perfused with 3% paraformaldhyde and 0.1% glutaraldehyde in 0.15% M phosphate 

buffer pH 7.4 for 30 minutes, then perfused with 0.15% M phosphate buffer, and the 

tissue excised. The excised mesenteric tissues were washed three times each, for 5 

minutes in 0.15% phosphate buffer (PBS). Tissues were incubated in tannic acid in 

0.15% M PBS for 30 minutes in order to remove the free aldehyde, followed by 3 washes 

in 0.15M PBS each for 5 minutes. Post fixation steps occured with 0.1% osmium 

tetroxide in distilled water for 15 minutes. The tissues were dehydrated in ascending 

series of ethanol, 30, 50, 95, 100% at 42*C. The tissues were then infiltrated with 50% 

ethanol + LR white resin for 15 minutes at 37'C. Ultrathin section were cut and loaded 

onto 150 mesh grids. Then, the unspecific binding was blocked with 2% BSA, 1% goat 

serum, and 0.5% Triton-100-X in 50mM Hepes buffer (HBS) for 10 minutes. Primary 

anti-bodies, eNOS (1:500) or MOPC 21 (1:500), were incubated overnight with the 

tissues at 4°C. The tissues were then washed three times with PBS, each for 5 minutes, 

followed by overnight incubation with the secondary anti bodies conjugated with 18 nm 

colloidal gold at 4*0. A fixitive of 4% paraformaldhyde and 1% glutardhyde was used 

for three minutes, at room temperature, and then the tissue was rinsed two times, each for 

five minutes. The grids were stained with saturated uranyl acetate in water for 10 
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minutes, rinsed in water and stained with Reynolds lead citrate for 2 minutes, followed by 

a rinse in distilled water. The grids were then examined under TEM. 

Results: There was a lot of non-specific gold binding and it was noticed that gold binds 

unspecifically with different tissue components. There was no difference between 

negative (MOPC 21) and positive (eNOS) controls. 

Conclusion: This procedure was not good for preserving protein antigenicity. 

Notes: A set of modifications was added to this procedure, such as reducing the 

concentration of glutraldhyde by 50%. The results were not improved, which lead us to 

think about the effect of the resin and to use a different one, such as LR-Gold. 



127 

References: 

1. Alam, R., D. Kumar, D. Anderson-Walters, and P.A. Forsythe. Macrophage 
inflammatory protein-i and monocyte chemoattractant peptide-1 elicit immediate and 
late cutaneous reactions and activate murine mast cell in vivo. J. Immunol. 
152:1298-1303, 1994. 

2. Alexander, J.S., O.W. Blaschuk, and F.R. Haselton. An N-cadherins-like protein 
contributes to solute barrier maintenance in cultured endothelium. J. Cell Physiol. 
156: 610-618, 1993. 

3. AI-Naemi, H., G. Thurston, and A. L. Baldwin. Changes in venular permeability due 
toL-NMMAand histamine treatments. Microcirculation. 4(1): 150, 1997. (Abst.) 

4. Al-Naemi, H., and A.L. Baldwin. Nitric oxide: role in venular permeability recovery 
after histamine challenge. Am. J. Physiol, (heart Ore. Physiol. 46), 1999 (In press) 

5. Anderson, J. M., M.S. Balda, and A.S. Fanning. The structure and regulation of tight 
junctions. Curr. Opin. Cell Biol. 5:772-778, 1993. 

6. Anderson, R.G. Caveolae: where incoming and out going messengers meet Proc. 
Natl. Acad. Sci. USA. 90: 10909-10913, 1993. 

7. Andries, L.J., D. L. Brutsaert, S. U. Sys. Nonuniformity of endothelial constitutive 
nitric oxide synthase distribution in cardiac endothelium. Circ. Res. 82: 195-203, 
1998. 

8. Aoki, N., Gin. Johnson, and A.M. Lefer. Beneficial effects of two forms of NO 
administration in feline splanchnic artery occlusion shock. Am. J. Physiol. 258 : 
G275-G281, 1990. 

9. Armstead, V.E., A.G. Minchenko, R.A. Schuhl, R. Ayward, T.O. Nossuli, and AM. 
Lefer. Regulation of P-selectin expression in human endothelial cells by nitric oxide. 
Am. J. Physiol. 273: H740.H746, 1997. 

10. Arrang, J.M., B. Devaux, J.P. Chodkiewicz, and J.C. Schwartz. H3-receptors control 
histamine release in human brain. J.Neurochem. 51:105-108, 1988. 

11. Asako, R, L Kurose, R. WolC S. DeFrees, Z. Zheng, Mi. Phillips, J.C. Paulson, and 
D.N. Granger. Role of HI receptor and P-selectin in histamine-induced leukocyte 
rolling and adhesion in postcapillary venules. J. Clin. Invest. 93:1508-1515,1994. 



128 

12. Ash, A.S., and RO. Schild. Receptors mediating some actions of histamine Br. J. 
Pharmacol. 27:427-439, 1966. 

13. Ayajiki, K., M. Kindermann, M. Hecher, I. Felming, and R. Busse. Intracellular pH 
and tyrosine phosphorylation but not calcium determine shear stress-induced nitric 
oxide production in native endothelial cells. Ore. Res. 78: 750-758, 1996. 

14. Baldwin, A.L., and G. Thurston. Changes in endothelial actin cytoskeleton in venules 
with time after histamine treatment. Am. J. of Physiol. 269: H1528-H1537, 1995. 

15. Baldwin, A.L., G. Thruston, and H. Al-Naemi. Inhibition of nitric oxide synthesis 
increased venular permeability and alters endothelial actin cytoskeleton. Am. J. 
Physiol. 269: H1776-H1784, 1998. 

16. Bancroft J.D., and H.C. Cook. Manual of histological techniques and their diagnostic 
application. Churchill, Livingstone. p:143,1994. 

17. Beaven, M.A. Histamine: Its role in physiological and pathological processes. 
Monographs in Allergy. 13: 1-113, 1978. 

IS.Befus A.D., F.L. Pearce, J. Gauldie, P. Horsewood, and J. Bienenstock. Mucosal 
mast cell I: Isolation and functional characteristics of rat intestinal mast cells. J. 
Immunol. 128: 2475-2480, 1982. 

