
University of Alberta

Control Mechanisms of Mast Cell Derived Nitric Oxide

By

Mark Gilchrist

A Thesis submitted to the Faculty o f Graduate Studies and Research in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy

In

Experimental Medicine 

Department of Medicine 

Edmonton, Alberta 

Spring 2004

fc)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1*1 Library and 
Archives Canada

Published Heritage 
Branch

Bibliotheque et 
Archives Canada

Direction du 
Patrimoine de I'edition

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 0-612-96270-9 
Our file Notre reference 
ISBN: 0-612-96270-9

The author has granted a non­
exclusive license allowing the 
Library and Archives Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats.

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur a accorde une licence non 
exclusive permettant a la 
Bibliotheque et Archives Canada de 
reproduire, preter, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
electronique.

L'auteur conserve la propriete du 
droit d'auteur qui protege cette these. 
Ni la these ni des extraits substantiels 
de celle-ci ne doivent etre imprimes 
ou aturement reproduits sans son 
autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Mast cells (MC) are specialized secretory cells found in diverse tissue 

environments often at host/environment interfaces. MC produce a broad 

repertoire o f granule-associated and lipid-derived mediators and numerous 

cytokines. This stock of mediators implicates MC in multiple homeostatic 

responses including wound healing, angiogenesis and epithelial integrity. 

However, explosive activation following antigen binding of specific IgE 

molecules in inflammatory states such as asthma is the public face o f this cell. 

Controlling MC activation is an important strategy in treating inflammation.

Previous studies show that nitric oxide (NO) can moderate MC responsiveness. 

We hypothesized that MC produce NO, which regulates MC functions. We 

investigated NO formation and expression of nitric oxide synthase (NOS) in MC 

populations. Rodent MC are a constitutive source o f endothelial (eNOS) and 

neuronal (nNOS) mRNA while human MC express both mRNA and protein. 

eNOS protein localized to cytoplasmic and nuclear regions o f human and rat 

MC, while nNOS was exclusively cytoplasmic. These proteins were active, as 

NOS activity was measured using a radioactive assay for the by-product, 

citrulline. Further analysis o f NO formation with the fluorescent probe 

diaminofluorescein (DAF) showed constitutive NO formation localized in both 

cytoplasmic and nuclear regions <5min following activation in rat and human 

MC. This was associated with inhibition of degranulation and leukotriene 

release. We have shown previously that interferon-y (fFN-y) inhibits MC 

adhesion in a NO-dependent manner. Treatment of rat MC with IFN-y for 18 h
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increased inducible (iNOS) expression in the cytoplasm, with NO detected by 

DAF fluorescence in cytoplasmic and Golgi regions, and associated inhibition of 

granule-mediator release.

Concordant with increased iNOS was an increase in GTP-cyclohydrolase I 

(CHI) expression and activity, which enhanced the availability of the NOS 

cofactor, tetrahydrobiopterin (BH4). Inhibition of this pathway decreased NO 

production and made MC hyperresponsive to stimuli. In human MC IFN-y (18

h) increased eNOS expression and activity that depressed chemokine expression 

and release. These results highlight the inhibitory actions o f NO on MC 

degranulation, leukotriene formation and cytokine/chemokine release. Thus, 

further understanding of the NO formation in MC populations may reveal 

unique pathways that can be pharmacologically manipulated to control MC- 

mediated inflammatory states.
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Preface

This thesis has been written in paper format according to the guidelines of 

the University o f Alberta. Each chapter stands alone as a separate document and is 
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Chapter 1 

General Introduction
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Introduction

The human immune response represents a highly integrated system that 

operates to combat the myriad of pathogenic and infectious agents present in our 

environment. Mammalian host defense has evolved into a complex, multi-cellular, 

multi-factorial system that provides both non-specific (innate) and highly adaptive 

responses to invading organisms (1).

Amongst the spectrum of cells involved in both innate and adaptive 

immunity, mast cells (MC) exist at a bifurcation point, contributing significantly to 

both classes o f host defense (1). Indeed, there exists few disease states, or 

biological conditions that do not contain a MC component (2). However, even with 

the growing body o f evidence about the significance of MC, much is still unknown 

as to their complete biological function despite a growing understanding of their 

activation and regulatory pathways (3).

I. Mast cells

A. Mast cell characteristics.

1. Morphology, ontogenesis and localization.

In the late 19th century, a young Paul Ehrlich noted a population of cells that 

stained strongly with his aniline dyes. To describe these cells he used the term 

“mastzellen” which means “well-fed cells” in the belief that the stained material had 

been phagocytosed (3). The metachromasia he noted, which is due to heparin, was 

the original defining characteristic of the MC.

Morphologically, MC size can be heterogeneous and vary in diameter from 

10-20 pm. Although the cell may be round, oval, or spindle-shaped, mast cells 

characteristically have finger-like cytoplasmic projections (4). The purpose of these 

projections is unclear but may be to increase cellular surface area for greater 

adhesive or ligand-binding interactions. Ultrastructurally, MC contain the basic 

organelles needed for cellular metabolism including mitochondria, endoplasmic 

reticulum and also a relatively large nucleus which creates a low cytoplasmic to 

nuclear ratio consistent with cellular maturity (5). Notably, the cytoplasm is 

characteristically packed (>1 0 0 /cell) with round, membrane-bound granules, the 

origin o f Ehrlich’s seminal description (Fig. 1.1).

2
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MC are tissue-resident cells that arise from pluripotent CD34+ bone marrow 

precursors and exit into the circulation in a committed though incompletely 

differentiated form (6 ). Conversely, basophils, which share many common features 

with MC, complete their hematopoetic maturation within the bone marrow. Human 

circulating MC precursors have a surface expression phenotype that is CD34+, c-kit 

(CD117)+, LY", CD 17" and CD 14". MC precursors home to target tissues and 

differentiate, granulate and mature in these distant tissue sites in response to distinct 

environmental factors (7). As all MC are positive for c-kit, the critical 

environmental factor in MC differentiation is stem cell factor (SCF or c-kit ligand). 

SCF induces MC proliferation and differentiation and is a key force in determining 

MC phenotype (8). However, studies using SCF mutant mice have shown that MC 

can still be found in the intestinal mucosa after prolonged T. spiralis infection. Such 

proliferation involves the cytokines IL-3 and IL-4 (in the absence of SCF) and 

indicates a T-cell dependency in sculpting MC maturation (9).

Due to these exclusive tissue environmental requirements for maturation, 

MC are found in all connective tissue, serosal and mucosal surfaces (10). As a 

result they are strategically located at neural, epidermal, mucosal, and vascular sites. 

MC can consistently be found in close proximity to blood vessels and nerve endings

(11). Indeed, there are few microenvironments that are free of MC, though the 

vitreous humor of the eye and solid bone are two known examples (3).

2. Heterogeneity.

Owing to the unique effect that microenvironmental influences have on MC 

maturation it has long been known that, while MC in different sites share 

characteristics, they are heterogeneous. Indeed, Ehrlich’s histochemical results gave 

the first clue that MC from different sites had unique staining properties, that was 

clarified by rodent studies showing staining that was variably sensitive to fixation

( 12).

Due to difficulties in obtaining pure populations of MC, the first viable 

system o f heterogeneic nomenclature originated from localization and 

morphological criteria in rodents. Connective tissue MC (CTMC), as can be 

purified from skin and peritoneal cavity, and mucosal MC (MMC) derived from

3
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intestinal lamina propria (13). These morphological differences were expanded to 

phenotypic and functional differences as studies progressed. These revealed that rat 

CTMC are larger, contain heparin as the granule proteoglycan, produce higher 

levels of histamine, express the protease RMCP-1 and respond to a variety of 

stimuli; while rat MMC are smaller, contain chondroitin sulfate as the granule 

proteoglycan, express the protease RMCP-H and are less responsive to various 

secretegoges (3). By nature this categorization is polarized and represents cells at 

extremes of the differentiation spectrum. Indeed rodent MC likely represent a 

continuum between CTMC and MMC.

Similar histochemical clues pointed to parallel heterogeneity in human MC, 

which also show variations in size, granule structure and quantities of mediators 

stored (13). Although similarities to rodent MC are noted, there are differences 

between MC heterogeneity in humans and in rodents. Central to defining distinct 

MC populations in human is the MC-specific granule protease content. As human 

MC only express one chymase, one subpopulation of human MC contain tryptase 

and chymase (MCtc ), while another contains only tryptase (MCT)(14). The 

distribution of MC subsets in human tissues is not as distinct as in rodents, though 

MCt predominate in the lung (-93%), while MCtc are found in skin (-99% ) and 

intestinal submucosa (~80%)(15). Furthermore, several studies have identified a 

small subset o f human MC that express only chymase (MC ) (16). These results 

highlight the controversy that exists in defining human MC subsets, as the 

populations identified can vary with site o f isolation, method of isolation or culture 

conditions (17,18). However, using localization analogy to rodent MC, MCT are 

similar to MMC and MClc are similar to CTMC. As noted previously in rodents, 

microenvironmental influences can generate functional heterogeneity as well as a 

morphological heterogeneity in MC.

An understanding of MC heterogeneity is important, as physiological 

modulators and pharmacological agents may have variable outcomes on MC 

responses, ranging from complete inhibition to no effect, all as a result o f MC 

phenotypic diversity.

4
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3. Mast cell mediators.

The noted biological effects o f MC activation result from release of a wide 

variety of potent mediators. This is particularly noticeable in inflammatory settings 

were MC-derived products released by classical degranulation/secretion have 

immediate effects on bronchomotor tone and mucous secretion (3,19). In addition 

MC can remodel plasma and nuclear membrane phospholipids to create lipid- 

derived inflammatory mediators. Finally, through de novo protein synthesis MC 

can produce cytokines that modulate cellular influx (1). Thus, similar to Cerberus 

the powerful three-headed dog of Hades, MC mediators can be categorized into 

three prongs: preformed granule-associated, lipid-derived and cytokines (Fig. 1.1). 

Notably, MC have the capacity to differentially release these mediators depending 

on the stimulus (3,20).

a) Granule-derived. MC granules are membrane bound and have a 

proteoglycan core. As has been noted, significant proteoglycan heterogeneity exists 

in MC populations. In general terms heparin and chondroitin sulfate are the major 

MC proteoglycans (3). The unique chemical characteristics o f proteoglycans 

(repeating serine/glycine residues with unbranched carbohydrate chains) possess a 

strong negative charge which allows for the packaging of granule mediators 

intracellularly (2 1 ).

The best-known preformed mediator is the amine, histamine, formed by the 

decarboxylation of histidine (3). Once produced histamine is tightly packaged with 

proteoglycans in the acidic environment of the granule. Upon MC activation and 

granule release, pH changes cause histamine liberation from the granule by cationic 

exchange (2 2 ) with rapid effects o f histamine on many targets including smooth 

muscle and endothelium.

As previously noted, MC also express a variety o f granule proteases. In rats 

these include RMCP-I (CTMC) and RMCP-II (MMC), which have chymase-like 

substrate specificity. The range o f protease content in rodent MC is evolving into a 

complex picture with the cloning in mouse MC of multiple chymases (6 ) and 

tryptases (2) (23). In human MC, tryptase (MCT) and chymase (MCtc ) are the

5
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Histamine Prostaglandins IL-1, -3, -4, -5, -6
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Fig. 1.1 Mast cell: morphology and mediators. A) Light microscope photograph of a 
Giemsa stained rat peritoneal mast cell showing large, off-center nucleus and dense 
staining cytoplasmic granules (800 X). B) Confocal image of rat peritoneal mast 
cells before and after activation. Mast cells can be activated though numerous 
pathways including crosslinking of IgE molecules bound to the high affinity IgE 
receptor, binding of cationic peptides or interaction with bacterial products. Mast 
cells can immediately release granule-stored mediators (degranulation shown in 
second confocal image) such as histamine and tumor necrosis factor (TNF), as well 
as rapidly (< 30 min) release de novo synthesized lipid mediators such as 
leukotrienes, and produce newly-synthesized mediators such as cytokines 
(Interleukin-; IL-) and chemokines (monocyte chemoattractant protein-1; MCP-1) 
with slower kinetics (> 1 h)(450 X).
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predominant proteases, though human protease expression is likely more complex 

particularly at the tryptase locus and expression heterogeneity in tissue has been 

incompletely studied (3). These proteases are also granule-associated and it is 

believed they interact with heparin side chains (24). Proteases release has a 

multitude o f effects including breakdown o f basement membrane and matrix 

proteins as well as stimulating mucous secretion (25).

b) Lipid-derived mediators. MC can rapidly synthesize, de-novo, an array of 

potent inflammatory arachidonic acid (AA) metabolites. Upon MC activation, AA 

is liberated from plasma and nuclear membranes by the enzyme phospholipase A2 

(PLA2X2 6 ). Further sequential metabolism is undertaken by cycloxygenase (COX 

1 and 2) to form prostaglandins and thromboxanes or lipoxygenase (LO) enzymes to 

generate leukotrienes (27,28). These mediators are potent bronchoconstrictors and 

chemotactic factors for multiple cell types. As with other MC mediators, there 

appears to be substantial heterogeneity in AA metabolites released by different MC 

populations. For example, rat CTMC preferentially produce PGD2, whereas rat 

MMC produce LTB4 and LTC4 in addition to PGD2, while human lung MC produce 

more LTC4 and human skin MC more PGE>2(29). Again, microenvironmental 

factors, including cytokine exposure, are thought to contribute to this diversity (30).

c) Cvtokines/chemokines. Finally, MC are also a source of “newly- 

synthesized” mediators including multiple cytokines (eg. IL-1, -3, -4, -5, DFN-y, 

TNF) and chemokines (eg. MCP-1, 1-309) (31,32). These molecules in general 

require new protein synthesis and thus are generally produced and released at later 

time points, although some are preformed and constitutively produced (eg. 

TNF)(Fig. 1.1)(33).

B. Mast cell activation.

MC can be activated by numerous secretagogues, that can induce mediator 

release though a variety of signaling cascades. The best-known inducer of MC 

secretory responses is though antigenic aggregation of IgE molecules bound to the 

high-affinity receptor for IgE (FcsRI) (34). However, addition pathways of 

activation are known and include a number o f charged peptides in an IgE-

7
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independent process known as peptidergic activation, as well as bacterial activation 

of MC through Toll-like receptors (TLR) (35,36).

Activation and degranulation of MC has several key features, including 

phosphorylation events, cytoskeletal changes, along with alterations in membrane 

phospholipid metabolism and changes in the level of intracellular calcium (Ca2+) 

levels (37). Indeed, early studies showed that granule release was largely dependent 

on the presence of intracellular Ca2+. Measurements o f Ca2+ after MC activation 

show a biphasic response, with a small initial increase thought to arise from the 

release of Ca2+ from intracellular stores. Followed by a delayed, but substantial 

increase thought to be the result of Ca2+ influx across the plasma membrane (37).

1. IgE-dependent activation and signaling.

Cells o f hematopoetic origin must express a variety of receptors that receive 

and transmit signals from the extracellular milieu. Among these receptor systems, 

antigen binding receptors are unique in that they posses the capacity to specifically 

bind to a diversity of ligands and this promotes the initiation of a specific immune 

response (38).

All MC populations express FcsRI. In rodents FceRI is expressed as a 

heterotetramer consisting of a single IgE binding a-subunit, a (3-subunit, and two 

disulfide-linked y-subunits (39). The a-chain constitutes the major extracellular 

component of the receptor but lacks any known signal transducing domains (40). 

The (3-subunit consists of 4 membrane spanning domains and a cytoplasmic tail 

capable o f transducing cellular signals (40). The signaling competent y-subunit is 

required for ligand induced signal transduction, and interacts with regions o f the a- 

subunit (41).

Both the (3 and y-subunits contain a specific sequence known as the 

immunoreceptor tyrosine-based activation motif (ITAM) that are important 

“phosphoacceptors”, through which the receptor subunits ultimately interact with 

signaling proteins.

MC activated by FceRI crosslinking show a very rapid (<15 sec) tyrosine 

phosphorlyation of many protein types (42), including the src related kinase, Lyn, 

and the tyrosine kinase, Syk. Lyn has been shown to phosphorylate P subunits o f
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FceRI through IT AM motifs. Similar to other src family kinases, Lyn 

autophosphorylates itself, leading to further transmission to other downstream 

substrates (37). Substrates containing src-homology-2 (SH2) domains can now bind 

to the phosphorylated Lyn. Syk binds to the tyrosine phosphorylated p and y 

ITAM’s through its tandem SH2 domains (43). Recruitment o f Syk occurs 

upstream of several important signal transduction pathways and is an important 

branch point in MC activation (Fig. 1.2) (39).

One o f the best-characterized signaling cascade downstream of Syk involves 

the phosphorylation and activation o f phospholipase C-y (PLCy) (37). PLCy 

activation results in the hydrolysis o f membrane phosphatidyl-inositol 4,5- 

biphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). 

IP3 initiates the release of Ca2+ from intracellular stores, while DAG activates 

numerous protein kinase C (PKC) isoforms (44). The increase in intracellular Ca2+ 

and PKC activation contribute directly to immediate MC mediator secretion.

Another exocytotic signaling pathway thought to arise from Syk activation is 

the Ras pathway. Ras activation requires the activation of the guanine exchange 

factor (GEF) Vav (45). Vav is known to form multimeric signaling complexes with 

many adaptor proteins including She, Grb2 and Sos (45). This complex interaction 

mediates the downstream activation of mitogen-activated protein kinase (MAPK) by 

Ras (39). Activation of MAPK is known to regulate phospholipase A2 (PLA2), and 

PLA2 activation promotes the production and release o f AA metabolites (46). This 

pathway is a predominant contributor to the production of AA in MC (Fig. 1.2).

2. IgE-independent activation.

In addition to activation by FcsRI, MC are known to be activated by a 

family of polybasic molecules including compound 48/80 (48/80), mastoparan, and 

polymyxin B as well as by several peptides, including substance P and neutrophil 

defensin molecules (47-49). At present there is accumulating evidence that there 

are no specific receptors for these molecules (50).

These amphiphilic peptides share similar properties as triggers o f MC 

degranulation. These include rapid kinetics (<10 sec), desensitization after 

neuraminidase pretreatment (removal o f sialic acid), inhibition by pertussis toxin
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Fig. 1.2 Model of IgE-associated signaling pathways in mast cells. IgE- 
mediated signaling is centered on splenic tyrosine kinase (Syk) 
phosphorylation. Syk then activates multiple pathways including; 
phospholipase C-y (PLC-y), which liberates inositol-3-phosphate (IP3) and 
diacylglycerol (DAG) causing calcium (Ca2+) release and protein kinase C 
(PKC) activation respectively leading to cytoskeletal changes and 
degranulation; Ras, which activates the mitogen-activated protein kinase 
(MAPK) pathway leading to phospholipase A2 (PLA2) activation and 
arachidonic acid (AA)-derived mediator production. Several downstream 
targets o f both PKC and MAPK are transcription factors involved in 
regulating cytokine expression.
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pretreatment, and the transient stimulation o f IP3 formation (51). Direct G-protein 

activation is thought to be the mechanism involved, as treatment with pertussis toxin 

inhibits histamine secretion by MC treated with C48/80 (52).

One of the central roles played by IgE-dependent activation is the immune 

response necessary for the expulsion of parasites (1). In addition, studies using 

MC-deficient mice have shown that MC-derived TNF is critical in the innate 

defense against bacterial infections (53). Mammalian “Toll-like receptors” (TLR) 

have been shown to bind to conserved structural patterns o f pathogenic bacteria 

(54). There are ten identified TLR and signaling via these receptors results in the 

production o f an array o f pro-inflammatory mediators (55). TLR2 and TLR4 have 

been extensively studied and respond to Gram-positive bacterial products 

(peptidoglycan) and Gram-negative enterobacterial lipopolysaccharide (LPS) 

respectively.

MC from rodents express TLR 2, 4, 6  and 8 but not TLR5 (36), while human 

MC TLR expression has been controversial with TLR 1,2,4 and 6  being variably 

identified (56,57). Rodent MC can be differentially activated by PGN and LPS to 

release a unique spectrum o f mediators. In addition, PGN treatment of mouse MC 

caused granule-derived mediators to be released ([3-hexosaminidase; (3-hex) while 

LPS did not (20). Results from human MC studies have shown a similar trend, 

though evidence for TLR4 activation by LPS requires further confirmation. These 

studies show that MC can respond to bacterial products with distinct patterns of 

mediator release.

C. Mast cells in homeostasis.

MC activated through the above mechanisms play a critical role in 

immediate hypersensitivity inflammatory responses. This unfortunately draws 

attention away from the growing body of evidence o f a role for MC in tissue 

homeostasis and repair. However, their ubiquitous distribution, plethora and 

differential release o f potent mediators, and increased numbers in wounds, fractures, 

tumor sites and other inflammatory states support the concept that MC participate in 

multiple facets o f tissue regulation (3).
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Several lines of evidence point to MC involvement in wound healing and 

fibrosis. MC numbers diminish early at a wound site, followed by marked 

hyperplasia then slow return to normal numbers as healing progresses (58). In 

addition, MC secrete a variety o f mediators essential for initiation of wound healing, 

including release of histamine that increases vascular permeability and causes 

collagen deposition (59); cytokines and chemokines that recruit other inflammatory 

cells to the site (32); proteases that induces fibroblast, endothelial and epithelial cell 

proliferation (59); and posses the ability to degrade and produce extracellular matrix 

proteins (3).

Another feature necessary for tissue homeostasis after injury is angiogenesis, 

or the formation of new blood vessels. Again MC are strategically located and are a 

rich source of angiogenic mediators. These include TNF, IL-8 , basic fibroblast 

growth factor (bFGF) and vascular endothelial growth factor (VEGF), which have 

all been implicated in the propagation of endothelial cell growth and function (61). 

In addition, MC release a number of products, including tryptase and matrix 

metalloproteinases (MMP), that degrade the stromal matrix to provide space for new 

vessel growth (62). Interestingly, MC have been identified as a source o f the CC 

chemokine, 1-309 (63). 1-309 is chemoattractant for many cells types, and has 

recently been show to promote angiogenesis (64). Thus many factors released by 

MC may have multiple effects.

MC are also present in epithelial layers including the lung and the GI tract. 

Model sytems o f food allergy and parasitic infection have implicated MC in 

regulating mucosal function and permeability (25). Histamine has been shown to 

increase ion secretion from colonic cells, and treatment with cyclooxygenase 

inhibitors has a similar effect (65). More recent studies have identified MC 

tryptase, via proteinase-activated receptor 2 (PAR-2), as having a role in mucosal 

dysregulation (6 6 ). Disruption of epithelial barrier function may also involve MC- 

derived histamine and prostaglandins, potentially through the activity of the radical, 

nitric oxide (NO)(67).

D. Mast cells in disease.
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MC have a long association with immediate Type-I hypersensitivity 

responses that include allergic inflammatory conditions such as asthma. Asthma is 

a chronic disease o f the airways with hallmark characteristics of bronchial 

hyperresponsiveness, inflammation and airway obstruction (19). Many cell types 

are involved in these response cascades, however, due to their resident tissue 

location (airway walls) and multifunctional mediators, MC are the initial effector 

cells (3). The existing paradigm for asthmatic inflammation consists of both an 

immediate-phase followed by a late-phase response (LPR)(19).

Activation of MC via specific antigen (allergen)-induced cross-linking of 

IgE induces immediate (1 to 30 min) degranulation and release o f pre-formed and 

granule-derived mediators (3). Mediators such as histamine and leukotrienes are 

associated with the immediate response seen in tissues directly adjacent to MC. 

These targets and responses include histamine and leukotriene’s causing 

bronchoconstiction via airway smooth muscle, and leukotrienes and prostaglandins 

causing increased venular permeability and vasodilation (19).

MC activation is also associated with the LPR seen in chronic allergic 

inflammation. Release of newly synthesized cytokines (eg. TNF, IL-5) results in an 

increased influx of granulocytic cells, including eosinophils (3). Release of 

chemokines, including MCP-1 and 1-309 also induce recruitment of T-cells in 

addition to eosinophils (32,68). Thus, a milieu of activated inflammatory cells is 

drawn to the airways causing further hyperresponsiveness and airway tissue 

damage.

E. Regulators o f mast cell responsiveness.

MC involvement in physiology and pathology, combined with their plethora 

of potent mediators has stimulated increased study on ways o f controlling MC 

function and thus MC-related disease. Several inhibitor receptors expressed in MC 

have been identified, including the Ig-like molecules FcyRIIB, gp49BI, and KIR and 

the C-type lectin containing Ly49 and mast cell function-associated antigen 

(MAFA), though orthologues in human MC have been incompletely described (69). 

These receptors collectively are known as the inhibitory receptor superfamily (IRS) 

and all contain at least one conserved immunoreceptor tyrosine-based inhibition
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m otif (HIM). These ITIM sites differentially recruit phosphates enzymes, and thus 

regulate the phosphorylation events involved in MC signaling, particularly through 

FcsRI. FcyRTTB is the most-studied receptor in this class and activation of this 

receptor by IgG binding is though to be one mechanism involved in the effects of 

antigen specific immunotherapy (37).

There are also several drugs that are known inhibitors o f MC responsiveness, 

including (3-agonists (eg. salbutamol, salmeterol), prostaglandin analogues (PGEi 

and misoprostol), corticosteroids (eg. dexamethasone) and sodium cromoglycate 

(SCG). As a group these drugs have broad-spectrum effects on MC function 

including inhibition of granule mediator secretion and decreased cytokine 

production (3).

Several cytokines can also moderate MC responsiveness in addition to their 

roles already outlined in MC development, including EL-10, transforming growth 

factor-(3 (TGF-(3) and interferon-y (IFN-y)(33,70,71). Previously we have shown 

that IFN-y inhibits histamine and TNF release from rat PMC (33), and adhesion in a 

rat MC line (72) in addition IFN-y treatment modulates MC adhesive events. 

Several o f these functions o f IFN-y have been associated with the increased 

expression of nitric oxide synthase and release o f NO. Indeed, several studies have 

shown that NO has potent inhibitory activity in MC responsiveness including 

granule mediator release and cytokine production (73).

II. Nitric oxide

A. General Properties.

NO is one o f the smallest bioactive molecules in nature with a size of only 

30 Da. The union of one nitrogen and one oxygen means that NO has an unpaired 

electron in its outer valence orbit, thus making it a radical. First identified as an 

industrial pollutant and considered highly toxic, it has since evolved along a 

remarkable course being used as a preservative and therapeutic for cardiac 

dysfunction (74).

NO displays unique chemical characteristics including an inability to react 

with itself or to form chemical hydrates with water (H2 0 )(7 4 ). It reacts in a similar 

fashion as molecular oxygen, and freely diffuses across membranes and other
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cellular components. Recently, these properties have been further defined as 

hemoglobin has the in-vivo capability to not only bind oxygen and carbon dioxide 

but also NO (75).

NO plays crucial, diverse, and often divergent (homeostatic/pathologic) roles 

in vascular, neuronal and immunological systems (76).

B. Nitric oxide chemistry.

The pleiotropic effects o f NO are hypothesized to be cause by its distinctive 

chemical properties. As such, NO has a large and diverse spectrum of partners (Fig.

1.3). Recently, attempts have been made to broadly classify NO effects into 

“direct” and “indirect” categories (77).

Direct effects are due to NO binding directly to a target molecule. Such 

interactions are generalized to happen under relatively low concentrations o f NO 

found under physiological conditions, though some exceptions doubtlessly exist. 

Likely the best characterized o f these interactions is NO binding to transition-metal 

containing proteins. The best studied of these metal nitrosyl complexes is the 

interaction of NO with the iron heme on guanylate cyclase, resulting in the 

formation of cGMP with resulting regulatory effects on vascular tone (78). NO can 

also directly interact with the high-valence free radicals o f oxygen (alkoxyl, RO or 

alkyl ROO )(79). These oxygen radicals have been implicated in cell damage due to 

lipid peroxidation (79). As such, NO inhibits these reactive mechanisms and plays 

an anti-inflammatory role (Fig. 1.3).

The indirect effects of NO are due to higher order nitrogen oxides (NOx) 

formed by the interaction of NO with molecular or radical oxygen molecules often 

when high levels o f NO are expressed such as in inflammatory states (77). The 

most prevalent of these species are dinitrogen trioxide (N2O3) and peroxynitrite 

(ONOO) which cause nitrosative and oxidative stress respectively (80). These 

molecules are much more powerful oxidants than NO alone, and react with a broad 

spectrum of substrates including thiols, esters, guanosine, carbohydrates, lipids and 

DNA (81). Indeed, much study has focused on the capability o f ONOO' to cause 

the nitration of phenol containing molecules such as tyrosine (82). The formation of 

3-nitrotyrosine (3-NT) has been shown to have diverse effects on signaling pathway
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Fig. 1.3 Schematic representation of nitric oxide (NO) interactions in roles as a 
physiological messenger or a cytotoxic agent. NO mediates several of its well 
known signaling effects by binding the heme of guanylate cyclase, increasing the 
production o f cGMP. NO can also interact with oxygen to form nitrite, which can 
be excreted. NO reacts with thiols (R-SH) to for nitrosothiols than can serve as a 
storage/transport site for NO. Under conditions o f high NO formation, NO may 
interact with superoxide (O2 ) to form the more reactive species, peroxynitrite 
(ONOO ). NO can inhibit enzyme activity by reacting with metal containing 
functional groups. NO can also deaminate DNA resulting in mutagenic changes.
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and released mediators by changing the active properties of these proteins (83). 

