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To my mother

Yet Truth syrvives, and only Truth can give 
The law o f right, and set us free to live 
In love and peace; and so I  wryly smile 

When falsehood masks in Truth's prerogative

From The Rubaiyat of Omar Khayyam

II



Abstract

It has been suggested that activation of one or more proteolytic enzymes 
might constitute the earliest biochemical change in the sequence of events that 
ultimately leads to mediator secretion from the mast cell. This effect may be 
mimicked by the addition of exogenous serine esterases and, with this in mind,
we first characterized the effect of a-chymotrypsin (a-CT) on isolated mast cells 
from different sources.

a-CT (10-500 pg/ml) induced a dose-dependent secretion of histamine (< 
80%) from purified and non-purified populations of rat peritoneal mast cells. 
The release was non-cytotoxic and was inhibited by metabolic blockers and 
extremes of temperature. The process was relatively slow, being essentially 
complete within 20 min, and was unaffected by phosphatidylserine. A 
substantial component of the secretion persisted in the absence of extracellular 
calcium. The release was suppressed by extremes of pH and a variety of anti
allergic compound and serine esterase inhibitors.

a -C T  (10-300 pg/ml), in addition to the secretion of preformed 
mediators, also induced the metabolism of arachidonic acid, resulting in the 
release of prostaglandin D% (PGD2 ) in a dose-related manner from purified rat 
peritoneal mast cells.

a-C T exhibited a marked tissue and species selectivity in its action. The 
protease was a much weaker releaser of histamine from tissue mast cells of the 
rat. It was effective against human cells from lung, intestine and skin only at 
cytotoxic concentrations and ineffective against mouse peritoneal mast cells.

The effect of inhibitors of, and substrates for, a-C T  in normal and 
permeabilized rat mast cells were investigated. Rat peritoneal mast cells were 
recovered by direct lavage and purified by density gradient centrifugation over 
Percoll. Where appropriate, agents were introduced into the cells after reversible 
permeabilization with ATP. The seryl enzyme inhibitor phenyl methyl sulphonyl 
fluoride (PMSF), the suicide inactivator isatoic anhydride, and a number of 
chymotryptic substrates all effectively inhibited histamine release from rat mast 
cells stimulated with anti-IgE but not with compound 48/80. Their potency was 
strikingly increased in permeabilized cells, indicating their effective incorporation 
into the cytosol. Activation of a chymotrypic enzyme as evidenced by hydrolysis 
of the fluorescent substrate, was directly demonstrated following immunologic 
stimulation of permeabilized mast cells containing N-Succinyl-Leu-Leu-Val-Tyr- 
7-amino-4-methylcoumarin. No such activation was observed with compound 
48/80. Immunological stimulation also led to a significant increase in total 
chymotryptic activity recoverable from rat mast cells.

In total, this study provides the most direct evidence to date for the 
involvement of a serine esterase in immunologic but not polyamine-induced mast 
cell activation.
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1.1 Historical Background

The mast cell was originally described by Paul Ehriich as far back as 1878 in 

his doctoral thesis, in which he named them "mastzellen", or well-fed cells, because of 

the prominent granules in their cytoplasm (1). Two years later Ehriich also discovered 

the circulating equivalent of the mast cell, namely the peripheral blood basophil (2 ).

Unna in 1894 (3) first reported the association between the mast cell and a 

pathological condition. He noted that cutaneous lesions of urticaria pigmentosa 

consisted almost exclusively of mast cells. In 1902 Portier and Richet were the first to 

demonstrate immediate type hypersensitivity reactions in (4). They observed the 

phenomenon of anaphylaxis (from the Greek phylaxis, meaning guarding) from their 

work in dogs with sea-anemone toxin. Those dogs that did not die following the initial 

injection of the toxin, exhibited a dramatic reaction upon a second injection some days 

later.

It was Dale and Laidlaw (5) in 1919 who put forward the idea that histamine 

might be one of the chief factors involved in anaphylatic reactions, following their 

discovery that injection of histamine into animals induced symptoms similar to those 

seen during anaphylactic shock. Later work by Webb (6 ) implicated histamine in the 

anaphylactoid reaction (so called because it resembled anaphylaxis but did not require 

prior sensitization).

Further work on the concept of anaphylaxis was carried out by Wilander and 

co-workers in 1938. They reported that mast cells in the liver of a dog undergoing 

anaphylatic shock became grossly damaged, thus liberating their cellular contents into 

the surrounding tissue (7). Later work by Jorpes and his co-workers (8 ) in Sweden, 

on isolated perfused dog livers, showed that a good correlation existed between the 

mast cell number in a given tissue and the amount of heparin that could be extracted 

from it. In 1952 Rocha e Silva (9) indicated that not only heparin but also histamine 

was derived from this organ. However, it was not until the early 1950's that Riley and 

West provided the important evidence that there was a good correlation between
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histamine content and mast cell counts in a variety of tissues ( 1 0 ), thus indicating the 

mast cell as the primary storage site for histamine.

U ntil 1959 the m easurem ent of histam ine was done by classical 

pharmacological assay using isolated guinea pig ileum. It was then that Shore et a l . 

( 1 1 ) published work on a fluorometric assay for histamine based on the condensation 

product of the reaction between histamine and o-phthaladehyde (OPT). This enabled 

the rapid and highly reproducible quantatative determination of histamine concentrations 

from biological samples.

During the later 1960's Ishizaka and co-workers identified a serum antibody 

responsible for immediate hypersensitivity reactions as belonging to a novel class, 

namely immunoglobulin E (IgE) (13,14). Ishizaka and co-workers also discovered that 

human IgE preferentially bound to basophils via specific receptors (15). Subsequent 

work identified surface receptors with a high affinity for this particular antibody on 

tissue mast cells (16).

1.2  A Role for the Mast Cell in Physiology and Pathology

Mast cells are widely distributed throughout the human body and the bodies of 

other vertebrate species. They are found essentially in those areas which come into 

frequent contact with foreign substances, namely in association with nerves and blood 

vessels and in the loose connective tissue of the bronchi, conjunctiva, skin, lung, ear, 

nose and gastrointestinal tract (17,18). In short, mast cells are to be found in locations 

which are frequently exposed to environmental antigens, suggesting they play a role in 

host defence.

The unique distribution of the mast cell throughout the mammalian body has 

suggested a possible role for the cell in defence mechanisms against parasitic 

infestations. One such example is in the rapid elimination of helminthic parasites. It
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has been shown that there is a strong correlation between mast cell hyperplasia, 

eosinophilia and increased IgE antibody level exists after parasitic infestations (19).

Since its reported discovery over 100 years ago, the mast cell and its blood 

counterpart the basophil have been linked to a number of human disorders especially in 

the immunopathology of immediate hypersensitivity reactions. Indeed, histologic and 

biochemical studies suggest that mast cells, and the products of their activation, play a 

role in the pathogenesis of inflammatory conditions such as conjuctivitis (2 0 ), asthma 

(16), rhinitis (21) and urticaria (22). Another factor indicating that mast cells are linked 

to the pathogenesis of the above allergic conditions is that the number of mast cells in 

allergic subjects increases compared to normal subjects. Mast cells have also been 

implicated in a variety of other physiological processes unrelated to allergic disease, 

such as menstruation (23) and embryo implantation (24).

1.3  Activation of Mast Cells

Mammalian mast cells are ovoid or irregularly elongated in connective tissues 

whereas in suspension they are round and have diameter of 10-30 |im  (25-27). The 

characteristic feature of the mast cell is the presence of many dense cytoplasmic 

granules which sometimes occupy the cytoplasm to such an extent as to obscure the 

nucleus (27). In most mammals, each granule averages 0.2-0.4 jim in diameter and 

contains, according to the species, a variety of biogenic substances including histamine, 

5-hydroxytryptamine, neutrophil and eosinophil chemotactic factors, heparin or a 

related glycosaminoglycan and hydrolytic enzymes (27,28). Activation of the mast cell 

leads to the release of the granules and their associated preformed mediators, and also 

evokes the de novo generation of further bioactive substances such as leukotrienes, 

prostaglandins and thromboxanes (29-31).

The mast cell and circulating basophil may be activated to release their chemical 

mediators by a variety of immunological and non-immunological stimuli.
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1 .3 .1  Immunological Activation

Allergy is a disorder of the immune system in which entirely innocuous 

substances such as animal danders, certain grass pollens or house dust mite, 

DermatophagoideSy are mistaken as harmful, resulting in the production of IgE against 

epitopes of these antigens (32). Individuals who produce IgE under these 

circumstances are said to be atopic.

Immunoglobulins are glycoproteins composed of 82-96 % polypeptide and 4- 

18 % carbohydrate. IgE exhibits the basic four chain structure common to other 

antibodies and is thus composed of two light and two heavy chains, linked by 

disulphide briges. There are two types of light chains, kappa and lamba, and five 

heavy chains (y, a , |i, o  and e) which distinguish the subclasses of immunoglobulin 

(33,34). Fig 1.1 shows that immunoglobulin molecules have a Y-shaped configation. 

The immunoglobulin, when treated with the enzyme papain, breaks into two Fab 

fragments and one Fc fragment. Fab regions contain the antigen binding sites and each 

immunoglobulin is divalent. The lower part of the molecule, designated the Fc portion, 

binds to specific receptors on various cell surfaces. It appears that a certain steric 

relationship between the two heavy chains and conformational structure in the Fc 

portion is required for IgE molecules to combine with target cells with high affinity

(34). Since the receptors on mast cells and basophils are specific for the Fc portion of 

IgE which consists of two characteristic heavy chains (e), these receptors are named 

Fce receptors to distinguish them from other Fc receptors for other immunoglobulins

(35).

The production of the antibody IgE involves the interaction of antigen or 

allergen with antigen-presenting cells and then with T- and B-lymphocytes. 

Lymphocytes are the integral cell components of the immune system. Upon contact 

with antigenic material, B cells differentiate into IgE antibody-secreting plasma cells 

and another population of B-memory cells. The T-cells are stimulated to produce either 

suppressor T-cells, which inhibit IgE synthesis, or helper T-cells which augment the
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process (36,32). When B-cells mature into plasma cells, IgE antibody possessing the

antigenic determinant is released into the circulation. Thus, on primary exposure to a

causative allergen, such as grass pollen, susceptible individuals produce specific IgE

antibodies to these agents. When IgE is secreted into the circulation, it can bind to the 

high affinity IgE receptors on mast cells, through its FCg portion, leaving free the

recognition site for allergen (Fab). At this point, the cells are said to be sensitized but 

with no apparent sign of degranulation. However, subsequent exposure to the same 

allergen results in the cross-linking of IgE molecules and the consequent release of both 

preformed and newly synthesized mediators of anaphylaxis (38,39).

Information concerning the high-affinity IgE receptor has mainly been derived 

from work on rat peritoneal mast cells and rat cultured basophilic leukaemia (RBL) cells 

(40,41). The receptor was shown to be a glycoprotein containing ca. 13% 

carbohydrate. It was also demonstrated to consist of three subunits (a , p and y), 

having an overall molecular weight of 87,000 (a  45,000, P 33,000 and y 9,000). The 

a , p and y subunits are further divided into a j ,  a 2 , P%, P2 ; the two y chains being

identical (Fig 1.2). The a  subunit of the receptor is directed to the surface of the cell 

and binds IgE, while the p and y subunits, which could not be labelled using selective 

antibodies from the cell surface, are thought to be buried in the cell membrane. 

Autoradiographic and radioassay studies on IgE binding to normal mast cells and 

basophils demonstrated that each of these cells possess approximately 10^ IgE 

receptors.

As discussed above, cross linkage of IgE molecules by specific allergens is the

initial trigger for the activation of the mast cell. Consistently, monovalent allergens

have been shown to be incapable of inducing anaphylaxis (42) while bi- or polyvalent

allergens were effective in causing the cell to release its bioactive mediators (43). The

importance of the above observations was further supported by the findings that release

may be produced by incubation of cells with chemically dimerised IgE, anti-IgE (IgG 

antibody directed against the Fcg heavy chains of IgE), concanavalin A (a lectin which
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cross-links IgE by binding to sugar moieties in the Fc^region) and anti-receptor 

antibody (IgG antibody prepared against purified Fcg receptors) (44-46).

1.3.2 Non-Immunological Activation

Secretion from mast cells, according to species, may be induced experimentally 

by a wide range of pharmacological stimuli. In general, these agents can be classified 

into two main categories based on their mode of action.

The first group consists of agents known collectively as non-selective 

liberators. They are cytotoxic agents such as Triton X-100 and Tween 20 (47,48). 

These compounds act by disruption of the mast cell membrane, thereby liberating all of 

the intracellular contents including histamine.

In contrast, agents belonging to the second group are non-cytotoxic and can 

cause release without the loss of characteristic cytoplasmic markers such as the enzyme 

lactate dehydrogenase. These selective liberators include polybasic cations typified by 

compound 48/80, substance P, polylsine, polymyxin and peptide 401 (49-52), the 

anaphylatoxins C3a, C4a and C5a (53), the plasma substitute dextran (54), the calcium 

ionophores ionomycin and ionophore A23187 (55-57), adenosine 5 ’-triphosphate 

(ATP) (58,59), a-chymotrypsin (60) and a variety of drugs and miscellaneous organic 

molecules (61,62). These diverse agonists provide useful pharmacological tools for 

studying the biochemical processes involved in mast cell activation.

1 .4  Structural Changes Following Mast Cell Activation

Activation of resting mast cells by immunological or non-immunological 

stimulation results in granule exocytosis and/or the release of granule contents. 

Granules from different species vary strikingly in appearance. In the rat, the granules 

tend to be homogeneous in appearance while those from the guinea pig and human mast
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cells show considerable diversity in structure. In general, human skin mast cells were 

found to contain crystal granules; lung mast cells, scroll granules; and colonic mucosal 

mast cells, particle granules (63-65).

The sequence of events leading to exocytosis may be dissimilar for different 

mast cell types. In the rat peritoneal mast cell, the initial ultrastructural change involves 

those granules situated immediately below the cell membrane. These granules become 

swollen in appearance and the release process begins via openings produced by the 

fusion of the two membranes. Following this initial contact, many intergranular 

fusions are formed which spread towards the interior of the cell and open up extensive 

labyrinthic cavities within the cell which can communicate with the extracellular 

medium through multiple openings. As granules are discharged, histamine and other 

ionically-bound molecule are then released, possibly through a simple exchange 

process with external sodium ions (66,67).

The mechanism of human mast cell degranulation has been shown to differ somewhat 

from its rat counterpart. In human mast cells, one minute after stimulation, the granules 

swell and dissolution of their matrix material can be seen. By three to five minutes after 

stimulation, the surrounding swollen membrane granules fuse with each other. This 

leads to the formation of channels through the plasma membrane extending outwards. 

Thus, the solubilized granular contents are then finally extruded into the surrounding 

medium (6 8 ). However, unlike rat peritoneal mast cells, no apparent extracellular 

expulsion of granules is observed. Recovery of the mast cells can be divided in two 

stages, with the whole process taking up to 48 hrs. Early recovery from degranulation 

is stimulated by the sealing of degranulation channels. The channels decrease in length 

and width. The late phase involves blast formation characterized by nuclear 

enlargement and the appearance of nucleoli. This is then closely followed by the 

synthesis of new granules (69).

10
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1.5  Mast Cell Mediators

The role of the mast cell in allergy and inflammation is dictated by the mediators 

released upon activation and the tissues into which they are secreted. Chemical 

mediators may either be preformed and stored within the secretory granules of the mast 

cell or be synthesized de novo upon activation.

1 .5 .1  Preformed Mediators

1.5.1.1 The Biogenic Amines

Histamine which is primarily stored in mast cells and basophils, is one of the 

main contributors to the immediate allergic response. Increased plasma and tissue 

histamine levels occur during anaphylaxis and allergic disorders of the skin, nose and 

respiratory airways (70). Histamine (from the Greek word for tissue, histos) is 

synthesized in nature from histidine by the enzyme histidine decarboxylase (71). Rat 

serosal mast cells contain 10-30 pg of the amine per cell (27,72), rat mucosal mast cells 

1-2 pg (73), human mast cells (74-76) and human basophils 1-3 pg (77). The most 

important effects of histamine in allergic reactions are mediated through the Hj^-

receptors. These include contraction of bronchial and gastrointestinal smooth muscle, 

vasodilation, increased capillary permeability and neutrophil and eosinophil 

chemokinesis (78). In contrast, the effects mediated via the H 2 -receptor are more anti

inflammatory and include the inhibition of T-lymphocyte cytotoxicity, suppression of 

lymphocyte proliferation, and mediation of gastric acid secretion (79). A third 

histamine receptor, Hg, thought to mediate a negative feed-back action on histamine

synthesis, has recently been described in neural tissues (80). Many other biological 

effects, although predominantly H^ or H 2  - mediated, result from the combined effects

of histamine binding to both receptor sub-types.

11
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Despite its wide range of activities, histamine is rapidly metabolised, having a 

plasma half-life of 2-3 min. Metabolism occurs via two routes, N-methylation by 

histamine N-methyltransferase or oxidation by histaminase (diamine oxidase).

In addition to histamine, 5-hydroxytryptamine (5-HT), which derived its 

alternative name serotonin from its first isolation from human serum and its 

vasoconstrictor activity (81), is found in connective tissue mast cells of rodents. 

Human mast cell granules, however, do not contain 5-HT (82). The spasmogenic and 

vasoactive amine is also found stored within the granules of human platelets and is a 

well-established neurotransmitter of the central nervous system (83).

1.5.1.2 Proteoglycans

Proteoglycans are major components of tissue ground substance, bone and 

cartilage. They form the structural basis of lysosomal granules and, in the mast cell 

granules, act as storage matrices for preformed mediators such as histamine and, in rat 

mast cells, 5HT. There are two major types of glycosaminoglycans found in mast 

cells; heparin and chondroitin sulphates. These glycosaminoglycans (GAGs) are 

attached within the mast cell to small peptide cores, hence the term proteoglycans (84). 

The exact function of mast cell proteoglycans has yet to be fully established. It is 

known that proteoglycans bind to histamine within the secretory granules and in so 

doing may facilitate the uptake and packaging of histamine into the granules. 

Proteoglycans also regulate the stability and activation of other enzymes present in the 

mast cell.

Heparin consists of a central peptide core, comprising alternating serine and

glycine residues. GAGs are attached to every second or third serine residue by a

unique sequence of sugars, comprising glucuronic acid-galactose-galactose-xylose, a

linkage that is common to all proteoglycans (85). The GAG is made up of a series of 

disaccharide units that are a  2 . 4  linked and composed of either glucuronic or iduronic

acid p j _ 4  linked to glucosamine (Fig. 1.3) (86,87). The anionic nature of heparin
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causes it to shift the colour absorption and emission spectrum of certain basic dyes such 

as azure A (metachromasia) which results in the ability to stain and hence visualize mast 

cells by light microscopy.

Chondroitin sulphates are less highly sulphated but structurally similar to 

heparin. The repeating dissacharide unit of this GAG consists of galactosamine and 

glucuronic acid joined through as well as p ^ . 4  linkages.

As a result of their acidic properties and capacity to exclude water, 

proteoglycans are able to inactivate and package other stored mediators in the mast cell 

granule (8 8 ). Approximately 10% of granule histamine is bound ionically to the ester 

sulphate and carboxyl groups of GAGs. A further small proportion is complexed to 

zinc but the majority of the histamine is bound via carboxyl groups on highly basic 

polypeptides which are found complexed with heparin.

.5.1.3 Granule Enzymes

There are three main classes of enzyme in the mast cell granule; the neutral 

proteases, the acid hydrolases and the oxidative enzymes.

The neutral proteases are a group of proteolytic enzymes or serine esterases 

with optimal activity at neutral pH, which cleave peptide and ester bonds on the 

carboxyl side of basic (tryptase), aromatic (chymase) or terminal aromatic (carboxy- 

peptidase) amino acids.

Two serine protease have been identified in rat connective tissue mast cells and 

these have been named chymase (89), or mast cell proteinase I (90), and tryptase (91). 

A chymotrypsin-like protease has also been identified in rat mucosal mast cells, and has 

been named mast cell proteinase II (92) or atypical chymase (93). Tryptase (93,94) and 

chymase (95) have also been found in human connective tissue mast cells, and tryptase 

has been identified in human mucosal mast cells. However, there is no report of 

atypical chymase in human mucosal mast cells or of tryptase in rat mucosal mast cells. 

These serine proteases are postulated to play important roles in the process of IgE-
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mediated degranulation and in pathobiological alterations in connective tissue around 

venules and in bronchial and gastrointestinal mucosa (96,97). However, the actions of 

these proteases in allergic inflammation are not well understood.

Recently, serine protease inhibitors, substrates, substrate analogs, and antibodies of 

protease were shown to inhibit histamine release from IgE-activated mast cells, and the 

protease involved in the process of degranulation was identified (93,96-101). 

Pathobiological alterations that occur in allergic disorders may in part be explained by 

these serine proteases secreted from activated mast cells. Endogenous regulators of the 

activities of these proteases, such as trypstatin ( 1 0 2 ) for rat tryptase, heparin for human 

tryptase (103) and for rat and human chymase (89,103,104), and phosphoglycerides 

and fatty acids for rat chymase (105,106) have been reported.

The chymotrypsin-like serine protease in connective tissue mast cells, named 

chymase, was first detected in rat peritoneal mast cells by Benditt and Arase (107). 

This protease was purified and crystallized from rat skeletal muscle and liver as "group- 

specific pro tease" (108-110) and was later shown to be localized in connective tissue 

mast cells in these organs (111). It has also been purified from rat peritoneal mast cells 

(89,104). Human chymase was found in extracts from human skin (111) and has also 

been purified (95).