19. Bennett J, and A. Weeds. Calcium and the cytoskeleton. Br. Med Bull. 42:385-390, 
1986. 

20. Beyer, E.C. Gap junctions. Int. Rev. Cytol. 137C: 1-37, 1993. 

21. Blum, M.S., E. Toninelli, MJ. Anderson, M.S. Balda, J. Zhou, L. O'Donnell, and 
J.R. Bender. Cytoskeleton rearrangement mediates human microvascular endothelial 
tight junction modulation by cytokines. Am. J. Pf^siol. 273 (lpt2): H286-H294, 
1997. 

22. Boughton-Smith, N.K., I.R. Hutcheson, A.M. Deakin, J.R.W. Brendan, and S. 
Moncada. Protective effect of S-nitroso-N-acetyl-penicillamine in endotoxin-induced 
acute intestinal damage in the rat. Eur. J. Pharmacol. 191: 485-488, 1990. 

23.Bruning, J.L., and Kintz, B.L. Computational handbook of statistics. Longman, 
pp:283-289,1997. 

24.Bundaard, M. The paraceilular pathway in capillary endothelia. In Chein (ed). 
Vascular endothelium in health and disease. Plenum: New York, pp: 3-8, 1988. 



129 

25. Busse, R., and I. Fleming. Regulation and fiinctional consequences of endothelial 
nitric oxide formation. Ann. Med. 27:331-340, 1995. 

26. Chang, W-J., K.G. Rothberg, B.A. Kamen, and R.G.W. Anderson. Lowering the 
cholesterol content of MA104 cells inhibits receptor-mediated transport of folate. 
J.CellBiol. 118:63-69, 1992. 

27. Cines, D.B., E.S. Pollak, C.A. Buck, J. Loscalzo, G.A. Zimmerman, R.P. McEver and 
et al. Endothelial cells in physiology and in the pathology of vascular disorders. 
Blood 91(10): 3527-3561, 1998. 

28. Clough, G., and C. C. Michel. The role of vesicle in the transport of ferritin through 
frog endothelium. J. Physiol. (London) 315: 127-142, 1981. 

29. Clough, G. Relationship between microvascular permeability and ultrastructure. 
Prog. Biophys. Mol. Biol. 55:47-69, 1991. 

30. Clough, G.F., A.R. Bennett, and M.K. Church. Measurement of nitric oxide 
concentration in human skin in vivo using dermal microdialysis. Exp. Physiol. 83: 
431-434, 1998. 

31. Crone, C. Modulation of solute permeability in microvascular endothelium. 
Federation Proc. 45: 77-83, 1986. 

32. Crone, C. The Malpighi Lecture. From porositates carins to cellular microcirculation. 
Int. J. Microcirc. Clin. Exp., 6: 101-122, 1987. 

33. Curry F.Y., and W. L. Joyner. Modulation of capillary permeability: methods and 
measurements in individually perfused mammalian and frog microvessels. In: 
Endothelial cells, edited by Ryan U and Raton B: CRC: Vol l,p: 3-17, 1988. 

34. Curry, F.E. Modulation of venular microvessel permeability by calcium influx into 
endothelial cells. FASEB. 6:2456-2466, 1992. 

35. Dejana, E., M. Corada, and M.G. Lampugnani. Endothelial cell-to-cell junctions. 
9:910-918, 1995. 

36. Dejana, E. Endothelial adherens junctions: Implications in the control of vascular 
permeability and angiogenesis. J. Clin Invest. 100(11 Suppl): S7-S10, 1997. 

37. DeLisser, H. M., P. J. Newman, and SM. Albelda. Molecular and fiinctional aspects 
ofPECAM-l/Cd31. Immunol. Today. 15:490-495,1994. 



130 

38.Dinemian, J.L, C.J. Lowenstein, and Snyderstt. Molecular mechanisms of nitric 
oxide regulation. Ore Res. 73:217-222, 1993. 

39. Draijer, R., D.E. Atsma, A. van der Laarse, V.W. van Hinsbergh (a). cGMP and 
nitric oxide modulate thrombin-induced endothelial permeability; regulation via 
di£ferent pathways in human aortic and umbilical vein endothelial cells. Ore. Res. 
76: 199-208, 1995. 

40. Draijer, R., A3. Vaandrager, C. Nolte, RR. de Jonge, U. Walter, V.W.van 
Hinsbergh (b). Expression of cGMP-dependent protein kinase I and phosphorylation 
of its substrate, vasodilator-stimulated phosphoprotein in human endothelial cells of 
different origin. Circ. Res. 77: 897-905,1995. 

41. Drenckhan, D. Cell motility and cytoplasmic filaments in vascular endothelium. 
Prog. Appl. Microcirc. : 53-70, 1983. 

42. Dumitrascu, D. Mast cells as a potent inflammatory cells. Rom. J. Intern. Med. 34 
(3-4): 159-172, 1996. 

43. Ehringer, W.D. M.J. Edwards, and F.N. Miller. Mechanisms of a- thrombin, 
histamine, and bradykinin induced endothelial permeability. J cell. Physiol. 167:562-
569, 1996. 

44. Falus, A., K. Merety. Histamine: an early messenger in inflammatory and immune 
reactions. Immunol. Todc^. 13: 154-156, 1992. 

45. Feldmann, H., H Bugany, F. Mahner, H. D. Klenk, D. Drenckhahn, and H. J. 
Schnittler. Filovirus-induced endothelial leakage triggered by infected 
monocytes/macrophages. J. Virol. 70 : 2208-2214,1996. 

46. Feron, O., L. Belhassen, L. Kobzick, T.W. Smith, R.A. Kelly, and T. Michel. 
Endothelial nitric oxide synthase targeting to caveolae: specific interactions with 
caveolin isoforms in cardiac myocytes and endothelial cells. J. Biol. Chem. 271: 
22810-22814, 1996 

47. Feron, O., F.Saldana, J.B. Michel, and T. Michel. The endothelial nitric oxide 
synthase caveolin regulatory cycle. J. Biol. Chem. 212: 3125-3128, 1998. 