Such mechanisms have been implicated in a proposed, evolutionarily ancient 

signaling mechanism based on nitrogen instead of phosphate (phosphorylation)(84).

Further indirect effects are due to the interaction o f NO with thiols and 

glutathione. The formation of these S-nitrothiols are thought to provide a stable 

storage platform for reactive nitrogen species (RNS), extending its biological half- 

life (85). Such S-nitrothiols have been shown to modulate MMP activity in airway 

models of inflammation (8 6 ).

C. Nitric oxide synthase.

1. General.

NO is formed by nitric oxide synthase (NOS; EC 1.14.13.39) in two discrete 

steps involving the conversion of L-arginine, to N-hydroxy-L-arginine, to L- 

citrulline with NO formed as a byproduct (76). NOS activity is multifactoral 

requiring numerous cofactors including the substrate; L-arginine, O2, an electron 

donor; NADPH, heme, FAD, FMN, calmodulin and tetrahydrobiopterin (BH4). The 

presence of two flavin groups is unique within human enzymatic systems (Fig. 1.4) 

(87). Three distinct isoforms have been isolated, initially named for the tissue of 

discovery, neuronal (nNOS), inducible (iNOS) and endothelial (eNOS)(8 8 ). NOS is 

active only in homodimeric conformation, with the indiviual subunits having 

molecular masses o f 155 kDa (nNOS), 130 kDa (iNOS) and 135 kDa (eNOS)(Fig.

1.4). Catalytically it has been useful to distinguish between isoforms based on their 

activation dependency on Ca2+. Both nNOS and eNOS are dependent on a Ca2+ 

signal in order to bind calmodulin and produce NO. Conversely, iNOS has robust 

calmodulin binding and Ca2+ is not required (76). As a general statement, nNOS 

and eNOS produce low amounts of NO (pM) while iNOS produces large amounts 

(nM)(76).

2. Structure and function.

On the basis o f overall structure all NOS isoforms consist o f a C-terminal 

reductase domain that contains the flavin moieties (FAD, FMN). By analogy this 

domain has structural homology similar to cytochrome P450 reductase, and it has 

been shown by mutational analysis that the flavins act as the initial e' acceptors (89).
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Fig. 1.4 Schematic of the monomeric stmcture of nitric oxide synthase 
(NOS). Oxygenase and reductase domains are represented by green and blue 
boxes respectively. The arginine (Arg), tetrahydrobiopterin (BH4), flavin 
(FMN, FAD) and nicotinamide-adenine dinucleotide phosphate (NADPH) 
binding regions are denoted within the structure. The PDZ binding region in 
neuronal NOS (nNOS) and myristoylation (M) and palmitoylation (P) sites 
in endothelial NOS (eNOS) are shown. Inducible NOS (iNOS). 
Approximate molecular weights are also noted.
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A calmodulin binding domain lies in the center pocket of the enzyme. As 

calmodulin is a protein, active NOS can actually be considered a tetramer of 2 NOS 

and 2 calmodulin (76). The N-terminus consists o f the oxygenase domain enclosing 

the heme, O2, BH4 and arginine binding sites (Fig. 1.4). Spectroscopic studies have 

identified a cysteinyl-thiolate binding arm for the heme molecule and crystal 

structure study has identified the heme pocket as the putative catalytic site (90). 

The oxygenase domain has been described as a “baseball glove”, with the pocket 

holding the arginine molecule (90).

The N-terminus also represents the region o f most diversity amongst the 

NOS iso forms. nNOS contains a 300 amino acid PDZ-binding domain that is 

involved in targeting and binding interactions of nNOS. Such binding partners 

include the N-methyl-D-aspartate (NMDA) receptor in neuronal tissue, which 

allows direct linkage of a Ca2+ channel to nNOS (91). The eNOS isoforms exhibits 

a smaller N-terminal sequence that comprised three fatty acid acylation sites 

(myristoylation and palmitoylation) that are also critical for cellular targeting (Fig.

1.4) (92). Mutational analysis and expression has shown that dual acylation is 

required for the correct localization o f eNOS to cellular membranes, inhibition of 

this modification has been shown to inhibit eNOS activity (92).

Electron flow, founded on P450 chemistry, proceeds from the NADPH 

donor, to FAD, then FMN to the heme region (87). Based on partial crystal 

structures and chimeric experiments, e' transfer from FMN has been proposed to 

proceed to the heme group on the opposing monomer (87). In the presence o f the e" 

equivalents and O2, arginine is hydroxylated and NO is formed. The role o f BH4 is 

unresolved, and may also be involved in e' transfer (93). Additionally BH4 is 

required to maintain the NOS dimer (94). Recent crystallography also identified a 

previously undetected zinc molecule at the dimer interface, though its precise role 

also remains undefined (Fig. 1.5) (95).
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Fig. 1.5 Schematic of nitric oxide formation and electron (e ) flow through 
nitric oxide synthase, e' are donated by nicotinamide-adenine dinucleotide 
phosphate (NADPH) to the flavin-adenine dinucleotide (FAD) and them flavin 
mononucleotide (FMN) binding regions in the reductase domain. They then 
interact with the heme iron and tetrahydrobiopterin (BH4) at the catalytic site to 
produce nitric oxide. Electron flow from the reductase domain to the oxygenase 
domain requires arginine, BH4 and calmodulin.
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3. Expression and post-translational regulation.

a) Transcriptional regulation. The initial studies investigating NOS involved 

delineating mRNA expression patterns. In some way this was unfortunate as it lead 

to the classification o f NOS into isoforms that were “constitutively” expressed 

(nNOS/eNOS) or “induced” (iNOS) (96). This paradigm has cast a long shadow on 

the field despite a growing number o f exceptions (97). Indeed, all isoforms have 

differing capacity for inducibility, and all have situations where they are 

constitutively expressed (Fig. 1.6).

nNOS mRNA was first characterized in neuronal tissue, though many non­

neuronal sources have been identified (96). The human nNOS gene and promoter is 

located on chromosome 12 and is the largest o f all the NOS’s at 10 kb. Initial 

Northern blot studies screening multiple tissues showed numerous splice variants of 

nNOS particularly in the testis (98). These variants lack exon-2 which encodes for 

the PDZ domain, implying different localization than the full length variant (99). 

Heterologous expression has shown that these splice variants have NOS activity 

(99). nNOS mRNA expression can also be regulated by a number o f physiological 

stimuli, including hypoxia, electrical stimulation and hormones (100). Interestingly, 

numerous inflammatory cytokines (eg. TNF, IFN-y) down-regulate nNOS in many 

cell systems ( 1 0 1 ).

iNOS was first identified in activated macrophages. The human iNOS gene 

is located on chromosome 17 and is substantially smaller than nNOS at 4.8 kb (96). 

As its name implies, iNOS is upregulated in activated immune cells and there are 

many classical activators of iNOS including DL-ip, LPS, IFN-y, and TNF (96). Of 

note is the apparent difficulty in detecting iNOS mRNA following similar 

treatments in human immune cells, though iNOS is also constitutively expressed in 

human hepatocytes (102). Several splice variants o f iNOS have been identified, 

though so far their existence is limited to human cells (103). Most of the variants 

represent large splices within the heme domain and thus are thought to be 

catalytically inactive (104). Interestingly, studies on iNOS protein expression in 

multiple human tissues has identified truncated iNOS proteins comparable to 

translational products o f these splice variants (105).
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Fig. 1.6 Regulatory pathways of nitric oxide production. Enzymes involved in 
the process are in ovals, transporters are represented as rectangles. ( 
Tetrahydrobiopterin, BH4; GTP-CHI feedback regulatory protein, GFRP; GTP 
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for transcriptional regulation, “F” for functional changes, and “P” for 
phosphorylation.
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The human eNOS gene is located on chromosome 7 and is similar in size to 

the iNOS gene. No known splice variants o f eNOS have been identified, though 

some polymorphisms may be associated with disease (106). The eNOS promoter is 

complex, and contains binding sites for many transcription factors including AP-1 

and NF-kB (107). As such, multiple stimuli have also been shown to regulate 

eNOS expression including IFN-y, shear stress and estrogens (108).

b) Cofactor regulation. As NOS activity is a multi-factor process and given that 

NOS has obligate requirements for the substrate arginine as well as BH4, these 

factors also play a crucial and dynamic role in regulating NO formation (Fig. 1.6).

i) Arginine. NOS enzymes have obligate requirements for the substrate 

arginine, which is the requisite and sole nitrogen donor (109). Cellular arginine 

levels are dependent on a variety of synthesis and transport mechanisms, including 

uptake from extracellular fluid, intracellular protein breakdown, or endogenous 

synthesis (109).

Transport of arginine often increases in cells that have been activated to 

produce NO (110). This increased transport is due to the cationic amino acid 

transporter (CAT-2B), resulting in preferential uptake of L-arginine, though L- 

omithine and L-lysine can also compete for binding sites (111). Interestingly, in 

some cell types it has been noted that intracellular levels of arginine are adequate to 

support NOS activity, even in the absence o f extracellular arginine (110), though 

this may effect the long-term production o f NO by iNOS. Indeed, sites of 

inflammation create an environment where extracellular arginine levels are not 

sufficient for NO production. However, several groups have shown that many cell 

types are able to recycle L-citrulline back to arginine through the activity of 

argininosuccinate synthase (AS) and argininosuccinate lyase (AL)(Fig.l.6)(112). 

Studies in LPS activated mouse macrophages showed that AS mRNA and protein 

were induced concordantly with iNOS, maintaining NO production in the absence 

o f exogenous arginine (113). Interestingly, AL levels are not effected by this 

treatment, and AS levels are thus rate-limiting (114).

Other mechanisms also exist to control arginine availability. The enzyme 

arginase, Type I (constitutive) or Type II (inducible), catalyzes the breakdown of
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arginine into urea and ornithine (Fig.l.6)(109). Type II arginase is expressed in 

mouse macrophages and cytokines that induce iNOS, such as IFN-y, downregulate 

arginase activity, whereas the reverse is seen with IL-4 (115). Such an opposing 

mechanism has been recently proposed for NO regulation o f T-cells (116).

ii)Tetrahydrobiopterin (BH4). NOS enzymes also have a requirement for the 

cofactor BH4 . Indeed, increases in NOS activity must be accompanied by a 

simultaneous increase in BH4 levels, or NO production decreases (117). 

Considering the critical role played by BH4 in NO synthesis, its precise role is 

unknown (118). In other enzymatic systems, BH4 acts as an electron donor. 

However, reconstitution and stability assays have implicated BH4 as an allosteric 

activator o f NOS by maintaining the enzyme in its active dimerized state (119). 

Furthermore, BH4 has been implicated in maintaining iNOS mRNA levels (120) and 

may also protect iNOS from inhibition by NO it produces (121). Clearly BH4 is 

critical in catalyzing and maintaining NO production.

The majority of BH4 is produced from de novo GTP by the activity o f a 

complex pathway of enzymes under control of the rate-limiting enzyme in this 

pathway, GTP cyclohydrolase I (CHI) (Fig.l.6)(118). Most cells also maintain a 

minor capacity to recycle pterin molecules to form BH4. The original paradigm was 

that increased iNOS induction was closely followed by an increase in GTP-CHI 

mRNA production, and presumably GTP-CHI protein translation (122). Thus BH4 

production was under transcriptional control through CHI. However, recent studies 

have shown post-translational regulatory mechanisms o f CHI, including 

phosphorylation (123) and interaction with a recently cloned 9.5 kDa protein named 

GTP-CHI feedback regulatory protein (GFRP)(Fig.l.6 ) (124). GFRP binds CHI in 

the presence o f BH4 and induces a conformational change that inactivates the 

enzyme. The expression pattern of CHI and GFRP are complex, do not always 

overlap and are often differentially regulated (125).

Levels of BH4 have also been identified as a determining factor in the 

reactive radicals derived from NOS. At sub-saturating levels of BH4 the NOS dimer 

can produce superoxide (O2 ) or ONOO', rather than NO (126). This mechanism 

has been implicated in arteriosclerosis (127), where reconstitution or stabilization of
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cellular BH4 levels results in normalized NO production and increased vessel 

relaxation (128).

c) Localization and protein/protein interactions.

One o f the most intense areas o f study in recent years is the post- 

translational regulation of NOS. Owing to its important biological role and unique 

structural biology NOS must be tightly controlled to regulate its effects and this has 

resulted in a growing list ofNOS interacting and regulating proteins (129).

i) Caveolin. The subcellular localization and control o f eNOS has been the 

subject o f intense investigation. One of the earliest defined eNOS characteristics 

was that it could be found in the particulate portion after subcellular fractionation 

(130). Cloning o f the eNOS protein revealed that it had no transmembrane domain, 

and mutational analysis identified that the acylation o f the N-terminus was 

responsible for its localization (92). Targeted yeast-two hybrid analysis revealed the 

binding of eNOS to caveolin, the major component o f plasma membrane 

invaginations called caveolae (131). Caveolae are enriched in cholesterol and are 

known to sequester signaling molecules. Indeed, the majority o f endothelial cell 

eNOS resides in caveolae (132). Interestingly, caveolae interactions with eNOS 

have been shown to inhibit NO formation, and microinjection of caveolin-like 

peptides also negates NO production from eNOS (133). The prevailing paradigm is 

activation of endothelial cells causes a Ca2+ influx that promotes calmodulin to bind 

to eNOS and concordant displacement o f caveolin; this is known as the 

Calmodulin/caveolin switch (76). This model is supported by recent in-vivo work 

with caveolin deficient mice that shows increased vascular eNOS activity (134).

Evidence o f caveolin interaction with other NOS isoforms is weaker, 

although nNOS interaction with caveolin-3 has been shown in skeletal muscle 

(135). This interaction also negatively regulates NO formation, though transfection 

studies have implied that the interaction is indirect and occurs through other proteins 

present in the dystrophin complex (135).

ii) Heat shock protein 90. Hsp90 is one of the most abundant cellular 

proteins comprising 1-2% of all cell constituents (136). Hsp90 and its yeast 

counterparts are crucial to proper protein folding and maturation (136). Deletion
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and colocalization studies have revealed Hsp90 in sites other than the Golgi and ER 

and thus it may have other roles. Indeed, analysis of activated endothelial cells has 

shown that Hsp 90 tightly associates with eNOS which is correlated with increased 

NO formation (137). The precise mechanism is unknown, though Hsp90 may be 

able to stabilize the activated NOS homodimer (137). Further assays using purified 

proteins have shown that Hsp90 is an allosteric activator of eNOS, and studies in 

cell free systems revealed that Hsp90 may play a role in scaffolding and allowing 

many signaling proteins, including the kinase Akt, to interact in a large complex. 

(138) O f note is that in Drosophila Hsp90 is crucial for tyrosine kinase signaling 

though these results require further confirmation in vivo (139).

Hi) Other NOS interacting proteins. Through the use of yeast two-hybrid 

techniques a growing complement of NOS interacting proteins have been identified.

Using the C-terminus of eNOS as “bait” a 34 kDa eNOS interacting protein 

(NOSIP) has been identified (140). Coimmunoprecipitation confirmed the 

interaction between eNOS and NOSEP, and immunohistochemistry documented the 

coexpression of these proteins in multiple tissues (141). NOSIP was originally 

thought to inhibit NOS activity, though recent transfection experiments revealed 

that NOSIP causes the translocation of eNOS to the cytoplasm, which may explain 

NOSIPs role in inhibition (140).

Another eNOS interacting protein called eNOS traffic inducer protein 

(NOSTRUM) has also been identified (142). NOSTRUM is unique in that it contains 

an SH3 domain, and as such it is potentially an adaptor protein involved in signaling 

(142). Overexpression of NOSTRUM in endothelial cells resulted in a redistribution 

of eNOS into vesicular structures in the cytoplasm, with concurrent inhibition of 

eNOS activity (142). Thus NOSTRIN and NOSIP appear to play a similar role in 

the trafficking o f eNOS, though this role and specificity o f action require further 

investigation.

Using nNOS as the target revealed an 89 a.a. interacting protein named 

protein inhibitor o f NOS (PIN)(143). Mutational analysis initially identified PIN as 

an inhibitor of nNOS due to its ability to inhibit dimerization (143). Indeed, initial 

studies showed that PIN could decrease NO formation in transfected cells (144).
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However, PIN also shares >90% homology with the light chain of the dynein 

complex. Dyneins are “molecular motors” that mobilize proteins and organelles 

towards the negative ends o f microtubules (145). As such PIN has more recently 

been shown to interact with a variety o f apparently unrelated proteins including 

myosin, IkB and the TGF-P receptor (146). Furthermore, PIN has been shown to 

interact with all NOS iso forms (147). Thus, PIN may also be involved in binding 

and trafficking of NOS and may provide a signaling link between NOS and the 

cytoskeleton.

d) Phosphorylation.

Phosphorylation is a critical posttranslation regulatory mechanism of diverse 

cellular proteins. Preliminary studies revealed that all NOS isoforms could be 

isolated as phospho-proteins from cell culture systems (148). This was o f particular 

interest as it implicated a link between NOS and multiple cell signaling pathways.

eNOS regulation by phosphorylation has received the most attention. 

Studies using pharmacological inhibitors of PI-3K, PKC and other signaling 

molecules identified eNOS as a target for phosphoregulation o f NO production 

(149). One of the significant downstream targets from PI-3K is the protein kinase, 

Akt. Akt has been shown in-vitro and in-vivo to phosphorylate human eNOS at 

serine 1177 (Ser1177)(150). Ser1177 resides at the C-terminal end of eNOS, and

phosphorylation of this site leads to a 15-fold increase in NO formation (151). The 

precise mechanism is unclear, but it is believed that phosphorylation contributes to a 

conformational change that is conducive to increase e' flow in the NOS dimer (151). 

Mutation of Ser1177 results in a decrease in NO formation, though this inhibition is 

incomplete. Thus, other cellular signaling cascades, including AMP-activated 

protein kinase (AMPK) and calmodulin kinase (CaMKH), may also be involved in 

regulating eNOS activity (152).

Human eNOS can also be phosphorylated at threonine 495 (Thr495). 

Phosphorylation at Thr495 appears to be constitutive in all cell types so far studied 

(153). Cell free analysis reveals that phosphorylated Thr495 has an inhibitory tone 

on eNOS activity (154). Indeed, Thr495 is present in the CaM-binding domain and 

likely inhibits Calmodulin association. PKC seems to be important for maintaining
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Thr495 in a phosphorylated state (155). Interestingly, various studies have shown a 

complex and enigmatic eNOS phosphorylation pattern at Thr495 and Ser1177 (149). 

Thus, eNOS activity and NO formation can be agonist-specific, and represent a 

particular balance between phosphorylation states.

4. Nitric oxide and mast cells.

Since the initial discovery o f NO it has been implicated in the regulation of 

MC, and because MC mediators contribute to inflammatory responses, control of 

MC function via NO may be o f benefit in many inflammatory diseases. Indeed, 

inhibition o f NO synthesis with NOS inhibitors (L-NMMA) enhances MC 

degranulation in in-vitro and in-vivo systems (156,157). However, interpretation of 

these results has been difficult, as early studies employed impure MC populations 

(<80% MC)(156). In addition NO derived from contaminating cells has been 

shown to be an exogenous source of NO that regulated MC responsiveness, as such 

it was difficult to attribute NO effects in MC to exogenous or endogenous sources 

(156). Compounding this difficulty is the direct inhibition o f MC serotonin and 

TNF release by pretreatment with exogenous NO donors (158,159).

The ability o f NO to regulate mediator release from MC may be 

physiologically relevant. Indeed, MC-derived NO has been shown recently to be a 

critical regulatory element in controlling vascular permeability with inhibition of 

NO synthesis causing MC degranulation, an increase in microvascular permeability, 

and leukocyte infiltration (67). In addition, there is a growing association between 

MC NO and vascular dysfunction such as reperfusion injury (160). This concept is 

indirectly supported by experiments with MC stabilizing compounds that mimic the 

effect of NO administration causing reduction of vascular dysfunction (67).

There is increasing evidence of a physiological role for NO in regulating MC 

activity, however the mechanism(s) employed by NO remain unclear. Initial studies 

from our group have shown that endogenous NO modulates MC adhesion in both 

human and rodent systems (72,161). As adhesion is required for MC activation, this 

may be a potential mechanism of NO action (162). In addition, nitrosylation of 

cellular proteins including calpain, a critical protease in cell adhesion, and small G
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proteins including Rac have been shown as potential targets in MC and other 

systems (161,163).

III. Central hypothesis and aims.

The release o f MC mediators such as histamine and leukotrienes by 

exocytotic or secretory mechanisms is known to both initiate and propagate immune 

responses and chronic activation can result in severe inflammatory diseases such as 

asthma. Inhibition o f MC activation is thus a key component in treating asthma. 

NO has been shown to downregulate MC reactivity by influencing critical cell 

pathways (164). However the topic o f MC-derived NO is controversial, with NO 

being proposed to have both pro- and anti-inflammatory roles in MC function (165). 

In addition, until recently, some doubt remained as to the capacity of MC to 

endogenously produce NOS and NO. Thus, an understanding of molecular 

mechanisms of production and regulation of NO in MC will be important in 

developing novel therapeutics to control MC responses.

The central hypothesis is that MC (both rodent and human) are a 

source of NO produced by the enzyme NOS. We further hypothesize that NO 

production and the outcome effects (pro- or anti-inflammatory) of NO on MC 

are critically dependent on availability of cofactors and the influence of 

NOS/protein interactions.

Specific objectives:

1. To characterize NOS expression and localization in rodent and human MC 

populations. The expression and relative contribution o f the three NOS 

isoforms (nNOS, iNOS, and eNOS) to MC NO production is unknown. RT- 

PCR and western blot will be used to identified NOS mRNA and protein 

expression. In addition, regulation of NOS expression by a variety of stimuli, 

including cytokines such as IFN-y (a known inhibitor o f MC function) will also 

be studied. To investigate the spatial cellular distribution o f NOS, confocal 

microscopy will be employed. Subcellular fractionation experiments will be 

employed to confirm the microscopy results.

2. To determine NO formation in MC: The reactive nature o f NO precludes its 

direct detection, particularly when expressed at low levels as in MC. A variety
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of techniques to detect stable breakdown products of NO (Griess assay), 

determine NOS activity (Radioactive citrulline assay) and a novel, live-cell 

confocal assay to determine NO production in MC using the NO-sensitive 

fluorescent probe, diaminofluorescein (DAF), will be employed.

3. To establish the effects of the availability of critical cofactors in modulating 

MC NOS activity: NOS has obligate requirements for BH4 as both an allosteric 

molecule and electron transfer substrate. BH4 is produced de novo by the 

enzyme CHI. CHI mRNA and protein expression in both rat and human MC 

will be determined. Pharmacological inhibition o f CHI activity and effects on 

NO formation will be determined.

4. To determine the activation and post-translational regulatory pathways of 

NOS in MC: Given the complex regulation o f NOS, investigations into 

regulation of phosphorylation state will be undertaken using western blot 

techniques. In addition, identification and control of NOS interacting proteins 

will be defined by gene array and other studies.

5. To define the roles and effects that endogenous NO plays in MC function: 

The effects of modulating NO on various MC responses including 

degranulation, lipid-mediator release and cytokine/chemokine formation will be 

measured.
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Introduction

Nitric Oxide (NO) is a remarkable molecule, functioning as both a cellular messenger 

and cytotoxic agent. This short-lived mediator is formed by the sequential oxidation of 

the substrate L-arginine by the nitric oxide synthase (NOS) family of enzymes, with the 

formation of L-citrulline and NO as the byproduct (1). NO has been implicated in 

numerous homeostatic functions including: vasodilation (2), neurotransmission (3), and 

host defense against pathogens (4), but also in pathological conditions such as sepsis, 

autoimmune diseases, asthma and other inflammatory diseases (5-7). In the latter
2_p ,

conditions, excessive production of NO by the Ca independent inducible isoform 

iNOS is considered to be important (8).

Mast cells (MC) are strategically located throughout the body at neural, epidermal, 

mucosal, and vascular sites. They play a critical role in allergy and other inflammatory 

states through the release of multifunctional mediators such as histamine, cytokines, 

arachidonic acid metabolites and proteinases (9). Production o f NOS and NO by rat 

MC has been previously investigated by a variety o f means, in many MC types, and 

using a variety o f time courses. Direct localization o f iNOS protein to MC has been 

described using immunohistochemistry in rat intestinal biopsies, mouse cultured MC 

and rat brain tissue (10-12). Bioassays, including platelet aggregation (13,14) and 

epithelial permeability (15) have been used to indirectly detect the production o f NO by 

MC after short-term activation in both mouse and rat PMC. Detection of iNOS mRNA 

was accomplished in MC cultured from mouse bone marrow (11) and subsequently 

stimulated with IgE. The NO produced by mouse MC has been detected and quantified 

as its stable breakdown product nitrite (M V ) using the Griess assay following long 

term stimulation with IgE (11). However, the amounts o f NO obtained were low and 

there was little information concerning events at the cellular level. Furthermore, there 

is debate about whether NO is made by the MC or by contaminating cells in isolated 

cell populations (14), or if  indeed MC have the cellular capacity to react to cytokines 

like EFN-y to produce NO (16). Therefore, despite recent studies giving further 

indication that rodent MC produce NO (11,12), the NOS isoform involved, the balance
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between constitutive and inducible NO production, and the precise stimulatory events 

and time-course that initiate the NO production remain unresolved.

To investigate the regulation of NO in PMC, we studied the expression of NOS 

isoforms constitutively and following induction by cytokines and antigen. In this study 

we demonstrate the production of constitutive eNOS mRNA and upregulated iNOS 

mRNA expression by PMC after treatment with IFN-y, stimulating antigen or CD8 

ligation with antibody. Secondly, we localize the iNOS mRNA directly to MC by an 

in-situ RT-PCR technique. Thirdly we demonstrate that PMC synthesize iNOS protein 

as detected by immunohistochemistry. Lastly, this protein is active and stimulates the 

production of NO.

Materials and Methods 

Animals

Adult male Sprague-Dawley (CrkCD (SD) BR) rats were obtained from Charles River 

Canada Inc. (Quebec, Canada) and maintained in an isolated room in filter-top cages to 

minimize unwanted infections. For experiments in which PMC were to be isolated, then 

stimulated with antigen, rats were sensitized by infection with L3 larvae of 

Nippostrongylus brasiliensis 5 to 6  weeks before MC isolation as previously described 

(17). Food and water were provided ad libitum and animals were maintained on a 12h 

light-12h dark (0700 to 1900) cycle. Experimental procedures were approved by the 

University Animal Care Committee and were in accordance with the guidelines o f the 

Canadian Council on Animal Care.

Antigen

Antigen (Ag) used to activate in vivo sensitized PMC was a collection of soluble 

excretory and secretory products of adult N. brasiliensis prepared by incubating worms 

in phosphate buffered solution (pH 7.2) at 37°C for 4 h (18). The antigen concentration 

was described as worm equivalents (WE) per mL, and the final protein concentration of 

Ag (5 WE/mL) was 7.1 ± 0.8 pg/mL. LPS levels were negative as tested by E-toxate 

reagent (SIGMA).
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M C isolation and stimulation

Total peritoneal cells were obtained by peritoneal lavage with 15 mL of cold HEPES 

(lOmM)-buffered Tyrode’s solution containing 0.1% BSA. PMC were purified by 

centrifuging the total peritoneal cells through a two-step discontinuous gradient of 

Percoll (Pharmacia Ltd., Uppsala, Sweden) as previously described (18). The number 

o f PMC recovered was 1.1 x 106 cells/rat, and PMC purity was >98% as determined by 

staining with toluidine blue. Contaminating cells (<2%) included eosinophils, pycnotic 

neutrophils, small dense lymphocytes and erythrocytes. Cell viability, as determined by 

trypan blue staining was >99%. PMC were resuspended in RPMI-1640 medium 

(Gibco/BRL, Grand Island, NY) containing L-glutamine pH 7.2, supplemented with 5% 

heat inactivated FBS, and 40U/mL penicillin/streptomycin (GIBCO/BRL). For RT- 

PCR experiments PMC from unsensitized rats were treated with medium containing 

either fFN-y (800 U/mL)(Gibco/BRL) or anti-CD8 antibody (OX-8 , 5 pg/mL)(Serotec, 

Toronto, Canada) for 6  h. PMC from sensitized rats were treated with sensitizing 

antigen (5 WE/mL) for 16 h. As controls for all experiments, PMC from unstimulated 

rats were incubated without treatment for the described period o f time. For 

immunohistochemistry experiments, PMC were stimulated with fFN-y (800 U/mL), 

anti-CD8 (5 pg/mL) or antigen (5 WE/mL) for 16h. As a positive control, isolated 

macrophages were also incubated with IFN-y (800 U/mL)(Gibco/BRL) for 16 h. For 

nitrite (NCV) determinations PMC were incubated with EFN-y (800 U/mL), anti-CD8 (5 

pg/mL), or antigen (5 WE/mL) for 48 h.

Reverse transcription (RT)-PCR

Total RNA was isolated from PMC using a modification of the Chomczynski/Sacchi 

method as previously described. The isolated RNA was then pretreated with heparinase 

I (Sigma Chemical Co., St. Louis, MO) to remove contaminating heparin (19). One pg 

of RNA was converted to cDNA by the reverse transcription reaction (M.MLv reverse 

transcriptase, GIBCO/BRL) in a total volume of 20 pL. PCR amplification was 

performed in a final volume of 20 pL to which 2 pL of cDNA had been added. The 

reaction was performed on a PTC-100 Thermal Cycler (MJ Research, Boston, MA). 