Chymase is localized in mast cell granules as a complex with heparin 

proteoglycan and is solubilized from granule fractions only at high ionic strength

(89,103). Although (3-hexosaminidase and histamine are fully soluble on their release 

from mast cells into physiologic buffer, the complex of chymase and heparin 

proteoglycan is retained by the cells in an insoluble form exposed to the extracellular 

milieu (100,112). Therefore, the action of chymase may be restricted to a relatively 

small protein that can penetrate the chymase-heparin network. The prolonged presence 

of heparin proteoglycan with chymase at the cell surface of activated mast cells may be 

relevant for the chronicity of the host response to mast cell activation.

The amino acid sequence of rat chymase from peritoneal mast cells has been 

determined (110). The active enzyme contains 227 residues, including three
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corresponding to the catalytic triad characteristic of serine proteases (His 57, Asp 102, 

and Ser 195 in a-chymotrypsin). The isoelectric point of the chymase is 9.3, whereas 

that of a-chymotrypsin is 8.5 (104). Unlike bovine a-chym otrypsin, which is 

composed of two protein chains linked by disulphide bonds and with a molecular 

weight of 25,000, rat and human mast cell chymases are single chain proteins with 

molecular weights of 24,000-29,000 (89,104,108). Like a-chymotrypsin, chymase 

catalyzes the cleavage of peptide and ester bonds on the carboxyl end of internal 

aromatic amino acids at pH 8-9 (11).

Little is known about the function of chymase in vivo, but the rat enzyme can 

stimulate other mast cells in the microenvironment (113), generates a chemotactic factor 

for neutrophils from IgG (98), and degrades basement membrane type IV collagen and 

fibronectin but not type I, II, or III collagen (114) in vitro. The human enzyme has 

also been shown to convert angiotensin I to angiotensin II (115). Moreover, the 

proteolytic product(s) of IgG formed by rat chymase has potent chemotactic activity on 

neutrophil leukocytes in vitro and in vivo, whereas IgG itself has little chemotactic 

activity (96). In addition, as discussed previously, mast cells have been shown to have 

specific receptors for both IgE and IgG (116), and therefore it may be that released 

chymase causes a limited hydrolysis of IgG and the resultant production of chemotactic 

factor(s). It has also been shown that exposure of peritoneal mast cells to rat chymase 

or a-chymotrypsin results in degranulation (113, 117), and this degranulation is 

attenuated by enzyme inhibitors such as diisopropylfluorophosphate, indicating that the 

release is a function of enzymatic activity (113).

A chymotryptic protease in mucosal mast cells was first detected in rat small 

intestine and crystallized by Katunuma et a l . (108). It was shown to be localized in 

mucosal mast cells in the gastrointestinal and bronchial mucosa (118). This enzyme 

(atypical chymase) was also detected in the granules of rat basophilic leukaemia (RBL) 

cells (119,120), but its presence in human mucosal mast cells has not been reported. 

Antibodies against atypical chymase and chymase do not cross react. Connective tissue 

and mucosal mast cells in mice were recently shown to share a common stem cell and to
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diverge phenotypically due to the various micro-enviromental factors present at the site 

of their final tissue location (1 2 1 ).

The amino acid sequence of atypical chymase from rat small intestine has been 

determined (92). The enzyme contains 224 amino acid residues in a single polypeptide 

chain, has a minimum molecular weight of 24,768, and contains three di sulphide 

bonds. Atypical chymase has nine fewer lysyl residues than chymase, which may 

account for the striking difference in the ease of extraction of the two enzymes from 

mast cells. Hence, atypical chymase, which may be associated with proteoglycan, is 

readily extracted with physiological saline, whereas chymase, which interacts tightly 

with the more sulphated heparin in the granules, can be extracted only with 1 M salt

(89,103). Another structural difference between chymase and atypical chymase is the 

presence of a seryl residue in place of an alanyl residue at position 176, this being the 

putative substrate pocket of atypical chymase.

Atypical chymase from rat mucosal mast cells, which is a highly soluble 

protein, is released into the blood circulation or gut lumen after intestinal anaphylaxis; 

thus the plasma level of atypical chymase is correlated with, and its a good marker of, 

events related to mucosal mast cells (122). The enzyme released from mucosal mast 

cells has been suggested to play a role in the generation of intestinal epithelial 

permeability (123) and to be involved at some level in the expulsion of intestinal 

parasites (124). Atypical chymase has also been shown to degrade basement 

membrane type IV collagen in vitro, in the same way as chymase.

Tryptase, an endopeptidase that cleaves peptide and ester bonds on the carboxyl 

side of basic amino acids, has been purified from human pulmonary mast cells (93), 

and also from rat peritoneal mast cells (91). Trypsin-like protease activity has also been 

found in a mouse mast cell tumour line (125). In the human, tryptase was detected in 

extracts of various organs, such as the lung, parotid gland, spleen, liver, pancreas, and 

seminal vesicles (126), and has been shown immunohistochemically to be localized to 

the secretory granules of connective tissue mast cells and mucosal mast cells. Tryptase
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from rat peritoneal mast cells was also suggested to be localized in the granules, but its 

placement in rat mucosal mast cells has yet to been reported (91,127).

The enzymes from humans and rats are tetramers, with apparent molecular

weights o f 144,000 and 142,000, respectively (91,94). Human tryptase has two

subunits of 37,000 daltons and two subunits of 35,(XX) daltons (94). Rat tryptase has

four identical subunits of 35,000 daltons, each having one active site (94). There are

several differences between human and rat tryptases. It has been reported that human 

tryptase is resistant to inhibition by aprotinin, an a^-trypsin inhibitor (94), whereas rat

tryptase is inhibited by these agents and by trypstatin (128), an endogenous inhibitor of 

tryptase. Moreover, human tryptase binds to heparin proteoglycan in physiologic 

buffer in vitro and may be present as a complex with heparin proteoglycan in vivo, 

whereas rat tryptase does not interact with heparin (94).

Tryptase is involved in complement activation by cleavage of C3 into its 

component parts C3b and the anaphylatoxin, C3a (129). In the presence of heparin, 

however, which has a modulatory effect on the enzyme, tryptase further cleaves and 

inactivates C3a. The protease also has a local anticoagulant action through degradation 

of fibrinogen and high molecular weight kininogen (129) and is involved in the 

breakdown of connective tissue (130,131). In addition, tryptase from human lung 

mast cells may play a role in bronchial hyperresponsiveness in asthma through its 

ability to degrade and inactivate vasoactive intestinal peptide (VIP), the main 

bronchorelaxant neurotransmitter of non-adrenergic, non-cholinergic (NANC) nerves 

in the lung (BS). This is selective since substance P (SP), a bronchoconstrictor, is not 

affected by tryptase.

The acid hydrolases comprise a group of enzymes with optimal activity at acid 

pH which includes the exoglycosidases, p-hexosaminidase and p-galactosidase, which 

degrade glycoproteins and proteoglycans, and aryl sulphatase which hydrolyses 

aromatic sulphate esters. All of these enzymes have been found in the granules of both 

rat and human mast cells in different isomeric forms, p-hexosaminidase is useful as a 

marker of mast cell degranulation in vitro.
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The oxidative enzymes present in rat peritoneal and human lung mast cell 

granules include superoxide dismutase (132) and peroxidase (133). Both enzymes 

function to remove super-oxide anions and, in the case of peroxidase, inactivate 

dihydroxy- and sulphidopeptide leukotrienes.

1 . 5 . 2  Newly Synthesised Mediators

1.5.2.1 Arachidonic Acid Metabolites

Mast cells have the capacity to synthesize and release a range of lipid mediators

following immunological or non-immunological stimulation, both in vitro and vivo.

All the newly formed lipid mediators, collectively known as eicosanoids, possess

inflammatory properties to varying degrees. This process begins when arachidonic

acid (5,8,11,14-eicosatetraenoic acid) is released from the membrane phospholipids by 

the action o f the enzyme phospholipase A 2 . Arachidonic acid serves as the

predominant biosynthetic precursor of an array of lipid mediators that are generated and 

released by mast cells, basophils and other leukocytes in the course of immediate-type 

hypersensitivity reactions.

A substantial portion of the arachidonic acid that is liberated from the 

phospholipids of the leukocytes is metabolized by the enzymes 5-lipoxygenase or 

cyclooxygenase and leads to the production of prostaglandins (PCs) and thromboxanes 

(TXs), via the cyclooxygenase pathway, or leukotrienes (LTs), via the lipoxygenase 

pathway (134) (Fig 1.4).

Cycloxygenase is a membrane associated heme protein enzyme complex that 

catalyzes the incorporation of molecular oxygen into the arachidonic acid molecule,

followed by ring closure to form the relatively unstable cyclic endoperoxide 

intermediates PGG2  and PGH2 . These intermediates may then be converted to form 

the primary prostaglandins PGD2 , PGE2  and PGp2 a , in addition to PFI2 , TXA2  and 

TXB2 . Rat serosal and human lung mast cells were found to generate large quantities
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of PGD2  (50-60 ng/cell) after stimulation by calcium ionophores, anti-IgE and antigen 

(135). Once liberated, PGD2  causes smooth muscle contraction and increased vascular 

permeability. Recent studies have also indicated that PGD 2  may cause systemic

flushing and hypotension in humans with mastocytosis (136).

A second enzyme, 5-lipoxygenase, initiates the synthesis of leukotrienes. 5- 

Lipoxygenase has been purified from several sources and, in each case, activity is 

dependent on Ca^'*' and ATP, a feature that distinguishes the enzyme from other 

lipoxygenases. 5-Lipoxygenase is normally present in the cytosol but, on cell 

activation, the enzyme undergoes Ca^'^'-dependent translocation to the cell membrane. 

The mechanism of translocation was elucidated by researchers at Merck-Frost, who 

demonstrated that 5-lipoxygenase associates with a novel membrane protein now 

known as 5-lipoxygenase activating protein (FLAP) (137). Although cell-free assays 

for 5-lipoxygenase are normally carried out using soluble enzyme fractions, 

transfection experiments have clearly shown that the presence of both 5-lipoxygenase 

and FLAP is essential for leukotriene biosynthesis in intact cells (138). The initial 

product is the unstable intermediate 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and 

LTA4 . The latter is rapidly converted to LTB4  by reaction with water or, alternatively,

is converted into LTC4, by addition of the tripeptide glutathione. The sequential 

peptidolytic cleavages of the glutathione generates LTD4 and LTE4. The mixture of 

L T C 4, LTD4 and LTE4 comprises the classical slow-reacting substance of 

anaphylaxis.

Peptidoleukotrienes have powerful spasmogenic actions, particularly in airway 

smooth muscle and in the vasculature. These mediators are at least 100 times more 

potent than histamine or methacholine as bronchoconstrictors in man when 

administered by aerosol (139) and asthmatic patients show enhanced sensitivity to the 

bronchoconstrictor effects of peptidoleukotrienes (140). LTB4  is a potent mediator of 

inflammation via iis chemotactic activity for leukocytes. LTB4  is a potent activator of 

human leukocytes and can induce inflammatory reactions in human volunteers (141). 

The biological properties of leukotrienes, together with their formation in a variety of
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diseases, suggest that 5-lipoxygenase inhibitors may have therapeutic potential in a 

range of allergic and inflammatory conditions such as asthma, allergic rhinitis, 

rheumatoid arthritis, ulcerative colitis and psoriasis.

Recent studies into whether arachidonic acid metabolism occurs concurrently 

with histamine release have indicated that, in many instances, the lipoxygenase pathway 

of arachidonic acid metabolism fails to commence, although histamine release occurs 

readily (142,143). Thus, the findings suggest that arachidonic acid metabolism via 

both of the two enzymic pathways is not always initiated but depends on the type of 

stimulation received by the mast cell or basophil.

1.5.2.2 Platelet Activating Factor

There is evidence that mast cells, especially those cultured and differentiated in 

vitro from mouse bone marrow in the presence of interleukin 2 , can synthesize a unique 

phospholipid named platelet activating factor (PAF) ( 1 -O-alkyl-2-acetyl-jM-glyceryl- 

phosphorylcholine) (144). More recently it has been reported that purified preparations 

of isolated human lung mast cells (145) can synthesize PAF following challenge of 

these cells by anti-IgE and calcium ionophore A23187.

Although PAF was originally characterized by its potent aggregatory effects on 

platelets (146), it has now been demonstrated that PAF activates a number of 

inflammatory cells. It is one of the most potent eosinophil chemotaxins and activators 

in vitro (146) and also induces neutrophil chemotaxis and activation. In the lungs it 

causes pulmonary oedema, vasoconstriction and bronchoconstriction, pointing towards 

a possible role in asthma. Systemically, PAF causes hypotension and on injection into 

human skin it produces a wheal and flare reaction which, on a molar basis, is 1 0 0 - 1 0 0 0  

times more potent than histamine (147).
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1.5.2.3 Chemotactic Mediators

Mast cells also release a variety of chemicals which are chemotactic for

eosinophils and neutrophils after activation by certain stimuli. Mast cell chemotaxins

include ECF-A, which is eosinophil chemotactic factor of anaphylaxis, and

inflammatory factor of anaphylaxis (IF-A) which stimulates neutrophil (2-8 hours) and 

monocyte (24 hours) infiltration (148). Newly generated mediators LTB4  and PAF,

also have chemotactic activity.

Chemotactic factors are responsible for the second wave of inflammation or late 

phase reaction (LPR), which occurs 3-6 hours after immediate type hypersensitivity 

and is characterized by the influx of neutrophils and eosinophils. Such LPRs dominate 

more chronic allergic reactions such as asthma, eczema and urticaria.

1.5.2.4 The Cytokines

It has become increasingly recognised in recent years that atopic asthma, rhinitis 

and dermatitis are more than simple allergic conditions involving type I hypersensitivity 

reactions to allergens. They are now known to involve a number of inflammatory and 

other cells, producing not only various chemical mediators but also many cellular 

products with wide-ranging effects on both target and effector cells. The net result of 

this is the generation of a chronic inflammatory process which, in the long term, may 

be more important in the pathogenesis of allergic diseases than the acute type I reaction 

involving mast cell activation.

Recently, much attention has focused on the production of cytokines by mast 

cells. The cytokines are a group of glycoproteins secreted by lymphocytes, 

monocytes/macrophages, fibroblasts, endothelial and other cells. They are cell 

regulators and play an important role in many physiological responses in addition to the 

pathophysiology of various diseases. If present in an inflammatory zone, these cellular 

mediators can recruit, prime and activate neutrophils, macrophages and eosinophils,
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increase immunologbulin secretion, and enhance the production and differentiation of 

further mast cells (149). Recently, tumour necrosis factor-a (TNF-a) or cachetin was 

shown to be produced by certain cultured murine mast cell lines (150,151), and mast 

cell/basophils from human bone marrow cultures (152). The use o f in situ 

hybridization techniques located TNF-a mRNA in the cytoplasm and TNF-a protein in 

the granules of individual cells (152), suggesting the cytokine is both inducible and 

preformed in the mast cell. Mast cells are involved in a variety of processes including 

tumour cell cytotoxicity (153), bone remodelling (154) and fibroblast growth (155) in 

which TNF has also been shown to play a role (156).

Murine mast cell lines also produce on impressive array of other polypeptide 

cytokines following immunologic or Ca^"^ ionophore-induced stimulation. These 

include IL3 (a mast cell growth factor), IL4 (a switch for IgE), IL5 (eosinophil 

differentiation factor), IL6  (controls IgG secretion) (156), GM-CSF (157), IL l, IFNy, 

M IPa and MIPp (macrophage inflammatory protein) (158). Mast cells may therefore 

modulate their own growth and functional activity by the secretion of IL3 and IL4, 

respectively, and be involved in the asthmatic LPR, characterized by the presence of 

large numbers of eosinophils, through their production of IL5. These novel findings 

place the mast cell back into the middle of the overall allergic reaction, not only in 

initiating the immediate reaction but possibly in controlling the more chronic 

inflammatory events of the late phase reaction.

1.6 The Biochemistry Involved in Mast Cell Activation

In addition to its clinical importance, the mast cell has also provided a model 

system for the study of the biochemical processes involved in stimulus-secretion 

coupling.

Given the central role of the mast cell in immunopathology, intense effort has 

been directed towards elucidating the biochemical events involved in mediator release.
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It is now known that mast cell activation and subsequent mediator release involves not 

one but many complex biochemical pathways. However, it is important to bear in mind 

that most of the current information has been obtained from studies with murine mast 

cells. Results generated from this cell type cannot easily be extrapolated to human 

cells.

1.6.1 The Role of Calcium Ions

For some time it has been appreciated that calcium ions play an important role in 

secretion. Mongar and Schild (159) were the first to demonstrate a requirement for 

extracellular calcium in the anaphylactic release of histamine from guinea pig lung 

fragments.

In the early 1970's, it was shown that histamine release could be induced by 

direct micro-injection of calcium ions into rat mesenteric mast cells (160). This 

observation indicated the necessity of calcium ions to induce, if not initiate, histamine 

release from mast cells. Thus, calcium ions were thought of as being a second 

messenger as they transduced the ligand-receptor signal to the cell interior and, in doing 

so, triggered processes which led to mediator release.

In view of the apparent association between calcium ions and mediator release 

from mast cells. Foreman, et al. (161) investigated cation fluxes following cellular 

activation. Studies using radioisotopic Ca indicated that the time course, and 

magnitude, of calcium influx correlated to the degree of histamine liberation.

A variety o f other methods have been employed to introduce Câ "*" ions into 

mast cells in order to study the effect on exocytosis, including the use of calcium 

ionophores. Ionophores are organic molecules, capable of reversibly binding specific 

metal ions such as calcium. Once bound to calcium, these molecules are able to 

traverse the plasma cell membrane and enter the cell, thus causing a rise in intracellular 

calcium levels. This method of inducing an increase in cytosolic calcium levels can 

only occur if calcium ions are present in the extracellular medium (162).
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Lanthanum ions and to a lesser extent, other members of the lanthanide series, 

have also been used to demonstrate this calcium dependency (163). Lanthanum has an 

ionic radius comparable to that of calcium and is able to displace competitively the 

divalent cation from superficial sites in the cell membrane. By virtue of its higher 

valency, lanthanum binds to these sites with a greater affinity than calcium and blocks 

the transport of the divalent cation across the membrane. Employed in this way, it has 

been shown that lanthanum inhibits histam ine release induced by various 

secretagogues.

Further studies on the role played by calcium have been facilitated by the use of 

the fluorescent tetracarboxylate calcium chelator, quin-2. After antigen stimulation of 

rat mast cells, an increase in fluorescence indicated a rise in the concentration of 

cytosolic calcium ions (164).

1.6.2 Calcium Pools Involved in the Secretory Process

It is now well established that a rise in the concentration of free calcium ions in 

the mast cell's cytosol is a necessary and sufficient trigger for histamine secretion. 

There are two basic mechanisms by which mast cells can increase their cytosolic free 

calcium ion levels: via release of calcium ions from intracellular stores or by the entry of 

extracellular calcium ions through membrane calcium channels (165,166).

It has been proposed that activation of the mast cell transiently increases the 

permeability of the plasma membrane to calcium ions, via the opening of receptor- 

mediated gates or channels in the bilayer (167). This allows an influx of calcium ions 

from superficial sites on the cell membrane and results in exocytosis (164-166). 

Lanthanide ions, as described above, presumably exert their action by binding to and 

blocking these sites (164). Evidence for the involvement of such superficially bound 

calcium has been derived experimentally, where it was observed that rat mast cells in 

the presence of a calcium-free medium, having been isolated previously in the presence
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of calcium ions, displayed a time-dependent decrease in the level of histamine release in 

response to stimulation (168).

Although optimal histamine secretion requires the presence of extracellular 

calcium ions, many test secretagogues can release a considerable amount of this amine 

in the absence of extracellular calcium ions (169). Such secretagogues include 

compound 48/80, peptide 401 and polylysine (163,169). The release is attributed to 

the mobilization of intracellular pools of calcium ions or sequestered calcium ions 

attached to the inner surfaces of the plasma cell membrane or cellular organelles. 

P ro longed  exposure o f these cells to the calc ium -chela ting  agent 

ethylenediaminetetraacetic acid (EDTA) (163,169) and preincubation with the 

ionophore A23187 (170) in the absence of extracellular calcium rendered them 

unresponsive to compound 48/80. The cellular response was restored, however, 

following réintroduction of Ca^"^ to the medium. The implication from these 

observations was that such agents mobilized intracellular stores of the cation which 

were depleted by the above treatments and replenished by addition of extracellular 

Ca2+.

In contrast to the above, brief exposure to EDTA markedly enhances the 

secretion produced by many inducers (169). This treatment is believed to remove 

calcium ions from superficial, regulatory sites in the cell membrane, leading to its 

destabilization and thus facilitating the release of more internal stores of the cation. 

Conversely, high concentrations of extracellular calcium have the opposite effect, the 

result is saturation of these regulatory sites, thus stabilizing the cell membrane and 

possibly restricting uptake of the cation (169).

Recently, the question of the existence of Ca^"^ channels in the non-excitable 

mast cell membrane has been addressed by Fenner and Neher (171). Earlier 

observations had indicated that there were no voltage-operated Ca^"^ channels in the 

mast cell membrane (172). However, the existence of some sort of channel in non- 

excitable cells which was sensitive to elevated [Ca^"""]! has been suggested (173). 

Patch clamp studies of rat peritoneal mast cells stimulated with either compound 48/80
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or substance P revealed the existence of a sustained plateau of elevated [Ca^'‘"]i, which 

was dependent on external calcium and which followed the initial, large, transient 

increase in (171). The Câ "*" plateau, in contrast to the early Ca^'*' rise, was

ideally timed to influence the secretory response.