48. Feron, 0. intracellular localizarion and activaion of endothelial nitric oxide synthase. 
Curr. OpiTL Nephro. Hyperten. 8: 55-59, 1999. 

49. Fox, J., F. Galley, and H. wayland. Action of histamine on the mesenteric 
microvasculature. Microvas. Res. 19:108-126,1980. 



131 

50. Friederich, J.A., JJ. Butterworth. Sodium niroprussideiTwentey years and counting. 
Amsth.Analg, 81: 152-162, 1995. 

51. Fu, L.W., C.A. O'Neill, and J.C. Longhurst. Increased histamine and 5-HT in portal 
vein plasma and mesenteric lymph during brief ischemia and reperflision. Am. J. 
PhysioLin (3pt2): H135-H 141, 1997. 

52. Furchgott, R.F., and J.V. Zawadzki. The obligatory role of endothelial cells in the 
relaxation of arterial smooth muscle by acetylcholine. Nature. 288(5789): 373-376, 
1980. 

53. Furchgott, R.F, and P.M. Vanhoutte. Endothelium-derived relaxing and contracting 
factors. FASEB. J. 3(9): 2007-2018, 1989. 

54. Gaboury, J.P., X.F. Niu, and P. Kubes. Nitric oxide inhibits numerous features of 
mast cell-induced inflammation. Circulation. 93:318-326, 1996. 

55. Galis, Z., L. Ghitescu , and M. Simionescu. Fatty acid binding to albumin increases 
its uptake and transcytosis by the lung capillary endothelium. Eur. J. Cell. Biol. 47: 
358-365, 1988. 

56. Galli, S. J. New concepts about the mast cell. New Engl. J Med. 328: 257-265, 
1993. 

57. Garcia, G.N., and K.L. Schaphorst. Regulation of endothelial cell gap formation and 
paracellular permeability. J. Invest. Med. 43(2): 117-126, 1995. 

58. Garcia-Cardena, G., R. Fan, D.F. Stem, J. Liu, and W.C. Sessa. Endothelial nitric 
oxide synthase is regulated by turosine phosphorylation and interacts with caveolin-l. 
J. Biol. Chem. 77:1-4, 1996. 

59. Garcia-Cardena, G., P. Martasek, B.S. Masters, P.M. Skidd, J. Couet, S.W. Li, M.P. 
Lisanti, W.C. Sessa. Dissecting the interaction between nirtic oxide synthase (NOS) 
andcaveolin-functional significance of the NOS caveolin binding domain in vivo. J. 
Biol. Chem. 272:25437-25440,1997. 

60. Garcia-cardena, G., R. Fan, V.Shah, R. Sorrentino, G. Cirino, A. Papapetropoulos, 
and W.C. Sessa. Dynamic activation of endothelial nitric oxide synthase by Hsp 90. 
Nature 292; 821-824, 1998. 

61. Geng, J.G, MJ*. Bevilacqua, KX. Moore, TM. Mclntyre, SM. Prescott, J.M. Kim, 
G.A. Bliss, G.A. Zimmerman, and RP. McEver. ^pid neutrophil adhesion to 
activated endothelium mediated by (^^-140. Nature (Loruion). 343 : 757-760, 
1990. 



132 

62. Ghitescu, L., A. Fixman, M. Simionescu, and N. Simionescu. Specific binding sites 
for albumin restricted to plasmalemmal vesicles of continuous capillary endothelium: 
receptor mediated transcytosis. y. CellBioL 102:1307-11311, 1986. 

63.Goet2, R.M., H.S. Thatte, P. Prabhakar, M.R. Cho, T. Michel, and D.E. Golan. 
Estradiol induces the calcium-dependent translocation of endothelial nitric oxide 
synthase. Proc. Natl. Acad. Sci. USA. 96:2788-2793,1999. 

64. Gothert, M., M. Garbarg, J.A. Hey, E. Schlicker, J.C. Schwartz, and R. Levi. New 
aspects of the role of histamine in cardiovascular funaion: identification, 
characterization, and potential phathophysiological importance of H3 receptors. Can. 
J. Physiol. Pharmacol. 73: 558-564,1995. 

65. Greaves, M.W., and R.A. Sabroe. Histamine: the quintessential mediators. J 
Dermatol. 23(11): 735-740, 1996. 

66. Grega, G.J., C.G.A. Persson, and E. Savensjo. Endothelial cell reactions to 
inflammatory mediators assessed in vivo by fluid and solute flux analysis. In 
Endothelial cells, U. Ryan (eds). CRC, Boca Raton, FL. pp : 103-119.1988, 

67. Gruetter, C.A., D.Y. Grutter, J.E Lyon, P.J. Kadowitz, and L.J. Ignarro. Relationship 
between cyclic guanosine 3': 5'-monophosphate formation and relaxation of coronary 
arterial smooth muscle by glyceryl trinitrate, nitroprusside, nitrite and nitric oxide: 
effects of methylene blue and methemoglobin. J Pharmacol. Exp. Ther. 219: 181-
186,1981. 

68. Hall, A Small GTP binding proteins and the regulation of the actin cytoskeleton. 
Am. Rev. Cell Biol. 82: 643-653, 1994. 

69. Haraldson, B., V. Zanckrisson, and B. Rippe. Calcium dependence on histamine-
induced increases in capillary permeability in isolated perfused rat hindquarters. Acta 
Physiol. Scand. 128:247-258, 1986. 

70. He, P., M. Zeng, and F.E. Cuny. Effect of nitric oxide synthase inhibitors on basal 
microvessel permeability and endothelial cell [Ca^* ]i. Am. J. Physiol.: H747-H755, 
1997. 

71. Hecker, M., A. Mulsch, E. Bassenge, U. Forstermann, and R. Busse. Subcellular 
localization and characterization of nitric oxide synthase(s) in endothelial cells: 
Physiology implications. Biochem. J. 299:247-252,1994. 

72. Heltianu, C., M. Simionescu, N. Simionescu. Histamine receptors of the 
microvascular endothelium revealed in situ with a histamine-ferritin conjugate: 
characteristic high affinity binding sites in venules. J. Cell. Biol. 93:357-364,1982. 