The primers were designed to be intron-spanning and the expected product sizes are

55

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



listed in Table 2.1. The number o f cycles used for the NOS primer sets was 25-30, 

(depending on the linear range) and 20 cycles for (3-actin. The conditions for PCR 

amplification are as follows: denaturing at 95°C for 45 s, annealing for 45s, and 

extension at 72°C for 2 min. The annealing temperature was 56°C for both P-actin and 

iNOS, 54°C for eNOS and 50°C for nNOS. For semi-quantitative PCR analysis of 

iNOS induction, during amplification aliquots were withdrawn at 26, 29, 32 and 35 

cycles to insure that amplification was within the exponential range. Products were run 

on a 1.2 % agarose gel and stained with ethidium bromide (Sigma).

In situ RT-PCR

In-situ RT-PCR was performed as previously described (20,21). Briefly, PMC were 

washed in DEPC-treated PBS then fixed for 16 h in 10% buffered formalin, washed 

twice with DEPC-treated water, then placed on slides and allowed to dry overnight. The 

slides were immersed in 2mg/mL (7000 U/mL) pepsin (Boehringer Mannheim, 

Mannheim, Germany) in 0.01N HC1 for 40 min at room temperature, then treated with 

RNase-free DNase I (Boehringer Mannheim) at 37 °C overnight. The test specimens 

were treated with a reverse transcription solution containing the downstream primer (1 

pM) and MMLV-RT as the enzyme. Amplification of the cDNA was accomplished 

with a PCR solution containing 4.5mM MgCh ; 200 pM each o f dATP, dCTP, dGTP, 

and dTTP; 1 pM of each primer; 10 pM digoxigenin-11 -dUTP (Boehringer 

Mannheim), 0.8 pM of iNOS primers (same set as for solution-phase RT-PCR) and 5 

U of Taq polymerase (GIBCO/BRL). Cycling conditions were 5 min at 94 °C, and 30 

cycles of 94 °C for 1 min, 56 °C for 1 min, 72 °C for 1.5 min. The digoxigenin-11- 

dUTP labeled PCR product was detected after incubation with alkaline phosphatase 

anti-digoxigenin conjugate (Boehringer Mannheim) (1/200 dilution in 0.1 M Tris-HCl, 

0.1 M N aC l, 2 mM MgCb pH 7.2) for 30 min at room temperature, and development 

in NBT/BCIP (Boehringer Mannheim) substrate solution for 30 min. Control spots, 

both positive and negative, were run concurrently on each test slide. Positive control 

spots without DNase treatment were used to optimize the length o f pepsin digestion. 

When digestion and PCR conditions were optimal there was strong nuclear 

amplification. Negative controls, where the cells were treated with DNase and the RT
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Table 2.1 Primer sets used for reverse-transcriptase polymerase chain reaction 
experiments.

RNA Primer pair Product size (bp)
detected (sense; anti-sense)
P-actin GT GGGGCGCCCC AGGC ACC A; 

GTCCTTAATGTCACGCACGATTTC
526

nNOS CCTT GGT AGACCT C AGCT AT G A; 
TTGCCATCGAGGTCTCTGTCCA

513

iNOS ACAACAGGAACCTACCAGCTCA; 
GAT GTT GT AGCGCT GT GT GT C A

651

eNOS GGAGAAGAT GCC AAGGCTGCTG; 
CTTCCAGTGTCCAGACGCACCA

224
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step eliminated, showed that no priming by genomic DNA was detectable and that 

detected products in the test spot were the result of amplified mRNA. 

Immunohistochemistry fo r  iNOS

Immunohistochemistry was performed on preparations of PMC to further localize iNOS 

protein within the cells and to confirm that the iNOS detected was derived from PMC 

and not from contaminating cells. Briefly, DFN-y, anti-CD8 , or antigen-treated PMC 

along with untreated PMC were washed in PBS and then cytocentrifuged onto slides 

and air-dried overnight. After treatment with 3% hydrogen peroxide to block 

endogenous peroxidase, slides were incubated overnight at 4°C with a 1/100 (1 pg/mL) 

dilution of monoclonal iNOS antibody (Santa Cruz, Santa Cruz CA). Specific antibody 

binding was detected with a peroxidase-labeled avidin-biotin complex (Vector 

Laboratories), with diaminobenzidine used as the chromagen. Negative control 

cytospins labeled with isotype (IgGl) antibody control at a concentration of lug/mL 

were run concurrently. To confirm the specificity of staining, iNOS antibody was 

adsorbed with immunizing peptide according to the manufacturer’s protocol (Santa 

Cruz), and this adsorbed antibody was also used concurrently to stain PMC. 

Measurement o f  N O f production

NO2" in culture (phenol red free) supernatants was measured by the Griess reaction (22). 

Results were expressed as pM/2 xlO5 cells/48 h following incubation of 2x l05 cell in 

200 pL volume. Equal volumes of cell free supernatant and Griess reagent (1% 

sulfanilamine, 0.1% N-( 1 -naphyl)-ethylene-diamine dihydrochloride, 2.5% H 3 P O 4 ) 

were mixed. NaN0 2  was used as a standard. Plates were read on a Vmax kinetic 

microplate reader (Molecular Devices Co., Menlo Park, CA) at 540 nm.

Assay o f  NOS Activity

To further categorize NO production in PMC, NOS activity was measured by the 

conversion o f L-[14C] arginine to L-[14C] citrulline, as described previously (23). PMC 

(5 x 106) were incubated in the presence o f 800 U/mL IFN-y for 18 h, unstimulated 

PMC (control) were isolated and used immediately (0 h). The cells were centrifuged at 

900 x g for 5min and the resulting pellet was retained. The pellet was homogenized in 

buffer containing 50 mM Tris HC1, 320 mM sucrose, 1 mM dithiothreitol, 10 pg/mL
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leupeptin, 10 pg/mL soybean trypsin inhibitor, and 2 pg/mL aprotinin (Sigma). To start 

the assay, 40 pL of cell homogenate was added to tubes containing 100 pL of reaction 

buffer consisting o f 50 mM K H 2 P O 4  (pH 7.2), 50 mM valine, 100 pM NADPH, 1 mM 

L-citrulline, 0.2 mM CaCfj, 5 pM tetrahydrobiopterin, 20 pM L-arginine and L- 

[14C]arginine (ICN). Duplicate incubations at 37 °C for each sample were run for 30 

min in the presence of EGTA (2mM) to determine the levels o f calcium-dependent 

(constitutive) NOS activity. Calcium-independent (inducible) NOS activity was 

determined by subtracting the constitutive activity from the total NOS activity in the 

sample. The reaction was terminated by the addition of 1.0 mL of Dowex resin AF 

50W-X8 (pH 7.5)(Sigma). The resin was allowed to settle for 45 min, then 500 pL of 

the supernatant was removed and analyzed by liquid scintillation counting. The level of 

citrulline produced was expressed as picomoles/min/mg of protein. The protein content 

was determined by the Bradford technique (BioRad) using (BSA) as a standard. The 

Citrulline assay was validated by determining the retention of radioactive arginine by 

the Dowex resin. 100 pL of reaction cocktail were applied to 1.0 mL o f Dowex resin 

and counts determined as above. Greater than 99% of the applied radioactivity was 

retained by the Dowex resin. Blank values obtained from sample tubes containing 

boiled cell extracts were subtracted from all test samples. Specificity of the assay was 

further validated by adding the pan-NOS inhibitor, NG -monomethyl- L-arginine (L- 

NMMA) (100 pM), to ensure that citrulline detected arose from the activity of NOS. 

Results

Analysis o f  NOS expression in unstimulated PMC

As PMC are known to spontaneously produce NO (24), we examined the expression of 

NOS enzymes in unstimulated PMC by RT-PCR. Specific primers for nNOS, iNOS 

and eNOS were designed from genbank sequences (Table 2.1). PMC express detectable 

eNOS mRNA after 30 cycles. In our hands, unstimulated PMC produce no detectable 

nNOS or iNOS mRNA (Fig. 2.1). In all reactions the validity o f the PCR was indicated 

by the presence o f products of the suitable size with the appropriate positive control, rat 

brain (nNOS), IFN-y stimulated macrophages (iNOS) and rat kidney (eNOS),
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Fig. 2.1. Expression of nitric oxide synthase (NOS) messenger RNA in 
unstimulated rat peritoneal mast cells (PMC). Representative RT-PCR analysis 
of total RNA isolated from untreated PMC using endothelial NOS (eNOS)(lanes 
2-5), neuronal NOS (nNOS) (lanes 7-10) and inducible NOS (iNOS)(lanes 12- 
15) specific primers. RT negative controls are as indicated. Rat kidney (lanes 2 
and 3), rat brain (lanes 7 and 8 ), and interferon-y (IFN-y) stimulated rat 
macrophages (lanes 12 and 13) were used as the appropriate controls. Molecular 
weight markers are in lanes 1, 6  and 11. Results are representative o f four 
different RNA isolations.
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respectively. All PCR reactions were negative when the RT step was eliminated, 

indicating that there was no contamination from genomic DNA.

Analysis o f  iNOS mRNA expression by RT-PCR

Total RNA was extracted from unstimulated PMC (>98% pure), and from PMC treated 

in-vitro with optimized concentrations of known inducers of iNOS expression (IFN- 

y, CD8 ligation, IgE cross-linking with stimulating antigen). iNOS mRNA production 

was then assessed by semiquantitative RT-PCR (Fig. 2.2). iNOS signal (26 cycles) in 

PMC increased following treatment with all three stimulants. IFN-y (0.71±0.05 

arbitrary units (a.u.)) or anti-CD8 (0.70±0.08 a.u.) treatment produced approximately 

twofold greater iNOS mRNA induction compared to stimulating antigen (0.37±0.12 

a.u.) as measured by band densitometry verses a P-actin control. eNOS mRNA 

remained unaltered when PCR was run on the same samples. As seen previously, no 

nNOS mRNA was detected under any of the treatment conditions studied. Consistent 

with our initial studies on unstimulated PMC, iNOS expression was not detected in 

untreated PMC. Results are from PMC RNA obtained from three independent batches 

of cells.

iNOS mRNA localization by in situ RT-PCR

The above experiments do not rule out the possibility that iNOS production in rat PMC 

could be attributed to other contaminating peritoneal cells, such as macrophages and 

neutrophils (16). Accordingly, in situ RT-PCR was employed to localize the iNOS 

mRNA and to confirm that MC are the source of the products detected in the RT-PCR 

experiments. Both untreated and anti-CD8 treated cells were fixed and analyzed. Cells 

in the positive control spots (cells treated with pepsin, but with no DNase and no RT 

step) of each slide showed intense nuclear staining indicating the successful synthesis 

and detection o f amplified genomic DNA. This result indicates that pepsin digestion 

and PCR conditions are optimal. Cells in the negative control spots (cells treated with 

pepsin and DNase, but with no RT step) showed no signal in any cellular compartment. 

This result indicates that signal seen in test spots do not arise from genomic DNA. Cells 

on test spots (cells treated with pepsin, DNase, and an RT step) were scored as positive 

if  strong staining was localized within the cytoplasm alone; 2 0 0  cells per slide were
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Fig. 2.2. Measurement of messenger RNA (mRNA) levels for inducible nitric 
oxide synthase (iNOS) and p-actin by RT-PCR in rat peritoneal mast cells 
(PMC) cultured in media alone (1), with 800U/mL interferon-y (IFN-y) (2), 
with anti-CD8 (5pg/mL) (3) and with antigen (Ag) (5 we/mL) for 6  h. 
Densitometric analyses are shown as the iNOS/p-actin ratio, expressed in 
arbitrary units. Endothelial NOS (eNOS) mRNA levels are stable under similar 
treatment conditions. No neuronal NOS (nNOS) mRNA was detected. The 
PCR gels shown are representative of two others performed using PMC from 
different cell isolations. Error bars represent SEM from three separate 
experiments. *, Indicates p < 0.05 by comparison with IFN-y or anti-CD8 
treated cells.
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analyzed, using three independent batches o f PMC. The anti-CD8 treated PMC showed 

significant (p<0.001) induction o f iNOS in 70.5±2.8 % of the cells. In the untreated 

cell population 13.7±1.5 % of PMC show localization o f iNOS mRNA to the 

perinuclear region. (Fig. 2.3). The localization o f mRNA for iNOS in all PMC was in 

the perinuclear region, as previously described for other mRNA in these cells (21). In 

general there was an increase in the number o f cells positive, rather than an overall 

increase in intensity or distribution within cells themselves. These results confirm that 

PMC produce mRNA for iNOS.

Immunohistochemistry

To confirm the cellular source o f iNOS protein, immunohistochemical analysis was 

performed. Staining for iNOS protein in stimulated PMC was detected with all 

treatments (IFN-y shown)(Fig. 2.4b). Cell counts revealed that upon IFN-y treatment, 

97.5± 0.4 % of cells were positive. iNOS immunostaining was also increased in anti- 

CD 8 and antigen stimulated cells, 96.2 ± 0.6 % and 94.1 ± 0.3 % respectively. 

Staining was predominantly in the cytoplasm (arrows), with some protein also being 

localized to the granules (arrowheads). Very little iNOS staining (4.3 ± 0.7 %) was 

detected in untreated PMC (Fig. 2.4a). This data is summarized in Table 2.II. Staining 

was blocked when the iNOS antibody was preincubated with the iNOS immunizing 

peptide (Fig. 2.4c), staining was also absent in slides incubated with IgGl control 

antisera (Fig. 2.4d).

NO production in PM C

To determine if PMC produce functional iNOS protein, cells treated with IFN-y, anti- 

CD8 , or antigen were compared to untreated PMC for their NO production capacity. 

Upon activation with IFN-y, anti-CD8 , or antigen (all present for 48 h), PMC released 

significantly greater (p<0.01) amounts o f NO2’ (7.6±0.9, 6.6±0.9, and 8.4±0.6 p.M/2 x 

105/48 h, respectively). Unstimulated PMC spontaneously released low levels o f NO2’ 

after 48 h o f incubation (2.1±0.3 pM/2 x 105/48 h) (Fig. 2.5). To determine if  the NO 

produced arises from the conversion of L-arginine by NOS, the NOS inhibitor, (L- 

NMMA) (100 pM), was added concomitantly to IFN-y stimulated cells. NO production 

was reduced back to below baseline levels in the presence o f L-NMMA.
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Fig. 2.3. in-situ reverse-transcriptase polymerase chain reaction (RT-PCR) 
localization o f inducible nitric oxide synthase (iNOS) messenger RNA (mRNA) in 
formalin fixed smears o f untreated rat peritoneal mast cells (PMC) (a, b, & c.) and 
anti-CD8 (5 pg/mL) stimulated PMC (d, e, & f ) .  In a, only a few untreated cells 
show positivity for iNOS mRNA (13.7±1.5%), whereas in d  a significant (p<0.001) 
percentage (70.5±2.8%) of anti-CD8 stimulated cells are positive (arrow). Note the 
intense perinuclear signal (arrowhead). In b & e, all cells showed intense nuclear 
staining (arrow) in the positive control indicating nuclear DNA priming and that the 
pepsin treatment was optimal, thereby allowing PCR reagents to enter the cell. The 
cytoplasm remains negative. In c and f  the cells were treated with DNase and the 
RT step was eliminated, no staining was shown in the negative control, indicating 
that the product detected was indeed cDNA and not from contaminating genomic 
DNA. Original magnification: X 1,000, bar = 1 0  pm. Results are representative ol 
three separate experiments, counting 2 0 0  cells per slide.
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Fig. 2.4. Immunohistochemical identification of inducible nitric oxide synthase 
(iNOS) protein in rat peritoneal mast cells (PMC). Staining for iNOS protein 
in interferon-y (IFN-y) stimulated PMC was detected (Fig. 4b) predominantly 
in the cytoplasm (arrows), with some protein also being localized to the 
granules (arrowheads). Few iNOS staining cells were detected in untreated 
PMC (Fig. 4a). Staining was blocked when the iNOS antibody was 
preincubated with the iNOS immunizing peptide (Fig. 4c), staining was also 
absent in slides incubated with IgGl control antisera (Fig. 4d). Original 
magnification: x 1,000, bar = 10 pm.
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Table 2.II Immunohistochemical analysis o f inducible nitric oxide synthase expression in 
rat peritoneal mast cells.

Cells %  positive cells # of experiments

Unstimulated PMC 4.3± 0 .7 3

PMC + IFN-y 97.5 ± 0.4 3

PMC + Anti-CD8 Range : 95.0-98.0 2

PMC + Antigen Range : 93.0-96.0 2

Isolated peritoneal mast cell (PMC) were incubated in control medium or in 
medium containing either interferon-y (IFN-y) (800 U/mL), anti-CD8 (5 pg/mL) or 
antigen (5 WE/mL) for 16 h at 37°C. Cells were spun onto slides and inducible 
nitric oxide synthase (iNOS) protein identified by immunohistochemistry. Controls 
include staining with IgGl control sera, as well as iNOS antisera incubated with the 
immunizing peptide. Percentage PMC positive for iNOS using an anti-iNOS 
antibody, based on scoring 200 cells per independent experiments ± SD.
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Fig: 2.5. The release of nitric oxide (NO) (as measured by nitrite) by the Griess 
assay from rat peritoneal mast cells (PMC) stimulated with anti-CD8, antigen, 
and interferon-y (IFN-y). Cells treated concomitantly with IFN-y and the NOS 
inhibitor L-NMMA (lOOpM) were used to determine the specificity of NO 
production. Cells from unsensitized rats were used as the unstimulated control. 
Data shown as mean ± SEM of 5 experiments, 2 x 105 cells/sample were 
analyzed. *, Indicates p < 0.05 by comparison with untreated cells.
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NOS activity

To confirm that NOS protein is functional, and to assess whether stimulation of NOS 

activity after IFN-y treatment was due to the induction o f iNOS or to eNOS, the 

citrulline assay was performed. This assay is based on the conversion of L-arginine to 

L-citrulline, and allows detection and differentiation of both constitutive and inducible 

isoenzyme activity in PMC homogenates (Fig. 2.6). Blank values obtained from 

concordant incubations with heat-treated samples (to inactivate NOS activity) were 

subtracted from all test values. NOS activity in unstimulated PMC (0 h) was produced 

exclusively by Ca2+-dependent NOS activity (43.7 ±5.1 pmol/min/mg protein), with no 

detectable iNOS activity. Treatment with IFN-y (18 h) significantly (p <0.01) increased 

citrulline production in PMC by iNOS activity (52.8 ±18.4 pmol/min/mg protein), but 

with no significant increase in eNOS (eNOS/nNOS) activity (31.8±22.5 pmol/min/mg 

protein). This correlates with mRNA data showing induction of iNOS message 

following stimulation with IFN-y. NOS activity was inhibited by the addition of L- 

NMMA, indicating that the citrulline conversion detected was due to NOS (data not 

shown).

Discussion

NO is a biological messenger with diverse and ubiquitous function. It is produced in a 

variety o f cells by the NOS family of enzymes, consisting o f both constitutively active 

(eNOS and nNOS) and inducible (iNOS) members. eNOS produced NO is known for 

its role as both a signaling molecule within cells, including neurons (3), as well as its 

role in maintaining vascular tone through modulation of endothelial cGMP levels (2). 

Conversely, iNOS produced NO is sustained and this can allow interaction with a 

diverse array of intra- and extracellular targets. iNOS produced NO modulates cellular 

cGMP levels, and is thought to be the reason for the excessive vasodilation seen in 

septic shock (5). Furthermore, iNOS produced NO also has a varied and complex 

series of interactions that are cGMP-independent and are reliant on the cellular 

microenvironment, and as such can be involved in such cellular mechanisms as 

apoptosis, cytostasis, and destruction of cellular pathogens (5,25).
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Fig. 2.6. Nitric oxide synthase (NOS) activity in untreated (0 h) and 
interferon-y (IFN-y) (18 h) stimulated rat peritoneal mast cells (PMC), as 
measured by the citrulline assay. The results are expressed as picomoles L- 
citrulline formed per minute, per mg of protein. Data shown as mean ± 
SEM for three independent experiments. *, Indicates p <0.05 by comparison 
with levels of inducible NOS activity in untreated cells.
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We have demonstrated that rat PMC are a source o f eNOS and iNOS mRNA as well as 

iNOS protein. We show that unstimulated PMC express no detectable iNOS or nNOS 

mRNA. However, low baseline levels o f eNOS mRNA are expressed. Interestingly, 

unstimulated PMC have Ca2+-dependent NOS activity as measured by citrulline 

production. To our knowledge, this is the first demonstration of Ca2+-dependent NOS 

activity in PMC. Furthermore, iNOS mRNA is rapidly induced (6 h) upon stimulation 

with either antigen, anti-CD8 antibody or IFN-y. This mRNA is also translated, and 

iNOS protein was detected in stimulated PMC using immunohistochemistry. 

Furthermore, the translated iNOS protein is biologically active as quantified by the 

citrulline assay and produces increased levels of NO, measured as nitrite, by the Griess 

assay.

Since PMC were isolated from mixed peritoneal cells the possibility exists that the 

NOS/NO expression observed may be due to the presence of contaminating cells such 

as macrophages. Furthermore, several early reports o f MC NO production were derived 

from populations that contained up to 15% contaminating cells (14), and recent studies 

have confirmed that in peritoneal cell populations these contaminating cells contributed 

significantly to the NO produced (16). To confirm the cellular source of iNOS we used 

in-situ RT-PCR to localize the mRNA directly to PMC. PMC treated with anti-CD8 

showed a significant increase in the cytoplasmic accumulation o f iNOS mRNA after 18 

h. As further verification, iNOS protein was confirmed to arise from PMC by the 

immunocytochemistry results. Interestingly, the pattern o f iNOS staining obtained 

showed similar cytoplasmic and granular localization as that recently described by 

Messina (12), who showed iNOS immunoreactivity in brain MC after ischemia, 

providing further evidence that MC produce iNOS protein.

These results present an important point because they differ from the observations of 

other groups that MC isolated from mixed peritoneal populations do not produce 

detectable amounts o f NO, particularly following IFN-y stimulation (16,26). This result 

may be due to methodological differences in the Griess assay, including such variables 

as the ratio o f sample:Griess reagent added (3:1 vs. 1:1), or time o f incubation before 

supernatant removal (24 vs. 48 h). Our results obtained using the more sensitive
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citrulline assay, which allows detection of the low amounts o f NOS activity found in 

some cell systems (23), confirms that PMC have low level NOS activity. 

Unfortunately, neither assay employed allows for the direct cellular detection of NO, 

thus we are unable to equivocally determine the cellular source.

The fact that PMC produce so little NO in relation to other peritoneal cells, especially 

macrophages, leads to the question of physiological relevance o f PMC derived NO. 

Indeed Eastmond et al have recently shown that in peritoneal populations, PMC 

function is regulated substantially by macrophage derived NO (26). However, NO 

produced by MC in other tissue environments such as in lung or the intestine may make 

a significant contribution to tissue function. Studies by Gaboury et al show that MC 

derived NO is important in down regulating neutrophil adhesion to the vascular 

endothelium (15). Furthermore, studies by Bidri et al (11) on pure MC populations 

implicated MC in NO production, and investigations using MC lines further show that 

MC derived NO is important in endogenous regulation o f the cell (27). Thus, the 

contribution o f the extracellular environment must be considered when determining the 

amount and functional significance of MC derived NO.

Since MC have the ability to act in both homeostatic and pathological roles, a precise 

function of MC derived NO is difficult to delineate. MC NO produced basally through 

the activity o f eNOS could function in a physiological capacity, functioning in signal 

transduction via cGMP-mediated mechanisms. PMC have previously been shown to 

spontaneously produce NO without prior stimulation (13,14,24). Since iNOS mRNA is 

not increased until 4-6 h following activation, these results must be due to the presence 

of a basally active NOS enzyme. The finding in this study of the presence of a 

functioning eNOS system can now provide an explanation for the release of basal NO 

from rat PMC.

By virtue o f their ability to produce NO through iNOS upon exposure to various 

immunological stimuli, MC may play an important role in innate immunity. MC are 

strategically located throughout the body and have been shown to bind various bacteria 

often in the absence o f opsonization (28). Through the production of NO, MC may 

function directly or in combination with other mediators and reactive intermediates to
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eliminate bacteria and parasites (29). Furthermore, NO produced locally by MC may 

contribute to general vasodilation and the associated accumulation of inflammatory 

cells to site o f infection (15). Interestingly while crosslinking either IgE receptors or 

stimulation through CD8 can be considered as possible pro-inflammatory signals, IFN-y 

is a well know inhibitor of MC function (26,30,31). It is interesting to postulate that 

MC NO derived from IFN-activation may mediate MC downregulation. However, 

recent studies by Deschoolmeester and others have raised the possibility that PMC may 

not produce function IFN-y receptors on their cell surface (16). This could be a reason 

for the requirement for higher concentrations o f IFN-y to stimulate MC to produce NO 

as compared to that needed to activate macrophages. Whether MC respond specifically 

to IFN-y by a receptor or by a non-specific mechanism such as charge interaction, is an 

area that clearly requires more study, and will rely on confirming the presence of IFN-y 

receptor mRNA and protein in MC.

In summary, we have presented evidence for the differential production o f NOS 

isoenzyme mRNA, protein and NO production in unstimulated and treated PMC. 

However, further definition of the regulatory pathways for NO synthesis will help 

identify the inflammatory responses favorable to the production o f NO by MC and the 

roles MC NO may play in tissue homeostasis, inflammation and host defense.
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Chapter 3

Tetrahydrobiopterin: Critical Factor in the Production and Role of 

Nitric Oxide in Mast Cells.

Authors, M. Gilchrist, C. Hesslinger and A.D. Befus. A version of this chapter was 

published in the Journal o f  Biological Chemistry. 2003. I contributed to this work by 

designing and carrying out all the experiments and writing the manuscript.
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Introduction

Mast cells (MC) are immune effector cells located at strategic tissue sites, juxtaposed to 

vessels, epithelium and nerves. These phenotypic and functionally heterogeneous cells 

release granule-associated mediators (eg. histamine) and various newly-formed 

molecules (eg. phospholipid metabolites, cytokines) that play roles in innate and 

adaptive immune responses (1). Classically, MC can be activated via crosslinking of 

Fcs-bound IgE molecules by specific antigen (Ag), and inhibition of MC activation is a 

key component in controlling allergic diseases such as asthma (2). The TH1 cytokine 

interferon-y (IFN-y) inhibits MC function, and dysregulation of IFN-y contributes to 

atopy and asthma (2). IFN-y modulation of cell phenotype is complex and involves 

regulation of gene expression (3) including the enzyme GTP-cyclohydrolase I (CHI), 

which produces tetrahydrobiopterin (B H 4 ) (4).

B H 4  is a critical factor in the production o f the neurotransmitters serotonin, 

catecholamines, and other cellular activities including proliferation, cell-cycle 

regulation, and differentiation (4). The majority o f cellular B H 4 is synthesized de-novo 

from GTP with CHI being rate-limiting (4). CHI activity is regulated at multiple levels, 

including transcription and phosphorylation, and can be inhibited by the CHI feedback 

regulatory protein (GFRP) (5,6). B H 4  is also an essential cofactor in nitric oxide (NO) 

formation from nitric oxide synthase (NOS), and increases in NOS transcription and 

activity need to be accompanied by a concurrent increase in BH4 to sustain NO 

production (7).

NO is a reactive radical with pleotrophic effects with both physiological and 

pathological functions (8 ). NO is formed from L-arginine by the NOS family of 

isozymes that are subdivided on the basis of their Ca2+-dependency and transcriptional 

inducibility. Ca2+-dependent members include endothelial (eNOS) and neuronal 

(nNOS), characterized by constitutive expression and low NO production. Inducible 

NOS (iNOS) is upregulated by a variety o f inflammatory mediators and functions 

independently o f cellular Ca2+ levels and releases large amounts o f NO (8).

MC functions including degranulation and adhesion, can be regulated by exogenous NO

(9). We have recently shown that rat peritoneal MC (PMC) also constitutively express 

eNOS and can upregulate iNOS and produce NO (10). More recent in-vivo studies have
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implicated MC as a significant source o f NO in vascular tissues, likely through nNOS 

(1 1 ). MC produce low amounts o f NO implying a paracrine, intracellular function. 

However, the roles for MC-derived NO remain poorly defined. Furthermore, our 

previous study showed diverse stimuli induced differing levels of NO release from MC, 

despite similar induction of NOS (10). Clearly, other regulatory events are responsible 

for differences in the time-course, quantities and outcomes of MC-derived NO (12). As 

no data is available on the role that BH4 plays in NO production by MC, we 

hypothesized that post-transcriptional regulation o f NOS activity by B H 4  is a critical 

determinant in NO production by MC.

The purpose of this study was two fold. First, to characterize both short-term 

(<5 min) Ca2+-dependent constitutive NOS (eNOS) activity and sustained NO formation 

(>18 h) in MC using the fluorescent NO-sensitive probe diaminofluorescein (DAF). 

Secondly, to investigate the effects o f CHI activity and B H 4  levels in both short-term 

(<5 min) and sustained (>18 h) NO production on MC reactivity. We demonstrate for 

the first time that a proportion of rat PMC dynamically activate intracellular Ca2+- 

dependent NOS activity (<5 min) after Ag stimulation, which inhibits degranulation. 