Three ionic mechanisms were identified which explained this calcium influx. A 

chloride channel, activated by internally applied cAMP, hyperpolarizes the membrane 

(holds the membrane potential at a negative value) and provides the electrical driving 

force necessary for the uptake of Câ "*". This hyperpolarization facilitates the opening

of Câ "*"- specific channels in the membrane which are also sensitive to intracellularly 

applied IP3 . Finally, there is a non-specific channel through which divalent cations can

permeate. Such channels are not voltage-gated but are potential-dependent in so much

as the Ca^"^ influx depends on an electrical driving force. Thus, it would appear that

Câ "*" influx in the mast cell is regulated by membrane channels sensitive to the two 

intracellular messengers IP3  and cAMP. Indeed, where depolarization in excitable cells

results in the opening of voltage-gated Câ "*" channels, hyperpolarization has often been 

associated with Câ "*" influx in non-excitable cells (174,175).

These exciting findings have stimulated interest in the use of calcium channel 

blockers, such as nifedipine and verapamil in clinical inhibition of immunological 

histamine release (176).

1 . 6 .3  The Role of Calmodulin

Once a rise in the intracellular concentration of calcium ions is initiated, it is not 

precisely known how the cation brings about secretion. Previous studies on other cell 

system have indicated that many of the effects of calcium are mediated through a 

calcium-binding protein, termed calmodulin (CaM), which is generally accepted as 

being the universal intracellular receptor for the cation (177,178). Calmodulin is 

ubiquitously distributed in eukaryotic cells. It has a molecular weight of 17,000, and 

binds reversibly to calcium with high affinity. Each molecule of calmodulin possesses
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four calcium ion binding sites. Binding of Ca^'*' to CaM confers a more stable

structure on the protein and the resultant conformational changes reveal active sites on

the surface of the molecule which allow interaction with and activation of apoenzymes

or effector proteins. Thus, calmodulin regulates the activities of a large number of key 

enzymes involved in secretion: adenylate cyclase, methyltransferase, phospholipase A 2

and cyclic nucleotide phosphodiesterases (169,177,178).

A number of neuroleptic drugs, particularly those of the phenothiazine family, 

are able to combine with the calcium-calmodulin complex. These compounds prevent 

interaction of the complex with its target apoenzymes and thus block calmodulin- 

dependent reactions. Importantly, these calmodulin antagonists have been found to 

inhibit histamine secretion from mast cells and human basophils (179-181), thus 

indicating that calmodulin may be significantly involved in the release process.

In total, calmodulin controls many key events involved in exocytosis including 

the regulation of calcium homeostasis, the synthesis and degradation of cyclic 

nucleotides, the organization of the cell cytoskeleton and protein phosphorylation (177, 

178).

On the theme of protein phosphorylation, pharmacological activation of rat mast 

cells has been shown to result in a rapid, calcium-dependent phosphorylation of three 

specific proteins of molecular weight 68,000, 59,000 and 42,000 (182). The 

phosphorylation accompanies or precedes histamine secretion from the cells. The 

natural termination of the release process involves the phosphorylation of a further 

protein of molecular weight 78,000. Calmodulin, by activating a number of specific 

kinases, may therefore be involved in both the induction and termination of exocytosis.

1 . 6 . 4  Phospholipid Metabolism

In recent years, considerable attention has been focused on the phospholipids of 

the mast cell membrane and how changes in these lipids might play a role in stimulus- 

secretion coupling.
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1.6.4.1 The Phosphoinositide Cycle

It has been shown that activation of cell-surface receptors initiates hydrolysis of 

a membrane-bound inositol lipids, which produces at least two second messengers 

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3 ). These messengers are

generated by a membrane transduction process comprising three main components: a 

receptor, a coupling G protein and phospholipase C (PLC). Initially, 

phosphatidylinositol (PI) breakdown to diacylglycerol (DAG) was measured by 

analyzing the incorporation of radiolablled [^^P] phosphate and [^H] inositol into PI, 

phosphatidylcholine (PC) and phosphatidic acid (PA). This finding led to many groups 

reporting that a variety of secretagogues induce accumulation of [^^P] into rat mast cell 

PI (183-185). Later work by Ishizaka and co-workers (186) confirmed that an 

increased uptake of [^^P] into membrane phospholipids occurs after IgE-dependent 

stimulation of human cultured basophils.

Phosphorylation of PI by ATP-dependent specific kinases results in the

sequentia l form ation  o f ph o sp h atid y lin o sito l-4 -p h o sp h a te  (PIP) and 

phosphatidylinositol-4,5-bisphosphate (PIP2 ) (187) by a specific phospholipase C

enzyme.

Several types of phosphatidylinositol specific phospholipase C enzymes have 

been identified by either purification or subsequent isolation of cDNAs. Based 

primarily on size and characterization of activities, these were initially grouped into five 

categories (a,p,Y ,6 ,e). The cDNAs for three of these have been isolated and 

sequenced. Comparison of the sequences of several isotypes of each of these led to the 

identification of 2 domains (X and Y) which were highly conserved. The regions are 

hypothesized to contain the catalytic site of the enzymes. These comparisons also 

showed that there were structural arrangements that characterized the major groups of 

phosphatidylinositol specific phopholipase C (PIPLC) (188-191).

Some pathways for regulation of these enzymes have been recently identified. 

The SH2  domains suggest potential interaction of PIPLC y with growth factor
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receptors, such as PDGF (platelet-derived growth factor) and EGF (epidermal growth 

factor) and subsequent co-immunoprecipitation of the enzyme with growth factor 

receptors has been observed. Thus, this isoform of PIPLC presumably accounts for 

the increased production of inositol phosphates caused by these hormones. In contrast, 

PIPLC a  isoforms are regulated by G proteins and are therefore the targets of 

numerous hormones whose receptors use these pathways (discussed below). At this 

time there are no known mechanisms for regulation of the activity of the 6  isoforms or 

the putative e subclass of PIPLC.

The involvement of G proteins in the regulation of phospholipase C activity by 

hormones had been known for some time. Historically G protein classification, has 

been divided into two categories, pathways that are either sensitive or insensitive to 

pertussis toxin (PTX), a toxin derived from Bordatella pertussis which ADP- 

ribosylates the a  subunits of the Go and Gi proteins. The modification of these 

proteins prevents their activation by receptors; thus, attenuation by PTX predicts the 

involvement of Go or Gi in a pathway. However, the G protein involved in PLC 

coupling, al thought sensitive to PTX, could not be accounted for by the classical 

description of PTX sensitive G proteins and thus the identity of the proteins involved 

remained a mystery for several years. Recently, the Gq family of G proteins has been 

shown to be inhibited by PTX.

Several laboratories demonstrated that purified a q  or its closely related 

homologs stimulated the activities of PIPLC p j (192-194). Expression of members of

the a q  family, and later experiments with purified expressed proteins have indicated 

that all of the members of this family regulate PIPLC activity. Moreover, antibodies 

raised against Oq have been used to attenuate hormonal activation of PIPLC activity by 

a number of hormones. Together this confirms the role of these proteins in PIPLC 

modulated functional pathways and readers are referred to a number of reviews for a

more detailed description of this (195,196).

Inositol phosphatases may sequentially hydrolyse IP 3  to free inositol, thus

generating an array of breakdown products which have their own messenger functions
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and hence potentially diverse effects on cellular activity. However, IP3  can also be 

futher phosphorylated to form inositol-(l,3,4,5)-tetrakisphosphate (IP4 ) (197). An 

isomer of IP 3 , inositol-(l,3,4)-triphosphate (198) is generated as a result of the 

dephosphorlylation of IP4  at the 5 position.

IP3  has been shown to cause mobilisation of calcium from intracellular stores

(199), more specifically from the endoplasmic reticulum, via a specific receptor.

Detailed studies using permeabilised cells have demonstrated that submicromolar 

concentrations of IP3  are required for half-maximal release of calcium from its

intracellular stores (2 0 0 ).

IP4  together with IP3  have, however, recently been implicated in regulation of

the opening of specific channels in the plasma membrane thereby allowing the influx of

extracellular Ca^'^ (2 0 1 ,2 0 2 ), which would result in an amplification of the Ca^"^

signal, (see section 1.6.2). According to a model proposed by Putney (203), influx of

extracellular Câ "*" occurs in order to replenish intracellular stores and persists as long 

as IP3  is being produced. Once production ceases, and stores of the cation are refilled,

entry of Câ "*" from the cell exterior stops.

The other product of PIP2  hydrolysis, DAG, is now established as an activator

of protein kinase C (PKC) (204). Studies over the past decade have revealed that PKC

may play a role in many signal transduction processes, inducing the receptor-coupling

events which preceed mediator release, by interfering with several metabolic pathways

including that of PI (16). PKC, a calcium and phospholipid-dependent enzyme, is

endogenously activated by diacylglycerol and can be experimentally stimulated by

phorbol esters such as PMA (phorbol myristate acetate).

The role of PKC in the FcgRI-mediated process is not yet clearly determined.

However, antigen induced histamine release in PT-18 cells is associated with increased 

PKC activity in the plasma membrane (205), and has been suggested that in rat 

peritoneal mast cells the activation of PKC appears to be solely involved in the IgE- 

mediated histamine release. The substrates of PKC in mast cells are still ill defined. 

However, PKC substrate proteins were identified in the cytosol of bone-marrow-
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derived mast cells following IgE-mediated stimulation. Three proteins of 45,000 dalton 

were described in these cells (206). Other PKC substrates were reported, namely 

myosin heavy and light chains and a plasma membrane glycoprotein (207).

The endogenous activator of PKC, diacylglycerol (DAG) is usually recognized 

as the result of phosphatidylinositol breakdown catalysed by phospholipase C. 

However, recent studies have pointed out that the major source of DAG is not 

phosphatidylinositol and that the major enzyme responsible for DAG synthesis is not 

phospholipase C (208).

When the DAG level becomes maximal in IgE-dependent stimulation of mast 

cells, no more than 25% is derived from phosphatidylinositol whereas as much as 75% 

can come from phosphatidylcholine (208). This synthesis of DAG from 

phosphatidylcholine results from two pathways. The first (direct) involves PLC with 

the concomitant release of phosphatidylcholine and the second (indirect) would 

implicate phospholipase D (PLD) leading to the generation of phosphatidic acid and 

subsequently DAG by the action of phosphatidic acid hydrolase (209). IgE-receptor 

cross-linking resulted in a 3- to 10- fold increase in PLD activity for 10 min following 

stimulation (209). Further observations allowed Kennerly's group to suggest that the 

major mechanism of DAG formation during mast cell activation is through the 

conversion of phosphatidylcholine to phosphatidic acid and thence to DAG (210).

Similar results were obtained with IgE-dependent stimulation of rat basophilic 

leukaemia cells (211). Nevertheless, a recent report (212), showed that 

phosphatidylcholine hydrolysis in rat basophilic leukaemia cells may be dependent on 

PKC and calcium. Therefore, phospholipase D activation would be secondary to PIP2

breakdown. On the other hand, antigen-induced activation of PLD in rat mast cells was 

found to be independent of PKC (213). The authors concluded that DAG, formed by 

PLC, can be stimulated directly or indirectly of PLD and independently of PKC.
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1.6.4.2 Phospholipid Méthylation

An alternative mechanism for membrane signal transduction was proposed in 

1980 by Hirata and Axelrod (214). According to this pathway, two membrane-bound 

methyltransferases (I and II) are responsible for the sequential méthylation of the 

membrane phospholipid phosphatidylethanolamine (PE) to form phosphatidylcholine 

(PC) using the methyl donor, S-adenosyl-L-methionine (S-AM), a process termed 

phospholipid méthylation (Fig. 1.5)

Methyltransferase I is situated on the cytoplasmic face of the cell membrane and 

transfers a methyl group from the donor S-adenosyl methionine to give rise to the first 

intermediate in the pathway, PE. Methyltransferase II, located in the plasma cell 

membrane facing outwards, catalyses two successive N-methylations of phosphatidyl- 

N-monomethyl-PE to form PC. This results in the simultaneous translocation of 

methylated phospholipid across the membrane and hence increases membrane fluidity. 

These changes in microviscosity may be associated with increased permeability to Ca^"  ̂

ions (215) or may facilitate activation of an ecto-ATPase, thought by some to be 

responsible for Ca^"^ transport into the mast cell (216). Bridging of IgE receptors 

results in phospholipid méthylation in human lung mast cells, cultured human 

basophils, RBL cells and rat peritoneal mast cells (217-220). In each case this 

preceeded an increase in '^^Ca^'*’ uptake and histamine release, suggesting that 

phospholipid méthylation played a vital role in initiating secretion from mast cells. 

However, it should be noted that phospholipid méthylation was undetectable in rat mast 

cells stimulated with compound 48/80 and the calcium ionophore A23187 (221). This 

observation indicates that phospholipid méthylation is only associated with IgE- 

dependent histamine secretion.

Evidence for a central role of PE méthylation in mast cells and basophil 

activation has been derived from two lines of study. Firstly, radiolabelled studies have 

shown increased transfer of [^H-methyl] groups from [^H-methyl] S-AM into cellular 

membrane phospholipids to occur rapidly following IgE-receptor cross-linking.
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Secondly, use of the inhibitors of S-AM-mediated méthylation also inhibit various 

biochemical changes associated with cell activation. Moreover, inhibitors of 

m ethyltransferases, such as 3-deazaadenosine (3-DZA) and L-homocysteine 

thiolactone, were found to block phospholipid méthylation, calcium influx and 

histamine release (219,222,223).

The precise mechanism by which phospholipid méthylation leads to histamine 

release has yet to be fully elucidated. Also, it should be mentioned that more recent 

studies (224-226) have failed to confirm the original observations of the importance of 

phopholipid méthylation in mast cell activation.

1 .6 .5  Regulatory Com ponents o f  the S ignal Transduction M echanism

1.6.5.1 The Role o f G Proteins

Binding of agonists to cell surface receptors provokes the release of a variety of 

intracellular second messenger molecules. There is now substantial evidence that the 

generation of many of these second messengers is controlled by a growing family of G 

proteins (227,228) that direct the flow of signals from the receptor to the rest of the 

cell. G proteins are so named because they bind to guanine nucleotides, which like all 

nucleotides consist of an organic base (in this case guanine), a sugar and one or more 

phosphate groups.

G proteins mediate the effects of a variety of extracellular stimuli such as 

hormones, neurotransmitters, light, odorants, gustatory ligands, and pheromones. 

These stimuli interact with receptors that are part of a large super family of proteins that 

contain seven transmembrane spanning regions. As such, these proteins are ideally 

suited to detect molecules in the extracellular milieu and transduce their presence into a 

cytoplasmic signal. The recipients of these signals are G proteins which become 

activated and, in turn, regulate the activity of down stream effector proteins. In this 

way, the Gs proteins mediate hormonal stimulation of adenylyl cyclase and the
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synthesis of the second messenger, cAMP. G|. (transducin) stimulates a cGMP- 

dependent phosphodiesterase in response to light. The function of the Gi and Go 

proteins are less well defined but the inhibition of adenylyl cyclase and regulation of 

various K"*" and Câ "*" currents are counted among their spectrum of action. Finally, the 

Gq subclass of G proteins has recently been shown to modulate PIPLC and, thus, the 

stimulation of production of the two second messengers, IP3  and DAG (reviewed in

section (1.6.4.1 )). The G proteins are heterotrimers consisting of a ,p  and y  subunits. 

Numerous experiments support a simple model for the activation of G proteins 

(229,230) (Fig. 1.6). In the basal state, the a  subunit contains bound GDP and 

association of a  and py subunits is highly favoured. Stimulation of the G protein 

occurs when it binds GTP rather than GDP. Receptors interact most efficiently with 

the heterotrimeric form of the G protein and accelerate activation by increasing the rate 

of dissociation of GDP and potentially enhancing association of GTP. When activated, 

the affinity between the a  and py subunits of the G protein is decreased. This increases 

the likelihood of dissociation of subunits and the generation of two potential pathways 

(a[GTP] and free py subunits) for down stream regulation. Finally, the G protein a  

subunit has an intrinsic hydrolytic activity that slowly converts GTP to GDP and 

returns the G Protein to its inactive form.

Although most of the pioneering work on G protein structure and function has 

had little relevance to the immune system, some of the most exciting advances in the 

field of G protein regulation in recent years have been made using cells involved in 

various aspects of immunity. It has been shown that a wide variety of receptors 

involved in eliciting immune responses, such as chemoattractants, antigens, Fc and 

lymphokine receptors mediate their effects via G proteins.

The importance of G proteins in mast cell exocytosis (for a review see Ref. 

231) was indicated from work using mast cells permeabilized with A TP^“. 

Permeabilisation allows control over the precise composition of the cytosol and cells are 

able to be resealed by conversion of ATP"^" to its salt by addition of Mg^"*", thus 

trapping exogenous compounds within the cell. Introduction of non-hydrolysable
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analogues of GTP, such as guanosine-5’-[y-thio] triphosphate (GTPyS) or guanylyl-5’- 

[p,y-imido] triphosphate (GppNHp), into these cells induced dependent

exocytosis (232). Activation of pertussis toxin-sensitive, Gi-like proteins has been 

proposed to be one of the early events occurring during peptidergic activation of mast 

cells.

The neutropeptide substance P, the venom peptide mastoparan and the synthetic

polyamine compound 48/80 activate rat peritoneal mast cells, leading to rapid histamine

release by exocytosis. Although these effects are inhibited by pertussis toxin and 

involve a transient increase in IP3 , no selective membrane receptors have been

identified. However, it has recently been shown that these compounds activate G 

proteins in vitro (229). The above results strongly suggest that the a  subunit of Gi-like 

proteins might be the direct target, i.e. the binding site or the receptor, of active 

polyamines and peptides in mast cells. The non-antigenic pathway of mast cell 

activation is restricted to "typical", also called "serosal" or "connective tissue", mast 

cells such as rat peritoneal and human skin mast cells. Triggers are positively charged 

peptides and various amines such as compound 48/80 and natural polycations. The 

first known intracellular event of this pathway is the activation of pertussis toxin- 

sensitive G proteins. The consequence of this is the activation of phospholipase C with 

an increase in IP3 . (Fig. 1.7, for a review see Ref. 233).

A correlation between the secretory effect of triggers and their ability to activate 

purified trimeric G proteins has been established over a large range of concentrations. 

This peptidergic pathway, as far as is known, is selective for serosal mast cells but can 

activated by many triggers. It may constitute part of an originally toxic process, given 

the effect o f venom peptides and amine drugs, but may also represent a 

pathophysiological process with an important putative role in neurogenic inflammation 

and in diseases involving the activation of the blood complement cascade.

However, it is now clear that the IgE-dependent histamine release from rat 

peritoneal mast cells and from rat basophilic leukaemia cells (RBL), subline 2H3, is 

insensitive to pertussis toxin (234-236). Therefore, it is unlikely that Gi-like proteins
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are involved in transduction of the signal induced by bridging of IgE receptors. 

Nevertheless, other G proteins might be involved, depending on mast cell 

heterogeneity. A choleratoxin-sensitive G protein potentiates IgE-dependent histamine 

release from RBL2H3 cells by enhancing [Ca '̂^’Ji (236) but it is without effect on that 

induced in bone marrow derived mouse mast cells (233). GDPyS, an inhibitor of G 

proteins, inhibits in a dose-dependent manner, IgE-mediated histamine release from rat 

peritoneal mast cells but not that from bone-marrow-derived mast cells (177).

Together, these results show that the role of G proteins in IgE-mediated events 

strongly depends on the mast cell model. Trimeric and/or small G proteins may be 

involved in a step distal to the early signalling process, but the direct coupling of IgE 

receptors to trimeric G proteins seems unlikely.

1.6.5.2 Activation o f Serine Esterases

It has been suggested that activation of one or several proteolytic enzymes may

constitute the earliest biochemical change that ultimately leads to mediator secretion

from the mast cell. Austen and co-workers have demonstrated that diisopropyl

fluorophosphate (DFP), an irreversible inhibitor of serine estereases, inhibits IgE-

dependent histamine release from chopped guinea-pig lung (237), rat mast cells 

(238,239) and human lung fragments (240), but only if it is present at the time of Fcg

receptor cross-linking. The effect of DFP was greatly reduced if the cells were 

incubated with the inhibitor and washed prior to the addition of the stimulus. This 

implies that the enzyme in resting cells is present in the inactive proesterase form which 

is unaffected by DFP. They also found that DFP was ineffective when added after the 

stimulus. These findings suggest that IgE-dependent activation of mast cells leads to 

the priming of serine esterases necessary for histamine secretion.

Further support for a potential role of serine esterases in initiation of mediator 

release was provided when a-chym otrypsin (117) and rat mast cell chymase (241) 

were found to induce mediator secretion from rat mast cells. Ishizaka and co-workers
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(217) demonstrated that chymotrypsin and trypsin inhibitors blocked IgE-mediated 

release of histamine and increased phospholipid méthylation in rat mast cells. They 

also observed that chymotrypsin and IgE-mediated release was inhibited by serine 

esterase inhibitors. Thus, the above findings suggest that one or more serine esterases 

is involved in IgE-dependent histamine release. However, the protease involved has 

not yet been identified, nor has the mode of its action.

Work relating to this topic will form the basis of this thesis. As such, the 

potential involvement of an endogenous serine estrase will discussed in much greater 

depth in later chapters.

1.6.6 The Role o f cAMP

Adenosine 3’-5’-(cyclic) monophosphate (cAMP) is one of the earliest known 

second messengers involved in signal transduction within the cell. Generation of 

cAMP is analogous with that of Ca^'*'; receptor occupancy activates the membrane 

bound enzyme adenylate cyclase, via a GTP regulatory protein, which catalyses the 

dephosphorylation and cyclization of ATP to produce its cyclical derivative.