133 

73. Heltianu, C., M. Simionescu, and N. Stmionescu. Detection of histamine receptors at 
cellular level. Biochem. Pharmacol. 33: 343- 346,1984. 

74. Hinsbergh, V,W.M. Endothelial permeability for macromolecules. Mechanistic 
aspects of pathophysiologycal modulation. Arterioscler. Thromb. Vase. Biol. 
17:1018-1023, 1997. 

75. Hippenstiel, S., S. Tannert-Otto, N. Vollrath, M. Krull, I. Just, K. Aktories, C. Eichel-
streiber, and N. Suttorp. Glycosylation of small-GTP binding rho proteins disrupt 
endothelila barrier function. Am. J. Physiol 111 : L38-L 43, 1997. 

76. Hoek, J.B. Intracellular signal transduction and the control of endothelial 
permeability. Lab. Invest. 67:1-4, 1992. 

77. Hogaboam, C.M., E. Y. Bissonnette, B.C. Chin, A.D. Befiis, T.L. Wallace. 
Prostaglandins inhibit inflammatory mediator from rat mast cells. Gastroenterology, 
104: 122-129, 1993. 

78. Horan, K. L., S .W. Adamski, W. Ayele, J. J. Langone, and G.J. Grega. Evidence that 
prolonged histamine suffusions produce transient increases in vascular permeability 
subsequent to the formation of venular macromolecular leakage sites. Am. J. Pathol. 
123:570-576, 1986. 

79. Huang, Q., and Y. Yuan. Interaction of PKC and NOS in signal transduction of 
microvascular hyperpermeability. Am. J. Physiol. : H2442-H2451, 1997. 

80. Hughes, S.R., T.J. Williams, and S.D. Brian. Evidence that endogenous nitric oxide 
modulates edema formation induced by substance P. Eur. J. Pharmacol. 191: 481-
484, 1990. 

Sl.Humason, G.L. Animal tissue techniques. WH. Freeman and Company, San 
Francisco, pp: 319-320, 1979. 

82. Hutcheson, I. R., B.J.R. Whittle, and N.K. Boughton-Smith. Role of nitric oxide In 
maintaining vascular integrity in endotoxin-induce acute intestinal damage in the rat. 
Br. J. Pharmacol. 101,815-820, 1990. 

83. lalenti, A. A. Ignaro, S. Moncada, and M. Rosa. Modulation of acute inflammation by 
endogenous nitric oxide. Eur. J. Pharmacol. 211:177-182,1992. 

84. likura, M., T. Takaisi, K. Hirai, H. Yamada, M. lida, T. Koshino, and Y. Morita. 
Exogenous nitric oxide regulates the degranulation of human basophils and rat 
peritoneal mast cell. Int. Archs. Allergy AppL Imntun. 115: 129-136, 1998. 



134 

85. Jhonson, A.R., T. E. Hugli, and H. J. Muller-Eberhard. Release of histamine from rat 
mast cells by component peptides C3a and C5a. Immunol. J. 28:1067-1072, 1975. 

86. Jones, D.A., 0. Abbassi, L.V. Mclntire, R.P. McEverand, and C. W. Smith. P-
selectin mediates neutrophils-rolling on histamine-stimulated endothelial cells. 
BiophysJ. 65:1560-1569, 1993. 

87. Ju, H., R. Zou, V. J. Venema, and R.C. Venema. Direct interaction of endothelial 
nitric oxide synthaze and caveolin-1 inhibits synthase activity. J. Biol. Chem. 
211: 18522-18525, 1997. 

88. Kanwar, S., J.L. Wallace, D. Befus, and P. Kubes. Nitric oxide synthesis inhibition 
increases epithelial permeability via mast cells. Am. J. Physiol. 299 (2 pt 1): G222-
G229, 1994. 

89. Katz, H.R., R.L. Stevens, and K.F. Austen. Heterogeneity of mammalian mast cells 
differentiated in vivo and in vitro. J. Allergy Clin. Immunol. 76: 250-259, 1985. 

90. Kohno, S., S. Nakao, Ogawk, H. Yamamura, T. Nabe, and K. Ohata. Possible 
participation of histamine H3- receptors in the regulation of anaphylactic histamine 
release from isolated rat peritoneal mast cells. Jpn. J. Pharmacol. 66: 173-180, 1994. 

91. Kubes, P. Ischemia/reperfusion in the feline small intestine: a role for nitric oxide. 
Am. J. Physiol. 262 (2 pt 1): G1138-G1142, 1990. 

92. Kubes, P., M. Suzuki, and D.N. Granger. Nitric oxide: an endogenous modulator of 
leukocyte adhesion. Pro. Natl. Acad. Sci. U.S.A., 88:4651-4655, 1991. 

93. Kubes, P., and D.N. Granger. Nitric oxide modulates microvascular permeability. Am. 
J.Physiol. 262:H611-H615, 1992. 

94. Kubes, P. Nitric oxide-induced microvascular permeability alterations; a regulatory 
role for cGMP. Am. J. Physiol. 256 (6 pt 2): H1909-H1915,1993. 

95. Kubes, P., S. Kanwar, Niu X-F, and J. Gaboury. Nitric oxide synthesis inhibition 
induces leukocyte adhesion via superoxide and mast cells. FASEB.J. 7: 1293-1299, 
1993. 

96. Kubes, P., and S. Kanwar. ICstamine induces leukocyte rolling in post-capillary 
venules. A P-selectin-mediated event. J. Immunol. 125: 3570-3577, 1994. 

97. Kubes, P., P. H. Reinhardt, D. Payne, and R.C. Woodman. Excess nitric oxide does 
not cause cellular, vascular or mucosal dysfunction in the small cat intestine. Am. J. 
Physiol. 269: G34-G41,1995. 



135 

98. Kubes, P., and D. N. Granger, leukocyte-endothelial cell interactions evoked by mast 
cells. Cardiovasc. Res. 32: 699-708,1996. 

99. Kubes, P. Nitric oxide affects microvascular permeability in the intact and inflamed 
vasculature. Microcirculation 2: 235-244,1995. 