Furthermore, IFN-y treatment enhances long-term (>18 h) intracellular NO production, 

which also inhibits MC degranulation. MC constitutively express CHI mRNA and 

protein and upon stimulation with IFN-y, PMC upregulate CHI mRNA and protein with 

a concordant increase in GTP-CHI activity. IFN-y also decreases GFRP mRNA levels. 

The final outcome of these events is an increased level of NO production after IFN-y 

treatment. Thus, modulation of MC B H 4 levels controls NO formation, and influences 

MC degranulation.

Materials and Methods 

Animals

Adult male Sprague-Dawley (Crl:CD (SD) BR) rats were obtained from Charles River 

Canada Inc. (Quebec, Canada). For experiments requiring antigen stimulation, rats were 

sensitized with L3 larvae of Nippostrongylus brasiliensis 5 to 6  weeks before MC 

isolation (10). Experimental procedures were approved by the University Animal Care 

Committee and were in accordance with the guidelines o f the Canadian Council on 

Animal Care.
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Chemicals

The NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME), NO donor S- 

nitrosoglutathione (SNOG), and CHI inhibitor 2,4-Diamino-6-hydroxypyrimidine 

(DAHP) were obtained from Calbiochem (San Diego, CA). The sepiapterin reductase 

(SR) inhibitor n-acetyl serotonin (NAS) was obtained from Sigma (Oakville, ON), the 

pterin donor L-sepiapterin was obtained from Cayman Chemical (Ann Arbor, MI) and 

the NO probe 4,5-diaminofluorescein diacetate (DAF-FM) and Ca2+-sensitive dye 

FURA-2, were obtained from Molecular Probes (Eugene, OR).

Antigen

Antigen (Ag) used to activate in-vivo sensitized PMC was a collection of soluble 

excretory and secretory products of the nematode N. brasiliensis, prepared as previously 

described (13). The antigen concentration was described as worm equivalents (WE) per 

mL.

M C isolation and stimulation

PMC were obtained by peritoneal lavage followed by centrifugation through gradient 

Percoll as previously described (10). PMC purity was >98% as determined by staining 

with toluidine blue. Cell viability was >99%. For most experiments PMC from 

unsensitized rats were treated with medium containing IFN-y (200 U/mL)(Gibco/BRL). 

For studies o f MC secretion, PMC from N. brasiliensis sensitized rats were treated with 

Ag (5 WE/mL).

Live-cell fluorescence determination o f  intracellular NO and Ca2+ production 

NO production by PMC was assayed using DAF-FM, a cell-permeable NO-sensitive 

fluorescent dye (14). Coverslip-bottomed petri dishes (Falcon) were coated with rat 

plasma fibronectin (10 pg/mL)(Sigma) in PBS, pH 7.2, for 1 h at 37°C. PMC were 

loaded with 10 pM of DAF-FM, for Ca2+ experiments, PMC were loaded with FURA-2 

(5pM), then incubated for 1 h at 37°C in the dark. Cells were resuspended in RPMI- 

1640 without phenol red and placed in dishes then incubated for 1 h at 37°C before use. 

Cell images were obtained using a Zeiss confocal laser scanning microscope (LSM510; 

Heidelberg, Germany) using a 488 nm (excitation) and 505-530 nm (emission) filter set 

for DAF and 340 nm (excitation) and 530 nm (emission) for FURA-2, with a 40x 1.3 oil 

Plan-Neofluar objective that was maintained at a constant 37°C with a heating ring. Ag
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(5 WE/mL) was added to the cells and DAF/FURA-2 fluorescence intensity was 

determined in real-time, with 1 sec exposures obtained every 5 sec to avoid 

photobleaching. As D A F  fluorescence is almost linear with NO concentration, 

quantitative analysis o f each cell (8-15 cells per experiment) was obtained by averaging 

the peak relative fluorescent intensity (optical density arbitrary units) (15). The percent 

change in fluorescence from baseline (AF) was calculated by the equation A F = (F b -F /F b ) 

x 100, where Fb is the basal fluorescence obtained from the frame before addition of 

stimulus and F is the fluorescence obtained after activation. Cells were defined as 

degranulating when they had ruffled membranes and had visibly extruded granules as 

previously described (16). Frame number and time reference were calculated using 

frame-by-frame analysis with MetaFluor imaging software (Universal Imaging Co, 

Downingtown, PA). In some experiments the NOS inhibitor L-NAME, or the NO 

donor SNOG was added 30 minutes before loading with DAF as negative and positive 

controls respectively.

Reverse transcription (RT)-PCR

Total RNA was isolated from PMC and pretreated with heparinase I (Sigma Chemical 

Co., St. Louis, MO) as previously described (17). RT-PCR was performed on a PTC- 

100 Thermal Cycler (MJ Research, Boston, MA). The primers were designed to be 

intron-spanning based on published sequence data: CHI, sense 5'-

GATACCAGGAGACCATCTCA-3', antisense 5' -TAGCATGGTGCTAG TGACAG- 

3' (PCR product, 370 bp); GFRP, sense 5'-CCACTCACCATGCCCTACCT-3', 

antisense 5'- G C A G C A A G G T T C C T G A G G C T -3' (PCR product, 369 bp). The 

conditions for PCR amplification were as follows: denaturing at 95°C for 45 s, 

annealing for 45 s, and extension at 72°C for 1 min. The optimized annealing 

temperature was 48°C for CHI and 50°C for GFRP. Products were run on a 1.2 % 

agarose gel and stained with ethidium bromide (Sigma).

Cloning and sequencing o f  cDNA bands

The amplified PCR products were subcloned into pCR2.1™ plasmid vector using the 

T/A cloning kit (Invitrogen, Carlsbad, CA). Plasmid DNA was isolated with the 

GenElute™ Plasmid-isolation kit (Sigma). Double-stranded DNA sequencing was 

performed using M l3 forward and reverse primers. Sequencing was conducted using
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an ABI 373A automated sequencer (Applied Biosystems, Foster City, CA) by a 

dideoxy-chain termination method.

Semi-quantitative RT-PCR using an external standard

The linearized plasmid DNA containing the cloned inserts was used as a homologous 

amplification standard for semi-quantitative RT-PCR. Absorbance measurements at 

260 nm were used to calculate the number of copies/pL. Known dilutions of the 

standard were amplified in concert with the unknown samples, and separated by agarose 

electrophoresis. Band densitometry (SigmaGel, SPSS Science, Chicago, IL) was used 

to compare the intensities of the standards to the unknowns to obtain the relative 

number of copies/pL.

Western blot analysis

PMC were incubated in 24 well plates at 1 x 106 cells/well from 0 to 18 h in various 

experimental conditions. The cells were dissociated in RIP A buffer (PBS,1% NP-40). 

The total protein content was determined by the Bradford technique (BioRad). Fifteen 

pg of protein from each sample was mixed with Lamelli buffer containing SDS and P- 

mercaptoethanol. Samples were separated on a 12% SDS-PAGE gel and transferred 

onto a polyvinylidene difluoride membrane (BioRad). CHI was identified with rat 

monoclonal anti-CHI (6H11) (I.Ziegler, Munchen, Germany) (5) diluted (1 pg/mL) and 

HRP conjugated goat anti-rat IgG (0.05 pg/mL)(Serotec, Raleigh, NC). Labelling was 

detected by chemiluminescence with SuperSignal substrate solution (Pierce, Rockford, 

IL). The resulting bands were scanned and quantified in a gel scanner (ImageMaster 

DTS, Pharmacia).

Immunofluorescence detection o f CHI

Localization o f CHI in PMC was performed on PMC fixed in 4% paraformaldehyde for 

20 min, then permeablized with 0.1% triton X-100 in PBS. Slides were blocked for 30 

min with 10% FBS and 3% BSA in PBS, then incubated overnight at 4°C with 1 pg/mL 

of rat monoclonal CHI antibody (6H11). Specific antibody binding was detected with 

rhodamine red-labeled goat anti-rat antibody (Molecular Probes, Eugene, OR). 

Negative controls labeled with isotype (rat IgGl) antibody were run concurrently.
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Enzyme assay fo r  CHI activity

The activity o f CHI was determined on homogenized cell extracts as previously 

described (5). Briefly, the reaction product was oxidized to neopterin triphosphate by 

acidic iodine solution. After reduction of excess iodine by ascorbic acid, the sample 

was immediately separated by ion pair reverse-phase HPLC. Neopterin was then 

determined by reverse-phase HPLC.

Measurement o f  NO 2 production

NO2" in culture (phenol red free) supernatants was measured by the Griess reaction (10).

(3-hexosaminidase (/3-hex) assay

P-hex release was investigated as a functional measure o f the B H 4 /N O  effects on 

granule mediator secretion as has been previously described (18).

Statistical analysis

All experiments were performed at least three times. Data was analyzed using analysis 

o f varience (ANOVA) followed by the Bonferroni test for comparisons. P  values < 0.01 

were considered significant.

Online Supplemental Material

Real-time images o f degranulation and NO production in Ag/IgE-stimulated MC are 

shown in the online supplemental video 1. The video image was obtained over a 4 min 

(240 sec) period, with 1 sec exposures every 5 sec. The video was compressed 10X 

using Adobe Premiere (Adobe Systems Canada, Ottawa, ON). Images were captured 

using a 40X objective on a Leica confocal laser scanning microscope. Video 1 shows a 

flux of green DAF fluorescence in a proportion o f MC, which is correlated with 

inhibition o f degranulation. MC that are negative for DAF degranulate quickly.

Results

Sustained (>18 h) intracellular production o f  NO in IFN-y -treated PMC 

To confirm that IFN-y treated PMC produced NO we utilized the NO specific 

fluorescent molecule DAF. Confocal microscopic analysis showed that IFN-y caused 

an increase in intracellular DAF fluorescence after 18 h of treatment compared to 

controls. The DAF fluorescence localized to cytoplasmic and occasionally to 

perinuclear sites (Fig. 3.1 A).

Real-time confocal analysis o f  IgE-mediated degranulation and NO production
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Next we wanted to assess constitutive NOS activity as there is evidence that MC 

possess cNOS activity (19). To study this short-term (<5 min) NOS activity, its 

modulation and association with degranulation we developed a real-time assay to detect 

DAF fluorescence and analyze dynamic changes in NO production by individual cells. 

PMC were isolated and loaded with DAF (10 pM). A large proportion of unstimulated 

PMC showed weak DAF fluorescence, with an occasional cell (< 2%) having stronger 

cytoplasmic fluorescence. PMC showed no visible signs o f degranulation, as their 

membranes were intact and showed no signs o f granule release as noted in other MC 

live cell studies (16).

Stimulation with Ag (5 WE/mL) caused an increase in the number of degranulating 

cells. Degranulating PMC did not show any increases in DAF fluorescence (Fig. 3.IB 

and on Video 1). Interestingly a proportion (33.1±2.2%, mean±SEM of 116 total cells 

in eight different experiments) of PMC showed an immediate (<2 min) increase in NO 

production (DAF fluorescence) and no visible signs o f degranulation. DAF 

fluorescence accumulated in the cytoplasm o f these cells, and a population of strong NO 

producing cells showed intense nuclear positivity (Fig. 3.IB and on Video 1). While 

the strong DAF fluorescence cells showed no sign o f degranulation after 60 min of 

observation, some o f the less positive cells eventually did show degranulation. 

Regression analysis comparing these weaker DAF fluorescent PMC to time of 

degranulation showed a highly significant correlation (R =0.7056, p < 0.001) (Fig. 

3.1C). Equal loading of PMC with DAF was confirmed by adding the NO donor 

SNOG (100 pM); after 20 min almost all PMC showed strong cytoplasmic staining with 

DAF (data not shown). Interestingly, no nuclear localization of DAF fluorescence was 

seen after adding this exogenous NO source. Specificity o f the effect was determined 

by pretreating PMC with the NOS inhibitor L-NAME (100 pM); these cells showed no 

flux o f DAF fluorescence (data not shown). These results support the hypothesis that 

PMC possess cNOS activity that can be stimulated in the short-term (<5 min) in a 

proportion of cells by IgE crosslinking. Our data also suggest that immediate NO 

production by PMC causes inhibition o f mediator release.
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Fig. 3.1. A, Fluorescence detection of intracellular nitric oxide (NO) 
production in interferon-y (IFN-Y)-treated rat peritoneal mast cells (PMC). 
Cells were incubated with IFN-y (200 U/mL) for 18 h, then stained with 
diaminofluorescein (DAF) for 20 min. DAF fluorescence (green) was 
visualized by confocal analysis. Untreated PMC are used as the control. 
Differential interference contrast (DIC) shows cellular morphology. Original 
magnification X 400, bar=T0 pm. Representative of four independent 
experiments. B, Real-time confocal analysis o f Ca2+ accumulation and NO 
production in antigen (Ag)-stimulated PMC. PMC from sensitized rats were 
loaded with both DAF (10 pM) and FURA-2 (5 pM) for 1 h. Cells were 
stimulated with Ag and images simultaneously obtained every 5 s from both 
DAF and FURA-2 channels. The panels show representative DAF (green), 
FURA-2 (red) and combined images (yellow) obtained before the addition of 
Ag (t=0) and at a time point when no further changes in PMC morphology 
were observed (t-4  min). White arrowheads indicates degranulating cells, 
white arrow indicated nuclear accumulation o f DAF in PMC nucleus. 
Original magnification X 600, bar=10 pm. Results are representative of 
three independent experiments. Complete movie (Video 1) is available as 
supplementary information. C, Correlation between NO production (peak 
DAF fluorescence; arbitrary units) and time to degranulation (sec) from Ag 
stimulated MC that produce NO but later show signs of degranulation. The 
data shown are from 30 individual MC from five independent experiments. 
Linear regression analysis was used, and the correlation is highly significant 
(p < 0.001). D, Temporal relationship between Ca2+ and NO in PMC after 
Ag stimulation. Changes in the average pixel intensity (A) for both DAF 
(NO; gray line) and FURA-2 (Ca2+; black line) in non-degranulating PMC 
were plotted vs time (sec) after addition of Ag. Each line represents the 
average change in fluorescence (mean ± SEM) for 3-7 cells from one field of 
a representative experiment. E, Changes in the average pixel intensity (A) 
for both DAF (NO; gray line) and FURA-2 (Ca2+; black line) in 
degranulating PMC were plotted vs time (sec) after addition of Ag. Each 
line represents the average change in fluorescence (mean ± SEM) for 3-7 
cells from one field of a representative experiment. Results are 
representative of three separate experiments. Data expressed as relative 
fluorescence units (RFU).
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Ca2+flux  and NO production in PMC

The results above may involve constitutive NOS (eNOS or nNOS) activity in PMC

(10). As both eNOS and nNOS are Ca2+-dependent we wished to determine if increases 

in intracellular Ca2+ precede the flux of NO seen in Ag/IgE-treated PMC. PMC were 

isolated and loaded with both DAF (10 pM) and the Ca2+-sensitive dye FURA-2 (5 

pM). As has been previously shown, upon stimulation with Ag (5 WE/mL) all PMC 

showed an increase in FURA-2 fluorescence beginning within 30 sec (Fig. 3.1B)(20). 

DAF fluorescence in strong NO producing cells was delayed by almost 20 sec on 

average compared to FURA-2 (Fig. 3.ID). However, DAF fluorescence in 

degranulating MC showed little change (Fig. 3 .IE) Interestingly, while PMC were 

heterogeneous in their DAF positivity, all cells were homogenous in their Ca2+ flux 

(Fig. 3.1D&E). This indicates that Ca2+ flux precedes short-term NO production in 

non-degranulating, Ag-treated PMC.

GTP-CHI/GFRP mRNA expression in PMC

We recently showed that rat PMC treated with IFN-y could be stimulated to express 

iNOS mRNA (10), however, no data exists concerning the expression of CHI or GFRP 

in m-vz'vo-derived MC. mRNA production was thus determined using RT-PCR with 

gene-specific primers. PMC constitutively express significant CHI and GFRP mRNA. 

(Fig.3.2A&B). All PCR reactions were negative when the RT step was eliminated, 

indicating that there was no contamination from genomic DNA (data not shown). 

Cloned PCR amplicons were sequenced and showed >98% identity with published 

sequences by BLAST (NCBI) analysis.

Differential regulation o f  GTP-CHI and GFRP mRNA

Since stimuli that increase NOS expression often induce a concordant increase in de 

novo BH4 production (7), we looked at CHI and GFRP mRNA regulation by IFN-y. 

Total RNA was extracted from unstimulated PMC (>98% pure), and from PMC treated 

in vitro with IFN-y (200 U/mL). CHI and GFRP mRNA production was assessed by 

semiquantitative RT-PCR vs a standard curve constructed with known copy numbers of 

cloned inserts amplified under identical PCR conditions. Within 2 h following 

treatment with IFN-y the CHI signal in PMC increased approximately 3-fold. Levels of 

CHI mRNA reached maximal expression at 6  h and continued to increase to 18 h (Fig.
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Fig. 3.2. Semiquantitative reverse-transcriptase polymerase chain reaction 
(RT-PCR) analysis of GTP-cyclohydrolase I (CHI) (A) and GTP- 
cyclohydrolase feedback regulatory protein (GFRP) (B) mRNA expression in 
rat peritoneal mast cells (PMC) treated with interferon-y (IFN-y)(200 U/mL). 
RNA from IFN-y-treated PMC were isolated at indicated time points and 
analyzed by RT-PCR vs known concentrations o f homologous cloned 
standard. Band densitometries from the standards were used to determine the 
relative copy number (rcn) in each of the IFN-y-treated samples. Graphic 
representation o f the time-course with responses plotted as rcn. Data are from 
one representative experiment. Similar results were seen with three separate 
batches o f PMC (n=3).
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3.2A). No change in CHI mRNA was noted in unstimulated PMC at similar time points 

(data not shown). GFRP mRNA expression from IFN-y-treated PMC was significantly 

down-regulated beginning at 2 h and continued until at least 18 h o f treatment 

(Fig.3.2B). Results are from PMC RNA obtained from three independent batches of 

cells.

CHI protein expression

To further evaluate if  the actions o f IFN-y on GTP-CHI mRNA levels were extended to 

protein expression, Western blot analysis was employed. Unstimulated PMC 

constitutively produced a band o f 30 kDa detected by the antibody 6H11 (Fig. 3.3A). 

Exposure o f PMC to IFN-y produced a significant increase in CHI protein expression, 

with maximal stimulation between 6-18 h. Again unstimulated PMC cultured during 

the same time showed no increase in CHI protein expression. Furthermore, PMC 

stimulated with Ag/IgE also showed no detectable change in protein expression (data 

not shown).

Immunofluorescence localization o f  CHI in rat MC

As the intracellular localization of CHI is poorly understood we used confocal laser 

scanning microscopy to assess the cellular expression pattern of CHI protein in PMC. 

Unstimulated PMC from naive rats showed a clear plasma membrane pattern with some 

nuclear immunofluorescence in occasional cells. Membrane staining was confirmed by 

imaging en face 0.5 pm sections through each cell. This stacked series of multiple 

images was deconvoluted and 3-D reconstructed using Zeiss LSM 510 software 

(Heidelberg, Germany). PMC stimulated with IFN-y on the other hand showed a 

pronounced increase in cytosolic immunofluorescence while maintaining membrane 

and some nuclear labeling (Fig.3.3B).

CHI enzymatic activity

To determine the functional consequences o f IFN-y treatment we determined CHI 

enzymatic activity, employing an HPLC based assay as previously described (5). 

Untreated PMC were compared with cells treated with IFN-y or Ag/IgE. In 

unstimulated cells, CHI activity was low (< 5.0 nmol/mg/min) as previously described 

(5) but was markedly elevated upon treatment with IFN-y with a significant increase
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Fig. 3.3. A, Western blot analysis using anti-GTP-cyclohydrolase I (CHI) 
antibody (6H11) with 15 fig of total cell lysate obtained from rat peritoneal 
mast cells (PMC) treated with interferon-y (IFN-y)(200 U/mL) for the 
indicated times. As a control, lysates from untreated PMC incubated for 
identical times were also analysed. Results are representative of three 
separate experiments. B, Confocal analysis of CHI localization in sham 
control and IFN-y-treated PMC. Differential interference contrast (DIC) 
shows cells in the field, CHI immunofluorescence shown in red. CHI is 
detected in the plasma membrane via imaging 0.5 pm optical en face 
sections throughout the cell. Original magnification X 800, bar = 10 pm.
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observed at 6 h that continued to at least 18 fa (Fig. 3.4). As expected from western blot 

data, no increase in CHI activity was seen after Ag/IgE treatments (data not shown). 

Control o f PMC NO (>18 h) production by BH 4

Previously, PMC have been shown to produce NO (10). Unstimulated PMC 

spontaneously released low levels o f NO2" (0.27±0.03 pM). Activation with IFN-y 

caused PMC to produce significantly greater (p<0.01) amounts o f NO2’ (3.6±0.2 pM). 

(Fig.3.5). To further define the role of CHI and BH4 in MC NO production we 

employed the pharmacological inhibitor of CHI (DAHP)(4). Addition of DAHP along 

with IFN-y for 24 h inhibited NO production in a dose-dependent manner (Fig.3.5). To 

further confirm that PMC cellular BH4 levels were limiting in NO production, cells 

were treatment with an exogenous substrate for BH4 production, sepiapterin. 

Sepiapterin treatment slightly (but not significantly) potentiated NO production in 

untreated cells, and increased nitrite accumulation upon IFN-y stimulation (4.6±0.3 pM) 

(Fig.3.5). Significant inhibition (p<0.01) was attained with DAHP concentrations as 

low as 100 pM, with nitrite levels at or below sham values with concentrations of 500 

pM. As DAHP at high concentrations (500 pM) completely inhibits nitrite formation, 

there appears to be little contribution via the salvage pathway under these conditions. 

These results were confirmed using the SR inhibitor NAS (data not shown). However, 

co-administration o f DAHP (500 pM) with 200 pM sepiapterin, significantly (p<0.01) 

reconstituted nitrite production (3.2±0.1 pM) (Fig. 3.5).

Effects ofBH 4  modulation (>18 h) on M C degranulation

Given the above results showing that BH4 levels are important in regulating MC NO 

production, we investigated the effects o f IFN-y and modulation of BH 4 on MC 

degranulation by measuring (3-hex release. PMC were treated for 18 h with IFN-y (200 

U/mL), DAHP (500 pM) or sepiapterin (200 pM) then stimulated with Ag (5 WE/mL) 

for 30 min. As Fig. 3.6A shows, Ag stimulation induced 21±1.2 % release, while IFN-y 

treatment significantly (p<0.05) inhibited Ag induced release by over 40% (11+1.5 % 

release). Pretreatment o f PMC with DAHP (500 mM) for 24 h resulted in a significant 

(p<0.05) increase in Ag-induced P-hex release (from 21±1.2% to 37±2.3%) and 

abrogated the inhibitory effect o f IFN-y. Treatment with sepiapterin induced
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Fig. 3.4. Time course analysis o f GTP-cyclohydrolase I (CHI) enzymatic 
activity in rat peritoneal mast cells (PMC) cultured with (I) or without (S) 
IFN-y (200 U/mL). PMC were incubated for the indicated times and cell 
pellets obtained. Data is shown as nmol/mg/min (meantSEM of three 
separate experiments). *, Indicates p < 0.01 by comparison with untreated 
cells.
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Fig.3.5. The effect o f tetrahydrobiopterin (B H 4 ) modulation on rat peritoneal 
mast cells (PMC) nitric oxide (NO) production (nitrite) measured by the 
Griess assay. PMC treated with the alternate pterin substrate, sepiapterin 
(Sep)(200 pM) were used to determine if  increased B H 4 availability effects 
NO production. Cells treated with interferon-y (IFN-y) and the GTP 
cyclohydrolase I (CHI) inhibitor 2,4-diamino-6-hydroxypyrimidine 
(DAHP)(100 pM and 500 pM) were used to determine the effect o f decreased 
B H 4  levels on NO production. Addition of sepiapterin (200 pM) was used to 
reconstitute B H 4 levels in DAHP-treateed PMC. Cells from unsensitized rats 
were used as the sham control. Data shown as mean ± SEM of three 
experiments, 2 x 105 cells/sample were analyzed. *, Indicates p < 0.01 by 
comparison with untreated cells.

a 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



significant (p<0.05) inhibition o f (5-hex release after Ag stimulation in IFN-y and 

untreated PMC. Furthermore, modulation of BH4 levels also influenced spontaneous (3- 

hex release (Fig. 3.6B). PMC spontaneously release about 6 % (6.3±Q.9%) (3-hex. 

DAHP pretreatment significantly (p<0.01) increased spontaneous (3-hex release 

(16.1±1.3%). Interestingly, sepaipterin also caused a modest but not significant 

inhibition of spontaneous release (Fig. 3.6B).

Effects ofB H 4 inhibition on short-term (<5 min) NOproduction/MC degranulation 

The results obtained above indicated that DAHP and sepiapterin modulate MC NO 

production long term (>18 h) and thus regulate degranulation. As BH4 is a critical co­

factor for all NOS isoforms, we studied the effects of DAHP on Ca2+-dependent NOS 

activity and degranulation. PMC from sensitized rats were isolated and loaded with 

DAF (10 pM), some cells were first pre-treated with DAHP (500 pM) for 6  h before 

loading. PMC were then treated with Ag and analyzed by real-time confocal 

microscopy as outlined above. DAHP treated MC showed increased membrane 

changes, with some degranulating MC clearly evident (Fig. 3.7). Furthermore, DAHP 

treated PMC showed no NO flux compared to untreated controls and most cells 

degranulated in < 3 min.

Discussion

NO is a known modulator of both pro- and anti-inflammatory MC functions though 

regulation of its endogenous production is unknown (9). These diverse effects imply a 

complex regulatory mechanism to control the timing, amounts and location o f NO 

production (8 ). As B H 4  is a critical NOS cofactor, we investigated the expression and 

regulation of B H 4  production in MC and its role in regulating long- (inducible) and 

short-term (constitutive) NOS activity and resulting effect on MC secretion.

Using the fluorescent NO marker, DAF, we identified both long (iNOS) and short-term 

(cNOS) intracellular NO production in PMC. We have previously shown iNOS 

upregulation in PMC following IFN-y treatment (10). DAF staining in IFN-y (long­

term) treated PMC showed a diffuse cytoplasmic pattern with possible Golgi staining in 

some cells. Earlier studies by ourselves and others have indicated that PMC may also 

have Ca2+-dependent NOS activity by eNOS or bNOS (10,11). A proportion o f PMC 

treated with Ag/IgE showed immediate (short-term) NO formation preceded by a flux in
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Fig. 3.6. A, Effects o f tetrahydrobiopterin (BH4) availability on P- 
hexosaminidase (P-hex) release from rat peritoneal mast cells (PMC). PMC 
from sensitized rats were cultured for 18 h with (open bars) and without 
(shaded bars) interferon-y (EFN-y)(200 U/mL) then stimulated with antigen 
(Ag) for 20 min and p-hex release measured. PMC were also treated ± JFN-y 
in the presence of 2,4-diamino-6-hydroxypyrimidine (DAHP)(50Q pM) or 
sepiapterin (Sep)(200 pM) for 18 h and then stimulated with Ag for 20 min. 
B, Effects o f BH4 modulation on spontaneous P-hex release. PMC were 
treated for 18 h in the presence of DAHP (500 pM), sepiapterin (200 pM) or 
both and spontaneous release of p-hex was measured and compared to release 
from untreated PMC. Data shown as mean ± SEM of three experiments. *, 
Indicates p < 0.01.
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Fig. 3.7. Real-time confocal analysis of the effects of tetrahydrobiopterin 
(BH4) inhibition on antigen (Ag) induced nitric oxide (NO) production and 
degranulation. Peritoneal mast cells (PMC) from sensitized rats were 
treated ± 2,4-diamino-6-hydroxypyrimidine (DAHP)(500 pM), loaded with 
diaminofluorescein (DAF)(10 pM), and stimulated with Ag. Live images 
of Ag-stimulated PMC were obtained every 5 sec. The panels show 
representative DAF fluorescence (green) and combined (DAF + differential 
interference contrast (DIG)) images obtained before the addition of Ag 
(t=0) and at a time point where no further changes in PMC morphology 
were observed (t=4 min). White arrowheads indicate degranulating cells. 
Original magnification X 600, bar=10 pm. Results are representative of 
eight separate experiments.
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Ca2+ levels. As both cNOS isoforms are Ca2+-dependent for their activity, our results 

support a functional cNOS in MC.

IFN-y is an important TrI cytokine and is a potent inhibitor o f Tr2 type responses 

including those involving MC. Our data shows a significant (8-fold) potentiation of 

CHI mRNA expression upon treatment with IFN-y. As CHI is a well-known IFN-y 

inducible gene, this data is consistent with that shown for other cells types (21,22). We 

also investigated the mRNA expression of a CHI regulatory protein, GFRP (23). IFN-y 

significantly downregulates GFRP mRNA production in PMC which coincides with 

increased CHI production. By contrast, in C6 (glioblastoma) cells, IFN-y or IL-ip 

caused an increase in CHI expression with no effect on GFRP, while in THP-1 

(myelomonocytoma) cells, GFRP was unaltered by IFN-y or IL-1(3, but instead was 

downregulated by LPS (24,25). IFN-y thus has a unique regulatory effect on PMC that 

potentiates BH4 production through increased CHI and inhibiting GFRP expression.