As early as 1936, Schild (243) demonstrated that adrenaline, which was later

shown to elevate cAMP levels, inhibited antigen-induced histamine secretion from

isolated guinea-pig lung tissue. Subsequent investigations revealed that

pharmacological agents which elevated intracellular cAMP such as sympathomimetic

amines, analogues of the nucleotides (i.e. the dibutyryl or bromo derivatives, 

B u 2 cAMP and 8 -bromo-cAMP), the methylxanthines, cholera toxin and certain

prostaglandins (PGs), inhibited release of histamine from human basophils (244,245) 

and dispersed human lung mast cells (246-248).

In the same context, similar studies were carried out on rat serosal mast cells. It 

was observed that no significant correlation existed between cellular cAMP levels and 

mediator release. Despite raising cAMP levels, P agonists such as isoprenaline were 

found not to inhibit IgE-dependent histamine release (249,250). This lack of effect
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cannot be explained by an absence of p-adrenoceptors, since rat mast cells have around 

40,000 binding sites/cell. Stimulation of these binding sites causes an increase in 

cellular cAMP levels (251). However, Ishizaka and co-workers have suggested that 

the ineffectiveness of P-adrenoceptors may occur due to a short-lived rise in cAMP 

levels (217). Moreover, it was observed that the methylxanthines, theophylline and 3-

isobutyl-l-methylxanthine (IBMX), which prevent cAMP breakdown by inhibition of 

phosphodiesterases, and Bu2 cAMP decreased mediator secretion induced by both

immunological and non-immunological stimuli (252,253). Extensive studies by 

Holgate and co-workers (254) led to the suggestion that several stores of adenylate 

cyclase and hence cAMP exist in rat mast cells which are differentially affected by 

certain stimuli and only some are involved in mediator release.

Following stimulation of mast cells, a transient increase in intracellular cAMP 

levels occurs, reaching a maximum value between 15-45 seconds. In rat peritoneal 

cells, this was followed by a second, later rise within 2-3 min of cell activation which is 

thought to be due to the release of prostaglandins of the E% class (255). It was also 

observed that peak levels of cAMP preceeded or were concurrent with the onset of 

"^^Ca accumulation and histamine release. Thus, changes in cellular cAMP levels may 

be involved in the stimulus-secretion coupling (256) which triggers both the initiation 

and termination of secretion.

A few potential mechanisms by which cAMP may inhibit mediator release from 

mast cells have been postulated over the years. Firstly, increased levels of cellular 

cAMP inhibit IgE-dependent increases in phospholipid metabolism, thus lowering the 

availability of DAG, which in turn would have activated PKC (257). Secondly, it has 

been observed that in the presence of isoprenaline and theophylline, depression of 

phospholipid méthylation occurs (257). The relationship between phopholipid 

méthylation and cAMP levels was investigated using methyltransferase inhibitors, such 

as 3-deazaadenosine (DZA). It was observed that DZA did not diminish IgE-dependent 

increases in cAMP levels in rat mast cells (258), human lung mast cells (225) or in 

human basophils (259), at concentrations which inhibit histamine release by greater
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than 50%. Moreover, DZA was found to increase both base line and stimulus- 

increased levels of cAMP, possibly by the inhibition of cAMP phophodiesterase (260). 

Thus, increased cAMP levels are generally inhibitory to mediator secretion from mast 

cells.

Although cAMP may act as an exclusive second messenger in some systems, its 

potential interaction with Ca^"*"-modulated systems has been resolved into 

monodirectional and bidirectional processes by Berridge (261). In the former, the 

levels of cAMP are enhanced due to the direct effect of the stimulus on adenylate 

cyclase, thus increasing the uptake of calcium by the activated cell. This leads to an 

enhancement of mediator secretion from the activated cell. In bidirectional systems, 

cAMP is thought to prevent calcium-induced mediator release by activating calcium 

ATPase membrane pumps. These pumps selectively extrude calcium ions from within 

the cytosol into intracellular calcium pools or into the external medium.

The role of cAMP in mediator release is still not fully elucidated as several 

independent groups have been unable to produce consistent results. Despite the 

occurrence of other changes associated with signal transduction, Lichtenstein and co

workers (262) have been unable to demonstrate IgE-dependent accumulation of cellular 

cAMP. This observation was contrary to previous findings of Ishizaka and co-workers 

(186). Also, it has been observed that non-immunological agents, which induce 

mediator release from rat mast cells, do not increase cellular levels of cAMP (263). 

Thus, if cAMP is in any way involved in signal transduction of immunological stimuli, 

its action must almost certainly be at an early stage that is unique to the IgE release 

mechanism but bypassed by the above agents.

1.7 Mast Cell Heterogeneity

Before discussing the various manifestations of mast cell heterogeneity it is 

important to understand the term "heterogeneity" itself. Cells within a given population
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can be said to exhibit heterogeneity once a certain minimum level of variation in one or 

more of their characteristics has been demonstrated. It is important to understand that 

heterogeneity is a purely descriptive term. A cell type may exhibit heterogeneity with 

respect to size, ultrastructure, mediator content, response to drugs, and/or other 

characteristics, taken alone or in combination.

There are two additional terms associated with mast cell heterogeneity: 

"differentiation" and "maturation". Differentiation may be defined as "specialization; 

the possession of character or function different from that of the original type". By 

contrast, "maturation" can be defined as "the process of achieving full development or 

growth".

Although mast cell heterogeneity has only recently attracted widespread interest, 

the initial observations that mast cells in different anatomical locations exhibit readily 

discernible differences in morphology are nearly 100 years old. Maximow is credited 

with the first observation that certain mast cells in the rat intestinal mucosa were 

"atypical" in their histochemical staining characteristics and that these differed from 

those of mast cells observed in other anatomical sites (264). However, Hardy and 

W estbrook published in 1895 what may be the first evidence of morphologic 

differences among mast cells observed in different anatomical locations in the rat (265).

Studies of Enerback and co-workers at the beginning of the 1960s, on the 

distribution of mast cells in the gastrointestinal tract of the rat (201,266) uncovered two 

distinct types of mast cells. Those in the intestinal submucosa resembled mast cells 

found in other connective tissues (connective tissue mast cells or CTMC), whereas 

those present in the mucosa (named mucosal mast cells or MMC) differed from these 

cells in terms of their size, fixation requirement, dye-binding capacity and reactivity to 

compound 48/80, and also displayed a dramatic proliferative response to infection with 

the ncrm.tode Nippostrongylus brasiliensis (table 1.1).

The subsequent development of techniques for the enzymic dispersion of free 

mast cells from a variety of tissues in the rat and other species (74,135,247,267,268) 

has lead to more detailed investigation of the histochemical, functional and biochemical
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properties of these cells. The rat intestinal mast cell, in particular, has been studied 

vigorously in this regard and results of detailed functional studies (73) have confirmed 

the existence of two different mast cell phenotypes in the rat.

However, the strict dichotomy of phenotypes suggested by Enerback has been 

challenged by the observation that mast cells from a variety of rat connective tissue 

locations exhibit marked variations in their functional properties in response to a 

number of agents (269,270).

Human mast cells also exhibit variation in multiple aspects of their phenotype, 

including morphologic characteristics such as size and cytoplasmic granule 

ultrastructure, histochemical properties, quantity of stored histamine, content of granule 

associated neutral proteases, sensitivity to stimulation by various secretagogues and 

susceptibility to various drugs (271-275). The existence of functionally heterogeneous 

populations of mast cells in man, as well as rodents, has raised a number of important 

questions concerning the suitability of animal models in predicting the reactivity of their 

human mast cell counterparts to various secretagogues and, more importantly, their 

susceptibility to anti-allergic compounds. Consequently, much work is currently 

devoted to the further understanding of the extent of human mast cell heterogeneity and 

gaining insight into its developmental basis.

1 .7 .1  The Origin o f  M ast Cells

Mast cells are ordinarily distributed throughout normal connective tissues, 

where they are often situated adjacent to blood and lymphatic vessels, near or within 

nerves, and beneath epithelial surfaces, such as those of the respiratory and 

gastrointestinal systems and skin. It appears likely that mammalian mast cells are 

derived from precursors which originate in the bone marrow. This point was 

conclusively established in the mouse by Kitamura et al. (276) in an elegant series of 

experiments exploiting genetically mast cell-deficient mutant mice and their normal 

(-H/4-) or wild-type littermates. A double dose of mutant genes either at the W (white
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spotting) or SL (steel) locus of the mouse results in a macrocytic anemica, sterility, and 

lack of hair pigmentation and profound mast cell deficiency (277,278). One of the 

mutants, the WBB6 F^-W/W^, is virtually devoid of mast cells but can develop tissue

mast cell populations if it receives bone marrow cells derived either from its normal 

counterparts (WBB6 F^-+/+) or from (C57BL/6-bg^/bg^) 'beige' mice (279). Because

mast cells derived from beige mice can be recognized on the basis of their giant 

cytoplasmic granules (280), the mast cells that develop in WBB6 F^ -W /W ^ mice

transfected with C57BL/6-bg^/bg^ bone marrow cells can be identified unambiguously 

as of donor origin (279).

1.7 .2  The Role of the Microenvironment in the Regulation o f  Mast Cell 

Phenotypic Development

The notion that mast cell phenotype can be importantly regulated by the cell's

"microenvironment" has been the subject of much recent discussion and interest. In

context, the term microenvironment will be used to mean simply "the immediate vicinity

of the cell". There are two main lines of evidence to suggest that microenvironmental

factors play a profound role in the regulation of mast cell differentiation.

The first of these comes from the experiments conducted by Nakano et al.. 

(281,282) using cultured mast cells (BMCMC) from the bone marrow of WBB6 Fj-+/+

mice (BMCMC share some characteristics of rat MMC). These workers transferred the 

cells to the peritoneal cavity of genetically mast cell-deficient WBBbF^-W/W^ mice. At

various times after the intraperitoneal transfer, mast cells were recovered from the 

peritoneal cavity. 1 0  weeks after the initial transfer, the recovered mast cells acquired 

the electron microscopic feature of CTMC (281). Thus, although the starting BMCMC 

did not stain with berberine sulphate, the recovered mast cells stained with this 

fluorescent dye. This suggests that BMCMC acquired the ability to synthesize and 

store heparin proteoglycan after the intraperitoneal transfer (281) Furthermore, the
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histamine content increased more than 2 0 -fold to reach levels normally associated with 

CTMC.

Similarly, if MBMMC were injected into the glandular stomach and skin of 

W /W ^ mice these cells gave rise to CTMC in the skin and intestinal submucosa, or 

MMC in the mucosa (282). Thus, mast cells appear to have the ability to 

dedifferentiate, migrate to a new site or different microenvironment and there proliferate 

and redifferentiate (283). This provides strong evidence to suggest that mast cells do 

not have a committed phenotype and that CTMC and MMC are not derived from 

distinct lineages but from a common precursor.

The second indication that microenvironmental factors are involved in mast cell 

differentiation was the discovery that when purified peritoneal CTMC of WBB6 F^-+/+ 

mice were cultured in methylcellulose in the presence of IL3  and IL4 , about 25% of the

CTMC formed colonies, all of which contained berberine sulphate-positive and

berberine sulphate-negative mast cells. When these mast cells were grown in

suspension culture, they generated populations that were 1 0 0 % berberine sulphate-

negative, and that synthesized predominantly chondroitin sulphate proteoglycan (284)

thus classifying them as MMC. When these MMC-like cultured mast cell were injected 

into the peritoneal cavity of WBB6 Fj-W /W ^ mice, the adoptive transferred mast cell

population became 100% berberine sulphate-positive (284).

After differentiation, there is some evidence to suggest that further growth or 

maturation of the mast cell may also influence its properties (285-287). When 

populations of rat serosal (285) and purified human lung mast cells (286,287) were 

fractionated according to density by counter current élutriation, it was found that 

different sizes of cell varied in their mediator content and secretory activity. Histamine 

content and PGD2  generation was positively correlated with mast cell size (286), but

density subsets varied randomly in their response to secretagogues (287).

In summary, the presence of heterogeneity within mast cells may be explained 

by their unique differenation process, and is not thought to be due to the presence of 

distinct mast cell lineages.
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1 . 7 . 3  Mast Cell Cultures

In the early 1980s, several groups discovered that apparently pure populations 

of cells with many features of mast cells could be generated from cultures of mouse 

bone marrow in the presence of medium derived from mitogen-activated T cells or 

WEHI-3B tumour cells (288-290). These cells are known as mouse bone marrow- 

derived mast cells (MBMMC). The growth factor on which such cultures depended 

was identified as IL3 and it was later found that IL4 could act in synergy with IL3 to 

stimulate an increased outgrowth of mast cells (291).

In studies of rat bone marrow-derived mast cells (RBMMC) these cells 

appeared to be broadly similar to rat MMC (292). In addition, mature CTMC purified 

from mouse peritoneal cells were shown to proliferate in vitro in methylcellulose culture 

and maintain their morphological, biochemical and functional characteristics (293). 

Growth of rodent cells in such large numbers has greatly facilitated the study of many 

aspects of mast cell biology (294,295).

Varying degrees of success have been obtained in trying to culture human mast 

cells from bone marrow (296,297). However, these cells resembled basophils rather 

than mast cells although small numbers of mast cells have been demonstrated when 

bone marrow was cultured on agarose or on layers of 3T3 fibroblasts (298,299). As 

discussed, this is in sharp contrast to rodent mast cells. Simple extrapolation of the 

murine culture conditions was largely ineffective for the human system, and up to now 

the soluble growth factors responsible for the selective proliferation of human mast cell 

precursors have yet to be identified (300).

1 . 7 .4  Histochemical and Morphological Differences between Mast Cells
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A  characteristic feature of the mast cell is its ability to stain metachromatically 

with certain cationic dyes such as toluidine blue. This metachromasia arises from a 

shift in the colour spectrum of the dye following its interaction with the anionic 

proteoglycan granular matrix. In this respect, due to the difference in their 

proteoglycan structure, MMC differ from CTMC in that special conditions of fixation 

and staining are required to demonstrate their presence. Indeed, the granules of MMC 

unlike those belonging to the CTMC, may become resistant to metachromatic staining 

after preservation in some common, formalin-based, fixatives (301).

Differences in the charge distribution of the proteoglycan matrix may also be 

revealed by staining with combinations of dyes such as alcian blue and safranin. It was 

observed that only CTMC stained metachromatically with safranin and berberine dyes. 

Thus, histochemical techniques have verified that two distinct mast cell classes exist 

within the rat.

The subject of mast cell heterogeneity is not as clear cut in humans as it is in the 

rat. A detailed study by Strobel et al. (302) has demonstrated that the number of 

mucosal type mast cells that could be identified in the human jejunum was dependent on 

the nature of the fixative used. Under these conditions, the terms 'mucosal' and 

'connective tissue' mast cell must clearly be used with great caution.

Mucosal type mast cells in the rat are smaller in size and more variable in shape 

than CTMC, and have a lower content of histamine (10-30 p.g/10^ cells in CTMC 

compared with 0.1-1.0 p.g/10^ cells in MMC) and serotonin (303,304). MMC have a 

shorter lifespan and proliferate in a thymus-dependent fashion in response to certain 

parasitic infections (305). Ultrastructurally, MBMMC are very similar to MMC (306) 

although their granules are less electron-dense because they contain approximately only 

one tenth of the histamine content of MMC. Mast cells of the rat can be distinguished 

on the basis of differences in their chymase content; CTMC contain RMCPI whereas 

the chymase in MMC is RMCPII.

Human mast cells are somewhat larger in size (9-12 }im) with a non-segmented, 

usually round or oval nucleus, which occupies an eccentric location. Granules are
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smaller, more numerous and generally more variable in shape than in the basophil (237) 

and mast cells contain numerous lipid bodies in their cytoplasm (238). The surface is 

covered in many, relatively uniformly distributed, elongated, thin processes.

In man, the basophil leukocyte is found circulating in the blood and comprises a 

mere -  0.5 % of the total leukocytes (239). It is typically between 5-7 jxm in diameter 

with a segmented nucleus and a few long round cytoplasmic granules containing 

electron-dense particles and rarely, large crystals.

1.7.5 Biochemical Differences between Mast Cells

The mast cell is capable of secreting a variety of chemical compounds upon 

stimulation. Different mast cell populations vary in the types and amounts of mediators 

they release. Thus, the existence of a biochemical diversity provides another marker of 

heterogeneity among this cell type. As discussed above, rat CTMC such as those 

derived from serosal cavities contain heparin predominantly. In contrast, mast cells 

obtained from the enzymic dispersion of intestinal mucosa from the same animal 

contain a form of chondroitin sulphate termed chondroitin sulphated diB (307). Human 

mast cell heterogeneity on the basis of their proteoglycan content is not as clear cut as it 

is in the rat. Human lung mast cells were found to contain both heparin and 

chondroitin sulphates in the ratio of 2:1 (307), with the human heparin having a 

considerably lower relative molecular mass than that of the rat (60,000 and 650,000 

respectively). However, human mucosal mast cells from the stomach and colon have 

been reported to contain only chondroitin sulphates and no heparin (2 0 2 ).

Apparent heterogeneity of neutral proteases has been observed in the rat mast 

cell population (307). Rat CTMC contain a chymotrypsin-like neutral protease termed 

rat mast cell protease I (RMCPI) and carboxypeptidase A, an enzyme that cleaves C- 

terminal aromatic amino acids, whereas rat MMC and those cultured from bone marrow 

contain another chymotrypsin-like neutral protease named rat mast cell protease II
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(RMCPII) (308). Although RMCPI and RMCPII have substantial homology in their 

amino acid sequences, antibodies to each of them do not cross react (309).

This difference in neutral protease content also extends to human mast cells and, 

two neutral proteineases (tryptase and chymase) have been identified by Schwartz and 

co-workers (310). The majority of mast cells from the lung and the intestinal lamina 

propria contains tryptase alone (T mast cells) whereas the predominant cell in the skin 

and intestinal submucosa contains both enzymes (TC mast cells) (302).

Metabolism of arachidonic acid via cyclooxygenase and lipoxygenase pathways

produces a variety of elicosanoids. However, the relative importance of the two

pathways varies from one cell type to another. Rat peritoneal mast cells process

arachidonic acid almost exclusively through the cyclooxygenase pathway to form 

PGD 2  with little or no LT production. However, MMC from same animal, produce

LTs in the form of B4 and C4 alongside PGD2  (311). The situation in human mast 

cells is more controversial due to the difficulty in obtaining purified preparations. 

However, human mast cells from the lung (311), intestine (312) and skin (312) are 

capable of producing both PGD2  and LTs.

It can be thus assumed that a biochemical heterogeneity does indeed exist 

between mast cell sub-types. This manifestation implies that activation of mast cells 

from different tissues and species may also be heterogeneous.

1 . 7 . 6  Functional Differences between Mast Cells

As already discussed earlier in this chapter, mast cells can be activated by a 

variety of immunological and non-immunological stimuli. The response to non- 

immunological stimuli is especially interesting since it provides a striking example of 

mast cell heterogeneity.

The synthetic polyamine compound 48/80 has often been described as the 

'classical mast cell degranulating agent' but is, in fact, highly specific in its action. The 

polycationic compound is a potent releaser of histamine from rat serosal mast cells
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(314). Enzymically dispersed mesenteric, lung and skin mast cells from the same 

animal show significant reactivity whereas intestinal mast cells are totally unresponsive

(315). The situation in man is equally complex, compound 48/80 was ineffective on 

enzymically dispersed, lung and colonic mast cells (316). In contrast, this agent is 

active towards mast cells from the skin and synovial fluid (316).

Functional mast cell heterogeneity may also extend to inhibition of histamine 

release from a given mast cell type by anti-allergic drugs and other compounds. Table

1.2 summarizes the responses of human and rat mast cells to various inhibitors. The 

varying ability of drugs to inhibit the release process has obvious clinical implications. 

Moreover, it may also indicate differences in the detailed mechanisms of the release 

process in the various histaminocytes.

1.8 General Summary

The mast cell has been actively investigated for the past century. During this 

period we have gained much insight into its role in both physiology and pathology. Its 

unique placement throughout the body, coupled with the vast array of potent mediators 

that it can secrete, have placed the mastocyte as an important effector cell in a range of 

allergic and inflammatory diseases such as asthma, eczema and inflammatory bowel 

disease. The well established concept of mast cell heterogeneity has further 

complicated the general understanding of the cell's functioning and the source of the 

mast cell of interest must therefore be considered when interpreting any experimental 

data.

There is much interest concerning the signal transduction mechanisms involved 

in the control of mast cell function. This has arrisen not only due to the mast cell being 

used as a general model for the study of cellular secretion, but in the hope of 

discovering new cellular targets for the development of novel therapeutic anti-allergic 

agents. Intensive research has revealed numerous interacting complex pathways that
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control cellular secretion. However, the precise processes that are triggered on IgE 

receptor cross-linking remain to be fully elucidated. As such, there is scope for much 

further study into mast cell regulatory mechanisms.