100.Kurose, I., P. Kubes, R. Wolf, D.C. Anderson, J. Paulson, M. Miyasaka, and N. 
Granger. Inhibition of nitric oxide production: Mechanisms of vascular albumin 
leakage. Circ.Res. 73: 164-171,1993. 

101.Lakshminarayanan, S., Y. Chang, M. Hillsley, T. W. Gardner, and J.M. Tarbell. 
Shear stress and vascular endothelial growth factor (VEGF) affect endothelial 
transport properties through common signaling pathways. Bioengineering 
conference, 5£D. 42: 291-292, 1999. 

102. Lancaster, J. Nitric oxide principles and actions. Academic press, San Diego, New 
York, Boston, London, Toronto, 1996. 

103.Lantoine, F., L. louzalen, M. Devynch, E.M. Brussel, And M. David-Dufilho. Nitric 
oxide production in human endothelial cells stimulated by histamine requires Ca^" 
influx. Biochem. J. 330: 695-699, 1998. 

104.Laszlo, P., S.M. Evans, and B.J.R. Whittle. Aminoguanidine inhibits both 
consitutive and inducible nitric oxide synthase isoforms in rat intestinal 
microvasculature in vivo. Eur. J. Pharmacol. 272: 169-175, 1995. 

105. Leach, L., B.M. Eaton, E.D. Westcott, and J.A. Firth. Effect of histamine in 
endothelial permeability and structure and adhesion molecules of the paracellular 
junctions of perfused human placntal microvesseis. Microvasc. Res. 50: 323-337, 
1995. 

106.Li, S., T. Okamato, M. Chun, H. Sargiacomo, J.E. Casanova, and M..P. Lisanti. 
Evidence for a regulated interaction between heterotrimeric G proteins and caveolin. 
J.BioL Chem. 270(26): 15693- 15701,1995. 

/07.Liu, J., G. Garcia-Cardena, and W.C. Sessa. Palmitoylation of endothelial nitric 
oxide synthase is necessary for optimal stimulated release of nitric oxide: 
implications for caveolae localization. Biochemistry'iS: 13277-13281, 1996. 

IOS.Iaw, J., T.E. Hughes, and W.C. Sessa. The first 35 amino acids and fatty acylation 
sites determine the molecular targeting of endothelial m'tric oxide synthase into the 
Golgi region of cells: a green fluorescent protein study. J. Cell Bio. 137: 1525-1535, 
1997. 



136 

109.Loscalzo, J., and G. welch. Nitric oxide and its role in the cardiovascular system. 
Prog. Cardiovasc. Dis. xxxviii (2): 87-104, 1995. 

110.Lum, H., and A. B. Malik. Regulation of vascular endothelial barrier function. Am. 
J. Physiol. 267:L223-L241,1994. 

111.Lum, H., and A.B. Malik. Mechanisms of Increased endothelial permeability. Can. 
J. Physiol. Pharmacol. 74: 787-800, 1996. 

112. Lynch, L.L., T.J. Ferro, F. A. Blumenstock, A. K.M. Brockenauer, and A. B. Malik. 
Increased endothelial albumin permeability mediated by protein kinase C activation. 
J. Clin. Invest. 85: 1991-1998, 1990. 

113.Madra, J.L. Intestinal absorptive cell tight junctions are linked to cytoskeleton. Am. 
J. Physiol. 253: C171- C175, 1987. 

114.Majno, G., and G. Palade. Studies on inflammation. I. The effect of histamine and 
serotonin on vascular permeability: an electron microscopic study. J. Biophys. 
Biochem. Cytometry. 11:571-605,1961. 

115. Marietta, J.L., P. S. Yoon, and R. lyenger. Macrophage oxidation of L-arginine to 
nitrite and nitrate oxide is an intermediate. Biochemistry. 27: 8706- 8711, 1988. 

116.Masini, E., D. Salvemini, A. Pisteili, P. F. Mannaioni, J. R. Vane. Rat mast cells 
synthesize nitric oxide-like-factor which modulates the release of histamine. Agents 
and Actions. 33: 61-63, 1991. 

117.Maslinski, C., and W. A. FoGel. Catabolism of histamine In: handbook of 
experimental pharmacology, Vol., 97. G.V.R. Bom, P. Cuatrecasas, A. Arbor, and H. 
Herken(eds). Springer-Verlage, Berlin Heidelberg New York, pp: 165-189, 1991. 

US.Mayhan, W. G. Role of nitric oxide in modulating permeability of hamster check 
pouch in response to adenosine 5-diphosphate and bradykinin. Inflammation 16: 295-
305, 1992. 

119.Mayhan, W.G. Nitric oxide accounts for histamine-induced increases in 
macromolecular extravasation. Am. J. Physiol. 266( 6pt 2): H2369-H 2373,1994. 

120.Mayrhofer, G. Fixation and staining of granules in mucosal mast cells and 
intraepithelial lymphocytes in the rat jejunum, with special reference to the 
relationship between the acid glycosaminoglycans in the two cell types. Histochem. 
J. 2: 513-526, 1980. 



137 

121.McDonald, K.K., S. 2niarikov, E.R. Block, and M.S. Kilberg. A caveolar complex 
between the cationic amino acid transporter and endothelial nitric oxide synthase may 
explain the "arginine paradox". J. Biol. Chem. 272: 31213-31216,1997. 

122.McNeil, H.P. The mast cell and inflammation AustNzJ. Med. 26:216-225, 1996. 

123.Metcalfe, DJ3. Mast cell mediators with emphasis on intestinal mast cell. Am. 
Allarge. 53:563-573, 1984. 

124. Michel, C. C. Transport of macromolecules through microvascular walls. 
Cardiovasc. Res. 32: 644-653, 1996. 

125. Michel, T.B., O. Feron, D. Sacks, and T. Michel. Recirocal regulation of endothelial 
nitric oxide synthase by calcium calmodulin and caveolin. J. Biol. Chem. 272: 
15583- 15586, 1997. 

126.Milnor, W. R. Capillary and lymphatic systems. In: Cardiovascular physiology. 
Oxford University Press, pp: 327-356, 1990. 