The western blot data confirm that IFN-y upregulates CHI protein expression in a 

similar manner. We also showed that IFN-y treatment increased CHI enzymatic activity 

and BH4 accumulation in PMC as seen in other cell types (21). This increased 

expression is associated with altered localization of CHI in PMC. In untreated PMC 

there is a distinct membranous localization of CHI with occasional nuclear positivity, 

but little cytoplasmic staining. Treatment with IFN-y results in a pronounced increase 

in the cytoplasmic accumulation of CHI. Previous studies in neurons have shown both 

cytoplasmic and nuclear CHI staining (26). Our data are novel in that we show for the 

first time a membranous localization o f CHI. A possible explanation for distinct 

localization patterns o f CHI may be that BH4 is highly labile in-vivo, and CHI may need 

to be in close proximity to NOS to maintain adequate BH4 levels and NO production 

(4). As such, our immunohistochemistry results (10) and that from others have shown a 

diffuse cytoplasmic pattern of iNOS expression in MC (27), a similar intracellular 

location to our DAF results with IFN-y. Thus colocalization of iNOS and CHI may 

contribute to increased NO production after IFN-y treatment.

BH4 is an important cofactor for all NOS isoforms. Using the CHI inhibitor DAHP and 

SR inhibitor NAS we demonstrated that diminishing BPLt leads to decreased NO.

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Decreased NO production through direct inhibition of NOS has been previously shown 

to potentiate MC degranulation (28). We found similar results, as inhibition of BH4 

production increased mediator release from PMC. Furthermore, the inhibitory effect of 

IFN-y (18 h) treatment on PMC degranulation was removed by DAHP, implying that 

the IFN-y effect was BH4 dependent. Our results using DAHP and NAS are similar to 

those seen with mouse macrophages, though higher concentrations of inhibitor were 

necessary to inhibit NO in those studies (29-31). As both cell types constitutively 

express CHI this disparity may point to differences in compartmentalization of CHI and 

NOS (30).

We previously showed that NO production in naive PMC likely relies on cNOS activity 

(10). PMC treated with DAHP, sepiapterin, or both, but without a known secretagogue 

showed modulation of degranulation. Therefore regulation o f BH4 levels is also 

important in cNOS activity in PMC. Our results using live cell analysis further support 

these findings as DAHP inhibited NO production and increased degranulation.

Levels o f BH4 are a determining factor in the reactive radicals derived from NOS as the 

NOS dimer may produce superoxide (O2 ) or peroxynitrite (ONOO‘), rather than NO 

(32). Interestingly, O2' potentiates MC secretion, although the source of 0 {  is unknown 

(28). It is interesting to speculate that 0 2 ' arises in MC from NOS that is not saturated 

with BH4. Indeed, previous studies using the NOS inhibitor L-NAME showed 

decreased NO and a resulting increase in O2' production and MC degranulation (28,33). 

Interestingly, L-NAME also inhibits the reductase region o f the NOS enzyme, causing 

the preferential formation of O2' (34). Thus NOS may maintain a redox balance in MC 

by producing NO or ONOO to inhibit degranulation, and removal o f BH4 leads to O2’ 

production and degranulation. This hypothesis requires further study.

Ag/IgE activation o f MC causes a transient hyperphosphorylation o f CHI and increase 

in cellular BH4 (5) and may be an activation step leading to degranulation. Our live cell 

results add a caveate to this interpretation. As this BH4 production coincides with NO 

production in MC after Ag/IgE. BH4 levels may play a key role in controlling MC 

degranulation, and cellular localization of BH4 and its role in NO production require 

further investigation.
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The nuclear localization o f NO is to our knowledge the first identification of dynamic 

accumulation of NOS activity in the nucleus. Previous studies show eNOS protein in 

nuclear and peri-nuclear regions (35,36). Furthermore, studies have shown both Ca2+
2_j_

and calmodulin accumulation at nuclear sites in activated MC (20,37). As both Ca 

and calmodulin are critical in NOS activity, there may be a nuclear/NOS axis, though a 

role for NO in the nucleus is unknown (38).

Live cell imaging has allowed the investigation of MC functional heterogeneity and NO 

production at the single cell level. Furthermore, the differing localization of DAF 

positivity in IFN-y and Ag/IgE treated MC implies involvement o f distinct regulatory 

mechanisms. This pattern o f DAF positivity was divergent from that seen when DAF 

loaded MC were treated with an NO donor. Thus, interpretation of data in NO studies 

of MC function will have to carefully consider the source of NO as they may have 

potentially divergent outcomes and molecular mechanisms

In conclusion, we have characterized both short and long-term intracellular NO 

production in MC and showed that increased intracellular NO production is associated 

with inhibition of Ag-induced degranulation. Furthermore, BH4 levels are critical to 

sustaining NO production in MC and can regulate MC degranulation. Further study of 

NO regulatory pathways such as through BH4, will help define novel molecular targets 

that modulate MC-related inflammatory and innate responses.
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Chapter 4

Expression, Localization and Regulation of Nitric Oxide Synthase 
(NOS) in Human Mast Cells: Effects on Leukotriene Production.

Authors, M. Gilchrist and A.D. Befus. At time of submission this chapter was 
under review at Blood. I contributed to this manuscript by designing and carrying 
out all the experiments and writing the manuscript.
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Introduction

Mast cells (MC) are tissue-resident immune effector cells that arise from 

immature bone marrow precursors (1). They produce and secrete numerous 

bioactive agents and have been implicated in diverse homeostatic functions such 

as angiogenesis, wound healing and tissue remodeling (2). Due to their plethora 

o f mediators and strategic localization, MC also play central roles in various 

disease states such as multiple sclerosis and T ^-driven  inflammatory 

conditions such as asthma (3,4).

Nitric oxide (NO) is a potent biological radical that plays diverse roles in

regulating cellular activation (5). NO is derived from the guanidine group o f L-
2 _|_

arginine by the nitric oxide synthase (NOS) family o f enzymes. The Ca - 

dependent members include endothelial (eNOS) and neuronal (nNOS), 

characterized by constitutive expression and low NO production. Inducible 

NOS (iNOS) is upregulated by a variety o f inflammatory mediators and 

functions independently o f cellular Ca2+ levels and releases large amounts of 

NO (6). Numerous investigators have show that rodent MC are regulated by 

endogenous NO from both constitutive and inducible sources (7,8). However, 

little information is available concerning the production o f NO by human MC, 

or the potential involvement of NO as a moderator in human MC populations. 

The aim of the present study was therefore to investigate the expression ofNOS 

and production o f NO in human MC populations. Furthermore we studied the 

regulation o f NOS, and the resulting functional effects on the release of 

leukotrienes. Our results indicate that NO may be a novel modulator in 

determining the functional phenotype of human MC.

Materials and Methods 

Reagents

The NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME), NO donor S- 

nitrosoglutathione (SNOG) were obtained from Calbiochem (San Diego, CA) 

and the NO probe 4,5-diaminofluorescein diacetate (DAF-FM) was obtained 

from Molecular Probes (Eugene, OR). Rabbit polyclonal antibodies against 

nNOS, iNOS and eNOS were obtained from Santa Cruz (Santa Cruz, CA) and
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mouse monoclonals against the same proteins are from BD Transduction 

Laboratories (San Diego, CA). Rabbit polyclonal antibody against 

phosphorylated eNOS (Ser1177) was obtained from Upstate Biotechnology (Lake 

Placid, NY) and rabbit anti-5-LO was obtained from Cayman Chemical (Ann 

Arbor, MI).

Cell lines

HMC-1, an immature human mast cell line (a kind gift from J.H. Butterfield, 

Minneapolis, MN), was cultured in Iscove’s medium (Life Technologies, Grand 

Island, NY), with 10% fetal bovine serum (FBS), 2 mM glutamine, 40 U/mL 

penicillin/streptomycin and 1.0 mM thioglycerol. Cells were harvested and fed 

every 3-4 days. The human basophilic leukemia cells, KU812 (a kind gift from 

J.S. Marshall, Halifax, NS) were cultured in RPMI 1640 (Life Technologies) 

supplemented with 10% FBS, 2 nM glutamine, 10 mM HEPES and 40 U/mL 

penicillin/streptomycin. KU812 were differentiated by culture with 0.3 mM 

sodium butyrate for 3 days before use. The LAD 2 growth factor-dependent 

human mature mast cell line (obtained from Dr. A.S. Kirshenbaum and D.D. 

Metcalfe, NIH, Bethesda, MD) (9) were cultured in StemPro-34 medium (Life 

Technologies) supplemented with 100 ng/mL recombinant human stem cell 

factor (rhSCF)(Peprotech, Rocky Hill, NY). LAD 2 cells were split in culture 

every 7 d. All cells were maintained at 37°C in a humidified incubator at 5% 

C 0 2.

Human skin mast cell isolation

Human skin MC (HSMC) were dispersed from 5 foreskin samples (mean age 

2.4 ± 0.7 y, wet weight 0.7 ± 0 .1  g) as previously described (10). Briefly, 

dissected samples were incubated for 1 hour at 37° C in collagenase (318 

U/ml)(Life Technologies). Cells were separated through nylon gauze (150 pm) 

and were washed with complete RPMI 1640 (150g, 10 minutes). MC were 

enriched with 65% Percoll (Pharmacia Ltd.; Uppsala, Sweden). MC were 

further purified by positive magnetic selection using monoclonal anti-c-kit 

antibody (15 pg/mL, YB5.B8, BD Pharmingen) and goat anti-mouse Ig-coated 

magnetic beads (15 pg/mL, Miltenyi Biotec, Sunnyvale, CA). The average
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yields were 4.5 ± 0.7 x 105 MC per foreskin sample with 93% ± 2.1% purity 

and 94% ± 1.3% viability assessed after staining with Kimura or trypan blue, 

respectively. The predominant contaminating cells were fibroblasts.

Sensitization o f  human mast cells

LAD 2 were sensitized with human IgE (2 pg/ml, Serotec) for 2 h at 37° C. 

Cells were washed and resuspended in HEPES-buffered Tyrode's solution, then 

stimulated with mouse anti-human IgE antibody (1 pg/mL, Serotec) for 30 

minutes.

Reverse-transcriptase Polymerase Chain Reaction

Total RNA was isolated from MC using a modification of the 

Chomczynski/Sacchi method as previously described (11). One pg of RNA was 

converted to cDNA by the reverse transcription reaction (M.MLv reverse 

transcriptase, GD3CO/BRL) in a total volume of 20 pL. PCR amplification was 

performed on a PTC-100 Thermal Cycler (MJ Research, Boston, MA). The 

primers were designed to be intron-spanning based on published sequence data: 

nNOS, sense 5'-AAGGGCAATGTGCCTGTCGT-3\ antisense 5'- 

ATTGCCGTTGGCCTGAAGCA-3' (PCR product, 826 bp); iNOS, sense 5'- 

AGTTT CT GGC AGC A AC GG- 3', antisense 5'-TTAAGTTCTGTGCCGGCAG- 

3' (PCR product, 532 bp); eNOS, sense 5'- 

ACCTGCAAAGCAGCAAGTCCACG-3', antisense 5'-

CCGAACACCAAAGTCATGGGAGT-3' (PCR product, 837 bp); The number 

o f cycles used for the primer sets was 25-35, (depending on the linear range). 

The conditions for PCR amplification were as follows: denaturing at 95°C for 

45 s, annealing for 45 s, and extension at 72°C for 1 min. The optimized 

annealing temperature was 49°C for nNOS, 47°C for iNOS and 52°C for eNOS. 

Products were run on a 1.2 % agarose gel and stained with ethidium bromide 

(Sigma).

Western blot

MC were incubated in 24 well plates at 1 x 106 cells/well from 0 to 18 h in 

various experimental conditions. Cells were dissociated in RIP A buffer
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(PBS,1% NP-40). The total protein content was determined by the Bradford 

technique (BioRad). Fifteen pg o f protein from each sample was mixed with 

Lamelli loading buffer and separated on a 6% SDS-PAGE gel and transferred 

onto a polyvinylidene difluoride membrane (BioRad). The membrane was then 

incubated with primary antibodies for 1 h at room temperature. Dilutions of the 

primary antibodies are; polyclonal nNOS (2.5 pg/mL), iNOS (1.0 pg/mL), 

eNOS (0.5 pg/mL), phospho-eNOS (1.0 pg/mL) and 5-LO (5.0 pg/mL). The 

secondary antibody, HRP conjugated goat anti-rabbit IgG (0.05 pg/mL) 

(Serotec, Raleigh, NC) was added to the membrane and incubated for 1 h at 

room temperature. Labelling was detected by chemiluminescence by addition 

of SuperSignal substrate solution (Pierce, Rockford, IL). The resulting bands 

were scanned and quantified in a gel scanner (ImageMaster DTS, Pharmacia). 

Subcellular fractionation

HMC-1 were fractionated as previously described (12). Briefly, cells were 

pelleted by centrifugation (150 g, 5 min) then resuspended in lysis buffer (10 

mM HEPES, 2 mM MgCl2, 15 mM KC1, 0.1 mM EDTA, and 0.2% Nonidet P- 

40, with protease inhibitors for 15 min on ice. Cells were ruptured with 12 

passes of a Dounce homogenizer, then centrifuged at 10,000 g for 20 min. The 

supernatant was frozen as the cytoplasmic fraction. The pellet was resuspended 

in extraction buffer (20 mM HEPES, 1.5 mM MgCk, 0.4 M NaCl, 20% 

glycerol, 0.2% EDTA and 0.2% NP-40 and incubated 20 min on ice, then 

centrifuged at 10,000 g for 20 min. The purity of nuclear extracts was tested by 

western blot using a (3-tubulin antibody (Molecular Probes). All nuclear preps 

used in this study were negative for this cytoskeletal protein indicating m in im al 

cytoplasmic contamination.

Confocal Microscopy

Localization of NOS in MC was performed on HMC-1 or LAD 2 fixed in 4% 

paraformaldehyde for 20 min, then permeablized with 0.1% triton X-100 in 

PBS. Slides were blocked for 30 min with 10% FBS and 3% BSA in PBS. All 

slides were incubated overnight at 4°C with primary antibody. Specific 

antibody binding was detected with rhodamine red-labeled goat anti-rabbit or
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BODEPY- labeled mouse anti-rabbit secondary antibodies (Molecular Probes). 

Nuclei were stained with a 500 nM solution of propidium iodide (Molecular 

Probes). Negative controls with rabbit serum, were run concurrently. Cell 

images were obtained using a 40x 1.3 oil Plan-Neofluar objective on a Zeiss 

confocal laser scanning microscope (LSM510; Heidelberg, Germany). To 

determine nuclear colocalization FITC-stained images were combined with PI 

stained images o f the same cell.

Assay fo r  NOS activity

To categorize NO production in MC, NOS activity in HMC-1 was measured by 

the conversion o f L-[14C] arginine to L-[14C] citrulline, using a NOS assay kit 

(Calbiochem, San Diego, CA) according to manufacturers procedures and as 

described previously (7). Each sample were run in the presence of EGTA 

(2mM) to determine the levels o f calcium-dependent (constitutive) NOS 

activity. Calcium-independent (inducible) NOS activity was determined by 

subtracting the constitutive activity from the total NOS activity in the sample. 

The level o f citrulline produced was expressed as picomoles/min/mg of protein. 

The protein content was determined by the Bradford technique (BioRad). 

Diaminofluorescein assay fo r  nitric oxide in human mast cells 

NO production and localization in MC was assayed using DAF-FM, a cell- 

permeable NO-sensitive fluorescent dye as we have previously described 

(13,14). In brief, MC were loaded with 10 pM of DAF-FM for 1 h at 37°C, 

then pipetted onto coverslip-bottomed petri dishes (Falcon). Images were 

obtained using a Zeiss confocal laser scanning microscope. Images were 

collected using 488 nm (excitation) and 505-530 nm (emission) filter set, with a 

40x 1.3 oil Plan-Neofluar objective. In some experiments the NOS inhibitor L- 

NAME, or the NO donor SNOG was added 30 minutes before loading with 

DAF as negative and positive controls respectively.

ELISA

HMC or LAD 2 (1 x 106/mL) were stimulated with A23187 (0.1 pM) or Anti- 

IgE (1 pg/mL) respectively, for 30 min at 37°C. Culture supernatants were
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collected and cysteinyl leukotrienes quantified using EIA (Cayman Chemical) 

according to the manufacturers protocols.

Statistical analysis

All experiments were performed at least three times. Data was analyzed using 

analysis o f varience (ANOVA) followed by the Bonferroni test for comparisons. 

P  values < 0.01 were considered significant.

Results

NOS mRNA expression by human mast cells

Few studies have looked at NOS expression in human MC populations, and 

little firm data exists (15,16). Therefore we characterized the expression of 

nNOS, iNOS and eNOS mRNA in HMC-1, KU812, LAD 2 and human skin 

MC using RT-PCR analysis with specific primer pairs. As shown in Figure 4.1, 

at 30 cycles all human MC types studied expressed eNOS at high levels, while 

iNOS expression was negative in all samples even when cycle numbers were 

increased to 45. nNOS expression was variable, with KU812 and LAD 2 cells 

being negative, while HMC and HSMC were positive. However, nNOS levels 

were weaker when directly compared to eNOS at 30 cycles. NOS mRNA was 

detected with the appropriate controls; human brain RNA for nNOS and iNOS 

and human endothelial cell RNA for eNOS. The identity of all products was 

confirmed by cloning and sequencing. All PCR products were absent when the 

RT step was eliminated (data not shown).

NOS confocal

To determine if  the expression o f NOS mRNA could be correlated with the 

presence o f NOS protein and to resolve the cellular localization patterns, laser 

scanning confocal microscopy was employed. Using this approach, HMC-1 

stained weakly for nNOS protein with a diffuse pattern present throughout the 

cytoplasm (Fig. 4.2). LAD 2 cells and KU812 were negative for nNOS as 

expected from the PCR results (data not shown). Strikingly, HMC-1 stained 

with anti-eNOS antibody showed weak positive staining in the cytoplasm, 

whereas the nucleus showed very strong staining in a majority o f cells. LAD 2 

showed nuclear positivity in fewer cells (Fig. 4.2). iNOS protein was not
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Fig. 4.1. Expression of nitric oxide synthase (NOS) isoforms in human mast 
cell (MC) populations. Neuronal NOS (nNOS): Reverse-transcriptase
polymerase chain reaction (RT-PCR) analysis of nNOS messenger RNA 
(mRNA)in HMC-1 (lane 1), KU812 (lane 2), skin MC (lane 3), and LAD 2 
(lane 4). Human brain RNA was used as a positive control (lane 5). 
Inducible NOS (iNOS): RT-PCR analysis o f iNOS mRNA in HMC-1 (lane 
1), KU812 (lane 2), skin MC (lane 3), and LAD 2 (lane 4). Human brain 
RNA was used as a positive control (lane 5). Endothelial NOS (eNOS): RT- 
PCR analysis of eNOS mRNA in HMC-1 (lane 1), KU812 (lane 2), skin MC 
(lane 3), and LAD 2 (lane 4). Human endothelial cell RNA was used as a 
positive control (lane 5). The sizes of expected amplified products are 
indicated (M). Results are representative of at least three independent RNA 
isolations.
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detected in any cell type studied. There results were confirmed with a set of 

NOS monoclonal antibodies. Cells stained in parallel with non-immune rabbit 

serum were also negative.

As eNOS has been shown to localize to the golgi as well as to the peri-nuclear 

region in other cell types (17), colocalization in combination with the nuclear 

stain PI was used to confirm the nuclear eNOS staining. When the eNOS 

fluorescence signal was overlayed with the PI signal there was strong 

colocalization in the nucleus proper with some peripherally staining on the 

nuclear membrane as indicated by the yellow fluorescence in the merged image 

(Fig. 4.2). Interestingly, analysis of Z-stack section images taken every 2 pm 

throughout the cells showed that the localization pattern was not completely 

homogenous, with regions of high eNOS/DNA colocalization, interspersed with 

regions of almost no colocalization.

NOS protein

To further confirm the confocal results, and show that the observed localization 

patterns are not a result of staining artifacts, western blot analysis on purified 

nuclear and cytoplasmic extracts were investigated. HMC-1 cells contained 

cytoplasmic and nuclear eNOS, indicating that subcellular eNOS localization 

was unchanged from the confocal experiments (Fig.4.3). In addition, nNOS 

protein was found abundantly only in cytoplasmic fractions (Fig.4.3). Re­

hybridization o f the western blot with antibody against the cytoplasmic protein 

a-tubulin was used to validate the fractionation procedure (data not shown).

NOS activity and NO formation in human MC

We next investigated whether HMC-1 or LAD 2 cells were capable o f NOS 

activity and NO formation. As NOS forms NO and L-citrulline from L-arginine 

in a stoichimetric reaction, we utilized the Citrulline assay to determine the 

conversion of radioactive L-arginine in HMC-1 homogenates. HMC-1 extracts 

showed significant citrulline generation (54.3±8.6 pmol/min/mg) that could be 

attributed to eNOS (nNOS or eNOS) but not iNOS activity, as chelation of Ca2+ 

from the reaction mixture completely abrogated citrulline formation (7.4±5.1 

pmol/min/mg) (Fig. 4.4a). Interestingly, the levels ofNOS activity in HMC-1

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HMC-1

n N O S

1
PI

LAD 2

Fig. 4.2. Localization nitric oxide synthase (NOS) in HMC-1 and LAD 2 
cells. HMC-1 or LAD 2 were fixed in 4% paraformaldehyde and incubated 
with rabbit anti-neuronal NOS (nNOS) antibody or rabbit anti-endothelial 
NOS (eNOS). Antibody labeling was detected with BODIPY-conjugated 
goat anti-rabbit antibodies (green). Nuclei of cells were detected with 
propidium iodide (red), overlapping fluorescence is indicated in yellow. 
Original magnification x 600, bar= 10 pm.
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Fig. 4.3. Tmmunoblot analysis of nitric oxide synthase (NOS) protein 
expression in subcellular fractions from HMC-1. HMC-1 were lysed and 
separated into cytosolic (C) or nuclear (N) fractions as described under 
“Materials and Methods”; proteins from each fraction were separated by SDS- 
PAGE under reducing conditions. Control (Con) proteins (human brain and 
endothelial cell lysate respectively) were run concurrently. Representative 
immunoblot of neuronal NOS (nNOS) and endothelial NOS (eNOS) content in 
subcellular fractions. For all blots, equal amounts of protein (15 pg) were 
loaded. Molecular weight markers indicated at right. All blots are 
representative of at least three independent experiments.
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were similar to that seen in brain homogenates (nNOS activity) used as a 

positive control (Fig.4.4a). These results further confirm that human MC are a 

potential source o f NOS activity.

Because o f the large number of LAD 2 cells that would be required for citrulline 

determinations and the slow growth rate of these cells in culture, combined with 

the fact that the citrulline assay does not directly measure NO production, we 

utililized the NO-specific fluorescent dye diaminofluorescein (DAF-2 DA) 

combined with live-cell confocal analysis to directly measure the dynamic 

production and localization of NO in both LAD 2 and HMC-1. Confocal 

images of DAF loaded HMC-1 showed minimal fluorescence. Upon 

stimulation with A23187 (1 pM), a majority (75±6.3 %, n=4) of HMC-1 

showed a moderate increase in cytoplasmic fluorescence combined with 

pronounced nuclear localization beginning at 3 min with a plateau at 7 min (Fig. 

4.4b). No significant increase in intracellular fluorescence was seen in time 

control experiments or if  HMC-1 were pretreated with NOS inhibitor L-NAME 

(data not shown).

In parallel experiments preformed on IgE-sensitized LAD 2 cells we saw a 

similar pattern o f NO formation following IgE crosslinking. Notably, the 

localization o f NO was heterogenous, with some cells showing only 

cytoplasmic NO, while others showed both cytoplasmic and nuclear positivity 

(Fig. 4.4b). This data demonstrate that both HMC-1 and LAD 2 can produce 

endogenous NO upon stimulation.

Activation and co-distribution o f  eNOS and 5-LO

MC are critical effectors in inflammation due to their unique ability to 

differentially produce and release bioactive mediators such as leukotrienes (LT) 

(18). LT and NO are both formed in asthmatic inflammation, and interplay 

between the two pathways has been demonstrated (19,20). LT synthesis is 

initiated by the activation of 5-lipoxygenase (5-LO), which localizes to the 

nucleus in various MC populations (19). Since these proteins appear to reside 

in similar subcellular compartments we investigated eNOS and 5-LO 

distribution in MC with western blot.
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Fig. 4.4. Nitric oxide synthase (NOS) activity and nitric oxide (NO) localization 
in human mast cells. A, NOS activity in HMC-1, as measured using the [14C]-L- 
arginine conversion assay. Brain homogenate was used as a positive control. 
Each sample were run in the presence of EGTA (2mM) to determine the levels 
of calcium-dependent (constitutive) NOS activity. The results are expressed as 
picomoles L-citrulline formed per minute, per mg of protein. Data shown as 
mean ± SEM for three independent experiments. B, Measurement of 
endogenous NO formation in HMC-1 and LAD 2 cells as detected by DAF 
fluorescence. Cells were loaded with diaminofluorescein (DAF), basal 
fluorescence images obtained, then stimulated with A23187 (lpM ) or IgE- 
crosslinking respectively. Fluorescence changes were captured using confocal 
microscopy. White arrows show cytoplasmic DAF fluorescence, white 
arrowheads show nuclear/perinuclear positivity. Original magnification X 800. 
Results are representative of three independent experiments for HMC-1 and two 
for LAD 2.
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As has been previously shown in rat MC (18), 5-LO in HMC-1 is mobilized 

predominantly nuclear compartments upon activation with A23197 (1 pM) in a 

time-dependent manner (Fig. 4.5a).

As constitutive NOS enzymes are also dependent on Ca2+ for full enzymatic 

activity, we investigated the effects o f elevated intracellular Ca2+ on eNOS and 

nNOS localization in HMC-1. HMC-1 were treated with 1 pM A23187 for 

various time points prior to cell fractionation. There was a moderate change in 

eNOS localization with movement of the cytosolic eNOS into the nuclear 

fraction after A23187 treatment (2.5 fold increase) as determined by band 

densitometry (Fig. 4.5a). There was no appreciable change in nNOS 

localization (data not shown).

Previous studies showed that the presence of eNOS protein does not always 

correlate with NO production, as eNOS activity can be regulated by multiple 

post-translational modifications including phosphorylation (21). As 

phosphorylation at Ser1177 has been widely associated as an important 

mechanism for increasing NO formation (22), we measured phospho-eNOS 

(Ser1177) levels in HMC-1 using specific antibodies. After 5 min of treatment 

with A23187 (1 pM), HMC-1 showed increased phospho-eNOS in both 

cytoplasmic (10 fold) and nuclear (3.5 fold) fractions compared with 0 time 

points. These data indicate that increased Ca2+ levels potentiate eNOS 

phosphorylation at Ser1177, an indicator of increased eNOS activity (Fig. 4.5a). 

This increased activity correlates well with the time-course of DAF 

fluorescence seen in the confocal experiments.

Taken together with the confocal results, these data indicate that MC contain 

distinct cytoplasmic and nuclear pools of NOS and that eNOS can be mobilized 

and activated upon stimulation.

5-LO and eNOS colocalization

Given the similar expression pattern of 5-LO and eNOS we investigated the 

colocalization o f these enzymes using confocal microscopy. In HMC-1, 5-LO 

colocalized with eNOS in both cytoplasmic and nuclear compartments, as 

shown by the similar patterns o f anti-5LO (red) and anti-eNOS (green) staining
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Fig. 4.5. A Translocation and colocalization o f endothelial nitric oxide 
synthase (eNOS) and 5-lipoxygenase (5-LO) in HMC-1. A, Western blot 
analysis o f 5-LO, eNOS and phospho-eNOS (Ser1177) in subcellular 
fractions from HMC-1. Cells were stimulated with A23187 (lpM ) for the 
indicated time points. Cell fractionation and western blotting were 
performed as described in “Materials and Methods”. Equal quantities 
(15 pg) o f protein were added to each lane, and the relative band 
intensities (numbers below the bands) were determined by densitometry 
(arbitrary units). Results are representative o f three independent 
experiments.
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Fig. 4.5.B. Translocation and colocalization of endothelial nitric oxide synthase 
(eNOS) and 5-lipoxygenase (5-LO) in HMC-1. B, Colocalization of eNOS and 5- 
LO in HMC-1. HMC-1 were fixed in 4% paraformaldehyde and incubated with 
rabbit anti-5-LO (red) and mouse anti-eNOS (green). Antibody labeling was 
detected with BODIPY-conjugated rabbit anti-mouse and rhodamine-red- 
conjugated goat anti-rabbit antibodies, overlapping fluorescence is indicated in 
yellow. Original magnification x 800, bar= 10 Jim.
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and confirmed by the yellow pattern in the merged overlays (Fig.4.5b). 

However, the colocalization is not complete, as noted by regions in both nucleus 

and cytoplasm that are free o f colocalized signal. This data implies that 5-LO 

and eNOS protein colocalize, and may form a function regulatory unit based on 

this interaction.

Leukotriene ELISA/NO inhibitors

To confirm a biological role for NO in modulating human MC LT formation we 

analysed the release of LT in stimulated HMC-1 or LAD 2 supernatants after 

pretreatment with an NO donor (SNOG) or NOS inhibitor (L-NAME). 

Treatment of HMC-1 with A23187 (1 pM) (33.1±8.6 pg/mL, n=3) or 

crosslinking o f IgE on LAD 2 (448±11.1 pg/mL, n=3) significantly increased 

cysteinyl leukotriene production over basal levels (HMC-1: 6.2±1.3 pg/mL, 

n=3; LAD 2: 4.6+2.8 pg/mL, n -3 ) in unstimulated cells (Fig. 4.6a&b). The 

levels of LT release were significantly lower in HMC-1 than in LAD 2 

indicating important differences between immature and mature MC phenotypes. 