1.9 Aims Of Present Study

As described before, cross-linking of IgE receptors on the membrane of the 

mast cell initiates a sequence of biochemical events that ultimately leads to granule 

extrusion and histamine release. It has been argued that one of the earliest steps in this 

process is the activation of a serine protease. With this in mind we have now carried 

out further experiments to investigate this hypothesis. This involved functional and 

enzymatic analysis of mast cells stimulated with a-chymotrypsin and a range of other 

stimulatory and inhibitory drugs.
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Fig 1.1 A simplified model of immunoglobulin showing 
the 4-chain basic structure and the fragments after 
papain treatment. Each molcule comprises two heavy 
(H) and two light (L) chains with constant (C) and 
variable (V) amino acid sequences.

papain

c o o -

c o o -

Cell binding

cv

Fab

There are many similarities in the amino acid sequences of different parts 
of the immunoglobulin molecule. The variable region of the light chain 
(Vl ) is hom ologous with the variable region of the heavy chain (Vh )-
The constant region of the heavy chain (Ch ) consists of equal thirds (C y l,
Ch  ̂ and Ch ^) that are similar in sequence. The constant region of the 
light chain (Cl ) is hom ologous with the three domains of the constant 
region of the heavy chain.

Source: L. Stryen Biochemistery, P 742 Freeman Publications, (1975).
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Fig 1.2 Diagram of the high affinty receptor for IgE, 
showing the relationship between the subunits in the 
membrane.

carbohydrate.

n

X

5 nm

Source: H. Metzger, J.P. Kinel, R. Pelez-Montfort, V. Rivnay and S.A. 

Wank: Progress in Immunology, 5, P493, Academic Press, N ew  York, 

(1983).
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Fig 1.3 Schematic representation of structure of heparin. 
Xyl = xylose; Gal = galactose; GlcUa = glucuronic acid; 
IdUA = iduronic acid; GlcNH% = glucosamine; SO4 = 
sulphate.
Source: T. Ishizaka: Allergy, Principles and Practice (Eds. 
Middleton, Reed, Ellis, Adkison and Yunginger), vol 1, P71, 
The C.V. Mosby Co., (1988).

[idUA SO4 1
G lcN H ,(SO jJ^

IdUA SO . I

GlcNH,(SO.),J^

GlcUA • GlcUA
1 1

Gat Gal
1 \

Xyl Xyl

Glycosaminoglycan
(GAG)

Peptide core

Xyl Xyl
1 1

Gal Gal
1 I

GlcUA GlcUA

[GlcNH,(SO.),”|  rG lcNH ,(SO .),'j

GlluA  [ g IuUA

0  Serine ®  Glycine 
n: Rat heparin = 70*140 

Human heparin = ^ 3 0  
• Glycosaminoglycan initiation sequence

52



Fig 1.4 Arachidonic acid metabolism.
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Fig 1.5 Sequential reactions involved in phospholipid 
méthylation.
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Fig 1.6 Mode of action of G proteins in receptor signalling

,1 0 T Effector

G protein

First messenger

In their resting state G proteins,
which consist of a, p and y sub- ^
units, are bound by the nucleo- 
tide guanosine diphosphate (GDP) r  
and have no contact with receptors.

V
After a few seconds, the a  subunit 
convertsGTP to G DP, thereby 
inactivating itself. The a  subunit
will then reassodate with the p- y 
complex.

C i!”»

When the first messenger binds
to a receptor, the receptor causes 
the G protein to exchange GDP 
for the nucleotide guanosine 
triphosphate (GTP), thus 
activating the G protein.

The G protein then dissocia- 
tates, followed by the diffusion 
of the GTP bound a  subunit 
along the membrane and binds 
to an effector thereby 
activating it.

55



Chapter 1

Fig 1.7 Schematic representation of mast cell 
activation pathways.

Plasma
membrane

IP3R D A G ^ ^

PKC

The activation of mast cells by cationic peptides or polyamines requires the 
interaction of their positive charges with silalic acid residues on the cell 
surface. This gives rise to the involvement of the G protein a  subunits 
leading to the release of (1,4,5) IP3 , which binds to its receptors (IP3 R) on 
the endoplasmic reticulum membrane. This leads to the mobilization of 
calcium stores for secretion processes.
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Table 1.1 Some properties of mucosal and connective 
tissue mast cells from the gastrointestinal tract of the 
rat.

Properties Mucosal mast cells Connective tissue mast cells

Morphology Small, variable shape, 
sparsely granulated

Large, uniform, densely 
granulated

Size 9.7 |iM 19.6 ^M

Thymus dependency of 
proliferation

Yes No

Fixation and staining Formalin sensitive Formalin insensitive

Safranin and berberine 
negative

Safranin and berberine 
positive

Histamine content 1.3 pg cell ' 15 pg cell '

Serotonin Low content High content

Proteoglycan Soluble granular matrix 
composed of chondroitin 
sulphate

Less soluble granular matrix 
composed of heparin

Serine protease RM CPn RMCP I

Lifespan < 40 days > 6 months

IgE Present in the cytosol 
Low density of surface 
receptors

Absent from cytosol 
High density of surface 
receptors

Histamine release by 
Co. 48/80

Resistant Sensitive

Effect of cromoglycate Insensitive Sensitive

Source: L. Enerback: Monogr. Allergy, 17, 222, (1981) 
E.E.E. Garrett : Immunol. Today, 5, 115, (1984).
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Table 1.2 Inhibition of histamine release from human 
and rat mast cells (MC) by anti-allergic drugs.

Drug Rat MC
serosal mucosal

Human
lung

MC
intestinal

DSCG + ± ±

Theophylline + + 4-

Isoprenaline ± 4- 4-

Quercetin 4-  + + 4-

+, inhibition of histamine release observed; ±, variable inhibition of some magnitude; 
-, no inhibition observed; DSCG, disodium cromoglycate.

Adapted from reference 37.
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2.1 Introduction

Throughout this project male Sprague Dawley rats (200-350 g), Dunkin Hartley 

guinea pigs of either sex (400-600 g) and BKW mice (30-50 g) were used. These 

animals were obtained from closed, random-bred colonies kept in the Joint Animal 

House, University College London.

2 .2  Human Tissue

Human colonic and lung tissues were provided by the Middlesex and 

University College Hospitals respectively at the time of resection, generally for colonic 

or bronchial carcinoma.

Human foreskin from circumcision was obtained from University College 

Hospital and the Middlesex Hospital. Peripheral blood was obtained by venipuncture 

from normal healthy donors by a qualified medical practitioner.

2.3  Materials

2 .3 .1  Full Hepes Buffers (FHB)

All experiments were carried out in full Hepes-Tyrode buffers (FHB), or 

further modifications to the buffer were made for different experiments as shown 

below. The pH of all buffers were adjusted to 7.4 by addition of HCl (3 M) or NaOH 

(4 M).

The composition of FHB is listed below.

NaCl 137.0 mM

Glucose 5.6 mM
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KCl 2.7 mM

CaCl2  1.0 mM

Hepes 10.0 mM

NaH2P04 0.4 mM

2 . 3 . 2  2x Calcium-Tyrode*s

FHB containing CaCl2  at 2 x the normal concentration (2.0 mM, 294 mg/1).

2 . 3 . 3  Calcium-Magnesium-Free (CMF) Buffer

FHB in which CaCl2  was omitted.

2 . 3 . 4  Glucose-Free-Tyrode's

Full Hepes-Tyrode's in which glucose was omitted.

2 . 3 . 5  Heparinized FHB

Full Hepes-Tyrode's containing 50 units/ml heparin.

2 . 3 . 6  2x EDTA-Tyrode's

CMF-Tyrodes containing EDTA (0.2 mM).

2 . 3 . 7  Physiological Saline (0.9%)

Containing NaCl 153 mM (9 g/1).
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2 . 3 . 8  High Salt-Buffers

FHB containing 2 M KCl and 0.01 M sodium phosphate (0.06 M Na2HP04 +

0.04 M NaH2 P0 4 ). The pH was adjusted to 7.0.

2 . 3 . 9  B S A -T yrode's

Full Hepes-Tyrode's containing BSA (1 mg/ml).

2 .4  Chemicals and Reagents

All chemicals, reagents and apparatus used throughout this study are listed 

below with their sources of supply.

2 . 4 . 1  Histamine Liberators

Adenosine 5’-triphosphate (ATP) 

Compound 48/80 

Concanavalin A (Con A) 

a-Chymotrypsin (a-CT) 

a-Chymotrypsinogen A 

Calcium ionophore A23187

a-Chymotrypsin (TLCK treated)

Phosphatidylserine

Rabbit anti-serum to human IgE 
(anti-human IgE)

Sheep anti-serum to rat IgE 
(anti-rat IgE)

Sigma, London 

Sigma, London 

Sigma, London 

Sigma, London 

Sigma, London 

Calbiochem

Sigma, London

Sigma,London

Dako

ICN Immuno- 
biologicals
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Trypsin

2 . 4 . 2  Inhibitors of Histamine Release

p-Agonists 

Isoprenaline bitartrate 

Salbutamol sulphate

Anti-Allergic Compounds 

Disodium cromoglycate (DSCG)

FPL 59002K (Nedocromil sodium)

Flavonoids

Quercetin

Phosphodiesterase inhibitors and agents 
which raise cAMP levels

Dibutyryl cAMP

8 -Bromo cAMP

Isobutyl methylxanthine

Theophylline

Polvamine antagonist

Benzyl dimethyl tetradecylammonium 
chloride (BDTA)

Sigma, London

Sigma, London

Gift from Glaxo Group 
Research

Gift from Mr P S heard 
Fisons.
Gift from Mr P Sheard 
Fisons.

Sigma, London

Sigma, London 

Sigma, London 

Sigma, London 

Sigma, London

Fluka,
Switzerland

2 . 4 . 3  Serine Esterase Substrates and Inhibitors

Chymostatin

N-a-Benzoyl-L-arginine ethyl ester (BAEE)

N-Tosyl-L-phenylanaline chloromethyl ketone 
(TPCK)

N-Acetyl-L-tyrosine ethyl ester (ATEE) 

N-Benzoyl-L-tyrosine ethyl ester (BTEE)

N-a-Benzoyl-L-arginine 7-amido-4-methyl 
coumarin (B-Arg-MCA)

Sigma, London

Sigma, London 

Sigma, London

Sigma, London 

Sigma, London

Sigma, London
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N-Succinyl-leu-leu-val-tyr-7-amido-4-methyl 
coumarin (S-Pep-MCA)

2-Nitro-4-carboxyphenyl N,N-diphenyl 
carbamate (NCDC)

N-a-Tosyl-L-lysine choromethyl ketone (TLCK) 

Phenyl methyl sulphonyl fluoride 

Isatoic anhydride

2 . 4 . 4  Metabolic Blockers

Antimycin A (AA)

2-Deoxy-D-glucose (2-DG)

2 . 4 . 5  Compounds fo r  Buffers

Bovine serum albumin (BSA)

Calcium chloride

Ethylenediaminetetraacetic acid (EDTA)

Glucose

Heparin (5000 units/ml)

N-2-hy droxy ethylpiperazine-N ’-2-eth ane 
sulphonic acid (Hepes)

Hydrochloric acid

Magnesium chloride

Potassium chloride

Sodium hydroxide

Sodium chloride

2 . 4 . 6  Chemicals fo r  Histamine Assay

Butan-l-ol

n-Heptane

Methanol

o-Phthaldialdeh yde (OPT)

Sigma, London 

Sigma, London

Sigma, London 

Sigma, London 

Sigma, London

Sigma, London 

Sigma, London

Sigma, London 

Hopkins & Williams 

BDH Chemicals 

BDH Chemicals 

CP Pharmaceuticals 

Sigma, London

Fisons

Fisons

Fisons

BDH Chemicals 

BDH Chemicals

Fisons

Fisons

BDH Chemicals 

Sigma, London
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Perchloric acid (72%) May & Baker

M aterials fo r  S taining

Absolute alcohol James Burrough Limited

Alcian blue BDH Chemicals

Chloroform BDH Chemicals

Formalin saline Hopkins & Williams

Glacial acetic acid BDH Chemicals

Microscope slides BDH Chemicals

Safranin 0 BDH Chemicals

Toluidine blue BDH Chemicals

Trypan blue BDH Chemicals

Radioactive M aterials

Prostaglandin D2  [^H]-

Radioimmunoassay (RIA) Kit Amersham, UK

M isce lla n eo u s

Absorbent gauze Frank Sammeroff Ltd,

Carbon dioxide British Oxygen Company

Charcoal (granular activated) BDH Chemicals
(particle size 0.85-1.70 mm)

Collagenase (Type lA) Sigma, London

Dextran 70 (MW 110,000) Fisons

Dimethyl sulphoxide (DMSO) Hopkins & Williams

Disposable cuvettes (1 cm path length) Sarstedt

Disposable polystyrene tubes Sarstedt

Disposable syringes Sabre

Ethidium bromide Sigma, London

Eppendorf tubes Sarstedt

Hyaluronidase Sigma, London
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Percoll Pharmacia Fine Chemicals

2.4.10 S to ck  S o lu tio n s

Stock solutions of anti-IgE were prepared by adding distilled water (2 ml) to 

commercial lyophilized anti-IgE serum and then aliquoting the solution (10-50 |il) into 

Eppendorf tubes. The tubes were stored at -20 until required. Dilution could then 

be made in appropriate buffers to the desired final concentration.

Compound 48/80 was made up in distilled water as a stock solution of 1 mg/ml 

concentration and stored at 4 ®C for up to two weeks.

The ionophore A23187 was made up as a stock solution (10 mM) in 

dimethylsulphoxide (DMSO) and stored in appropriate aliquots at -20 ®C until required. 

Antimycin A (1 mM) was dissolved in DMSO and aliquots (20 \x\) were diluted with 

appropriate buffers (2 ml) to give a concentration of 10 |iM  from which further 

dilutions were made.

A stock solution of 90% Percoll was freshly prepared by mixing 9 parts of Percoll (4.5 

ml) with 1 part of 10 x concentrated full Tyrode's (0.5 ml) and stored at 4 °C  until 

required.

Other compounds including a-chym otrypsin were dissolved to provide 

appropriate stock solutions in the required buffers on the day of use.

2 .5  Isolation of Mast Cells

1 .5 .1  Peritoneal M ast Cells

The method employed to isolate peritoneal mast cells was similar for all 

experimental animals used. In general, the animal was anaesthetized using 95% CO2

allowed to expire under the anaesthetic, and then sacrificed by applying pressure to the
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neck. Abdominal skin was cut away. Full Tyrode's containing heparin (0.05 ml/50 ml 

FHB) was injected into the peritoneal cavity (15 ml per rat, 5 ml per mouse). After 

applying gentle massage ( 2  min), the abdomen was cut open along the midline. 

Peritoneal cells were recovered using a plastic pipette and collected into polystyrene test 

tubes. The cell suspension was centrifuged at room temperature (RT) (MSB, minor 

"S" centrifuge 1000 rpm, 2 min). Supernatants were discarded and cell pellets were 

washed twice and resuspended in the required volume of the appropriate buffer for the 

experiment. The cells were then used for functional studies without further 

purification.

2 .5 .2  R at M esenteric and Lung M ast Cells

The mesentery was dissected from the small intestine and any attached lymph 

nodes were removed. The lungs were removed from the chest cavity and dissected free 

of major airways and blood vessels. After washing both tissues in warmed FHB, both 

the lung and the mesentery were cut into small pieces with scissors and further cut 

using an automated Mcllwain tissue chopper. The chopped tissue was dispersed in 

prewarmed-B S A-FHB (1 mg/ml) (37 °C) containing collagenase (120 units/ml) for 60 

min in a shaking water bath. At the end of the digestion period, the tissues were 

disrupted by expression through a syringe ( 1 0  ml), and the resulting suspension was 

filtered through a moistened gauze to remove tissue debris. The cells were recovered 

by centrifugation (MSB chilspin 2, 1000 rpm, 5 min, 4 ®C) and washed with 

heparinized BSA-Tyrode's. Finally, the cells were washed and resuspended in the 

FHB-Tyrode's ready for use without further purification.
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2 . 5 . 3  G uinea-Pig M esenteric and L ung  M ast Cells

A similar procedure to that described for rat tissue was used except that the 

concentration of the enzyme collagenase (160 units/ml) and the digestion time (90 min) 

were both increased.

2 . 5 . 4  R at Skin  M ast Cells

Skin covering the abdomen (usual ca. 4 x 3  cm) was shaved in order to remove 

the fur. The skin was then cut away from the abdomen and the underlying fat was 

removed. The tissue was cut manually into small fragments with scissors (ca. 1 mm). 

The tissue was then digested in prewarmed BSA-FHB containing collagenase (160 

units/ml) and hyaluronidase (500 units/ml) for 4 x 60 min in a shaking water bath at 37 

®C. At the end of the dispersion period, the tissue was disrupted by expression 

through a syringe ( 1 0  ml) and the resulting mixture was filtered through moistened 

gauze, followed by a nylon wool column to remove tissue debris. Cells were then 

recovered by centrifugation (MSE chilspin 2, 1000 rpm, 5 min, 4 ®C), washed once in 

heparinized BSA-Tyrode's and finally washed and resuspended in the appropriate 

buffer for the experiment ready for use without further purification.

2 . 5 . 5  H um an L ung  M ast Cells

Macroscopically normal human lung obtained from resection was dissected free 

of major airways and blood vessels. The tissue was cut into small fragments with 

scissors and further chopped using a Mcllwain chopper. The tissue fragments (approx. 

1 mm) were washed in FHB for 2 x 10 min in order to remove excess blood and then 

recovered by filtration through moistened gauze.

The fragments were then digested in prewarmed BSA-FHB containing collagenase 

(120 units/ml) for 90 min at 37 with magnetic stirring. At the end of the dispersion
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period, the tissues were disrupted by expression through a syringe ( 1 0  ml) and the 

resulting mixture was filtered through moistened gauze, followed by a nylon wool 

column to remove tissue debris. Cells were then recovered by centrifugation (MSE 

chilspin 2, 1000 rpm, 5 min, 4 ®C) washed once in heparinized BSA-Tyrode’s and 

finally washed and resuspended in the appropriate buffer for the experiment ready for 

use without further purification.

2 . 5 . 6  H um an C olonic M ast Cells

Macroscopically normal human colonic tissue was recovered following surgery 

for colonic carcinoma. The tissue was divided into two portions by blunt dissection; 

one containing the mucosa while the other portion included the submucosa plus the 

underlying muscle layers.

The tissue was washed for 2 x 1 0  min in prewarmed FHB, to remove faecal matter and 

mucus. It was then cut into small fragments (1-2 mm) with scissors and an automated 

tissue chopper. This was followed by digestion in Full- Tyrode's containing BSA (1 

mg/ml) and collagenase (120 units/ml) (25 ml/g tissue, 37 ®C, 2 x 60 min, with 

stirring). The cells were isolated from the supernatant as explained previously.

2 . 5 . 7  H um an C utaneous M ast Cells

Human foreskin tissue was dissected free of underlying fat, washed with buffer 

and cut into small pieces with scissors. The tissue fragments (1-2 mm) were then 

incubated at 37 in FHB solution containing collagenase (160 units/ml) and 

hyaluronidase (500 units/ml) for 3 x 2 hours, with constant stirring. At the end of the 

first two hours, the tissue mixture was filtered through gauze and cells were pelleted by 

centrifugation (MSE chilspin 2, 1000 rpm, 4 min, 4 °C) and retained in FHB at 37 °C. 

The filtrate was then dispersed for a further two hours, after which the above procedure 

was repeated. At the end of the third digestion period, the tissue was subjected to
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further disruption by expression through a syringe ( 1 0  ml) and the cells were recovered 

and resuspended as before. The different portions of cells from the three dispersions 

were finally pooled, washed and resuspended in the required volume of the appropriate 

buffer ready to use without further purification.

2 . 5 . 8  Human Basophils

Venous blood was obtained from healthy human volunteers and heparin (25 

units/ml) was added to prevent coagulation. Dextraven 70 containing glucose (30 

mg/ml) was mixed with the blood sample in a ratio of 1:4 and the mixture left to stand 

(60-90 min, RT). Leucocytes were recovered from the top plasma layer by 

centrifugation (MSE Chilspin 2, 1500 rpm, 150 g, RT, 4 min), washed twice in Full 

Tyrode's and then used for functional studies without further purification.

2 .6  Mast Cell Characterization

2 . 6 .1  Preparation of Cells for  Counting

In order to count the number of mast cells in any cell suspension, the cells were 

first stained with alcian blue (0.1%, w/v in 0.7 M HCl) or toluidine blue (0.005%, 

w/v). The dye (10 |il) was mixed with the cell suspension (90 \x\) in a polystyrene tube 

and left in a water bath (37 °C) for 10 min before counting.

The total number of nucleated cells and their viability in any cell suspension was 

evaluated using the Trypan blue exclusion test (0.1%). The cells were counted in an 

improved Neubauer haemocytometer.
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2 . 6 . 2  Histamine Content

The number of mast cells in a given suspension of the rat peritoneal fluid was 

assessed by staining an aliquot of the suspension with toluidine blue (15 min, 0.005%, 

w/v) The number of stained cells was than determined by using an improved Neubauer 

haemocytometer. The cell suspension was then assayed for histamine and the result 

compared with known standards to determine the histamine content.

For tissue mast cells, an alternative method was employed to overcome the 

unsatisfactory staining of these cells by toluidine blue. First, the total number of 

nucleated cells in a given suspension was assessed by the Trypan blue exclusion test. 

The percentage of mast cells was then determined by counts made on stained 

cytocentrifuge smears. Finally, the cell suspension was assayed for histamine and by 

comparison with known standards, the histamine content was evaluated.

2 . 6 .3  Evaluation of Mast Cell Histamine Content

Knowing the number of mast cells/ml of the cell suspension and therefore the 

number of mast cells per tube in the experiment, the histamine content (ng/ml) of the 

tube and hence per mast cell could be calculated by comparison with known histamine 

standards.