127.Moncada, S., A. Higgs. The L-arginine-nitric oxide pathway. N, Engl. Med 329: 
2002-2012, 1993. 

128.Moy, A.B., S. Shasby, B.D. Scott, and D.M. Shasby. The effect of histamine and 
cAMP on myosin light chain phosphorylation in human umbilical vein endothelial 
cells. J. Clin. Invest. 92:1198-1206, 1993. 

129. Nathan, C. Nitric oxide as a secretory product of mammalian cells. FASEB. J. 6: 
3051-3064, 1992. 

130.Nemade, R.V., A. L Lewis, M. Zuccarello, and J. T. Keller. Immunohistochemical 
localization of endothelial nitric oxide synthase in vessels of the dura mater of the 
Spraque-Dawley rat. Heuro Letters. 197:78-80,1995. 

ni.Nimi, N., N. Noso, and S. Yamamoto. The effect of histamine on cultured 
endothelial cells. A study of the mechanism of Increased vascular permeability. Eu 
J. Pharmacol. 221(2-3): 325-331, 1992. 

132. Noel, A. A., S. R. Fallck, R.W. Hobson, and W. N. Duran. Inhibition of nitric oxide 
synthase attenuates primed microvascular permeability in the in vivo 
microcirocirculatioa J. Vase. Surg. 22 : 661-669,1995. 

133.O'Brien, A.J., H. M. Young, J. M. Povey, and J. B. Fumess. Nitric oxide synthase is 
localized predominantly in the Golgi apparatus and cytoplasmic vesicles of vascular 
endothelial cells. Histochemistry, 103:221-225,1995. 



138 

134.Palade, G. E. Fine structure of blood capillaries. J. Appl. Physics. 241:1423-1428, 
1953. 

135.Palade, G£. Transport in quanta across the endothelium of blood capillaries. Amt. 
Rec. 136: 254-260, 1960. 

136.Palade, G. E. The microvascular endothelium revisited. In Simionescu and 
Simionescu (eds). Endothelial cell biology in health and disease Plenum Press, New 
York, pp: 3-22, 1988. 

137. Palmer, R.M.J., A.G. Ferrige, and S. Moncada. Nitric oxide release accounts for the 
biological activity of endothelium-derived relaxing factor. Nature. 327 (6122): 524-
526. 1987. 

138.Palmer, R.M.J., D.S. Ashton, and S. Moncada. Vascular endothelial cells synthesis 
nitric oxide from L-arginine. Nature, 333 (6174): 664-666, 1988. 

139.Parton, R.G. Caveolae and caveolins. Curr.Opin. Cell Biol. 8: 542-548, 1996. 

140. Paul, W., G. J. Douglas, L. Lawerence, A. M. Khawaja, A. C. Perez, M. Schachter, 
and C. Page. Cutaneous permeability responses to bradykinin and histamine in the 
g u i n e a - p i g ;  p o s s i b l e  d i f f e r e n c e s  i n  t h e i r  m e c h a n i s m  o f  a c t i o n .  B r .  J .  P h a r m a c o l .  I l l :  
159-164, 1994. 

141.Peterson, T.E., V. Poppa, H. Ueba, A Wu, C. Yan, and B. C. Berk. Opposing 
efTeas of reactive oxygen species and cholesterol on endothelial nitric oxide synthase 
and endothelial cell caveolae. Circ. Res. 85: 29-37, 1999. 

142.Phillips, P.G, H. Lum, A. B. Malik, and M. Tasn M. Phallacidin prevents thrombin-
induced increases in endothelial permeability to albumin. Am. J. Physiol. 257: 
C562-C567, 1989. 

143.Plaut, M., and L.M. Lichtenstein. Histamine, 5-Hydroxytryptamine, SRS-A: 
Discussion of type 1: Hypersensitivity ( Anaphylaxis), In : Handbook of experimental 
pharmacology. Van J.R., and Ferreiras. S (eds). Springer-Verlage. Berlin, 
Heidelberg, New York. pp:352-360, 1978. 

144. Pollock, J.S., U. Forstermann, and J. A. Mitchell. Purification and characterization of 
particulate endothelium derived relaxing factor synthase from cultured and native 
bovine aortic endothelial cells. Proc. Natl. Acad. Set. USA, 88: 10480-10484, 1991. 

145. Pollock, J.S., M. Nakane, L. K. Buttery, A. Martinez, D. Springal, J. M. Polak, U. 
Forstermann, and F. Murad. Characterization and localization of endothelial nitric 



139 

oxide synthase using specific monoclonal antibodies. Am. J Physiol. 265, CI379-
C1387, 1993. 

146.Prabhakar, P., H.S. Thatte, R_M. Goetz, M.R. Cho, D£. Golan, and T. Michel. 
Receptor-regulated translocation of endothelial nitric oxide synthaze. J. Biol. Chem. 
273:27383-27388, 1998. 

147.Radomsld, M.W., Palmer, S. Moncada . Endogenous nitric oxide inhibits 
human platelet adhesion to vascular endothelium. Umcet. 2:1057-1058, 1987. 

148.Renkin, E.M. Cellular and intercellular transpot pathways in exchange vessels. Am. 
Rev. Respir. Dis. : 146: S28- S31, 1992. 

149. Ridley, J. A., and A. Hall. Signal transduction pathway regulating rho-mediated 
stress fiber formation: Requirement for a tyrosine kinase. EMBO. 13: 2600-2610, 
1994. 

150.Rizzo, v., DJ*. MCIntosh, P. O. and J.E. Schnitzer. In Situ flow activates 
endothelial nitric oxide synthase in luminal caveolae of endothelium with rapid 
caveolin dissociation and calmodulin association. J. Biol. Chem. 273: 34724-34729, 
1998. 

151.Rotrosen, D., and J.I. Gallin. Histamine type I receptor occupancy increases 
endothelial cytosolic calcium, reduces F-actin, and promotes albumin diffusion across 
cultured endothelial monolayers. J. Cell Biol. 103(6ptl): 2379-2387, 1986. 

152.Saavedra-Delgado, A.M.P., Turpins and D. D.Metcalfe. Typical and atypical mast 
cells of the rat gastrointestinal system: distribution and correlation with tissue 
histamine. Agents and Actions. 14:1-7, 1984. 