Pretreatment o f cells with the NO donor SNOG for 30 min prior to activation 

caused a significant (p<0.01) and dose-dependent inhibition o f short term LT 

release in both cell types (HMC-1: 51% , LAD-2: 63% inhibition)(Fig. 4.6a&b). 

Conversely, pretreatment with the NOS inhibitor L-NAME resulted in a 

significant (p<0.01) dose-dependent potentiation of LT release (HMC-1: 55%, 

LAD 2: 51%). Interestingly, although the amounts o f LT release varied greatly 

between the two cell types, the NO donor and NOS inhibitor effected release to 

a similar extent. As NO can modulate cellular activities by activating soluble 

guanylate cyclase and increasing levels o f cGMP (6) we examined the effect of 

a membrane permeant analogue o f cGMP, 8-bromo-cGMP. 8-bromo-cGMP (1 

mM) had no effect on A23187 or antigen driven LT release in either cell type 

(Fig. 4.6a&b).

Discussion

In rodents MC it has previously been shown that MC responsiveness and MC 

phenotype can be determined by NO (23). However there is little data 

concerning the production and effects o f NO in human MC. Our results with
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Fig. 4.6. Effect o f nitric oxide synthase (NOS) inhibition and exogenous nitric 
oxide (NO) on cysteinyl leukotriene production in human mast cells (MC). A, 
Concentrations o f cysteinyl leukotrienes in medium from HMC-1 was 
determined by ELISA. Cells were pre-incubation (30 min) with the NOS 
inhibitor (L-NAME), NO donor (SNOG) or cGMP analog (8-bromo-cGMP) 
then stimulated with A23187 (1 pM) for 30 min. Results are expressed as mean 
± SEM for three independent experiments. *, Indicates p < 0.01 by comparison 
with untreated cells. B, Concentrations of cysteinyl leukotrienes in medium 
from LAD2 was determined by ELISA. Cells were pre-incubated (30 min) 
with the NOS inhibitor (L-NAME), NO donor (SNOG) or cGMP analog (8- 
bromo-cGMP) then stimulated with anti-IgE ((1 pg/mL) for 30 min. Results 
are expressed as mean ± SEM for three independent experiments. *, Indicates p 
< 0.01 by comparison with untreated cells.
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show distinct differences in NOS expression and localization in a variety of 

human MC populations, with all MC types studied being positive for eNOS, but 

showing variable expression of nNOS, with no detectable iNOS.

Discerning distinct patterns is difficult, as both HMC-1 and KU812, while being 

immortalized cell lines, show differential expression of nNOS. The nature of 

the genetic phenotype o f these cell lines may account for these differences, as 

HMC-1 have a mutation in the c-kit receptor (9). Furthermore, as HMC-1 are 

an immature MC line while KU812 are basophilic in phenotype may also 

account for this diversity. More detailed studies in blood basophils and other 

in-vivo MC populations may define these boundaries o f NOS expression more 

clearly.

Comparison between the representative “mature” MC, namely HSMC and 

LAD-2, also show variable nNOS expression. Data on NOS expression in 

human MC is limited, but it has previously been shown by 

immunohistochemistry that both human skin and nasal mucosa MC are also 

positive for nNOS protein (16,24). Thus our nNOS results with ex-vivo HSMC 

are compatible with those in-vivo studies.

With the lack o f iNOS expression, human MC studied thus far appear to rely on 

a unique expression profile based on constitutive (eNOS) in their quiescent 

state. This pattern is reiterated in other human immune cells, with neutrophils 

and eosinophils also being identified as eNOS expressors with variable 

expression of eNOS and nNOS isoforms (25,26). Interestingly, nNOS was also 

noted in eosinophils infiltrating dermal regions, implying that there may be 

specific environmental factors contributing to nNOS usage by immune cells in 

this particular cellular environment (26). Thus there are significant differences 

in NOS expression in human MC populations contributing further to MC 

heterogeneity.

The lack of iNOS expression is not surprising, given the “unstimulated” status 

of the MC populations studied and the need for appropriate stimuli for iNOS 

induction in other systems (6). It is interesting to note that during initial studies 

in several other human cell types including monocytes, macrophages, and
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neutrophils there was also no iNOS expression detected, even when activated 

with known iNOS inducers such as IFN-y and TNF (25,27). As studies have 

progressed iNOS expression has now been noted in all these cell types from 

patients with various disease states (28). However, the in-vitro conditions 

necessary to stimulate NO production remain incompletely characterized, and 

appropriate stimulation may also induce iNOS expression in human MC.

As little is also known about the distribution o f NOS in human MC, the pattern 

of NOS localization was also noteworthy, with isoforms showing unique 

staining patterns. As eNOS has sites for lipid modification at is amino-terminal 

that can direct its binding we expected plasma membrane localization as seen in 

endothelial cells (22,29). Interestingly, instead we saw diffuse cytoplasmic 

staining along with a very strong presence in the nucleus. Since other cell types 

have shown eNOS localization in the peri-nuclear or golgi regions (17) we 

confirmed nuclear eNOS by colocalization with PI in confocal analysis, or with 

subcellular fractionation and western blot. Also noteworthy was the 

translocation of eNOS from the cytoplasmic compartment to the nuclear 

fraction upon stimulation. Comparison to 5-LO, which is well known to 

redistribute to the MC nucleus upon activation (30), implies that these enzymes 

may share a common localization mechanism.

The possibility exists however that other, less-specific mechanisms, including 

non-specificity o f the antibodies or antibody trapping in different cellular 

compartments may explain our localization results. Particularly in nuclear 

fractions where a plethora o f charged proteins are present (31). To address these 

drawbacks we have used multiple techniques to determine the spatial 

localization o f NOS proteins in human MC. Furthermore, we used multiple 

antibodies, from differing species, to confirm our confocal and western blot 

results, and utilized multiple fixation, permeablization and staining routines to 

also reconfirm our immunofluorescence results. Despite these precautions there 

are obvious limitations to the methodologies employed, and further 

investigations using transfection of fluorescent-tagged eNOS or 5-LO into MC,

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



or IP using purified proteins will help further confirm and define the distribution 

and interaction of these proteins.

Previous studies in other cell types have shown that eNOS protein can be 

detected in nuclear and peri-nuclear regions, and that eNOS may be active in 

such sites (17,22,32). Furthermore, studies have shown both Ca2+ and 

calmodulin accumulation at nuclear sites in activated MC (33,34), implicating 

that an environment may exist in the nucleus that is compliant to NO 

production. Defined roles for NO production in the nucleus are unknown, thus 

our data showing colocalization o f eNOS with 5-LO and NO regulation of LT 

formation offer novel insights into potential mechansims. However, as NOS 

and 5-LO do not completely co-associate in the nucleus there are clearly other 

potential roles for each, including control o f gene transcription by regulation o f 

transcription factors (31).

The mechanisms involved in NO modulation o f LT release from MC is likely 

complex. The best-known target for cellular NO is the heme moiety of the 

enzyme soluble guanylate cyclase, which increases cellular cGMP levels (6). 

Indeed, rapid signaling through eNOS-derived NO is modulated to a great 

extent by cGMP. However, our results with 8-bromo-cGMP showed no change 

in short-term LT release implying other mechanisms, which may include 

nitrosylation events. This data is consistent with that seen in other studies o f the 

cGMP-independent effects o f NO on MC secretion (degranulation) (35). 

Interestingly, these results were obtained using either NO donors, or iNOS 

driven cell systems to produce sustained NO to effect MC responses (36). 

Proposing that other NO/protein interactions (including nitrosylation) are 

responsible for the observed effects.

Indeed, NO derived from iNOS or NO donors has previously been shown to 

inhibit LT activity in macrophages through the direct nitrosylation of 5-LO (37). 

However, given the interaction of eNOS and 5-LO seen in our studies, such a 

mechanism may also be active in MC though through rapid eNOS activity 

compared to sustained iNOS activity. Indeed, it has been proposed that 5-LO 

exists in a “metabolon” of sequential enzymes in order that efficient production
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of LT can proceed (19), and it is interesting to speculate that eNOS may be a 

regulatory component of this complex. Our western blot and confocal results 

show that eNOS and 5-LO appear to be regulated in a similar pattern with close 

association in cytoplasmic and nuclear domains. These results suggest that 

similar mechanisms may be employed in the trafficking and activation of these 

proteins within the cell.

The results from our study, and that of others, has shown that HMC-1 cells 

show weak and more variable LT release compared to more phenotypically 

mature MC (38). In fact, LT release in human MC populations is highly 

heterogeneous (39). As MC arise from a committed precursor that mature in 

distinct environments, MC variability is thus greatly modified by environmental 

factors (1). Indeed, LAD 2 cells showed less DAF (NO) positive cells than 

HMC-1 upon activation, and released significantly more LT. It is interesting to 

speculate that these environmental influences may also drive NOS expression, 

including increase nNOS production, with varying effects of tonic NO 

production on MC function and mediator release.

Much previous research has centered on the role played by iNOS in 

inflammation and the effects caused by the high levels o f NO produced (6). 

More recently, however, there has been an evolving role of eNOS in immune 

cell regulation. Indeed, using NOS knockout mice a vital role for eNOS in 

propagating immune processes in macrophages has been identified (40). 

Further knockout studies have identified an important function for eNOS in 

initiating leukocyte influx into inflammatory sites (41). In addition, an 

unexpected role for nNOS, not iNOS, was identified in mouse models of 

asthmatic inflammation (42). Our studies further expand this understanding, 

and indicate that there are clear cell specific differences in the roles played by 

eNOS. Unfortunately our results cannot exclusively dissect discreet roles for 

eNOS or nNOS in cells expressing both isoforms and investigations with 

knockout/knockdown strategies will help delineate the role of eNOS in 

inflammation.
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The hallmarks o f the MC are its armamentarium of granule-stored mediators, 

de-novo lipid derived molecules and newly-formed cytokines that can be 

differentially and rapidly released according to the stimulus (43). Such a 

complex interplay must arise from an involved and necessarily overlapping 

control machinery (43). Previous studies in rodent MC (7,36), along with more 

recent studies in human basophils (44), have shown a role for both endogenous 

and exogenous NO inhibition of granule mediator secretion. We have shown 

here for the first time that MC-derived NO modulates LT production formed 

immediately (< 30 min) after activation. In addition, we have shown in this and 

previous studies (13), NO formation and NOS localization within the nucleus 

which may account for the NO regulation o f chemokine and cytokine 

production seen in other cell types (45). NO thus appears to be strategically 

placed to potentially impinge on all o f these pathways due the differential 

localization of NOS with the capacity for intense, directed production of this 

potent radical.
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Chapter 5

IFN-y Regulates Chemokine Expression and Release in Human 
Mast Cells: Role of Nitric Oxide
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Introduction

Mast cells (MC) are bone marrow-derived, tissue-resident effector cells (1). They 

produce and secrete a variety of preformed and newly-synthesized mediator that 

have diverse roles in homeostasis and disease (2). Due to their diversity of 

mediators and strategic localization, MC have been implicated in disease states such 

as multiple sclerosis and inflammatory conditions such as asthma (3,4).

The archetypal ThI cytokine, interferon-y (IFN-y), has been shown in numerous 

systems to down-regulate various MC responses (5,6). Previous studies have 

shown that IFN-y inhibits MC adhesion as well as modulating MC mediator 

secretion (7,8). The role that IFN-y plays in regulating human MC is less defined, 

though recent studies have shown that IFN-y may be important in sculpting MC 

phenotype by determining a distinct pattern of cytokine/chemokine expression (9). 

Interestingly, down-regulation of IFN-y levels may be a contributing factor in 

human asthma (10).

One of the many effects down-stream of IFN-y is the production o f the gaseous 

radical, nitric oxide (NO)(6). NO is derived from the guanidine group of L-arginine 

by the nitric oxide synthase (NOS) family of enzymes. The Ca2+-dependent 

members include endothelial (eNOS) and neuronal (nNOS), characterized by 

constitutive expression and low NO production. Inducible NOS (iNOS) is 

upregulated by a variety of inflammatory mediators and functions independently of 

cellular Ca2+ levels and releases large amounts o f NO (11). Numerous investigators 

have show that rodent MC are regulated by endogenous NO from both constitutive 

and inducible sources (12,13), and it has been shown that IFN-y regulation of MC 

mediator secretion and adhesion in rodents is NO-dependent (7,8). We have 

recently shown that human MC populations are capable o f nNOS and eNOS 

expression and NO-dependent regulation of leukotriene release (14). However, 

little information is available concerning the potential involvement of NO as a 

moderator o f IFN-y effects in human MC populations.

The aim o f the present study was therefore to investigate the regulation of NOS by 

IFN-y, and the resulting functional effects on the expression and release of the 

chemokines; monocyte chemoattractant protein-1 (MCP-1) and 1-309. These
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results indicate that NO may be a novel modulator in determining the functional 

phenotype o f human MC.

Materials and Methods

Reagents

The NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME) and NO donor S- 

nitrosoglutathione (SNOG) were obtained from Calbiochem (San Diego, CA). 

Rabbit polyclonal antibodies against nNOS, iNOS and eNOS were obtained from 

Santa Cruz (Santa Cruz, CA).

Cell lines

HMC-1, an immature human mast cell line (a kind gift from J.H. Butterfield, 

Minneapolis, MN), was cultured in Iscove’s medium (Life Technologies, Grand 

Island, NY), supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 

40 U/mL penicillin/streptomycin and 1.0 mM thioglycerol. Cells were harvested 

and fed every 3-4 days and maintained at 37°C in a humidified incubator at 5% 

C 0 2.

Gene array

HMC-1 were treated with IFN-y (200 U/mL) (R&D Systems, Minneapolis, MN) for 

18 h. Total RNA was isolated using a modification of the Chomczynski/Sacchi 

method as previously described (15) and compared against unstimualted HMC-1 by 

the use of cDNA expression array specific for human sequences (R&D Systems). 

RNA (5 jug) was used as the template for 32P dCTP-labeled probe synthesis. After 

hybridization for 18 h the array was washed then exposed to X-ray film (Kodak) for 

48 h at -80°C. The spot intensities were quantified by densitometry (SigmaGel, 

SPSS Science, Chicago, EL). Expression levels were measured as 

signal/background (negative control) ratio with a 2 fold-difference between 

populations considered as differentially regulated as previously described (16). 

Semi-quantitative Reverse-transcriptase Polymerase Chain Reaction 

Semi-quantitative RT-PCR was run as we have previously described (12). One pg 

of RNA was converted to cDNA by the reverse transcription reaction (M.MLv 

reverse transcriptase, GIBCO/BRL) in a total volume o f 20 pL. PCR amplification 

was performed on a PTC-100 Thermal Cycler (M l Research, Boston, MA). The
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primers were designed to be intron-spanning based on published sequence data: 

nNOS, sense 5'-AAGGGC AATGT GCCTGTCGT-3', antisense 5'-

ATTGCCGTTGGCCTGAAGCA-3' (PCR product, 826 bp); iNOS, sense 5'- 

AGTTTCTGGCAGCAACGG-3', antisense 5 '-TTAAGTTCTGTGCCGGCAG-3' 

(PCR product, 532 bp); eNOS, sense 5'-ACCTGCAAAGCAGCAAGTCCACG-3', 

antisense 5' -CCG AAC ACC A A AGT CAT GGGAGT-3' (PCR product, 837 bp); 

MCP-1, sense 5' -C AGAAGT GGGTT C AGGATT C - 3', antisense 5'- 

GGGTAGAACTGTGGTTCAAG-3' (PCR product, 379 bp); 1-309, sense 5'- 

GACC AGAAGAC ATGCAGATC-3', antisense 5'-

TCCAGAGCCCACAATGGAAA-3' (PCR product, 330 bp); (3-actin, sense 5'- 

GTGGGGCGCCCC AGGC ACC A-3', antisense 5'-

GTCCTTAATGTCACGCACGATTT

C- 3' (PCR product, 526 bp). The number o f cycles used for the primer sets was 25- 

35, (depending on the linear range). The conditions for PCR amplification were as 

follows: denaturing at 95°C for 45 s, annealing for 45 s, and extension at 72°C for 1 

min. The optimized annealing temperature was 49°C for nNOS, 47°C for iNOS, I- 

309, MCP-1, 52°C for eNOS and 56°C. For semi-quantitative PCR analysis, during 

amplification aliquots were withdrawn at 26, 29, 32 and 35 cycles to insure that 

amplification was within the exponential range. Products were run on a 1.2 % 

agarose gel and stained with ethidium bromide (Sigma). Band intensities were 

obtained with a gel scanner (hnagemaster, Pharmacia, Denver, CO).

Western blot

HMC-1 were incubated in 24 well plates at 1 x 106 cells/well from 0 to 18 h in 

various experimental conditions. The cells were dissociated by 500 pL of RIP A 

buffer (PBS,1% NP-40). The total protein content of each sample was determined 

by the Bradford technique (BioRad). Fifteen pg of protein from each sample was 

mixed with Lamelli loading buffer containing SDS and p-mercaptoethanol. 

Samples were electrophoretically separated on a 12% SDS-PAGE gel and 

transferred onto a polyvinylidene difluoride membrane (BioRad). The membrane 

was then incubated with primary antibodies for 1 h at room temperature. Dilutions
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of the primary antibodies are; polyclonal nNOS (2.5 pg/mL), iNOS (1.0 pg/mL) 

and eNOS (0.5 pg/mL). The secondary antibody, HRP conjugated goat anti-rabbit 

IgG (0.05 pg/mL)(Serotec, Raleigh, NC) was added to the membrane and incubated 

for 1 h at room temperature. Labelling was detected by chemiluminescence by 

addition of SuperSignal substrate solution (Pierce, Rockford, EL).

Assay fo r  NOS activity

To further categorize NO production in MC, NOS activity was measured by the 

conversion of L-[14C] arginine to L-[14C] citrulline, using a NOS assay kit 

(Calbiochem) according to manufacturers procedures and as we have previously 

published (12). Duplicate incubations at 37 °C for each sample were run for 30 min 

in the presence of EGTA (2mM) to determine the levels o f calcium-dependent 

(constitutive) NOS activity. Calcium-independent (inducible) NOS activity was 

determined by subtracting the constitutive activity from the total NOS activity in 

the sample. The level o f citrulline produced was expressed as picomoles/min/mg of 

protein. The protein content was determined by the Bradford technique (BioRad). 

Blank values were obtained from boiled cell extracts were subtracted from all test 

samples. Specificity o f the assay was validated by adding the pan-NOS inhibitor, 

NG -monomethyl- L-arginine (L-NMMA) (100 pM), to ensure that citrulline 

detected arose from the activity ofNOS.

ELISA fo r  chemokines

MCP-1 and 1-309 release was measured in MC culture supernatants 4 h after 

stimulation using specific commercially available ELISA according to the 

manufacturers protocols. Sensitivity o f the MCP-1 assay is 5.0 pg/mL and that o f I- 

309 is 0.01 pg/mL.

Statistical analysis

All experiments were performed at least three times. Data was analyzed using 

analysis o f varience (ANOVA) followed by the Bonferroni test for comparisons. P  

values < 0.05 were considered significant.

Results

Identification o f  IFN-y regulated gene expression in HMC-1 by cDNA array
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IFN-y is a well-known regulator of gene expression (17). To search for genes 

regulated by IFN-y in human MC we performed cDNA expression array analysis in 

HMC-1. O f the 387 genes present on the array, HMC-1 RNA hybridized with 60 

(60/387=15.5%) with IFN-y upregulating seven (7/60=12%), downregulating 21 

(21/60=35%) and 32 unchanged (32/60=53%). Table 5.1 shows a crosssection of 

the array results. Notworthy was the upregulation o f eNOS (+4.7 fold) and 

downregulation of the chemokines MCP-1 (-5.2 fold) and 1-309 (-3.6 fold). 

Confirmation o f  IFN-y regulation o f  NOS mRNA expression

As there can be a moderate error rate with gene array analysis combined with lower 

sensitivity we looked at NOS isoform mRNA regulation by IFN-y with RT-PCR to 

confirm the array results. Total RNA was extracted from unstimulated HMC-1, and 

from HMC-1 treated with IFN-y (200 U/mL) for 6 and 18 h. NOS mRNA 

production was assessed by semiquantitative RT-PCR vs (3-actin (housekeeping 

gene)(Fig. 5.1A). Within 6 h following treatment with IFN-y both the nNOS and 

eNOS signal in HMC-1 increased with eNOS significantly increasing (p<0.05) 

almost 4 fold. Levels of eNOS mRNA reached maximal expression at 6 h and 

leveled off at 18 h (Fig. 5.1A&B). No change in NOS mRNA was noted in 

unstimulated HMC-1 at similar time points (data not shown). Furthermore, iNOS 

mRNA was not detected. Results are from RNA obtained from three independent 

batches o f HMC-1.

NOS protein expression

To evaluate the effects o f IFN-y on NOS protein expression, Western blot analysis 

was employed. Unstimulated HMC-1 constitutively produced nNOS (155 kDa) and 

eNOS (135 kDa)(Fig. 5.2). Treatment with IFN-y (200 U/mL) produced an increase 

in eNOS protein expression, with maximal stimulation at 18 h. There was a little 

increase in nNOS expression (Fig. 5.2). Untreated HMC-1 cultured during the 

same time showed no increase in NOS protein expression, nor was iNOS protein 

detected in any of the experiments (data not shown).
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Table 5.1. Genes significantly regulated by interferon-y (IFN-y) in HMC-1.

Gene Name Accession Number Differential Expression
c-kit X06182 +1.2

Urokinase receptor Z46797 -4.9
NGF-R M l 4764 -2.1
MCP-1 S69738 -5.2
1-309 M57502 -3.6

IK S74221 -1.7
MIF M25639 -1.3

eNOS L26914 +4.7
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Fig. 5.1. Interferon-y (IFN-y) regulation o f nitric oxide synthase (NOS) messenger 
(RNA (mRNA) expression in HMC-1. A, mRNA levels for neuronal NOS 
(nNOS), endothelial NOS (eNOS) and p-actin by RT-PCR in HMC-1 cultured 
with 800U/mL IFN-y for 0 (1), 6 (2) and 18 (3) h. B, Densitometric analyses are 
shown as the NOS/p-actin ratio, expressed in arbitrary units. The PCR gels shown 
are representative of two others performed with different batches o f HMC-1 RNA. 
Error bars represent SEM from three separate experiments. *, indicates p<0.05 
compared to unstimulated cells.
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Fig. 5.2. Interferon-y (IFN-y) regulation of nitric oxide synthase (NOS) protein 
expression in HMC-1. Western blot analysis using anti-neuronal NOS (nNOS) 
and endothelial NOS (eNOS) antibody with 15 p.g of total cell homogenate 
obtained from HMC-1 treated with IFN-y (200 U/mL) for the indicated times. 
Results are representative o f three separate experiments.
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NOS activity and NO formation in HMC-1

We next investigated NOS activity in HMC-1 homogenates using the citrulline 

assay. As we have previously shown (14), HMC-1 extracts showed significant 

citrulline generation (54.3±6.0 pmol/min/mg) that could be attributed to eNOS 

(nNOS or eNOS) but not iNOS activity, as chelation of Ca2+ from the reaction 

mixture abrogated citrulline formation (7.4+5.1 pmol/min/mg)(Fig. 5.3). HMC-1 

treated for 18 h with IFN-y (200 U/mL) showed a significant (p<0.05) upregulation 

of eNOS activity (70.1+6.9 pmol/min/mg)(Fig. 5.3). Rat brain homogenates were 

run concurrently as a positive control. These results further confirm that human 

MC are a potential source ofNOS activity.

Regulation o f  MCP-1 and 1-309 mRNA expression by NO

To confirm the gene array results showing inhibition o f MCP-1 and 1-309 mRNA 

expression we performed RT-PCR analysis with total RNA isolated from IFN-y 

(200 U/mL) treated HMC-1. As shown in Fig. 5.4, both MCP-1 and 1-309 mRNA 

were significantly (p<0.05) inhibited by IFN-y (52% and 34 %, respectively). To 

determine if  NO plays an indirect role in the IFN-y modulation of HMC-1 

chemokine expression, HMC-1 were pretreated (18 h) with the NOS inhibitor, L- 

NAME (100 pM), or the NO donor, SNOG (100 pM) in combination with IFN-y 

(200 U/mL). Total RNA was isolated and analyzed for MCP-1 and 1-309 

expression (Fig. 5.4 A&B). HMC-1 treated with both IFN-y and L-NAME 

removed the inhibitory effect of IFN-y with both MCP-1 and 1-309. Interestingly, 

addition o f the NO donor, SNOG, to IFN-y treated cells potentiated the inhibition of 

MCP-1 mRNA expression but showed no further inhibitor effect on 1-309 

expression (Fig.5.4 A&B). Notably, the addition of SNOG alone had no effect on 

the chemokine expression levels in the time points analysed (Fig. 5.4 A&B). This 

data supports the hypothesis that the IFN-y inhibition o f chemokine expression is 

dependent on endogenously-derived NO while exogenous NO had variable effects, 

potentiating IFN-y inhibition of MCP-1 but not 1-309.
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Fig. 5.3. Nitric oxide synthase (NOS) activity in HMC-1. NOS activity in 
untreated (0 h) and interferon-y (IFN-y)(18 h) stimulated HMC-1, as 
measured by the citrulline assay. The results are expressed as picomoles L- 
citrulline formed per minute, per mg o f protein. Data shown as mean ± SEM 
for three independent experiments. *, Indicates p <0.05.
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Fig. 5.4. Monocyte chemoattractant protein-1 (MCP-1 )/I-309 mRNA 
regulation by interferon-y (IFN-y) and nitric oxide (NO). A, Measurement of 
messenger RNA (mRNA) levels for MCP-1 and p-actin by reverse- 
transcriptase polymerase chain reaction (RT-PCR) in HMC-1 cultured in 
media alone (1), with 200U/mL IFN-y (2), with IFN-y/L-NAME (100 pM) (3) 
with IFN-y/SNOG (100 pM) and with SNOG (100 pM) alone (5)for 18 h. 
Densitometric analyses are shown as the M CP-l/p-actin ratio, expressed in 
arbitrary units. B, Measurement of mRNA levels for 1-309 and p-actin by 
RT-PCR in HMC-1 cultured in media alone (1), with 200U/mL IFN-y (2), 
with IFN-y/L-NAME (100 pM) (3) with IFN-y/SNOG (100 pM) and with 
SNOG (100 pM) alone (5) for 18 h. Densitometric analyses are shown as the 
I-309/p-actin ratio, expressed in arbitrary units. The PCR gels shown are 
representative of two others performed using HMC-1 from different cell 
isolations. Error bars represent SEM from three separate experiments. *, 
indicates p<0.05 compared to sham-treated cells; #, indicates p<0.05 
compared to IFN-y-treated cells.
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Regulation o f  MCP-1 and 1-309 release by NO

To determine if IFN-y also effects MCP-1 and 1-309 release from HMC-1, cells 

were treated with IFN-y (200 U/mL, 18 h) then stimulated with PMA (30 ng/mL, 4 

h). PMA has previously been shown to induce chemokine release from HMC-1 

(18). HMC-1 constitutively release MCP-1 (693.3±150.7 pg/mL) and 1-309 

(343.3167.6 pg/mL)(Fig. 5.5 A&B). Stimulation with PMA resulted in a 

significant (p<0.05) increase in MCP-1 (20901205.9) and 1-309 (2306.6192.4) 

release compared to constitutive levels. Treatment with IFN-y resulted in 

significant (p<0.05) inhibition o f MCP-1 (47 %) and 1-309 (38 %) respectively (Fig. 

5.5 A&B).

To evaluate the role of NO, either L-NAME (NOS inhibitor) or SNOG (NO donor) 

were added concordantly with IFN-y prior to PMA stimualtion. SNOG 

significantly (p<0.05) enhanced IFN-y inhibition of chemokine release, while L- 

NAME removed the IFN-y effect and in the case o f MCP-1 marginally but not 

significantly enhanced release.

Discussion

IFN-y is multifunctional cytokine with pleiotropic effects on various aspects of 

immune cell function (6). In rodents MC, IFN-y has been shown to upregulate the 

expression of NOS with a concordant increase in NO formation which inhibits MC 

mediator secretion and adhesion (7,8). NO formed in this fashion acts as a 

downstream effector o f IFN-y. The role of IFN-y in human MC is, however, much 

less defined. In this study we employed HMC-1 as a human MC model and 

utilized a cDNA microarray approach to identify genes differentially expressed by 

IFN-y exposure. Among the genes down-regulated included the chemokines MCP- 

1 (CCL-2) and 1-309 (CCL-1), and upregulated expression was detected for eNOS. 