2 . 6 . 4  Fixation and Staining

The cell were counted and resuspended to a volume of 10^ cells/ml in the case 

of RPMC or 5.0 x 10^ cells/ml for the other tissue mast cells and Cytospin preprations 

were made using a Shandon Cytospin 2 (50 g, 5 min, 100 |il). These were air-dried for 

a minimum of 30 min and fixed by one of the following methods.
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Formol saline: formalin 10 % V/V in 0.9 % saline-overnight.

The slides were washed in distilled water (1 min) after fixation and allowed to 

dry before staining as follows.

1. Alcian blue (0.1 %,W/V) 30 min

2. Glass-distilled water 2 min

3. 0.7 M HCl 5 min

4. Safranin O (0.5 % in 0.125 M HCl) 7-10 min

5. Glass-distilled water 2 min

The cells were air-dried before being examined at x 100 magnification. It 

should be noted that in step 4, the prior use of slides of RPMC as controls to assess the 

uptake of safranin dye, establishes the preferred staining time for each fresh batch of 

dye.

A minimum of 3 slides for each fixative were prepared for each mast cell 

suspension and 1 0  fields, or a minimum of 1 , 0 0 0  cells, were counted from each slide to 

give an average value of the percentage mast cells present in that tissue.

2 .7  Active Sensitisation of Rats

2 . 7 . 1  Sensitization of Rats with Nippostrongylus hrasiliensis

Sprague Dawley rats (180-200 g) were given a subcutaneous injection in the 

hind leg with third stage larvae (Lg, 2500) of Nippostrongylus brasiliensis in sterile

physiological saline. The larvae (Lg) were harvested from cultures as described below

or, on several occasions, they were obtained from Mr D Pedley, Department of 

Agricultural Zoology, University of Leeds. The rats were ready for use 21 days after 

injection and remained sensitized for a further 3-4 weeks. The life cycle of the 

nematode in the rat is summarized in Fig 2.1.
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2 .1 .2  Preparation o f  Third Stage Larvae o f  Nippostrongylus brasiliensis

After the injection of the animals with Lg (2500), the faeces were collected on

the seventh day. The faeces (15 g) were moistened and ground, using a mortar and 

pestle, with an equal weight of activated charcoal to form a mash. This mixture was 

then transferred to petri-dishes as illustrated in Fig 2.2, and kept in an incubator (25 

®C) for 14 days. The larvae were isolated by pouring the contents of the petri-dishes 

over two layers of gauze lined with lens tissue. The larvae were allowed to sediment 

(60-90 min) through warm tap water into a graduated glass tube (Fig 2.3). The larvae 

were then washed twice with sterile physiological saline and resuspended in the 

appropriate volume of saline (6500-12500 larvae/ml) ready for injection.

2.8  Purification of Peritoneal Mast Cells

In certain experimental procedures, such as the measurement of prostaglandin 

T>2 levels, highly purified preparations of mast cells are required. Cells obtained from

the peritoneal cavity of the rat consist of only 4-5% mast cells. Mast cells were purified 

by gradient centrifugation over Percoll. Mixed peritoneal cells from 3-5 sensitised rats 

were collected as described in section 2.5.1. The cells were pelleted and resuspended 

in heparinized BSA-Tyrode's (1 ml). A stock solution of Percoll (4 ml, section 2.4.2) 

was mixed with concentrated cell suspension in a polystyrene tube by gentle inversion 

of the tube for a few minutes, and then BSA-Tyrode's (1 ml) was carefully layered 

over the Percoll-cell mixture. This mixture was then centrifuged (MSE Chilspin, 1000 

rpm, 4 ®C) for 25 min. At the end of the given period of time, it was observed that cell 

pellet formation had occurred at the bottom of the tube. The supernatant was gently 

removed by aspiration. The mast cell fraction was washed once in heparinized BSA- 

Tyrode's. The cells were then washed twice with FHB and resuspended in the 

required volume for the experiment.
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Staining with Alcian blue showed that the purification procedure yielded mast cells of 

90-99% purity.

2.9 . Procedure for Histamine Release Experiments

2 . 9 . 1  Histamine Release from Isolated Mast Cells and Basophils

In general, isolated mast cells were resuspended in the required volume of the 

appropriate pre-warmed Tyrode's buffer. Cells (250 |il) were aliquoted into 

polystyrene test tubes which already contained 200 |il of FHB, and were left to 

equilibrate in a water bath (37 °C, 10 min). 50 |il of the releasing agent at ten times the 

required concentration was added to the cell samples, and the reaction was allowed to 

proceed for 10 min (basophils: 30 min). The reaction was terminated by adding 1.5 ml 

or 500 |il of cold-FHB. The samples were immediately separated from the supernatant 

by centrifugation (peritoneal cells 100 g, 4 °C, 2 min, others: 150 g, 4 ®C, 4 min) and 

the supernatant from each sample was decanted into a clean test tube. The cell pellets 

were resuspended in Tyrode's buffer (either 2 ml or 1 ml).

Histamine content was determined in both the cell pellet and the supernatant 

tubes. Histamine release was expressed as a percentage of the total amount present in 

the cells.

Hence:

Histamine release (HR) (%) = 100 {(Hs)/(Hs + He)} where Hs represents the amount 

of histamine in the supernatant and He the corresponding amount remaining in the cell 

pellet. The value of HR was corrected for the spontaneous release occurring in the 

absence of any stimulus.
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2 . 9 . 2  Effect o f  Metabolic Blockers

In experiments designed to investigate the metabolic requirements for histamine 

release, isolated mast cells were first pre-incubated for 10 min at 37 ®C. 200 |il of the 

cell suspension was then added to four different buffers (250 |il, FHB, glucose-free, 

DG (5 mM) and AA (1 |iM)) and allowed to pre-incubate for 20 min. Cells were then 

challenged with one concentration of releasing agent (dissolved in glucose-free- 

Tyrode’s) for 10 min. Thereafter, the reaction was terminated and histamine contents 

determined as before.

2 . 9 . 3  Effect of Temperature on Histamine Release

Cells were allowed to equilibrate (10 min) at the following temperatures: 0, 25, 

37, 45 ®C, before being challenged with one concentration of various releasing agents 

for a further 10 min, after which the reaction was terminated and histamine determined 

as before.

2 .9 . 4  Kinetic Studies

To determine the kinetics of the release process, mast cells were incubated with 

one concentration of a secretagogue for various periods of time (1 min - 60 min) and 

the reactions were terminated with addition of ice-cold buffer.

2 . 9 . 5  Effect of pH

Cell pellets were re-suspended in pre-warmed FHB at different pH values (6.0, 

6.5, 7.0, 7.5, 8.0). The cells were allowed to equilibrate (10 min, 37 °C) before being 

challenged with one concentration of different secretagogues. The reaction was
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terminated by addition of ice-cold buffer of the corresponding pH. The histamine was 

determined as before.

2 . 9 . 6  Calcium Dependence of the Release Process

To determine the dependence of the release on extracellular calcium, cells were 

pre-incubated with an equal volume of appropriately modified Tyrode's solution. This 

solution contained either CMF, the calcium chelator EDTA (0.1 mM), or Full Tyrode's 

(containing calcium at 2 x the normal concentration). In brief, cells were resuspended 

in CMF-Tyrode's and were added to tubes containing the appropriate media. The cells 

were allowed to equilibrate (10 min, 37 ®C) before the addition of the releasing agent 

(dissolved in CMF-Tyrode's). Thereafter, the reaction was terminated and histamine 

contents determined as before.

2 . 9 . 7  Synergistic Histamine Release

Cells (400 p.1) were allowed to incubate in the presence of two secretory stimuli (50 |il) 

for 10 min after which the reaction was terminated by addition of cold buffer (500 |il). 

In these set of experiments, the concentration of anti-IgE chosen was that which itself 

caused very little histamine release. The other stimuli induced histamine release in a 

dose-related manner and histamine contents were determined as before.

2 . 9 . 8  Effects of Inhibitors of Histamine Release

Aliquots of cells (200 p.1) were allowed to equilibrate with a specific inhibitor 

(250 |il) at 37 ®C for given periods of time. Some inhibitors required no pre

incubation and hence were added to the cells simultaneously with the secretory 

stimulus. The reaction was terminated after 10 min, as before.
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The results were expressed in terms of the percentage inhibition of the control 

histamine release, i.e. histamine release induced by a given concentration of the 

secretory stimulus in the absence of any inhibitor and thus given as:

Inhibition (H;) (%) = 100 {(Rc - R%)/(Rc)} 

where Rc represents the control release and Rj the release in the presence of the 

inhibitor.

2 .1 0  Histamine Assay

The histamine assay procedures used throughout this study are modification of 

the technique employed by Shore and coworkers (12).

2.10.1 M a n u a l A ssay

The basis for the histamine assay was first described by Shore et a l . (12). It is 

based on the reaction between histamine and o-phthaldialdehyde (OPT) under alkaline 

conditions. The resulting condensation product (Fig 2.4) is highly fluorescent and can 

be measured by using a commercially available spectrophotometer (Perkin Elmer LS- 

5B).

A manual method for assaying histamine was used only when the mast cells 

originated from the rat peritoneal cavity. The samples (2 ml) were made alkaline by 

addition of sodium hydroxide ((1 M, 267 p.1), followed by OPT (1%, 100 }il) in 

methanol, and the solution was mixed immediately on a vortex mixer and allowed to 

react for 4 min. The reaction was terminated by addition of HCl (3 M, 133 |il). The 

fluorescence generated was measured on the spectrophotometer using an excitation 

wavelength of 360 nm and an emission wavelength of 440 nm.
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2.10.2 A u to m a ted  A ssay

In some instances, for example, when certain compounds such as a -C T  

interfere with the fluorescence of the manual assay, or when cellular debris is present in 

samples of tissue mast cells, histamine was assayed using an automated commercial 

autoanalyzer (Technicon autoanalyzer II). The samples were firstly acidified by the 

addition of perchloric acid (72%, 33 |il/m l). The samples were vortexed and 

centrifuged (MSE Chilspin, 2000 rpm, 4 ®C, 15 min), in order to sediment any cellular 

debris which would otherwise impair the function of the commercial autoanalyzer. 

After centrifugation the supernatants were poured into disposable polystyrene sample 

cups made specially for the autoanalyzer. The sample was then purified through a 

series of phase separations of histamine between organic solvents and aqueous 

solutions at different pH values. Briefly, the samples were made alkaline and histamine 

was extracted into salt saturated butan-l-ol, leaving the aqueous contaminants which 

were removed. The organic phase was washed and then made less polar by the 

addition of n-heptane. This step enables the histamine to be extracted into dilute 

hydrochloric acid. This solution is then made alkaline and the amine was then 

condensed with OPT, followed by addition of HCl. The fluorescence was then read by 

a fluoronephelometer and was recorded on a Technicon pen recorder.

2 .11  Procedure for Prostaglandin D2 Assay

2.11.1 Procedure fo r  PGD2 Assay

These experiments were carried out on rat peritoneal mast cells, of which 

purified preparations were required. Mixed peritoneal mast cells were isolated from 3-5 

rats and purified to greater than 95% homogeneity as described in section 2.8. Once 

purified, the cells were counted and an appropriate amount of FHB added to the cells in
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order to ensure that after the cells were aliquoted into the reaction tubes, each sample

contained approximately 1 x 10^ cells. Samples were incubated at 37 and then

challenged with certain secretagogues for the required period of time. Samples were

then centrifuged (MSE Chilspin 2, 1(XX) rpm, 2 min, RT) and aliquots of supernatants

(500 |il) were separated from the cell pellets into appropriately labelled Eppendorf tubes

and snap-frozen in liquid nitrogen. The rapid snap-freezing process prevents 

degradation or further synthesis of PGD2 . The Eppendorfs were stored at 70 °C  until

required. The remaining supernatants were separated from the cell pellets and both 

fractions were assayed for histamine as described in section 2.9.

2.11.2 P G D 2 Assay Protocol

PGD 2  release was determined by radioimmunoassay (RIA) using a commercially

available assay kit. The assay system is based upon competition between unlabelled 

PGD 2  and a fixed quantity of tritium labelled PGD2  ([^H] PGD2 ) for binding to a

limited quantity of a specific antibody which has a high affinity for the prostanoid. The 

amount of radioactive PGD2  bound to the antibody will be inversely proportional to the

amount of the non-radioactive prostaglandin added. Measurement of the protein bound 

radioactivity enables the amount of unlabelled PGD2  in the sample to be determined.

A set of PGD2  standards and the experimental samples (100 |il) were pipetted

into appropriately labelled polystyrene tubes (12 x 75 mm). In addition to samples and

standard tubes, three other tubes were also prepared and these were labelled: total count

(TC), non-specific binding (NSB), and zero standard (BO). Into all the tubes, the 

tracer [^H] PGD2  ( 1 0 0  |il) was added, followed by 1 0 0  |il of the antibody, except into

the NSB tube. Finally, 100 |il diluted assay buffer was added to the sample and 

standard tubes, 200 |il into both the TC and BO tubes and 300 \x\ into the NSB tube. 

All tubes were mixed thoroughly by vortexing and left overnight to incubate at 4 ®C. 

The following day, 500 jil of dextran-coated charcoal was added to each tube, except 

the TC tube to which 500 |il of assay buffer was added instead. The tubes were
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vortexed, left to stand in an ice-water bath ( 1 0  min) and centrifuged ( 2 0 0 0  rpm, 1 0  

min, 4 ®C). After centrifugation, the supernatants were immediately decanted into 

scintillation vials. The above treatment separates the protein-bound PGD2  from the

unbound ligand by adsorption of the free PGD2  onto the dextran-coated charcoal. 

Measurement of the radioactivity in the supernatant quantified the amount of radioactive 

ligand bound by the antibody. Finally, 5 ml of scintillant (Optiphase "safe", LKB) was 

added to each vial and the contents were gently mixed. The radioactivity of each 

sample was measured using a p-scintillation counter (Packard Model 3255 Tris-carb

liquid scintillation spectrometer, 4 min). By measuring the radioactivity in each 

sample, the amount of radioactive PGD2  bound to the antibody was quantified.

The average counts per min (cpm) for each tube were obtained, and the 

percentage of PGD2  bound could then be calculated using the following relationship.

% B/Bo = ( (sample cpm - NSB cpm)/ Bo cpm - NSB cpm) x 100 

A standard curve was plotted, thus enabling the amount of unlabelled PGD2  contained 

in the sample to be read off the curve. The results were expressed as ng PGD2 / 1 0 ^ 

mast cells.

2 .1 2  Statistical Analysis

All values are given throughout this project as means ± SEM for the number (n) 

of experiments noted, unless otherwise stated. The points on the graphs represent the 

mean value and the vertical bars denote SEM. In addition, in appropriate cases, a 

paired t-test for related measures was performed. Values of P <0.05 were considered 

to be significant.
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2 .1 3  Use of Phosphatidvlserine

The phospholipid phosphatidylserine (PS) was obtained commercially as a 

solution (20 mg/ml) in chloroform/methanol (3:1, v/v). To prepare an aqueous 

suspension for experimental use, an aliquot (25 |il) was pipetted into a glass tube and 

the solvent evaporated under a stream of dry, oxygen-free nitrogen. At the same time, 

the glass tube was rotated gently to obtain an even coating of the lipid on its walls. 

CMF-Tyrode's solution (500 |il) was added and the suspension mixed thoroughly on a 

vortex mixer. The lipid was added to cells 2 min before the addition of secretagogues 

to obtain a final concentration of 15 |ig/ml.

2 .1 4  Permeabilization of Cells using ATP

Membrane permeabilization with extracellular ATP is a limited method, 

applicable only to those cells having an appropriate receptor or binding site. However, 

a particular feature of the use of ATP as a permeabilizing agent lies in the possibility of 

resealing the induced lesion. This can be achieved within seconds by the addition of an 

excess of Mg "̂*" to the system, which converts ATP'^’ to its Mg^'*' salt. Thus, 

exogenous solutes can be loaded into and trapped within the cytosol of otherwise fully 

intact cells.

2.14.1 Preparation of Mast Cells

Mixed peritoneal mast cells from the rat were recovered by direct lavage, as 

described before, and then purified by gradient centrifugation over Percoll (section

2.8). The purified cells were washed and resuspended in CMF-Tyrode's (pH 7.8) 

containing BSA (1 mg/ml). The cell suspension was adjusted to a population of 

approximately 5 x 10^/ml in CMF-Buffer.
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2.14.2 Introduction of Serine Esterase Substrates into Rat Peritoneal Mast 

Cells

Aliquots of cells (150 |xl) were allowed to preincubate for 10 min with

substrates of serine esterase (250 |il; 2 x the final concentration) at 37 ®C. After

preincubation, 50 p,l o f ATP (final concentration of 5 |iM ) was added. 

Permeabilization was allowed to proceed for 10 min and then 50 p.1 of MgCl2  (final

concentration of 2 mM) was added to the system and allowed to preincubate for a 

further 5 min. Cells were then centrifuged for 2 min. The supernatant was decanted as 

thoroughly as possible and the cell pellet washed twice in CMF-Tyrode's. Finally, cell 

pellets were resuspended in pre-warmed full-Tyrode's.

For fluorescence studies, to avoid interference from granule associated neutral 

proteases, a metabolic inhibitor was used (antimycin A; final concentration of 1 |iM). 

This agent prevents the degranulation induced by non-cytotoxic ligands.

2.14.3 Measurement o f  Fluorescence

Rat peritoneal mast cells were permeabilized and loaded as described above. 

They were then placed in a quartz cuvettes (5 mm pathlength), and transfered to a 

Perkin Elmer LS-5B luminesence spectrometer. Whilst in the spectrometer, the cells 

were maintained at 37 ®C and mixed using an electronic stirrer (Model 1100, Rank 

Brothers, Bottisham, Cambridge). Fluorescence measurements were performed using 

excitation and emission wavelengths of 380 and 440 nm respectively. After stirring 

(using a 4 mm stirrer bar) for approximately 2 min, solutions (in full-Tyrode's, 37 °C) 

of secretory stimuli were added in a minimum volume at an appropriate concentration to 

give approximately 30-40% histamine release, and the effects on fluorescence followed 

for around 4 min. To check the reproducibility of the data, the agents were tested on 3- 

4 separate occasions.
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2 .15  Iso lation  of C hvm otrvpsin-like P roteinases From R a t  

Peritoneal Mast Cells

Mixed peritoneal mast cells from the rat were recovered by direct lavage, as 

described before, and then purified by gradient centrifugation over Percoll (section

2.8). The purified cells were washed and resuspended in CMF-Tyrode's (pH 7.8) 

containing BSA (1 mg/ml). The cell suspension was adjusted to a population of 

approximately 5 x 10^/ml in CMF-buffer.

The chymotrypsin-like proteinase from cells was extracted by the two step 

method of Fraki and Hopsu-Hava (317). The purified cells were frozen and thawed 

five times in high salt buffer, pH 7.0 (5 x 10^ cells/250 \i\ of solution) and then 

extracted by stirring overnight at 5 °C . The 2 M KCl extract was clarified by 

centrifugation at 10,000 rpm for 10 min (Eppendorf centrifuge 5402)

2 .16  Spectrophotometric Determination of Serine Esterase

The well known Schwert and Takenaka method (242) for the assay of trypsin 

and chymotrypsin is based upon the change that occurs in ultraviolet absorbance during 

the hydrolysis of amino acid esters by these enzymes. The change is measured at the 

wavelength of maximum difference in the absorbance of the ester and the 

corresponding acid produced by the hydrolysis.

In the interest of greater convenience, sensitivity and specificity, certain 

modifications of the Schwert and Takenaka method have been made. The substrate N- 

benzoyl-L-tyrosine-ethyl ester (BTEE) was used for chymotrypsin-like proteinases, 

while the substrate N-a-benzoyl-L-arginine-ethyl ester (BAEE) was used for trypsin

like enzymes.

In addition to using substrates other than those employed previously (242) the 

method has been modified by placing the substrate in both cuvettes. With this
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arrangement, two possibilities exist: (a) in the ultraviolet region the hydrolysis 

products absorb more strongly than does the substrate, or (b) the reverse is true. In 

case (a) the spectrophotometer is set to zero with the control cuvette in the light path, 

while in case (b) it is set to zero with the reaction cuvette in the light path. In either 

case, the absorbance difference is initially zero and increases during the course of 

hydrolysis.

The assay procedure was as follows. A Perkin-Elmer spectrophotometer 

(Coleman 55) fitted with a water bath and maintained at 37 was used. 

Measurements were made using quartz cells with 1 cm light paths and volumes of 

approximately 4 ml. Exactly 3.00 ml of substrate (5 x lO’"̂  M, in full-Tyrode's) were 

placed in each cuvette. Full-Tyrode's (100 |il) was added to the first cuvette (control), 

and an equal volume of a solution of enzyme was added to the second cuvette. After 

each addition, the contents were agitated for 5-10 seconds with a small spatula. 

Absorbance differences (initially zero) were measured at various time intervals.