153.Salvemini, D., E. Mansini, A. Pistelli, P. F. Mannaioni, J. Vane. A regulatory 
mediator of mast cell reactivity. J. Cardiovasc. Pharmacol. 17 (Suppl. 3): S258-
S264, 1991. 

154. Schayer,R.W. The metabolism of histamine in various species. Br. Pharmacol. 11: 
472-473, 1956. 

155.SchmeIz, M., D. L. Way, P. Borgs, WJC. Peitsh, H. Schmidt, MJI. Witte, C.L. 
Witte, W.W. Franke, and R. MolL A Novel type of adhering junction in an 
epithelioid tumorigem'c rat cell culture line.. Ce// Tissue Res. 294:11-25, 1998. 

156.Schini-Kerth, V.B, and P. M. Vanhoutte.. Nitric oxide synthesis in vascular cells. 
Eiq>. Physiol. 80: 885-905, 1995. 



140 

lS7.Schneeberger, E. £., and M. Hamelin. Interaction of serum proteins with lung 
endothelial glycocalyx: its effect on endothelial permeability. Am. J. Physiol. 247: 
H206-H217, 1984. 

ISS.Schnittler, H.J. Structural and flmctional aspects of intercellular junctions in 
vascular endothelium. Basic Res. Cardial. 93(Suppl3): 30-39, 1998. 

159. Schnittler, A., A. wike, T. Gress, N. Suttorp, D. Dreckhan. Role of actin and myosin 
in the control of paracellular permeability in pig, rat and human vascular 
endothelium. J.Physiol. 431: 379-401, 1990. 

l60.Schnitzer, J.E, E.E. Carley, and G. E. Palade. Albumin interacts specifically with a 
60kDa microvascular endothelial glycoprotein. Proc. Natl. Acad Sci. USA, 85: 
6773-6777, 1988. 

16l.Schnitzer, J.E. gp60 is an albumin-binding glycoprotein expressed by continous 
endothelium involved in albumin transcytosis. Am. J. Physiol. 262: H246-H254, 
1992. 

162.Schintzer, J. E., P. Oh, E. Pinney, and J. Allard. Flipin-sensitive caveolae-mediated 
transport in endothelium: Reduced transcytosis, scavenger endotcytosis, and capillary 
permeability of select macromolecules. J. Cell. Biol. 127: 1217-1233, 1994. 

l63.Schreiber, S., A. Readier, W.F. Stenson, and R. P. MacDermott. The role of the 
mucosal immune system in inflammatory bowel disease. Gastroent.. Clin. N. Am. 
21: 451-502, 1992. 

164.Sessa, W.C., C.M. Barber, and K.R. Lynch. Mutation of N-myristoylation site 
converts endothelial cell nitric oxide synthase fi-om a membrane to a cytosolic 
protein. Circ. Res. 72: 921-924, 1993. 

165.Sessa, W.C., G. Garcia-cardena, J. Liu, A. Ken, J.S. Pollock, J. Bradley, S. Thiru, 
LM. Braverman, and K. Desai. The Golgi association of endothelial m'tric oxide 
synthase :Is necessary for the efficient synthesis of nitric oxide. J. Biol. Chem. 270 
(30): 17641-17644,1995. 

166. Shasby, D. M., S.S. Shasby, and S.M. Sullivan. Role of endothelial cytoskeleton in 
the control of endothelial permeability. Circ. Res. 51: 657-661, 1982. 

167. Shasby, D.M., S.S. Shasby, T.M. Sullivan, and M.L Peach. The role of endothelial 
cell cytoskeleton in the modulation of endothelial barrier function. Circ. Res. 51: 
657-661,1982. 



141 

168.Shaul, P.W., EJ. Smart, LJ. Robinson, Z. German, I. S. Yuhanna, Y. Ying, R.S.W. 
Anderson, and T. Michel. Acylation targets endothelial nitric oxide synthase to 
plasmalemmal caveolae. J. Biol. Chem. 271 (11): 6518- 6522, 1996. 

169.Sifilinger-Bimboim, A., J.Schnitzer, H. Lum., F.A. Blumer-Stoch, C.P.J. Shen, P. J. 
Del-Vecchio, and AB. Malik. Lectin binding to gp60 decreases albumin binding and 
transport in pulmonary artery endothelial monolayers. J.Cell Pf^siol.l49: 575-584, 
1991. 

170. Siegfried, M.R., C. Carey, X-L. Ma, and A.M. Lefer. Beneficial efifects of SPM-
5185, a cystiene-containing NO donor in myocardial ischemia-reperflision. Am. J. 
Physiol. 263 : H771-H777, 1992. 

l71.Simionescu, M. structural and functional differentiation of microvascular 
endtohelium. Ciba. Foun. Symp. 71 : 39-60, 1980. 

172.Simionescu, N., M. Simionescu. The cardiovascular system. In: Blistology: Cell and 
tissue biology. Weiss. L (ed). New York, Elsevier Biomedical, pp: 371-433, 1983. 

I73.Simionescus, M., and N. Simionescus. Ultrastructure of the microvascular wall: 
functional correlations. In: Handbook of physiology: the cardiovascular system, 
L.Weiss (ed). Elsevier Biomedical, New York, pp: 41-102, 1984. 

174. Simionescus, N., and M. Simionescus. Endothelial transport macromolecules: 
transcytosis and endocytosis. Cell Bio. Rev. 25: 5-80,1991. 

175. Simionescu, N., and M. Simionescu. The cardiovascular system. In Histology: Cell 
and tissue biology. New York, Elsevier Biomedical, pp: 37M33, 1988. 

l76.Sowa, G., JXiu., A. Papapetropoulos, M. Rex-Haffhev, T.E. Hughes, and W.C. 
Sessa. TrafRcldng of endothelial nitric oxide synthase in living cells. J. Bio. Chem. 
274 (32): 22524-22531, 1999. 

177. Springer, T.A. Traffic signals for lymphocyte recirculation and leukocyte 
emigration: The multisteps paradigm. Cell. 76: 301-314, 1994. 