Previously, in rat MC, we showed that IFN-y upregulated iNOS mRNA and protein, 

but had no effect on eNOS expression (12). To our knowledge this is the first study 

to show IFN-y alone upregulates mRNA for both constitutive eNOS (nNOS and 

eNOS) isoforms. Studies in astrocytes showed that treatment with IL-12, TNF and 

IFN-y upregulated eNOS expression, though nNOS was not investigated (19).
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Fig. 5.5. Effect o f nitric oxide synthase (NOS) inhibition and exogenous nitric 
oxide (NO) on monocyte chemoattractant protein-1 (MCP-1) and 1-309 release 
in HMC-1. Concentrations o f MCP-1 and 1-309 in medium from HMC-1 was 
determined by ELISA. Cells were pre-incubated (18 h) with IFN-y (200 U/mL) 
and NOS inhibitor (L-NAME, 100 pM) or NO donor (SNOG, 100 pM), then 
stimulated with phorbol myristate acetate (PMA) (30 ng/mL) for 4 h. Results 
are expressed as mean ± SEM for three independent experiments. *, Indicates 
p < 0.05 by comparison with sham-treated cells; #, indicated p<0.05 compared 
to PMA-stimulated cells; **, indicates p<0.05 compared to IFN-y-treated cells.
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Conversely, IFN-y has been shown to down-regulate eNOS expression in 

endothelial cells (20). The eNOS promoter sequence is complex, with binding sites 

for numerous common transcription elements including NF-kB and AP-1 and 

studies show that eNOS can be modulated by numerous stimuli (21,22). However, 

the promoter region is also subject to multiple positive and negative transcription 

signals, and eNOS regulation is hypothesized to be complex and cell type specific 

as the above studies show (21). The fact that the nNOS mRNA levels in our study 

were increased but protein levels remained stable indicates that nNOS regulation 

may take place at both transcriptional and translational levels.

Other studies have confirmed some of our gene array results. Indeed, we showed 

the expected expression of c-kit and TNF as well as the urokinase receptor and 

NGF-R expression, results that have been shown by other reports (23,24). 

Furthermore, human MC also express high levels of both MCP-1 and 1-309 mRNA 

upon activation through IgE (25). However, there are also some differences 

between previous expression analysis studies in human MC and our results. In 

human cord-blood derived MC, IL-8 expression has been shown to be IFN-y 

regulated (26), though we saw no such effect in HMC-1. Methodological 

differences (gene array vs RNase protection assay) or the cell types involved may 

attribute to these discrepancies. Interestingly, the overall differential regulation of 

genes in HMC-1 by IFN-y was small (-3%) which is similar to numbers seen in 

other studies in HMC-1 using larger arrays and other treatments (16).

Chemokines are a family of structurally related chemoattractant cytokines that play 

a central role during inflammation (27). In previous human MC studies, MCP-1 

and 1-309 expression and release were upregulated after activation (18,25). As MC 

are strategically located next to vessels and epithelial surfaces, such release after 

activation may account for the cellular influx of lymphocytes, neutrophils and 

eosinophils into asthmatic lung (4). Indeed, recent in-vivo studies in both humans 

and rodents show 1-309 and MCP-1 as important mediators o f the preferential 

attraction of Th2 cells in asthmatic inflammation (27,28). Given that endogenous 

NO has been shown to regulate chemokine expression in other cell types (29,30), 

and that NO formed in inflammatory conditions such as asthma may be a key
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element in determining the cellular influx seen in this disease (31,32), our findings 

that IFN-y-treated human MC upregulate eNOS resulting in decreased chemokine 

release suggests a critical role for IFN-y in determining long-term environmental 

phenotype o f MC in certain disease states.

In other cell types, NO regulates gene expression though modulating transcription 

factor activity (33,34). Previous studies in effector T-cells have shown that IFN-a 

inhibited 1-309 expression and release, though the role of NO was not studied (35). 

As human eNOS has y-activated sequences (GAS) in its promotor region and both 

Type I (a/p) and Type II (y) interferon signaling pathways converge at STAT1 

downstream of their respective receptors (17), NO-dependent IFN effects may be a 

common mechanism for the control of chemokine expression in immune cells. 

Indeed, the role for eNOS in regulating immune responses is evolving and recent 

studies show eNOS is necessary for propagating macrophage responsiveness (36), 

and defined a unique role for nNOS in a mouse model of asthma (37). As 

production o f iNOS has not yet been noted in human MC populations, further study 

of nNOS/eNOS signaling pathways may be o f clinical interest.

In this study we showed that inhibition of endogenous NO production in HMC-1 

with L-NAME removed the IFN-y induced mRNA down regulation of MCP-1 and 

1-309. Interestingly, addition of exogenous NO via a donor, SNOG, to IFN-y 

treated cells potentiated the IFN-y effect only on MCP-1 expression. Furthermore, 

addition of SNOG alone to HMC-1 had no effect on either MCP-1 or 1-309 

expression in the time frame studied. These results point to potential differences in 

the kinetics and localization o f NO production in MC with resulting variable 

effects. This is further complicated by the lack o f such differences noted in our 

chemokine release assays. Addition o f L-NAME potentiated release of MCP-1 and 

1-309, while SNOG had an inhibitory effect. We have previously shown using live­

cell confocal microscopy that HMC-1 endogenously produce NO in both 

cytoplasmic and nuclear sites (14). Thus endogenously derived NO may have 

effects on both gene expression and mediator release due to this pattern o f 

subcellular targeting, while SNOG may only effect the mediator release aspect, due 

to half life o f this donor, or lack o f permeation to nuclear sites. Such differences in
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effect have been noted in other studies o f NO effects on chemokine expression 

(30,38), and stress the importance of the source o f NO on the observed outcomes in 

cellular response.

It has previously been shown that NO can moderate MC mediator secretion 

(degranulation) (39), MC leukotriene production (14), and now we have presented 

evidence that MC-derived NO is upregulated by IFN-y treatment and moderates 

chemokine expression and release. Thus NO appears to be a critical player in 

orchestrating MC responsive phenotype. Further study of MC NO mediated effects 

may yield new pharmacological tools to treat MC-associated diseases such as 

asthma.
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Chapter 6

IFN-y Regulates Protein Inhibitor of Nitric Oxide Synthase in

Human Mast Cells
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Introduction

Mast cells (MC) are tissue-resident immune effector cells that arise from immature 

bone marrow precursors. They produce and secrete numerous bioactive agents and 

have been implicated in diverse homeostatic functions such as angiogenesis, 

wound healing and tissue remodeling (1). Due to their armamentarium of 

mediators and strategic localization, MC also play central roles in various disease 

states such as multiple sclerosis and Tn2-driven inflammatory conditions such as 

asthma (2).

The cytokine interferon-y (IFN-y) has been shown in numerous systems to down- 

regulate various Tn2-type MC responses (3). Numerous studies in rodents have 

shown that IFN-y inhibits MC adhesion as well as modulating MC mediator 

secretion and cytokine production (4,5). The role that IFN-y plays in regulating 

human MC is less defined, though recent studies have shown that IFN-y may be 

important in sculpting MC phenotype by determining a distinct pattern of 

cytokine/chemokine expression (6).

In rodents, a major downstream effector of IFN-y is the radical, nitric oxide

(NO)(7). NO is derived from the amino acid L-arginine by the nitric oxide

synthase (NOS) family of enzymes that are loosely classified based on Ca2+
2_|_

dependency for activity. The Ca -dependent members include endothelial (eNOS) 

and neuronal (nNOS), characterized by constitutive expression and low NO 

production. Inducible NOS (iNOS) is upregulated by a variety o f inflammatory 

mediators and functions independently of cellular Ca2+ levels and releases large 

amounts of NO (8). Numerous investigators have shown that rodent MC are 

regulated by endogenous NO from both constitutive and inducible sources (5,9,10). 

We recently showed that human MC express the nNOS and eNOS isoforms and 

that these levels could be upregulated by IFN-y (11). Interestingly, no iNOS was 

detected in human MC at the mRNA or protein level. Furthermore, we showed 

that human MC produce endogenously derived NO, and that this has a role in 

regulating leukotriene and chemokine release (12). However, little information is 

available concerning the regulatory pathways and protein-protein interactions that 

control human NOS localization and activity. Protein inhibitor o f NOS (PIN), a
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small (89 amino acid) protein, has recently been shown to bind all NOS isoforms 

and is widely expressed in human tissues (16). PIN has been shown to inhibit 

nNOS activity by dimer-interference, and is homologous to the 8 kDa dynein light 

chain (DLC). Dyneins are a large group of molecular motor proteins that are 

involved in retrograde transport along microtubules (17). Thus, the aim of the 

present study was therefore to investigate candidate genes such as PIN that may be 

involved in the regulation of human MC NOS by IFN-y.

Materials and Methods 

Reagents

The goat polyclonal antibody against PIN was obtained from Santa Cruz (Santa 

Cruz, CA) and mouse monoclonal against the same protein was from BD 

Transduction Laboratories (San Diego, CA).

Cell lines

HMC-1, an immature human mast cell line (a kind gift from J.H. Butterfield, 

Minneapolis, MN), was cultured in Iscove’s medium (Life Technologies, Grand 

Island, NY), with 10% fetal bovine serum (FBS), 2 mM glutamine, 40 U/mL 

penicillin/streptomycin and 1.0 mM thioglycerol. Cells were harvested and fed 

every 3-4 days. Human intestinal mast cells (±IgE crosslinking) were provided by 

Dr. S. Bischoff.

Gene array

HMC-1 were treated with IFN-y (200 U/mL) (R&D Systems, Minneapolis, MN) 

for 18 h. Total RNA was isolated using a modification o f the Chomczynski/Sacchi 

method as previously described and compared against unstimualted HMC-1 by the 

use o f cDNA expression array specific for human sequences (R&D Systems). 

RNA (5 |ig) was used as the template for 32P-dCTP-labeled probe synthesis. After 

hybridization for 18 h the array was washed and then exposed to X-ray film 

(Kodak) for 48 h at -80°C. The spot intensities were quantified by densitometry 

(SigmaGel, SPSS Science, Chicago, IL). Expression levels were measured as 

signal/background (negative control) ratio with a 2 fold-difference between 

populations considered as differentially regulated as previously described (13). 

Reverse-transcriptase Polymerase Chain Reaction
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Semi-quantitative RT-PCR was run as we have previously described (14). One pg 

of RNA was converted to cDNA by the reverse transcription reaction (M.MLv 

reverse transcriptase, GIBCO/BRL) in a total volume of 20 pL. PCR amplification 

was performed on a PTC-100 Thermal Cycler (MJ Research, Boston, MA). The 

primers were designed to be intron-spanning based on published sequence data: 

PIN, sense 5'-TTCTCCACGGTAACCATGTG-3', antisense 5'- 

ACAACGTGGGCAGAAGTATG-3' (PCR product, 520 bp); p-actin, sense 5'- 

GTGGGGCGCCCCAGGCACCA-3', antisense 5'-

GTCCTTAATGTCACGCACGATTTC- 3' (PCR product, 526 bp). The number of 

cycles used for the primer sets was 25-35, (depending on the linear range). The 

conditions for PCR amplification were as follows: denaturing at 95°C for 45 s, 

annealing for 45 s, and extension at 72°C for 1 min. The optimized annealing 

temperature was 47°C for PIN and P-actin. Products were run on a 1.2 % agarose 

gel and stained with ethidium bromide (Sigma). Band intensities were obtained 

with a gel scanner (Imagemaster, Pharmacia, Denver, CO).

Western blot

MC were incubated in 24 well plates at 1 x 106 cells/well from 0 to 18 h in various 

experimental conditions. The cells were dissociated by 500 pL of RIP A buffer 

(PBS,1% NP-40). The total protein content o f each sample was determined by the 

Bradford technique (BioRad). Fifteen pg o f protein from each sample was mixed 

with Lamelli loading buffer containing SDS and p-mercaptoethanol. Samples 

were electrophoretically separated on a 12% SDS-PAGE gel and transferred onto a 

polyvinylidene difluoride membrane (BioRad). The membrane was then incubated 

with primary antibodies for 1 h at room temperature. Dilutions of the primary 

antibodies are; polyclonal PIN (0.5 pg/mL) and monoclonal PIN (1.0 pg/mL). The 

secondary antibody, HRP conjugated rabbit anti-goat or mouse IgG (Serotec, 

Raleigh, NC) was added to the membrane and incubated for 1 h at room 

temperature. Labelling was detected by chemiluminescence by addition of 

SuperSignal substrate solution (Pierce, Rockford, EL). The resulting bands were 

scanned and quantified in a gel scanner (ImageMaster DTS, Pharmacia).
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Confocal Microscopy

Localization of PIN in MC was performed on HMC-1 fixed in 4% 

paraformaldehyde for 20 min, then permeablized with 0.1% triton X-100 in PBS. 

Slides were blocked for 30 min with 10% FBS and 3% BSA in PBS. All slides 

were incubated overnight at 4°C with primary antibody, mouse anti-PIN (2 

pg/mL), rabbit anti-eNOS (0.5 pg/mL) and rabbit anti nNOS (2.0 pg/mL). 

Specific antibody binding was detected with rhodamine red-labeled rabbit anti­

mouse or BODIPY- labeled goat anti-rabbit secondary antibodies (Molecular 

Probes). Negative controls with rabbit serum, were run concurrently. Cell images 

were obtained using a 40x 1.3 oil Plan-Neofluar objective on a Zeiss confocal laser 

scanning microscope (LSM510; Heidelberg, Germany).

Results

cDNA array analysis o f  IFN-y regulated gene expression in HMC-1 

IFN-y is a well-known regulator of gene expression (3). To search for genes 

regulated by IFN-y in human MC we performed cDNA expression array analysis in 

HMC-1. O f the 387 genes present on the array, HMC-1 RNA hybridized with 60 

(60/387=15.5%) with IFN-y upregulating seven (7/60=12%), downregulating 21 

(21/60=35%) and 32 unchanged (32/60=53%). NO-related genes that were 

regulated by IFN-y included the downregulation o f PIN (-5.1 fold) and 

upregulation of eNOS (+4.7 fold)(Fig. 6.1).

Confirmation o f  IFN-y regulation o f  mRNA expression

As there can be a moderate error rate with gene array analysis combined with 

lower sensitivity we looked to confirm the array results. Total RNA was extracted 

from unstimulated HMC-1, and from HMC-1 treated with IFN-y (200 U/mL) for 

18 h. eNOS and PIN mRNA production was assessed by RT-PCR vs (3-actin (Fig. 

6.2). As identified with the Array, levels o f eNOS and PIN mRNA were up- or 

down-regulated respectively. No change in NOS mRNA was noted in 

unstimulated HMC-1 at similar time points, nor was any product detected in the 

absence o f reverse transcriptase enzyme (data not shown). Results are from RNA 

obtained from three independent batches o f HMC-1.
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Differential regulation o f  PIN mRNA in IgE-stimulated human intestinal mast cells 

(HIMC)

Due to availability, we also screened MC derived from culture o f HIMC precursors 

treated with and without crosslinking of IgE receptors. Total RNA was extracted 

from unstimulated HIMC, and from HIMC treated in vitro with human IgE (2 

[ig/m f Serotec, Raleigh, NC) then stimulated with mouse anti-human IgE antibody 

(1 pg/mL, Serotec) for 4 h. PIN mRNA production was assessed by RT-PCR vs a 

P-actin housekeeping standard. HIMC treated for 4 h with anti-IgE significantly 

down-regulated PIN mRNA expression in all three donors studied (Fig. 6.2).

PIN protein

To c o n f i r m  the RT-PCR results western blot analysis on IFN-y treated and 

untreated HMC-1 extracts were investigated. Unstimulated HMC-1 constitutively 

produced large amounts of PIN (10 kDa)(Fig. 6.3). Interestingly, in some 

preparations PIN protein was detected as a doublet. Treatment with IFN-y (200 

U/mL) inhibited PIN protein expression in a time-dependent manner, with almost 

complete inhibition at 18 h. Untreated HMC-1 cultured during the same time 

showed no changes in PIN protein expression (data not shown).

PIN confocal

To determine the cellular localization pattern of PIN, laser scanning confocal 

microscopy was employed. Using this approach, HMC-1 stained strongly for PIN 

protein with a diffuse pattern present throughout the cytoplasm with some strong 

accumulations near the perinuclear region (Fig. 6.3). Few cells (< 5%) also 

showed strong nuclear accumulations of PIN in addition to the cytoplasmic 

staining. Cells stained in parallel with non-immune rabbit serum were also 

negative.

As PIN has been shown to bind to all NOS isoforms, colocalization in combination 

with nNOS and eNOS was employed to determine the extent o f such interactions 

in HMC-1. We have previously shown that eNOS in HMC-1 has a predominant 

nuclear localization with weaker cytoplasmic staining, with regions of 

plasmamembrane accumulation (11). In addition, nNOS has also been shown in 

HMC-1 to have a weak cytoplasmic expression pattern. These results were
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HMC-1

Fig. 6.1. cDNA array results. cDNA array analysis (R&D Systems, Human 
Cytokine) of hybridization experiment comparing cDNA generated from HMC- 
1 (top) or from interferon-y (EFN-y)(200 U/mL, 18 h) treated HMC-1. The array 
contains 387 genes, including 3 negative control cDNAs and 8 housekeeping 
genes. Genomic DNA is spotted in each comer to aid in grid alignment. Two 
genes differentially regulated between IFN-y-treated and untreated HMC-1 are 
marked by circles (red, PIN; blue, eNOS).
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A) Array Confirmation

PIN
IFN-y

....eNQS-
I F N - y

Array

RT-PCR

B) IgE Regulation of PIN mRNA

IgE -  + +  -  +

PIN

Fig. 6.2. Verification of differential expression of messenger RNA (mRNA) by 
gene-specific reverse-transcriptase polymerase chain reaction (RT-PCR). A, 
Results from gene array spots are shown directly above the RT-PCR products for 
both protein inhibitor of nitric oxide synthase (PIN) and endothelial nitric oxide 
synthase (eNOS) mRNA from HMC-1 treated with and without IFN-y (200 U/mL, 
18 h). B, PIN mRNA expression in human intestinal mast cells. Mast cells 
cultured in-vitro derived from intestinal tissue were treated with IgE, then 
crosslinked with anti-IgE for 4 h. RT-PCR analysis is from cells derived from 
three separate donors.
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A) W estern blot

IFN-y

B) Confocal

Fig.6.3. Protein inhibitor of nitric oxide synthase (PIN) protein expression in 
HMC-1. HMC-1 were lysed as described under “Materials and Methods”; 
proteins were separated by SDS-PAGE under reducing conditions. A, 
Representative immunoblot of PIN content in lysates obtained from HMC-1 
treated with interferon-y (IFN-y)(200 U/mL) for the indicated times. Equal 
amounts of protein (10 pg) were loaded. Molecular weight markers indicated 
at right. All blots are representative of at least three independent experiments. 
B, HMC-1 were fixed in 4% paraformaldehyde and incubated with mouse 
anti-PIN antibody. Antibody labeling was detected with Rhodamine Red- 
conjugated rabbit anti-mouse antibodies (red). Original magnification x 800, 
bar= 10 pm.
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confirmed in this study. When the PIN fluorescence signal (red) was overlayed 

with nNOS signal (green) there was small, yet discrete areas o f colocalization, as 

indicated by the yellow fluorescence in the merged image, in the cytoplasm 

particularly near the cell surface and also in some cytoplasmic projections. Little 

colocalization was seen with eNOS protein. (Fig. 6.4).

Discussion

In this study we show for the first time the expression of PIN mRNA and protein in 

immune cells. Other studies have identified PIN protein expression, potentially in 

macrophages, however this was ancillary to the primary study on human muscle 

and was not clarified (15). PIN is highly conserved across eukaryotes, interacting 

with diverse proteins, and highly expressed as a cytoskeletal protein, therefore it is 

likely to be expressed in all cells (16).

Our results also indicate that PIN levels are regulated by the cytokine IFN-y. 

Previous studies have shown that PIN levels can be upregulated by the products of 

COX-2 and may also vary depending on the stage of development, as PIN protein 

decreases in ventilator muscles beyond the embryonic stage (17,18). No link to 

IFN-y regulation has been identified in other studies, and much of the promoter 

elements remain unknown.

However, IFN-y has been shown to regulate other aspects o f the cytoskelton in the 

control o f cellular activation. Previously a role for endogenous IFN-y has been 

shown in modulating epithelial polarity and tight junction formation (19). In 

addition, treatment with exogenous IFN-y has been shown to modulate adhesion of 

monocytes through the regulation of filamentous actin and paxillin in the 

cytoskeleton (20). A role for NO and NOS in these process has been evolving in 

parallel, as we have previously shown that IFN-y regulates MC adhesion in a NO- 

dependent fashion (4). In addition, more recent studies have defined an association 

o f iNOS and eNOS with cortical actin, a pattern that is thought to be important in 

the localization and targeting o f NO formation (21). Clearly IFN-y is involved in 

the regulation and cross-talk between the cytoskeleton and NO, though any 

association between IFN-y and regulation ofNOS through binding or activity of
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Fig.6.4. Colocalization of nitric oxide synthase (NOS) and protein inhibitor 
of nitric oxide synthase (PIN) in HMC-1. HMC-1 were fixed in 4 %  
paraformaldehyde and incubated with mouse anti-PIN (red) and rabbit anti- 
endothelial NOS (eNOS) or neuronal NOS (nNOS)(green). Antibody 
labeling was detected with BODIPY-conjugated goat anti-rabbit and 
rhodamine-red-conjugated rabbit anti-mouse antibodies, overlapping 
fluorescence is indicated in yellow. Original magnification x 800, 
bar= 10 fim.
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PIN remain to be determined.

PIN is homologous to the dynein light chain (DLC), which is a component of the 

dynein motor complex is responsible for protein and organelle transport along 

microtubules (22). Dyneins are large, multimeric complexes (1.2 mDa) consisting 

o f two heavy chains, two or three intermediate chains, and one light chain (22). 

The role o f these various light chains is unknown, though in Drosophila, loss-of- 

function mutants are associated with various morphological defects (23). 

Furthermore, since it was cloned, PIN has been identified as a binding partner for 

numerous and seemingly unrelated proteins, including myosin V, Ik B, Dystrophin, 

p53, TRPS1 transcription factor, Bim, PTH, and NOS (24-28). This highlights the 

potential involvement of PIN in such diverse activities as locomotion, transcription 

and apoptosis. Interestingly, another critical component o f NOS activity, 

calmodulin, also has similar diverse binding patterns (29). Our results showing 

that only a small fraction of cytoplasmic PIN binds to nNOS, and that PIN was 

also localizes to the nucleus in a small percentage of cells. This further 

collaborates this concept that other roles for PIN exist in MC beyond the binding 

and regulation ofNOS.

The confocal data appear to support the hypothesis that PIN interacts 

predominantly with nNOS in MC. However, recent studies have shown that PIN 

has the potential to interact with all NOS isoforms (30). Further study employing 

immunoprecipitation or purified tagged proteins may be necessary to define the 

role o f PIN binding to individual NOS species in human MC as well as to identify 

other potential PIN binding partners.

There has been emerging evidence that PIN plays a predominant role as a 

binding/adaptor molecule with NOS than as an inhibitor ofN O S dimerization and 

resulting inactivation (31). As such, the finding of nNOS and PIN localization in 

MC by no means defines an inhibitory role. Previously we have shown that MC 

are heterogenous in their responses and NO production (11). Though all MC 

express NOS, the usage, activation and localization is clearly much more dynamic 

than has been initially assumed. Dyneins have been reported to be regulated by
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redox state, and also can bind to inhibitors o f PKA as well as Ca2+ molecules (32- 

34). As any number o f these events could have a potential effect on NOS activity, 

the dynamic nature of NO formation and it’s association with PIN expression and 

function needs further defining.
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Chapter 7 

General Discussion and Conclusions
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I. Summ ary of data

The reactive radical, NO, controls several important aspects of MC biology, 

including adhesion and degranulation. The overall objectives of this thesis were to 

define NOS expression, regulation and the specific roles of NO in diverse MC 

populations. NOS mRNA and protein for all three isoforms were found in either rat 

(iNOS and eNOS) or human (nNOS and eNOS) MC respectively. Furthermore, MC 

can produce NO. iNOS expression was detected in rat MC only, by stimulation 

with anti-CD8 antibody, IgE-crosslinking or IFN-y. While no iNOS could be found 

in human MC types studied, nNOS and eNOS mRNA and eNOS protein could be 

upregulated by IFN-y. Gene array studies investigating IFN-y regulation of human 

MC identified several novel and potentially NO-related targets including the 

chemokines MCP-1 and 1-309 as well as the protein inhibitor ofN O S (PIN). NO is 

known to inhibit MC granule mediator secretion, and we directly confirmed using 

live-cell confocal microscopy that endogenous MC NO formation is associated with 

inhibition of degranulation. MC NO formation was regulated by availability of the 

cofactor B H 4  and inhibition of this pathway lead to a hyperresponsive phenotype. 

MC-derived NO also regulated leukotriene production and chemokine expression 

and release. These varied effects can be associated with the cellular localization of 

NOS and NO in these cells.

II. NOS expression and heterogeneity in MC

MC are known to be modulated by NO and MC can also be a source of NO 

and express ofN O S (1). Table 7.1 provides a summary of the expression ofN O S 

isoforms in MC. MC are capable o f expressing all NOS isoforms, and the 

expression varies among the MC types and treatments used.

MC incubated with IFN-y-activated peritoneal cells, which include NO- 

producing macrophages, are hyporesponsive and release little histamine in response 

to IgE-activation (2). This highlights the potential contribution o f contaminating 

macrophage NO in in-vivo purified MC responses. Identification of the presence of 

NOS in MC has
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Table 7.1 Nitric oxide synthase expression in mast cells

M ast Cell NOS Phenotype Conditions Ref
Rat PMC a eNOS CTMC Constitutive (6)

nNOS CTMC Constitutive (7)
iNOS CTMC (1) IFN-y, CD8, Ag (6)

Cerebral eNOS CTMC Constitutive (3)
Muscle iNOS CTMC Ischemia/reperfusion (4)
BMMC b eNOS MMC Constitutive (IL-3) np
IMMC 0 eNOS MMC Constitutive np
RBLd eNOS MMC? Constitutive, (1) IFN-y np

RCMC e eNOS CTMC? Constitutive, (1) IFN-y np

Mast Cell NOS Phenotype Conditions Ref
Mouse BMMC

BMMC
BMMC

eNOS
iNOS
iNOS

MMC
CTMC
CTMC

Constitutive (IL-3) 
Constitutive (IL-3/SCF) 
Constitutive (IL-3/SCF)

np
(8)
np

Uterus iNOS CTMC? Pregnancy (84)
Muscle iNOS CTMC? Ischemia/reperfusion (36)
P815r iNOS ? INF (85)

Mast Cell NOS Phenotype Conditions Ref
Human Skin nNOS/eNOS

nNOS
MCIU
MCtc

Constitutive
Constitutive

np
(5)

Mucosal nNOS M C iu Constitutive (9)
Peribiliary iNOS Liver cirrhosis (19)

IMMC nNOS/eNOS
*

m c 7m c ig
?

Constitutive (IL-3, 
SCF)

np

CBMC eNOS MC1 Constitutive np
KU812 9 eNOS basophilic Constitutive, (I) IFN-

Y
np

HMC-1 h nNOS/eNOS M CIU ? Constitutive, (I) IFN-
Y

np

LAD2 ' eNOS M CIU ? Constitutive np

a, peritoneal mast cell; b, bone marrow mast cell; c, intestinal mucosal mast cell; d, 
rat basophilic leukemia; e, rat cultured mast cell; f, mouse mast cell line; g, human 
basophilic cell line; h, human mast cell line; i, mature human mast cell line. (I), 
inducible; np, not published; * 3/10 donors nNOS+, 5/10 eNOS+.
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been fundamental in delineating this problem. NOS has been identified in rat 

cerebral MC (eNOS) (3), skeletal muscle MC (iNOS) (4) and human skin (nNOS) 

(5) by immunohistochemistry. We employed in-situ RT-PCR to directly identify 

iNOS mRNA in activated rat PMC (6). In addition, immunofluorescence 

localization has helped determine not only the presence ofNOS in MC, but also the 

spatial distribution. There is now abundant evidence that MC produce NOS and can 

be a source o f NO.

While few consistant patterns of NOS expression within MC subtypes are 

apparent, there are some notable characteristics. All MC express a eNOS isoform, 

though there is some apparent disagreement in the literature about expression of 

eNOS/nNOS. Indeed, data in Chapter II shows that rat PMC constitutively express 

eNOS mRNA, and confocal and western blot analysis showed eNOS expression in 

rat PMC, RBL-2H3 and RCMC cell lines (M. Gilchrist, unpublished). However, 

recent work by Kashiwagi et al showed predominant nNOS expression by flow 

cytometry in PMC derived from the same strain o f rat (7). Despite this discrepancy, 

a constitutive source of NO in MC is the predominant theme. Thus, constitutive 

NOS activity in all MC is likely to be tightly controlled, as both nNOS and eNOS 

are modulated by numerous translational and post-translational controls, including 

the requirement for Ca2+.

NOS expression does not appear to directly correlate with well-recognized 

MC subsets, CTMC and MMC or MCxc and MCT. That is, there is not exclusive 

expression of a particular isoform in a particular phenotype. Despite this, some 

interesting patterns exist with regard to the apparent presence o f two constitutively 

expressed NOS isoforms in some MC populations. Bidri et al identified iNOS 

expression in mouse BMMC cultured in the presence of SCF and IL-3, these cells 

are known to express characteristics similar to CTMC. However, BMMC cultured 

in IL-3 alone were iNOS negative, with these cells expressing some characteristics 

o f immature MMC (the alcian-blue-safranin technique showed blue staining 

granules presumed to reflect a lack of heparin)(8). Under similar culture conditions 

we saw that mouse BMMC grown in SCF/TL-3 (CTMC) were eNOS+/iNOS+ (n=2)
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double positive by RT-PCR. Unfortunately we have not looked at eNOS expression 

in mouse BMMC cultured in IL-3 alone, though in-vivo derived rat IMMC (-75% 

pure) were eNOS+/iNOS' (n=2) (M. Gilchrist, unpublished). Therefore, in some 

MC subpopulations conditions can be present that allow constitutive co-expression 

of two NOS isoforms and may be associated with MMC and CTMC heterogeneity. 