The commonest way to expressing enzyme activity is based on the rate of the 

reaction catalysed, for example in units of pmol of substrate transformed/min or p.mol 

of product formed/min. One unit (U) of any enzyme is defined as that amount which 

will catalyse the transformation of 1 |imol of substrate per minute ( 1  jimol min'^ = 1 

U). Chymotryptic activity was determined and expressed in units per million mast 

cells.
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Fig 2.1 Life cycle of the nematode Nippostrongylus brasiliensis in the rat
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Preparation of third stage larve
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3 .1  Introduction

The first indication of the presence of an unusual enzyme in the mast cell was an 

observation by Gomoni in 1953 (243). He had synthesized the chloroacetic ester of 3- 

hydroxy, 2-naphthoic acid anilide (CANAS) and, when he applied this histochemical 

esterase substrate to tissue sections, the mast cells were quite evidently the site of 

uniquely intense hydrolytic activity. The information necessary for placing the mast 

cell esterase in the domain of classifiable enzymes was provided by two studies of 

Benditt and Arase (318,319). They demonstrated that bovine a-chym otrypsin  

hydrolyzed CANAS at a rapid rate, that known preferential substrates of chymotrypsin 

competitively inhibited the hydrolysis of CANAS in the histochemical system, and that 

an enzyme, which was inhibited by diisopropylfluorophosphate (DFP) and which 

hydrolyzed chymotrypsin substrates with a pH optimum of 8.5, was present in isolated 

rat peritoneal mast cells. Further histochemical studies have furnished additional 

evidence of the close resemblance between the mast cell esterase and bovine a - 

chymotrypsin (320). A series of 2-naphthoic acid anilides were synthesized and tested 

as substrates for chymotrypsin and the mast cell enzyme. The activities of the two 

enzymes were entirely parallel. It was Lagunoff and Benditt (321) who proposed that 

the new enzyme be called mast cell chymase. This title at once identifies the source of 

the enzyme and its resemblance to chymotrypsin without indicating an identity with 

chymotrypsin.

Chymotrypsin is a digestive enzyme and hydrolyses protein in the small 

intestine (322). It is excreted from the pancreatic cells as the zymogen 

chymotrypsinogen, an inactive precursor, which is activated by specific proteolysis 

(see overleaf).
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3-intra chain

2-inter chain

All charged groups are on the surface of the molecule except for three that play a 

critical role in catalysis. Serine 195 is critical to the enzyme's hydrolytic activity, which 

is greatly enhanced through a “charge relay network”, involving aspartic 1 0 2  and 

histidine 57 (Fig 3.16).

The folding of the molecule is complex, it has very little a-helical structure, but 

there is extensive p-structure due to hydrogen bonding between the peptide groups of 

adjacent strands (Fig 3.16).

The three-dimensional structure of chymotrypsinogen has been studied (322) 

and the confomiational changes resulting in activation have been identified.

1. Hydrolysis of the peptide bond between arginine 15 and isoleucine 16 creates 

new carboxyl- and amino-terminal groups.
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2. The newly formed amino-terminal group of isoleucine 16 turns inward and 

interacts with aspartate 194 in the interior of the chymotrypsin molecule. Protonation 

o f this amino group stabilizes the active form of chymotrypsin, as shown by the 

dependence of enzyme activity on pH.

3. This electrostatic interaction between a positively charged amino group and a 

negatively charged carboxylate ion in a nonpolar region triggers a number of 

conformational changes. Methionine 192 moves from a deeply buried position in the 

zymogen to the surface of the enzyme, and residues 187 and 193 become more 

extended. These changes result in the formation of the substrate specific site for 

aromatic and bulky nonpolar groups. One side of this site is made up of residues 189 

through 192. This cavity for part of the substrate is not fully formed in the zymogen.

4. The tetrahedral transition state in catalysis of substrates by chymotrypsin is 

stabilized by hydrogen bonds between the negatively charged carbonyl oxygen atom of 

the substrate and two NH groups of the main chain (main chain 195 and 193) of the 

enzyme. One of these NH groups is not appropriately located in chymotrypsinogen, 

and so the oxyanion hole is incomplete in the zymogen.

5. The conformational changes elsewhere in the molecule are very small. Thus, 

the switching on of enzymatic activity in a protein can be accomplished by discrete, 

highly localized conformational changes that are triggered by the hydrolysis of a single 

peptide bond.

In this chapter the action of a-C T on mast cells isolated from the peritoneal 

cavity of the rat was investigated. Initial studies looking at the effects of a particular 

drug on mast cells are usually carried out firstly on rat peritoneal mast cells, before 

moving on to other histaminocytes. There are several reasons why rat peritoneal mast 

cells have been extensively studied. Firstly, free serosal cells are present in significant 

numbers, they may be obtained by simple lavage, and can be purified easily. 

Secondly, the rat cells are responsive to the prototype anti-allergic drug, DSCG. 

Finally, the rat peritoneal mast cell provides a convenient model for the general study of 

stimulus-secretion coupling.
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3 .2  Methods and Materials

All methods used in this study were as described in Chapter two.

3 .3  Results

3.3.1 Basic Characteristics of the Effect o f  a - C T  on Histamine Release from  

Rat Peritoneal Mast Cell.

3.3.1.1 Histamine Release by a-CT and Compound 48180

a-C T (Fig 3.1) and the synthetic polyamine compound 48/80 (Fig 3.2), which 

was used as a positive control, both induced a pronounced secretion of histamine from 

rat peritoneal mast cells.

3.3.1.2 Effect o f Metabolic Inhibitors

The release induced by a-CT at the maximal concentration of 500 |ig/ml (Fig 

3.3) was unaffected by simple omission of glucose (-Glu) from the medium or by the 

inclusion of 2-deoxy-D-glucose (DG, 5 mM), but was essentially abolished by 

antimycin A (AA, 1 |iM) alone or in combination with DG. Essentially identical results 

were obtained with compound 48/80 (1 |ig/ml), which was used as a positive control 

(Fig 3.3).
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3.3.1.3 Effects ofEDTA and Calcium-Free Buffers

M aximal release of a -C T  was observed (Fig 3.4) in the presence of 

physiological concentrations of calcium but a substantial component of the release 

persisted in the absence of the cation and this was further enhanced by a brief pre

treatment (10 min) with EDTA (0.1 mM). The same pattern of histamine release was 

observed with compound 48/80 (1 |ig/ml) (Fig 3.5).

3.3.1.4 Effect o f Temperature on the Release Process

Histamine release induced by a-CT (20 |ig/ml) from RPMC was maximal at 

physiological temperature (37 °C) and markedly suppressed at higher (45 ®C) and 

lower values (0, 20 °C) (Fig 3.6). Similar results were obtained with compound 48/80 

(1 |ig/ml) and anti-IgE (1/300 dilution) (Fig 3.6).

3.3.1.5 Kinetics o f the Release Process

Histamine release induced by a-C T (20 |ig/ml) from RPMC was essentially 

completed within 2 0  minutes after which no increase in histamine release was found to 

occur (Fig 3.7).

3.3.1.6 Variation o f pH  on the Release Process

Histamine release from RPMC stimulated by a-CT (20 P-g/ml) was found to be 

maximal at pH 7.0 and was depressed under more alkaline or, particularly, more acidic 

conditions. The releases evoked by anti-IgE (1/300 dilution) and compound 48/80 (1.0 

|ig/ml) were similarly seen to be optimal around physiological pH (7.0) but were less 

markely depressed at acid extremes of pH (Fig 3.8).
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3.3.1.7 Ejfect o f  Phosphatidylserine

Histamine release from RPMC stimulated by a-C T  was unaffected by the 

addition of exogenous phosphatidylserine (Fig 3.9 (a)). In contrast, anti-IgE induced 

histamine release, was greatly potentiated over the full concentration range, by 

inclusion of the phospholipid (Fig 3.9 (b)).

3.3.1.8 Effect o f  a-Chymotrypsinogen on Mast Cells

The effect of a-C T and its precursor zymogen a-chymotrypsinogen, were 

compared. The latter is seen to have no effect on rat peritoneal mast cells, while the 

former, as discussed previously, induced a potent release of histamine (Fig 3.10).

3 .3 .2 .  Prostaglandin D2 (PGD2 ) Release

A PGD2  standard curve was initially constructed (Fig 3.11). This curve was 

used to determine the amount of PGD2  produced by purified RPMC in each sample. 

The PGD2  content of each sample was then converted into ng/10^ mast cells. a-CT (5 

- 200 |J.g/ml) generated a dose-dependent release of PGD2  from purified RPMC (Fig

3.12 (b)). Similarly, compound 48/80 (0.05-1 |ig/ml) and anti-IgE (1/300-1/1000) 

also induced a dose-related release of PGD2  from the same cell type (Fig 3.13 (b),

3.14(b)). Histamine releases induced by all of these secretagoges were also studied 

from purified cell populations (Fig 3.12 (a), 3.13 (a), 3.14 (a)) and found to be similar 

to those previously obtained using the mixed peritoneal cell samples for a-C T and 

compound 48/80, but not for anti-IgE, which was found to be less effective in the 

purified preparations.

Interestingly, while maximal concentrations of a -C T  (200 p,g/ml) and 

compound 48/80 (1 fig/ml) induced comparable releases of histamine (74.0 ± 2.0 % 

and 71.0 ± 2 . 0  %, respectively), the esterase evoked the production of significantly
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more of the prostaglandin (70.0 ± 3.5 ng/10^ mast cells and 45.0 ± 1 .0  ng/10^ mast 

cells, respectively). Also, the dose-response curve for the production of PGD2  by anti- 

IgE was considerably flatter than that for histamine release.

3 . 3 . 2  Synergistic Effects o f  a-CT with Anti-IgE

Low concentrations a-CT (in the range 3.0-10.0 |ig/ml) which cause negligible 

or restricted direct secretion of histamine were seen to potentiate the low levels of amine 

release induced by anti-IgE (1/300 dilution) (Fig. 3.15).

3 .4  D iscussion

As mentioned earlier, activation of one or more proteolytic enzymes might 

constitute the earliest biochemical change in the sequence of events that ultimately leads 

to mediator secretion from the mast cell. The effect may be mimicked by the addition of 

exogenous serine esterases and, with this in mind, it is important to establish the effect 

of a-CT on mast cells.

The present study has shown that a -C T  (5-500 |ig/ml) induced a dose- 

dependent secretion of histamine (<80%) from purified and non-purified populations of 

rat peritoneal cells.

Direct evidence that this involves a non-cytotoxic release mechanism comes 

from studies employing metabolic inhibitors. Antimycin A, a potent inhibitor of 

oxidative phosphorylation, may be employed as a tool to determine whether mediator 

release induced by a specific secretagogue occurs either by disrupting the entire cell 

membrane (cytotoxic mechanism) or by a specific membrane or ligand-receptor 

interaction (non-cytotoxic mechanism). Pre-incubation with the metabolic blockers, 

DG and antimycin A, almost completely abolished histamine release induced by a-CT 

(500 p-g/ml). Since the metabolic inhibitors prevent generation of ATP, which is
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essential for active secretion, the ability of these agents to block histamine release 

induced by a -C T  conclusively shows that such an action does involve an active 

secretory process. Similar results were obtained in control experiments with compound 

48/80 (1 pg/ml).

Studies conducted in the presence and absence of external calcium also yielded 

interesting results. Most agonist are capable of inducing a residual, sub-maximal 

release o f histamine in the absence of added calcium, a phenomenon usually attributed 

to the mobilization of intracellularly sequestered stores of the cation (163,323). The 

magnitude of this effect varies from secretagogue to secretagogue, and polybasic 

ligands such as compound 48/80, and peptide 401 exhibit near maximal release in 

calcium-free conditions. a-CT demonstrates close parallels to these agents in response 

to external calcium availability. Brief pretreatment with EDTA is thought to enhance 

mobilization of intracellular calcium stores, by chelation of surface-bound calcium, and 

generally to increase histamine secretion under conditions of calcium deprivation (324). 

This action enhanced the release induced by a-CT and 48/80 above the values obtained 

with these ligands in a simple calcium-free medium. Maximal release induced by these 

ligands after pretreatment with EDTA is, however, less than that obtained in the 

presence of calcium. It is then possible to suppose that some influx of external calcium 

into the cytosol is essential for the maximum release of histamine.

Additional evidence that the a-CT-induced histamine secretion is mediated by a 

non-cytotoxic release mechanism comes from studies where the incubation temperature 

is varied. It is believed that at 0 ®C and 45 ®C metabolic processes are slowed down or 

even stopped due to the inactivation of key cellular enzymes. Furthermore, at low 

temperature, the fluidity of biological membranes is decreased whereas at high 

temperature, it is increased. a-C T mediated histamine release from rat peritoneal mast 

cells was found to be depressed at extremes of temperature. Similar results were 

observed for secretion evoked by anti-IgE and compound 48/80. These results add 

further evidence to a-CT mediating mast cell secretion through a selective and non-
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cytotoxic mechanism which requires full functionality of vital cell proesses involved in 

degranulation.

Secretion evoked by a-CT was strongly dependent on the pH of the incubation 

medium, with the response being optimal at physiological pH (7-7.5) and greatly 

depressed at lower and higher values. Similar results were observed using anti-IgE and 

compound 48/80, although these agents were less markedly affected by acidic 

conditions than a-CT.

The relative slow rate observed with a-CT-induced secretion is reminiscent of 

immunological-induced histamine release.

Anaphylactic mediators are either preformed and stored in association with the

mast cell granules or synthesized de novo following cell activation. Thus, in addition 

to the preformed histamine, newly generated PGD 2 , which is produced by the

oxidative metabolism of arachidonic acid, can be secreted following mast cell 

activation. a-C T (10-300 P-g/ml) produced do se-related releases of both PGD2  and

histamine, with maximum values of 70.0 ± 3.5 ng/10^ cells and 74.0 ± 2.0 % 

respectively from purified RPMC. Interestingly, while maximal concentrations of a- 

CT and compound 48/80 induced comparable releases of histamine, the esterase evoked 

the production of significantly more of the prostaglandin. This suggests that a-CT is 

capable of activating cellular processes which produce a more effective metabolism of 

arachidonic acid than compound 48/80. In these experiments, liberation of histamine 

induced by anti-IgE was less pronounced than was observed in many preceding 

studies. This may be due to the mast cells having low fixed IgE levels due to cellular 

desensitization induced by the purification process, as has been previously reported 

(325). This low level of evoked histamine release was paralled by relatively moderate

prostaglandin release. It should be noted that rat peritoneal mast cells process 

arachidonate almost exclusively through the cycloxygenase pathway to form PGD2  and

that leukotrienes are generated in comparatively small amounts (< 1 ng/1 0 ^ cells).
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The inactive precursor of a-CT, chymotrypsinogen, is seen to have no effect on 

the rat peritoneal mast cell. This shows that the ability to release histamine requires the 

active form of the enzyme.

Anti-IgE, at a 1/300 dilution, caused a small release of histamine from RPMC, 

which was potentiated in the presence of a-C T . The potentiation noted was 

synergistic, as opposed to being simply additive, and thus would indicate initially that 

both anti-IgE and a-C T  act via separate pathways, which converge on a common 

mechanism. However, as a-C T is believed to substitute for an endogenous proteolytic 

enzyme whose activation is a necessary condition for the anaphylactic release of 

histamine at least in rat mast cells (326), it may be that the excess presence of 

membrane serine esterase, seen in the a-CT treated cells, increases the efficiency of the 

IgE-mediated signal transduction mechanism. The up-regulated signal is hence a more 

effective secretory trigger.

One notable difference between anti-IgE and a-CT, however, is the degree of 

secretory enhancement observed using phosphatidylserine. This elevation was much 

greater using anti-IgE stimulation than that noted with a-CT. A possible explanation is 

that phosphatidylserine affects an early stage of the anaphylactic cellular activation 

sequence, prior to the stimulation of an a-CT-like enzyme.

98



Chapter 3

Fig 3.1 Histamine release from rat peritoneal 
mast cells stimulated with chymotrypsin (n=6).
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Fig 3.2 Histamine release from rat peritoneal 
mast cells stimulated with compound 48/80 (n=4).
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Fig 3.3 The effect of metabolic inhibitors on histamine release from 
rat peritoneal mast cells induced by chymotrypsin(500 & 50 pg/ml) 
and compound 48/80(1.0 pg/ml) (n=4).

%rsOl

O).ss
X

75 -

55 -

35 -

15 i

-5

Glu

chymotrypsin(500 jig/m l)

chymotrypsin(50 jig/m l)

48/80(1.0 |ig /m l)

-Glu DG AA AA+DG
n
3-

-I



Chapter 3

Fig 3.4 Calcium dependence of chymotrypsin induced histamine release
from rat peritoneal mast cells (n=4).
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Fig 3.5 Calcium dependence of compound 48/80 induced histamine
release from rat peritoneal mast cells (n=4).
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Fig 3.6 The effect of temperature on histamine release from 
rat peritoneal mast cells induced by chymotrypsin (20 pg/ml), 
compound 48/80 (0.1 pg/ml) and anti-IgE (1/300 dilution) (n=3).
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Fig 3.7 Kinetics of histamine release induced by chymotrypsin
from rat peritoneal mast cells (n=4).
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Fig 3.8 Effect of pH on histamine release from rat peritoneal
mast cells induced by chymotrypsin (20 |ig/ml), anti-IgE (1/300 dilution)
and compound 48/80 (1.0 pg/ml) (n=4)

8 0  n

6 0 -

4 0 -

20 -

7 . 0 7 . 5 8.06.0 6 . 5

CT
p H

•  Anti-IgE 48/80

106



Chapter 3
Fig 3.9(a) The effect of phosphatidylserine (PS, 15 pg/ml) on histamine 
release from rat peritoneal mast cells induced by chymotrypsin (n=4)
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Fig 3.9(b) The effect of Phosphatidylserine on histamine release 
from rat peritoneal mast cells induced by anti-IgE (n=5).
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Fig 3.10 The effect of chymotrypsinogen on histamine release from
rat peritoneal mast cells (n=4).
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Fig 3.11 Prostagladin Da standard curve
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Fig 3.12(a) Histamine release induced by chymotrypsin from
purified rat peritoneal mast cells (n=3)
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Fig 3.12(b) PCD2 release induced by chymotrypsin from 
purified rat peritoneal mast cells (n=3)
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Fig 3.13(a) Histamine release induced by 48/80 from
purified rat peritoneal mast cells (n=3)
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Fig 3.14(a) Histamine release induced by anti-IgE from purified 
rat peritoneal mast cells (n=3).
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Fig 3.14b PGD2 release induce by anti-IgE from purified 
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Fig 3.15 Effect of anti-IgE on chymotrypsin mediated histamine 
release from rat peritoneal mast cells (n=7)
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Fig 3.16 Three dimentional structure of a-chymotrypsin. 
The enzyme has three polypeptide chains. The active 
centre is in the region of histidine 57 and serine 195. The 
position  of d isu lp h id e bonds are shown by  
cross-linkages. (Adapted from Biochemistry by Lubert 
Stryer, 3rd Ed.)
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Chapter 4

4.1 Introduction

This chapter is divided in two parts. Part one looks at the inhibitory effects of a 

variety of anti-allergic compounds in preventing histamine release from rat peritoneal 

mast cells stimulated by a -C T  and other stimuli. Part two looks at the inhibitory 

effects of serine esterase substrates and other inhibitors in preventing histamine release 

from rat peritoneal mast cells stimulated by a-CT and other stimuli.

4 .1 .1  A n ti-A llerg ic  C om pounds

Mast cells play a key role in many allergic or immediate hypersensitivity type 

reactions through their high affinity IgE receptors. Owing to their ideal locations within 

mammalian bodies, they are able to interact to the highest possible degree with invading 

antigens. The widespread involvement of mastocytes in a diversity of allergic disorders 

has led to attempts to develop drugs that suppress mast cell function. The possible use 

of drugs which protect mast cells and prevent mediator release would therefore appear 

to be of great therapeutic benefit.

Through the years, a diverse range of drugs has been developed and prescribed 

to patients with allergic disorders. Many of these drugs are structurally unrelated and 

have different modes of action. The following sections look briefly at a range of anti

allergic compounds and their ability to inhibit histamine from rat peritoneal mast cells 

stimulated by a-CT and other stimuli.

The introduction of DSCG some twenty years ago provided a significant 

advance in the prophylactic treatment of asthma and other allergic conditions. DSCG is 

a derivative of the naturally occurring anti-spasmodic compound, khellin (a furano- 

chromone). Since its discovery, intense efforts have been made to elucidate the mode 

of action of the chromone. There have been many possible mechanisms of action put 

forward. These include the possibility of DSCG exerting its effect on mast cells by 

stabilizing the cell membrane (48), by sequestering extracellular calcium ions or finally
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by inhibiting cAMP phosphodiesterase (327,328). However, more recent studies have 

provided convincing evidence that the latter is unlikely to be the case. In particular, 

DSCG is a more potent inhibitor of cyclic GMP- than cyclic AMP- selective 

phosphodiesterase (329). A more specific mode of action of DSCG was put forward 

by Theoharides and co-workers (182), who suggested that the effect of DSCG on rat 

mast cells was associated with phosphorylation of a 78,000 dalton protein, which is 

thought to regulate the termination of the secretory response.

Nedocromil sodium is a recently introduced anti-asthmatic agent with structural 

similarities to DSCG and is thought to exert its effects via a similar mechanism (302).

Methyl xanthines such as theophylline and 3-isobutyl-l-methylxanthine (IBMX) 

are another group of drugs which prevent mediator release from stimulated mast cells 

by inducing an increase in cAMP levels.

The flavonoids are a group of naturally occurring compounds whose structure 

is based on 2-phenyl-4-chromone, otherwise known as flavone. One of the most 

widely distributed flavonoids is quercetin, which occurs naturally as the glycoside 

quercitin (330). The first study of the action of quercetin on histamine release from 

mast cells was made by Fewtrell and Gomperts (331). It was proposed that if quercetin 

could increase the efficiency of the Ca^'*’-ATPase responsible for maintaining low 

intracellular levels of calcium, it would be expected to inhibit histamine secretion, since 

this is dependent on a rise of intracellular free calcium.

p-agonists are potent inhibitors of mediator release from human lung mast cells 

(332). P2 -agonists such as salbutamol interact with cell membrane associated p-

adrenoceptors, triggering off a series of biochemical reactions culminating in an 

increase in intracellular cAMP levels, which bring about the cessation of secretion.