178. Stroes, E.S., E.E. Van Faassen, G.J. Van Londen, and T.J. Rabelink. Oxygen radical 
stress in vascular disease: the role of endothelial nitric oxide synthase. J. cardiovasc. 
Pharmacol. 32 (suppl. 3): S14-S21, 1998. 

179.Stuehr, D.J. Structure-function aspects in the nitric oxide synthases. Am. Rev. 
PhoTtiacol. Toxicol. 37:339-359, 1997. 



142 

ISO.Takeichi, M. Cadherins: a molecular &mily important in selective cell-ceil 
adhesion. Annu. Rev. Biochem. 59: 237-252,1990. 

J8L Teixeira, M. M., T. J. William, and P.G. Hellewell. Role of prostaglandins and nitric 
oxide in acute inflammatory reactions in guinea-pig skin. Br. J. Pharmacol. 110: 
1515-1521,1993. 

752. Theoharides, T. C., S. K. Kops, P. K. Bondy, and P. W. Askenase. Differential 
release of serotonin without comparable histamine under diverse conditions in the rat 
mast cell. Biochem. Pharmacol. 34:138- 1398, 1985. 

183.Thorlacius, H., J. Raud, R. Beezley, M. J. Forrest, P. Hedqvist, and L. Lindbom. 
Mast cell activation induces P-selectin dependent leukocyte rolling and adhesion in 
post capillary venules in vivo. Biochem. Biophys. Res. Comm. 203(2): 1043-1049, 
1994. 

184.Tran, D.D., J.J. Visser, M.O. Pool, M.A. Cuesta, K. Hoekman, A.S. Pena, and S.G. 
Meuwissen. Enhanced systemic nitric oxide production in inflammatory bowel 
disease. Lancet. 341 (8853): 1150, 1993. 

185. Travis, J. Cell biologists explore "tiny caves". Science 262: 1208- 1209, 1993. 

186.Tromp, S. C., G. J. Tangelder, D. W. Slaaf, R.S. Reneman, S.V. Velzen, W. Engels, 
E.van. Breda, and M. G. Egbrink. The role of mast cells and histamine in leukocyte-
endothelium interactions in four rat strains. Pflugers Arch. Eur. J. Physiol. 436: 255-
261, 1998. 

187. Thurston, G., A.L. Baldwin, and L.M. Wilson. Changes in endothelial actin 
cytoskeleton in rat mesenteric microvasculature. Am. J. Physiol. 266: H316-H329, 
1995. 

188.Uematsu, M., Y. Ohara, J.P. Navas, K. Nishida, T.J. Murphy, R.W. Alexander, R.M. 
Nerem, and D.G. Harrison. Regulation of endothelial cell nitric oxide synthase 
mRNA expression by shear stress. Am. J Physiol. 269: C1371-C1378, 1995. 

189. Vallee, R.B., MJ. DiBartolomeis, and W.E. Theurkauf A protein kinase bound to 
the projection portion of MAP2 (microtubule-associated protein 2). J. Cell Biology. 
90: 568-576,1981. 

190. Wagner, R., S. C. Chen. Transcapillary transport of solute by the endothelial 
vesicular system: evidence from thin serial section analysis. Microvasc. Res. 42: 139-
150, 1991. 



143 

191. Werth, D.K., J£. Niedel, and I. Pastan. Vinculin, a cytoskeietal substrate of protein 
kinase C. J. Biol. Chem. 258:11423-11426, 1993. 

192.Westendrop, K.G.J., R. Draijer, A.E. Merinders and V.W. van Hinsbergh. Cyclic-
GMP-mediated decrease in permeability of human umbilical and pulmonary artery 
endothelial cell monolayers. J. Vase. Res. 31: 42-45, 1994. 

193.White M.V, and M.A. Kaliner. Histamine. In inflammation: Basic principles and 
clinical correlations. Gallin, J.I, Goldstein, IM and Snyderman, editors. Raven Press, 
New York, .p: 169-187,1988. 

194. Withers, G.D., P. Kubes, G. Ibbotson, and R.B. Scott. Anaphylaxis-induced 
mesenteric vascular permeability, granulocyte adhesion, and platelet aggregates in rat. 
Am. J. Physiol. 275 (Ipt 2): H274-H284, 1998. 

195. Wong, R.K., A.L. Baldwin, and R.L. Heimark. Cadherin-5 redistribution at sites of 
TNF-alpha and IFN-gamma- induced permeability in mesenteric venules. Am. J. 
Physiol. 276 (2pt2): H736-H748, 1999. 

196. Wu, N., and A. L. Baldwin (a). Possible mechanism (s) for permeability recovery of 
venules during histamine application. Microvasc. 44: 334-352, 1992. 

197. Wu, N., and A.L. Baldwin (b). Transient venular permeability increase and 
endothelial gap formation induced by histamine. Am. J. Physiol. 262(31): H1238-
H1247, 1992. 

198. Youakim, A, and M. Ahdieh. Interferon-gamma decreases barrier function in T84 
cells by reducing ZO-1 levels and distrupting apical actin. Am. J. Physiol. 276 (5ptl): 
G1279- 1288, 1999. 

199. Young, M.J., E.A. Bresnitz, and B.L. Strom. Sample size nomograms for 
interpreting negative clinical studies. Am. Inter. Med. 99 : 248-251, 1983. 

200. Yuan, Y., HJ. Granger, D.C. Zawieja, D.V. DeFily, and W.M. Chilian. Histamine 
increases venular permeability via a phospholipase CNO synthase guanylate cyclase 
cascade. Am. J. Physiol. 264: H1734-H1739, 1993. 

201. Yui, Y, R Hattori, and Kosugak. Calmodulin independent nitric oxide synthesis 
from rat polymorphonuclear neutrophils. J Biochem. 266: 3369-3371, 1991. 

202.Zech, J-C, L Pouvreau, A. Cotinet, 0. Goureau, Bi. Varlet, and Y. Kozak. Effect 
of cytokines and nitric oxide on tight junctions in cultured rat retinal pigment 
epithelium. Invest. Ophthalmol. Vis. Sci. 39: 1600-1608, 1998. 