Though whether this co-expression has a direct role in determining or maintaining 

phenotype, or plays an accessory role resulting from differing culture or 

microenvironmental influences requires more study. Interestingly, cultures derived 

from BMMC of iNOS -/- mice are difficult to grow and propagate (Dr. C. 

Hesslinger, personal communication).

Such a parallel may also exist in humans, as HMC-1 as well as MC obtained 

from skin and some samples from ex-vivo derived intestinal MC co-express nNOS 

in addition to eNOS (5,9).

SCF is not only essential for MC development but also for normal dermal 

homeostasis and the production of interstitial cells of Cajal (ICC) in the gut (10). 

While there is no direct evidence of SCF transcriptionally regulating nNOS 

expression, ICC in rat and human intestine, as well as pigmented lesions in the skin 

of humans have all been shown to be nNOS positive (11,12). Furthermore, 

malignant dermal lesions such as melanoma or eosinophils found in dermal 

inflammatory sites are also nNOS positive (11,13). Thus, SCF may also elicit 

nNOS expression in certain settings though the distinct role for nNOS is unknown. 

Additionally, HMC-1 have a constitutively active mutation in the c-kit receptor and 

this may account for nNOS expression in these cells (14).

Though exceptions to this hypothesis are apparent, it is interesting to 

postulate that prolonged exposure to SCF, or combinations of SCF and other site- 

specific factors (i.e. cytokines, chemokines) changes expression patterns of NOS 

isoforms in MC. These patterns may contribute to the phenotypic variability in MC. 

Further studies to describe this phenomenon and define the role for the expression 

of an extra NOS besides eNOS already present are required (Fig. 7.1).
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Rodent

1

MC p r e c u r s o r  
C D 3 4 +

H u m a n

I L - 3 I L - 3  

SCF

I L - 3  ?J

SCF ?/
SCF ? 

Tissue  
:a c t o r s  ?

MMC ?
eNOS+

CTMC
eNOS+
iNOS+

eN OS + eNOS+
nNOS+

Fig. 7.1. Model of nitric oxide synthase (NOS) expression in mast cell heterogeneity. 
In rodent mast cell culture systems, incubation in the presence of IL-3 alone gives 
rise to a endothelial NOS (eNOS)+/inducible NOS (iNOS)' population, while culture 
with both IL-3 and stem cell factor (SCF) gives rise to a eNOS+/iNOS+ population. 
A similar system may be present in human mast cells, as some populations are 
neuronal NO (NOS)+/eNOS+ while others express only eNOS. Such expression may 
be influenced by cytokines and SCF in particular, possibly in combination with other 
culture/microenvironmental factors.
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One o f the objectives o f this thesis was to investigate iNOS expression in rat 

PMC. IFN-y and anti-CD8 antibody induced iNOS expression in PMC, and this 

was approximately 2X greater than in MC stimulated by crosslinking of IgE 

(Chapter II). Similar treatments in rat MC lines (RCMC and RBL-2H3) did not 

induce iNOS expression, although eNOS could be increased by IFN-y.

There is, however, poor correlation between expression of iNOS in rodent 

and human immune cells. Human monocytes and macrophages are poor producers 

of iNOS and NO in-vitro (15). Results in Chapter IV and V extended these 

observations, as no human MC population we studied expressed iNOS. The human 

iNOS promoter is significantly more complex than that in rodents, and this may 

contribute to the difficulty in identifying iNOS expression in humans (16,17). 

Indeed, identification of iNOS in human macrophages is most easily identified 

following isolation of these cells from inflammatory tissue (18). A similar scenario 

may exist with human MC, as one study has identified iNOS expression in liver MC 

during cirrhosis (19). As such, replication o f the precise cellular environment 

needed for iNOS expression in-vitro remains unresolved and further investigation is 

required to conclusively define iNOS expression in in-vivo derived human MC.

The data in this thesis contribute to an emerging understanding of the role of 

nNOS/eNOS in immune cell regulation. Historically, tonic levels o f NO derived 

from eNOS were thought to possess only “physiological” relevance, while a high 

level of NO derived from iNOS was a major mediator o f “pathology” (20). 

However, this paradigm is beginning to change as new tools become available. For 

example, recent studies using eNOS -/- mice show blunted macrophage activation 

after EPS stimulation, likely though decreased cGMP production (21). Studies in a 

model o f mouse asthma showed that nNOS contributes to airway 

hyperresponsiveness and cellular influx, an association that was not shown for iNOS 

-/- mice (22). Thus a better understanding of the roles o f NOS in inflammation is 

developing.

III. Defining NO production in mast cells

NO has long been known as a moderator of MC responsiveness. What has 

been contentious is the source o f NO and whether MC synthesize NO. Part of the
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debate arises from the earlier lack of direct detection o f NO from MC. A wide 

variety of methodologies have been employed to identify NO formation in MC, 

including downstream readouts o f NO formation, such as cGMP levels (23) and 

inhibition of platelet aggregation (24). These approaches showed that rat MC 

produce an NO-like factor that inhibits histamine and PAF release (23,24). 

However, NO formation in these studies was by association, as they involved a 

complex signaling cascades that may result in formation o f mediators other than NO 

that can cause the observed effects. Non-withstanding, these experiments revealed 

the possible presence of an active eNOS in some MC.

Several groups, including our own, have used the Griess assay, to detect the 

stable breakdown product of NO, nitrate (N02_)(6,25). However, this assay does not 

specifically detect NO and buffer constituents or cell redox state can affect the 

results. Moreover, the assay lacks sensitivity, which may have contributed to 

conflicting results in the literature. Thus, data employing this assay must be 

approached cautiously, and corroboration with other methods is needed.

Detection of the conversion of radioactive arginine to citrulline is the basis 

for the Citrulline assay and offers a sensitive (pM) and specific method to quantify 

NOS activity (26). Results with PMC (Chapter II) and HMC-1 (Chapter IV and V) 

show for the first-time that eNOS activity is constitutively present, and that 

significant iNOS activity appears after IFN-y treatment o f PMC (Chapter II). There 

are potential drawbacks however, since the assay measures total NOS activity and 

as all cofactors are present in the reaction mix, no information on the dynamics of 

NO formation is deduced. Furthermore, the assay cannot dissect nNOS from eNOS 

activity. Since eNOS can be modulated on multiple levels, these results give only 

partial insight into NO formation in heterogeneous MC populations (27).

The Griess and Citrulline assays measure responses that represent an 

“average” across an entire population and do not identify the individual cells 

involved. Recently, fluorescent molecules specific for NO have been developed, 

including diaminofluorescene (DAF)(28). DAF positivity in live-cell confocal 

analysis has been associated with insulin release in individual pancreatic p-cells (29) 

and eNOS activity in endothelial cells and intact lung (30,31). This probe is a
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powerful tool to determine the amount, timing and location of NO production in 

cells (see below).

IV. Compartmentalization and roles of NOS and NO in mast cells

NO is freely diffusible in biological systems and is highly reactive, 

characteristics that make defining specific protein targets and overall roles in cell 

regulation difficult. One mechanism that helps provide specificity to the actions of 

NO is its compartmentalization in the cell (32). For example, endothelial cells 

release NO from eNOS that is localized in the plasma membrane, a topography 

determined and regulated by caveolin binding, which controls when and where NO 

is released (33). Furthermore, bacterial phagocytosis in macrophages results in a 

surprising localization of iNOS in cortical regions, not in phagosomes (34), which is 

postulated to allow NO release to occur adjacent to the cell thereby avoiding toxic 

effects of intracellular NO formation. However, no studies investigating the 

topographical localization ofNOS/NO in MC exist.

Sustained NO: Localization and tar sets: Most studies that have

characterized the presence of NOS in MC, do not describe the intracellular 

localization (5,35,36). In Chapter II, immunohistochemistry localized iNOS protein 

to the cytoplasm of rat PMC after IFN-y treatment (18 h). Some cells also showed 

granule association of the protein, as previously noted in rat skeletal muscle MC (4). 

This cytoplasmic iNOS localization has been previously noted in macrophages and 

implies a role in regulating cytoplasmic functions, or for extracellular release (34). 

Furthermore, live-confocal analysis in DAF-loaded, EFN-y-treated PMC showed a 

predominant cytoplasmic localization o f NO with some Golgi or perinuclear 

accumulation, confirming that iNOS can have a cytoplasmic localization in rat PMC 

(Chapter III).

Long-term treatment of HMC-1 with IFN-y (18 h) upregulated nNOS and 

eNOS mRNA and eNOS protein. Such regulation of cNOS expression has been 

previously shown in rat MC lines (RBL-2H3 and RCMC)(37). This increase in 

NOS expression appears to also correlate with roles for NO in regulating chemokine 

transcription and release in HMC-1 and regulation of adhesion in RBL-2H3.
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We have recently shown that NO is capable of nitrosylating and inhibiting 

calpain, a critical protease in adhesion complex formation (38). In addition the 

GTPase, Rac, is nitrosylated in neutrophils and has a modulatory role in granule 

release (39), a mechanism that may also effect exocytosis o f MC granules. As IFN- 

y treatment in rodent MC inhibits MC adhesion (RBL-2H3)(37), as well as 

degranulation ( P M C ) ( 4 0 ) ,  eNOS (RBL-2H3) or iNOS (PMC) appear optimally 

located to contribute to these cytoplasmic-based effects (Fig. 7.2). Moreover, these 

effects appear to be independent o f cGMP formation, indicating that no obvious 

NO-mediated activation of sGC takes place. Thus, effects o f NO, though 

nitrosylation of other cellular proteins, may be the predominant mechanism.

No studies were done on IFN-y effects on H M C -1  granule mediator release. 

However, IFN-y inhibited both expression and release of the chemokines MCP-1 

and 1-309 from HMC-1 (Chapter V). DAF localization was not investigated in these 

IFN-y-treated cells. However, untreated HMC-1 have cytoplasmic and nuclear DAF 

positivity that correlates with nNOS/eNOS localization. Thus, NO formation in the 

cytoplasm may modulate chemokine release, while NO in the nucleus can have 

well-known effects on regulation of gene-transcription. (Fig. 7.2)

Immediate NO: Localization and targets: Much like iNOS in rodents, nNOS 

protein localizes predominantly to cytoplasmic fractions in human MC. Due to 

variable and often low levels of expression, roles for nNOS in MC are difficult to 

define, especially because there is overlap with eNOS localization in these cells. 

Thus, antisense or other approaches may be necessary to delineate the role of nNOS 

in these cells. In neuronal systems, nNOS is found in large protein complexes 

involving nerve signaling and ion channel regulation (41). Extrapolation to MC 

function is difficult and more detailed studies are necessary.

Confocal analysis o f endothelial cells expressing both wild type and 

acylation mutants of eNOS defined plasma membrane compartmentalization of 

eNOS (42). Other groups have also identified perinuclear, cytoplasmic and Golgi 

eNOS compartments in endothelial cells (43-45). eNOS expression in both rat and
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Fig. 7.2. Long-term (hours) effects of upregulated nitric oxide synthase (NOS) 
activity on mast cell responses. In rodent mast cells interferon-y (IFN-y) 
treatment upregulates endothelial NOS (eNOS) (RBL-2H3) or inducible NOS 
(iNOS) (peritoneal mst cell, PMC) resulting in predominant formation of nitric 
oxide in the cytoplasm. Nitric oxide (NO) effects cytoplasmic targets resulting 
in inhibition of adhesion and degranulation. In human mast cells, IFN-y results 
in increased eNOS expression in both cytoplasmic and nuclear sites. The 
resulting NO formation in these regions targets nuclear factors that control 
chemokine mRNA expression, and cytoplasmic targets that control chemokine 
release.
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human MC was surprisingly localized in a predominant nuclear pattern, with weak 

cytoplasmic and plasma membrane staining (Chapter IV and unpublished). 

Furthermore, these sites were defined as actively producing NO by DAF staining. 

Subcellular fractionation combined with western blot analysis confirmed these 

results. In addition, activation of DAP-loaded rat PMC by cross-linking IgE 

resulted in a dynamic change in the pattern o f NO production. Approximately 30% 

of PMC showed Ca2+"dependent NO formation within 5 min that localized to the 

cytoplasm, while some cells also become strongly positive in nuclear regions 

(approximately 60% of NO+ PMC).

A role o f nuclear eNOS activity was identified by parallel comparison to 5- 

lipoxygenase (5-LO), a protein known to be associated with the nuclear membrane 

in MC (46). Interestingly, eNOS shifted from the cytoplasm to the nucleus upon 

stimulation, a process previously defined for 5-LO. Thus, eNOS was in 

juxtaposition with 5-LO, a known target for NO regulation. Furthermore, inhibition 

of NO enhanced, while NO donors inhibited leukotriene production and release in a 

cGMP-independent manner. Studies in LPS-treated macrophages have shown NO- 

mediated nitrosylation and inhibition of 5-LO (47), and outlined a possible target for 

nuclear eNOS/NO in MC (Fig. 7.3).

A role for cytoplasmic eNOS is difficult to define due to the predominant 

nuclear shift noted above, though some plasma membrane expression of eNOS was 

also apparent. As previously noted, eNOS colocalizes with caveolin in endothelial 

cells. Mouse MC have been shown to express caveolin (48). This is a novel finding 

o f this protein in immune cells, that otherwise seem bereft o f these cellular 

structures. However, due to dual acylation, eNOS can also localize to lipid rafts, 

areas o f high lipid order and cholesterol content that are rich in signaling proteins 

(49,50). In cell types where caveolin is not present, lipid raft interactions may 

represent a major element of plasma membrane eNOS localization and activation. 

Studies of the structure of lipid rafts and their molecular content will be of benefit in 

MC to define a potential regulatory mechanism for eNOS in these cells. Therefore, 

cytoplasmic eNOS may have similar roles to that o f iNOS in PMC, in the regulation 

o f adhesive or secretory mechanisms (Fig. 7.3).
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Fig. 7.3. Short-term (<30 min) effects of localized nitric oxide (NO) formation. 
In rat peritoneal mast cells activated with antigen (Ag) there is increased nuclear 
and cytoplasmic NO formation. Nuclear NO regulates mRNA expression by 
moderating transcription factors and controls leukotriene production by 
nitrosylating 5-lipoxygenase. Cytoplasmic NO interacts with targets like Rac, 
thus inhibiting degranulation, or cytoskeletal components such as calpain, 
inhibiting adhesion.
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Interestingly, many cGMP-independent effects in MC involve an extended 

time frame for activity (often up to 18-24 h)(51). Examples from studies in other 

cells have also shown that the upregulation of iNOS that results in nitrosylation of 

target proteins requires such a time-course. However, our evidence of short-term 

(<20 min) NO-mediated inhibition o f degranulation and leukotriene release suggests 

cNOS-mediated mechanisms that involve rapid nitrosylation of target proteins. 

Identification of proteins that become S-nitrosylated, or that regulate this activity are 

important avenues o f future study (52).

The hypothesis put forward previously concerning the co-expression of 

two NOS isoforms takes on more significance after localization is taken into 

account. As eNOS is predominantly a nuclear associated protein in rodent and 

human MC and iNOS or nNOS are largely cytoplasmic, MC may maintain a NOS 

protein in the cytoplasm through this co-expession pattern. This mechanism may be 

particularly relevant after activation, when cytoplasmic eNOS translocates to the 

nucleus, whereas nNOS or iNOS remains in the cytoplasm. Thus upon activation 

eNOS may play roles in regulating leukotriene formation or gene expression, while 

the iNOS or nNOS retained in the cytoplasm may have other roles.

V. Is short-term NO a generator of functional and phenotypic diversity in MC 

?:

Microbes have evolved multiple mechanisms for evade immune responses, 

including high mutation rates and expression o f heat-shock and decoy proteins (53). 

Macrophages and neutrophils, upon activation, elicit diversified innate immune 

responses against these invading organisms (54,55). O f the many retort 

mechanisms, production of 0 {  and NO are of vital importance (54). For example, 

neutrophil O2' and NO are involved in clearing Borrelia sp, a response that is 

subdued in neutrophils from NOS deficient mice (54).

As noted above and in Chapter HI, there is a short-term NO response in Ag 

stimulated PMC that likely has several functions. Previously it was shown that 

PMC “spontaneously” produce NO that contributes to MC cytotoxicity in 

cooperation with TNF (56). Thus, one of the potential functions may be to provide 

a population of NO producing MC that respond, not by wholesale degranulation, but
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as an accompaniment to TNF release in initiating an innate immune response (Fig. 

7.4). Interestingly, LPS-treatment, but not peptidoglycan (PGN) induced a 

significant percent of PMC to produce NO (>60%)(M. Gilchrist, unpublished). 

Treatment of mouse and human MC with PGN, but not LPS induced granule 

mediator release (57,58). LPS may induce a NO response in these cells that mutes 

degranulation, potentially in favor of releasing selected mediators. NO may thus be 

operating to generate highly selective mediator release in activated MC populations.

The MC is well known for its release o f mediators in metered fashion. TLR 

activation of mouse MC results in release o f different mediators depending if LPS 

(TNF, IL-1 (3, IL-6  and IL-13) or PGN (granule mediators, TNF, IL-4, IL-5) is the 

stimulus (57). In other systems, the plasticity of the MC response is not only 

stimulus specific, but related to the level of stimulus, with weak antigenic stimuli 

enhancing a differing spectrum of chemokine production in the absence of 

degranulation than induced by a strong antigenic stimulus (59). Short-term NO 

production in PMC may also contribute to this phenomenon (Fig. 7.4). Indeed, 

MCP-1 production by rat MC was shown to be differentially regulated and 

explained by a tenet called “kinetic proofreading”, which suggests that different 

ligands induce different effects through binding to the same receptor. Furthermore, 

the authors proposed a “branch point” in the signaling cascade that generates a 

soluble, short-lived mediator that contributes to MCP-1 formation and release (60). 

As the actual contribution o f individual MC to chemokine and cytokine release are 

unknown, the hypothesis can be put forward that these initially NOhl PMC, while 

being inhibited from degranulating and releasing leukotrienes, may produce and 

release chemokines or cytokines when NO synthesis abates (Fig. 7.4). A role for 

nuclear localization o f NO that controls gene transcription further supports this 

postulate. This hypothesis may be further tested by isolation o f DAF+ and DAF" 

MC and screening for mediator release in these separated populations.
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Fig. 7.4. Generation of diversity by short-term nitric oxide (NO) production. 
Antigen (Ag) stimulation of rat peritoneal mast cells results in a N 0 low and NOhI 
populations. The N 0low cells degranulate and release leukotrienes. Their 
cytokine/chemokine release profile is unknown and they may not produce NO if 
re-stimulated with Ag. NO1" cells can have several potential outcomes. In 
combination with TNF release, NO may be involved in innate immunity. NOhl 
PMC may be less responsive due to decreased adhesion or have changes 
regulating survival or apoptosis. NO1" PMC may be the contributing source of 
newly-formed mediators such as cytokines. What is not known is if these NO1" 
cells will degranulate on a later exposure to Ag.
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Another potential role for short-term NO formation may be in modulating 

apoptosis (61). Endothelial cells exposed to shear stress increased NO release by 

eNOS activity (62) and there was a concordant increase in nitrosylation o f cellular 

proteins including caspase-3 (63). This action inhibited apoptosis in endothelial 

cells. However in other cell systems NO has a proapoptotic role (Fig. 7.4). These 

results emphasize the complex role NO plays in cellular mechanisms, and studies 

directed at the survival and responsiveness of these DAF+ cells are required.

One important question that was not addressed in these studies was whether 

the NOhl PMC could be induced to degranulate by Ag stimulation at later time- 

points. Indeed, as DAF is not ratiometric like many Ca2+-sensing dyes, we were 

also unable to determine the precise kinetics o f NO formation, since a decrease in 

NO formation in an already DAF positive cell could not be detected (64). Despite 

these inherent drawbacks, these approaches may help reveal an expanding role for 

NO in functional plasticity of MC (Fig. 7.4).

VI. Does BH4 production determine radical species production from MC NOS
?

NOS has obligate requirements for arginine and BH4 for full activity. 

Modulation of both of these factors has been shown not only to control NO 

formation, but also the form of reactive species produced by NOS. Studies using 

purified NOS proteins suggest that the absence of BH4 allows O2 to be the terminal 

electron acceptor producing O2" in-vitro (65). In-vivo studies in hypertensive rats 

and BH4 deficient mouse models showed BH4 levels directly mediated the ratio of 

NO to O2’ produced, and the biological effects o f NOS uncoupled by lack of BH4 

were inhibited by catalase and superoxide dismutase further confirming the 

production o f O2' (66,67). Recent studies employing direct gene transfer of CHI 

into either hypertensive or diabetic mice resulted in BH4-dependent decreased O2' 

production and normalized endothelial function (68,69). These results highlight a 

important interaction between BH4 and NOS that directly correlated with control o f 

NO and O2' synthesis.

Chapter III describes the critical role for B H 4  in modulating both short-term 

(<5 min) and extended (>18 h) NO production in MC. Incubation o f rat PMC with
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IFN-y resulted in increased iNOS expression, NO production and activity of 

C H I /B H 4  pathways (Chapter II and HI). Pharmacological inhibition o f CHI activity 

almost completely inhibited NO production, an effect that was reconstituted with 

exogenous BH 4. This diminished NO synthesis was associated with increased 

responsiveness ((3-hex release) in a fashion similar to that shown using NOS 

inhibitors. Previously we have also shown that stimulation o f PMC with anti-CD8 

antibody upregulated iNOS production, though NO formation was significantly less 

than that seen with IFN-y (6 ). Anti-CD 8 stimulated PMC did not upregulate CHI 

expression and function, resulting in limited effects on mediator release (M. 

Gilchrist, unpublished). This data highlighted the significance o f BH4 in fine-tuning 

MC NO production by both eNOS and iNOS, and implicate CHI and BH4 as post- 

translational modifiers o f iNOS activity.

Past studies showed that MC are a potential source o f reactive oxygen 

species (ROS) such as O2' and H2O2 (70,71). These ROS influenced MC function 

in an opposite manner to NO by sensitizing MC for mediator release, or directly 

inducing degranulation (72,73). Thus, a balance of O2 /NO has been proposed to 

play a role in modulating MC function (74). Mitochondrial respiration, xanthine 

oxidase, cycloxygenase, NADPH oxidase or members of the “NOX-1” (non- 

phagocytic) NADPH oxidases produce ROS (75). Some limited study has identified 

NADPH oxidase subcomponents in MC, but the critical gp91 oxidase or NOX 

subunits associated with cellular O2" have not been identified (76). Thus, the precise 

enzymatic origin ofROS in MC remains unresolved.

Incompletely saturated NOS is capable of producing O2’ and ONOO', and 

compelling, yet circumstantial evidence for production of O2" via NOS in MC exists 

in the literature. Treatment of MC with the chemotherapeutic drug, adriamycin, 

induces histamine release associated with increased O2" formation (77). Adriamycin 

also enhances O2' formation from purified eNOS (78).

Treatment o f rat PMC with CHI inhibitors also effected short-term (<5 min) 

NO formation as determined using live-cell confocal analysis (Chapter III). This 

decreased BH4 availability resulted not only in depressed NO production, but also 

hyperresponsiveness, both in increased levels of spontaneous as well as stimulated
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mediator (P-hex) release. While requiring further study, it is thus interesting to 

speculate that inhibition o f BH4 production not only depresses NO formation, but 

also may enhance O2’ production that increases MC responsiveness to antigenic 

stimuli. Such regulation may be a physiological mechanism utilized by MC to aid 

in degranulation. Further circumstantial evidence from the literature implicates this 

exact process, as the NOS inhibitor N“-methyl-L-arginine (L-NMA), while blocking 

NO formation, maintains the NADPH oxidase (O2' producing) activity of the NOS 

dimer (79). Treatment o f rat PMC with this inhibitor increased O2' formation with 

associated potentiation of histamine release (72). Thus BH4 regulation of NOS may 

occupy a bifurcation point in controlling free radical production and their associated 

regulatory outcomes in MC (Fig. 7.5).

The compartmentalization of NOS appears critical to the target specificity of 

NO and may be further enhanced by the localization o f CHI. Since BH4 is highly 

labile in biological systems, it has been proposed but not directly shown in 

endothelial cells that NOS and CHI must also be in close proximity for NO to be 

produced (69). This concept is analogous to the proposed “metabolon” defined for 

enzymes responsible for AA metabolism (80). Such enzymes are thought to closely 

colocalize at plasma membrane and nuclear membrane sites to maximize 

leukotriene synthesis.

In untreated PMC, CHI staining revealed a previously undescribed 

membranous localization o f CHI with little cytoplasmic staining (Chapter III). Such 

a staining pattern may be associated with lipid raft interactions. CHI has no 

consensus sequences for lipid modification, but this does not rule out the possibility 

of other binding proteins having a role in membrane localization of CHI. 

Colocalization studies in rat MC lines (RBL-2H3 and RCMC) indicate a strong 

association between CHI and eNOS proteins, however we have been unable to 

coprecipitate the two proteins (M. Gilchrist unpublished). Furthermore, IFN-y 

treatment increased the cytoplasmic accumulation of CHI analogous to the pattern 

of iNOS expression
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Fig. 7.5. Proposed role for nitric oxide synthase (NOS), GTP-cyclohydrolase I 
(CHI) and tetrahydrobiopterin (BH4) in mast cell (MC) activation. The NOS 
dimer (parallel solid lines) has binding sights for two molecules of BH4 (open 
cirlces). Under normal cellular concentrations of B H 4 , only one molecule binds 
constitutive NOS (eNOS), causing the formation of superoxide (O2') as well as 
nitric oxide (NO), which can combine to produce peroxynitrite (ONOO), and 
stabilize the MC membrane. Upon activation, cellular CHI may dissociate from 
NOS, decreasing local BH4 concentrations and causing the NOS dimer to 
produce only O2". O2" can potentiate MC degranulation. Several hours after 
stimulation, or after interferon-y treatment, MC upregulate CHI levels, resulting 
in a concordant increase in cellular B H 4 . This saturates cellular inducible NOS 
(iNOS), increasing NO production, which inhibits MC degranulation.
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seen in other MC studies (4,6) and similar to the intracellular location of DAF (NO) 

(Chapter III).

The above observations and the emerging role of NOS formation o f O2' in 

host integrity and disease lead to the proposal o f a “One-Enzyme” system for 

NO/O2" production in MC based on the dynamic regulation o f NOS by B H 4  

availability (Fig. 7.5). In this system, eNOS in an unstimulated MC is either 

partially or fully saturated with BH4 depending on CHI synthesis and colocalization. 

In this state eNOS may produce ONOO' (partial B H 4 saturation) or NO (full B H 4  

saturation). Upon activation, we propose that signaling molecules are mobilized to 

lipid rafts which removes CHI from close proximity to eNOS. B H 4 saturation of 

eNOS is lowered, and O2’ is the predominant radical now produced, which 

contributes to MC degranulation. At later time points or after IFN-y treatment, 

cellular B H 4 levels are re-established by re-association of NOS and CHI, 

culminating in increased NO production that inhibits MC degranulation (Fig.7.5). 

Clearly this hypothesis requires further investigation, including a more detailed 

study o f the cellular distribution o f CHI and NOS during activation. Utilization of 

the hph-1 mouse, which has a deficit in B H 4 production, may aid these studies (81). 

Taken together these results indicate that CHI may play a critical role in both early 

degranulation events in MC, as well as long term regulatory events of MC function 

by NO. Dysregulation of BH4  levels, or mutations in the B H 4 binding site in NOS 

may contribute to MC hyperresponsiveness in disease states such as asthma.

VII. Conclusions

Previously, NO has been shown to be a potent regulator of MC secretory 

function particularly when high exogenous levels are present in the 

microenvironment (51). Data in this thesis point to the expression of all iso forms of 

NOS in MC and show that endogenous production of NO inhibits degranulation, 

leukotriene synthesis and the release of newly synthesized chemokines.

The potential outcomes o f endogenous NO production by MC go beyond 

mediator release and could include roles in MC development, heterogeneity, and 

functional diversity by specialized sculpting o f effector responses. Furthermore, 

variations in NOS compartmentalization coupled with the identification of dynamic
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changes in localized NO production offer novel insights into mechanisms that 

regulate the amounts, timing and location of its production that can be correlated 

with potential outcomes. Indeed, identifying nitrosylated targets o f NOS as well as 

the regulatory pathways involved will be of special interest.

Given the broad-spectrum potential of NO, it is now valuable to postulate 

that MC-derived NO may be involved in all MC-related functions. Certainly NO 

has been implicated in wound healing, angiogenesis and the regulation of epithelial 

integrity; MC NO has already been implicated in the latter (82). There is thus, 

substantial overlap in NO and MC functions and further investigation using knock­

out or transfection systems to control the expression or localization o f NOS and NO 

will help re-evaluate the extent o f involvement of MC NO in homeostasis. In 

addition, dysregulation of these important pathways can clearly be a contributing, 

but as yet unstudied, factor in MC-mediated pathology.

Despite intensive search no fully specific drug have been discovered that 

inhibits activation o f MC (83). Thus, the identification in this thesis o f endogenous 

NO as a regulator o f three major facets o f MC activation (degranulation, 

leukotrienes and cytokines) offers a new approach to define pathways that inhibit 

MC and may hold innovative avenues for pharmaceutical intervention.
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