Most of the compounds described are just a few examples of drugs which 

prevent mediator release from stimulated mast cells. As insigh into mast cell 

biochemistry and its role in allergy is increasing, it is hoped that more effective and 

specific drugs may be developed which could prove to be therapeutically useful.
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4.1.2 Serine Esterase Inhibitors and other Inhibitors

One of the most remarkable attributes of enzymes is their specificity of action. 

Only certain substrates are acted upon and a single type of reaction takes place, without 

side reactions or by-products.

Another interesting feature of enzymes is their enormous catalytic power. 

Enzymes are proteins, and thus relatively fragile molecules. They bring about their 

extraordinary catalytic effects in dilute aqueous solution at biological pH and moderate 

temperature, in sharp contrast to the rather extreme conditions often required to 

accelerate chemical reactions in organic synthesis.

One of first important studies on the specificity of enzymes was carried out by 

Fischer, who found that enzymes capable of hydrolysing glycosides can distinguish 

between their stereoisomeric forms (333). In 1894 this observation led him to 

enunciate the principle that the substrate molecule fits the active site of the enzyme in a 

lock and key, or complementary relationship. Because chymotrypsin is secreted into 

the small intestine, it was first thought to be specific for the hydrolysis of relatively 

long polypeptides formed by the action of pepsin on ingested proteins in the stomach, 

but later work revealed that chymotrypsin can also attack short peptides. The enzyme 

splits specific types of peptide linkages wherever they occur in a peptide chain. 

Moreover, chymotrypsin is specific for those peptide linkages in which the carbonyl 

function is contributed by aromatic amino acid residues e.g. tyrosine, and 

phenylalanine. Chymotrypsin can also hydrolyze the esters of aromatic amino acids.

Tissue mast cells and blood basophils play a central role in the IgE-dependent 

immediate hypersensitivity reaction (334) and the process of degranulation of these 

cells after their activation has been widely studied (335,336). Results showed that the 

general inhibitor of serine esterases, diisopropylfluorophosphate (DPP), inhibits 

histamine release from activated mast cells. Austen and Brocklehurst (335) showed 

that DPP at >5 mM completely inhibited the antigen-dependent release of histamine 

from chopped guinea pig lung but only when DPP was present at the time of challenge.
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This indicates the involvement of the serine esterase following initiation of the secretory 

process by receptor bridging.

A chymytroypsin-type serine protease (chymase) has been purified from rat 

mast cells in several laboratories and also a trypsin-type serine protease (tryptase), with 

an associated protein (trypstatin) that inhibits the protease activity in the pH range above 

7.5 (89-92,96). To clarify whether one of these proteases, or some other putative 

protease closely linked with IgE-receptors (337), is involved in the process of mast cell 

degranulation, it was necessary to study the effect of selective inhibitors and substrates 

of serine esterases on histamine release from the activated mastocyte.

4 .2  Methods and Materials

All methods used in this study were as described in chapter two.

4 .3  Results

4 .3 .1  Results Pertaining to Part One.

4.3.1.1 The Ejfect o f Anti-Allergic Compounds

DSCG (Fig 4.1) and its more recently introduced congener nedocromil sodium 

(Fig 4.2) produced a comparable dose-dependent inhibition of anti-IgE-induced 

histamine release from rat peritoneal mast cells. Both drugs, however, exhibited a 

sharp tachyphylaxis, and activity was rapidly lost on pre-incubation ( 1 0  min) with the 

cells before challenge (Fig 4.1 (b), Fig 4.2 (b)). Nedocromil sodium had a limited 

effect on the release produced by compound 48/80 and a-C T, although disodium 

cromoglycate is more active against these two stimuli (Fig 4.1 (a). Fig 4.2 (b)).
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Quercetin, is a naturally occurring flavonoid structurally related to DSCG, but 

lacking tachyphylactic properties . It was a potent inhibitor of anti-IgE, compound 

48/80 and a-CT-induced histamine release from peritoneal mast cells of the rat (Fig 

4.3). In contrast, the p-agonist salbutamol produced no consistent or dose-dependent 

effect on anti-lgE, compound 48/80 or a-C T (Fig 4.4).

The phosphodiesterase inhibitors, theophylline (Fig 4.5) and isobutyl methyl 

xanthine (IBMX) (Fig 4.6) effectively blocked the release induced by both anti-lgE and 

a-CT, although theophylline was less active against compound 48/80.

The cyclic nucleotide analogue 8 -bromo cAMP (Br-cAMP) (Fig 4.7) and 

dibutyryl cyclic AMP (Bu2  cAMP) (Fig 4.8) were seen to block histamine release

induced by anti-lgE and a-C T  and in each system the drug was significantly more 

active against a-CT.

Fig 4.9 indicates that the p 2 -agonist isoprenaline was ineffective at inhibiting

histamine release from peritoneal mast cells stimulated by anti-lgE, but was rather more 

active against compound 48/80 and a-CT.

4 .3 .2  Results Pertaining to Fart Two

N-Tosyl-L-phenylalanine chloromethyl ketone (TPCK), an inhibitor of a-CT, 

potently inhibited histamine release from rat peritoneal mast cells following stimulation 

by a-CT, anti-lgE and the calcium ionophore A23187 (Fig 4.10).

Fig 4.11 indicates that N-tosyl-L-lysine chloromethyl ketone (TLCK), which is 

a trypsin inhibitor was ineffective in inhibiting histamine release from rat peritoneal 

mast cells following stimulation by a-CT, anti-lgE and the calcium ionophore A23187.

Phenyl methyl sulphonyl fluoride (PMSF), which is a general inhibitor of active 

seryl enzymes, potently inhibited histamine release from rat peritoneal mast cells 

following stimulation by a-C T, but was much less active against anti-lgE and the 

calcium ionophore A23187 (Fig 4.12).
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Isatoic anhydride, a suicide inhibitor of a-C T, produced a dose-dependent 

inhibition of histamine release from rat peritoneal mast cells stimulated by a-CT, but 

was much less active against anti-lgE and ineffective in inhibiting histamine release 

stimulated by the calcium ionophore A23187 (Fig 4.13).

Fig 4.14 indicates that the chymotryptic substrate, N-acetyl-L-tyrosine ethyl 

ester (ATEE), produced a marked dose-dependent inhibition of histamine release from 

rat peritoneal mast cells following stimulation by a-CT. ATEE was rather less active 

against anti-lgE and ineffective in inhibiting histamine release stimulated by the calcium 

ionophore A23187.

2-nitro-4-carboxyphenyl-N,N-diphenyl carbamate (NCDC), again a substrate 

for a-CT, produced a dose-dependent inhibition of histamine release from rat peritoneal 

mast cells stimulated by the enzyme. However, the drug was less active against anti- 

lgE, and ineffective in inhibiting histamine release stimulated by the calcium ionophore 

A23187 (Fig 4.15).

Fig 4.16 shows that chymostatin, a microbial derived peptide inhibitor of a- 

CT, potently inhibited histamine release from rat peritoneal mast cells following 

stimulation by a-CT, but was much less active against anti-lgE and compound 48/80.

Fig 4.17 shows the effect of a-CT pretreated with the serine esterase inhibitor 

DFP or the trypsin inhibitor TLCK, which inactivates the trypsin that may be present 

in chymotrypsin without affecting the chymotrypsin activity. DFP treatment of a-CT 

potently inhibited histamine release from rat peritoneal mast cells, but treatment of a- 

CT with TLCK was ineffective in inhibiting histamine release.

Benzyl dimethyl tetradecyl ammonium chloride (BDTA) (Fig 4.18) selectively 

inhibited the release induced by compound 48/80. The liberation of histamine 

stimulated by a-CT was unaffected by low concentrations of the inhibitor and was only 

slightly affected at higher concentrations of the drug (Fig 4.18). The liberation of 

histamine stimulated by anti-lgE was unaffected by low concentration of BDTA, and 

was actually potentiated at higher concentrations of the compound (Fig 4.18). One 

important experimental finding proved to be of interest. In order for BDTA to act
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selectively, the antagonist and agonist must be added simultaneously. Fig 4.19 shows 

that pre-incubation of BDTA (10 min) prior to addition of compound 48/80 actually 

potentiates the liberation of histamine stimulated by compound 48/80.

4 .4  D iscussion

DSCG was found to be a potent inhibitor of IgE-mediated histamine release 

from rat peritoneal mast cells. However, the phenomenon of tachyphylaxis or self

inhibition was observed as the pre-incubation time of cells with DSCG was increased. 

The exact mode of action of DSCG remains unclear. Extensive studies by Pecht and 

co-workers reported the presence of a specific glycoprotein found in rat basophilic 

leukaemia cells (RBL). The glycoprotein was referred to as the cromolyn binding 

protein (CBP). This protein was thought to lie in the mast cell membrane and control 

the influx of calcium ions into the cell by regulating the calcium gating mechanism 

(338,339). DSCG was proposed to bind to the CBP, thus preventing the influx of 

calcium ions and hence degranulation. However, the RBL cell type are the only cells in 

which a CBP has been identified. Moreover, RBL cells have been shown by some 

investigators to be totally unresponsive towards the inhibitory actions of DSCG (340).

It has been suggested that DSCG may prevent the process of histamine release 

by causing the formation of an endogenous component that mediates the inhibition 

(341). Tachyphylaxis may, thus, represent the depletion of this component, despite the 

continued presence of the chromone at its receptor. It has also been proposed that 

DSCG induces phosphorylation of a 78,000 dalton protein thought to be responsible 

for the natural termination of secretion, this event occurring 30-60 seconds after 

stimulation. Therefore, one candidate for the endogenous inhibitory component formed 

by DSCG may be the phosphorylated 78,000 dalton protein, the formation of which 

has also been shown to exhibit tachyphylaxis. Tachyphylaxis may then represent the
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automatic déphosphorylation of the protein in the cell, in spite of the continued receptor 

occupancy by DSCG (342).

Interestingly, both dibutyryl- and 8 -bromo-cyclic GMP, but not cell permeant 

analogues of cAMP, are also able to induce the phosphorylation of the 78,000 dalton 

protein . It may then be that DSCG produces an elevation of intracellular cGMP, which 

produces the phosphorylation of above protein, and so terminates secretion

DSCG also inhibited a-C T and anti-lgE induced histamine release from rat 

peritoneal mast cells, but was less active against compound 48/80 and tachyphylaxis 

was again observed after pre-incubation (10 min). Similar results were obtained by 

Niais et al. (326). The rapid induction of tachyphylaxis by DSCG for an a-C T - 

induced release is very similar to that of antigen-induced release of histamine.

Inhibition of histamine release by nedocromil sodium from mast cells is thought 

to involve a similar mode of action to DSCG. However, this newer drug was much 

less active than DSCG against histamine release induced by compound 48/80 and a- 

CT, perhaps indicating subtle differences in their mechanism of action.

The p-agonist isoprenaline failed to elicit any appreciable inhibition of histamine 

release induced by anti-lgE and a-C T from rat peritoneal mast cells, despite the 

existence of a large number of high affinity p2 "i"Gceptor sites present on the mast cell

membrane (343). Similar results were obtained when the more selective p 2 -agonist

salbutamol was used. In the light of the findings of the present study and others

(343,344), the functional significance of these receptors is unclear. It may be that the 

p2 -feceptors present on rat peritoneal mast cells are in a modified form or are partially

uncoupled from membrane bound adenylate cyclase. It has also been suggested that 

these agents generate intracellular cAMP which exists in a discrete pool, not directly 

involved in the inhibition of secretion (169).

The flavonoid quercetin was found dose-dependently to inhibit the a-C T and 

anti-IgE-induced histamine release from rat peritoneal mast cells. The inhibitory 

mechanism of action of quercetin has been proposed to be mediated by increasing the 

efficiency of ATP-dependent ion pumps such as the Ca^"^-ATPase which can pump
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calcium ions out of the cytosol (346). Histamine release, which is dependent on a rise 

in Ca^""", would hence be inhibited. At high concentrations, quercetin may inhibit 

oxidative phosphorylation, so depriving the cell of ATP, which would have an obvious 

inhibitory activity on secretion (347).

In the present work, the phosphodiesterase inhibitors theophylline and IBMX, 

and the cyclic AMP analogues Bu2 cAMP and Br-cAMP were all found dose-

dependently to inhibit the a-C T  and anti-IgE-induced histamine release from rat

peritoneal mast cells, although theophylline was less active against compound 48/80.

The phosphodiesterase inhibitors elevate intracellular levels of cyclic AMP by

preventing the enzymatic destruction of cyclic nucleotides while the cyclic AMP

analogues, which can penetrate the cell more readily than the free nucleotide, cause a

direct increase in the cytosolic concentration of cyclic AMP. Pharmacologically

elevated levels of the nucleotide are thought to be linked to the prevention of the release

of histamine and other mediators from mast cells and basophils (252,342,348). This

concept, however, has been questioned by various investigators who have failed to

demonstrate any correlation between the inhibition of secretion and the rise in the cyclic

AMP content of rat mast cells following stimulation by various ligands. It has hence

been argued that there are discrete compartments of cyclic AMP within the mast cell and

that only certain pools are coupled to the inhibition of mediator release (252,348).

Activation of a serine esterase has been implicated as one of the earliest 

biochemical events following mast cell activation (238,239). Accordingly, histamine 

release from a variety of histaminocytes is blocked by a number of amino acid ester 

substrates and inhibitors of seryl enzymes (91-101). Two major serine proteases, 

chymase and tryptase, and a putative serine protease closely linked with IgE-receptors 

have been identified in mast cells (93,91-101). To clarify which of these proteases is 

involved in the process of degranulation, the effect of selective inhibitors of serine 

esterases on histamine release from activated rat peritoneal mast cells was studied. 

Mast cells were activated by anti-lgE, compound 48/80 and calcium ionophores which 

are thought to act at different points in the process of degranulation. In the present
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Study TLCK, an active-site directed inhibitor of trypsin-like enzymes, was found to 

have little effect on histamine release from rat mast cells except at very high, and 

possibly cytotoxic, concentrations. Austen and Brocklehurst (345) have also reported 

that substrates and inhibitors of trypsin have little or no effect in the rat mast cell. In 

contrast, the chymotrypsin inhibitor TPCK inhibited calcium ionophore A23187- 

induced and, rather more effectively, IgE-mediated and a-CT-induced release from rat 

mast cells. These results may indicate that a chymotryptic rather than a tryptic enzyme 

is involved in the release process. Similar results were obtained by Ennis et al. (349). 

The inhibition produced by TPCK was independent of extra-cellular calcium, indicating 

that it did not act by modulating fluxes of the divalent ion across the mast cell 

membrane and indicating that the putative serine esterase did not require external 

calcium for the initiation of its effects. PMSF, which is a general inhibitor of active 

seryl enzymes, inhibited histamine release from rat peritoneal mast cells following 

stimulation by a-CT. However, it was much less active than TPCK at inhibiting 

histamine release induced by anti-lgE and it was almost ineffective at inhibiting 

histamine release stimulated by the calcium ionophore A23187.

The suicide inactivator isatoic anhydride and the chymotryptic substrates ATEE 

and NCDC all effectively inhibited histamine release from rat mast cells stimulated with 

a-CT, but the activity in inhibiting histamine release induced by anti-lgE was less 

marked, with maximum inhibition of 30-40 %, and they were almost ineffective in 

inhibiting histamine release induced by the calcium ionophore A23187 with maximum 

inhibition of 3-8 %. The low-molecular-weight inhibitor of chymase, chymostatin, 

inhibited histamine release from mast cells induced by a-CT and to a lesser extent with 

anti-lgE, but had no effect on that induced by compound 48/80. Similar findings were 

noted by Katuma and Kido (350). This data suggest that the ability to release histamine 

requires the active form of the enzyme and may imply that the action of a-CT is due to 

the enzymatic cleavage of a cellular substrate and not due to a classical ligand binding 

interaction.
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DFP treatment of a-CT potently inhibited histamine release from rat peritoneal 

mast cells. This agent yields inactive derivatives of the enzyme in which the hydroxyl 

group of a specific serine residue is phosphorylated. The inhibitor is one of a group of 

toxic organophosphorus compounds sometimes called nerve poisons since they bind 

with and completely inactivate the enzyme acetylcholinesterase, which functions in the 

regulation of the nervous system by controling the breakdown of the transmitter at the 

neuroeffector junction. DFP selectively phosphorylates the serine residue at position 

195 of chymotrypsin. The inactivity of DFP treated a-C T shows that its ability to 

release histamine requires the active form of the enzyme. However a-CT pretreated 

with TLCK was still able to produce a pronounced secretion of histamine from rat 

peritoneal mast cells. The inhibitor TLCK inactivates any trypsin impurities that are 

may be present in the preparation without affecting the chymotryptic activity. This 

shows that the release was due to a-CT and not due to any tryptic contaminant present 

in the enzyme.

Read and co-workers (351,352) have described a family of positively charged 

quaternary ammonium compounds, named benzalkonium chlorides (BAC). These 

compounds exhibited selective, inhibitory activity against polyamine-induced histamine 

secretion. The antagonism was not extended to other types of stimuli, typically 

immunologic, ionophore and cytotoxic releasers. The tridecyl derivative, BDTA, was 

shown to be the most potent of the BAC series (351). Its interaction with compound 

48/80 and other polybasic secretagogues was determined to be competitive and 

surmountable. On this evidence, BDTA was claimed specifically to inhibit polybasic 

compounds and it was suggested that their use could provide evidence for the existence 

of a polyamine receptor site. In the present work, it was confirmed that BDTA is a 

potent polyamine inhibitor and selectively inhibits the release induced by compound 

48/80. The liberation of histamine stimulated by anti-lgE was unaffected by low 

concentrations of the inhibitor, but was actually potentiated at higher concentrations of 

the antagonist. The liberation of histamine stimulated by the a-CT was unaffected by 

low concentrations of the inhibitor. On this evidence, BDTA was claimed specifically
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to inhibit polybasic compounds and it was suggested that its use could provide evidence 

for the existence of a polyamine receptor site. One important experimental finding 

proved to be of interest. In order for BDTA to act selectively, the antagonist and 

agonist must be added simultaneously. Only under these conditions, could BDTA be 

said to act as a selective, competitive inhibitor of polyamine induced histamine release. 

If the agonist was added several minutes after preincubation with the antagonist, the 

inhibition of release was found to be non-specific and surmountable. In such 

circumstances, BDTA probably acts as a membrane surfactant, affecting membrane 

fluidity and stability by virtue of its detergent properties. Many authors do not adhere 

to this protocol as laid down by Read et a l . (351,353) and consequently fail to observe 

selectivity.

Such conflicts have led to much argument about the use o f BDTA. 

Subsequently, conclusions drawn from the original experiments have fallen into 

disrepute and are under serious speculation. Data presented in this thesis would seem 

to favour the initial reports implicating BDTA as a reliable probe, but only under strictly 

defined experimental conditions. In direct contrast to the polyaminic stimuli, 

immunologically directed ligands such as anti-lgE are far from antagonised by BDTA. 

A distinct, dose-dependent augmentation of the response is observed with these stimuli. 

Similarly, BDTA was ineffective at inhibiting histamine release induced by a-CT. It 

would appear that, at concentrations above 0.3 qg/ml, BDTA begins to exhibit its toxic 

effects by affecting membrane stability. On the assumption that polyamines and BDTA 

compete for the same binding sites, BDTA alone would have unrestricted access to 

those sites. Thus, the absence of inhibition (and concomitant potentiation) on 

stimulation with immunologic agents could be ascribed to the lack of interaction 

between BDTA and the IgE-receptor with accompanying membrane destabilization. If 

this assumption is correct, it would infer two distinct and discrete mechanisms of 

release for polycations and immunological stimuli.

This study has shown that a chymotryptic rather than a tryptic enzyme is 

involved in the release process. Also, the data presented shows that the ability to
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release histamine requires the active form of the enzyme and may imply that the action 

of a-CT is due to the enzymatic cleavage of a cellular substrate and not due to classical 

ligand binding interactions. Finally, the inhibitors of serine esterase were more 

effective in inhibiting histamine release involved in immunological, rather than 

polyamine induced mast cell activation.
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Fig 4.1(a) The effect of DSCG on histamine release from rat peritoneal 
mast cells induced by chymotrypsin, compound 48/80 and anti-lgE.
The drug was added to the cells simultaneously with the stimulus.(n=4)
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Fig 4.1(b) The effect of DSCG on histamine release from rat peritoneal 
mast cells induced by chymotrypsin, compound 48/80 and anti-IgE.The 
cells were preincubated for 10 min with drug before the stimulus was added.
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Fig 4.2(a) The effect of nedocromil sodium on histamine release from rat 
peritoneal mast cells induced by chymotrypsin, compound 48/80 and anti-lgE. 
The drug was added to the cells simultaneously with the stimulus.(n=4)
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Fig 4.2(b) The effect of nedocromil sodium on histamine release trom rat 
peritoneal mast cells induced by chymotrypsin, compound 48/80 and anti-lgE. 
The cells were preincubated for 10 min with drug before the stimulus was 
added.(n=4)
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Fig 4.3 Effect of quercetin on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-lgE and 48/80 (n=4)
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Fig 4.4 Effect of salbutamol on histamine release from rat peritoneal
mast cells induced by chymotrypsin and anti-lgE (n=4)
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Fig 4.5 Effect of theophylline on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-lgE and 48/80 (n=4)
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Fig 4.6 Effect of isobutyl methyl xanthine (IBMX) on histamine release from
rat peritoneal mast cells induced by chymotrypsin and anti-lgE (n=4)

100 -I

8 0 -

6 0 -

I
a
I

40  -

2 0 -

1000010001 0 01 0

IBMX (^M)

CT " Anti-lgE

134



Chapter 4

Fig 4.7 Effect of cAMP analogue 8-bromo cAMP on histamine
release from rat peritoneal mast cells induced by chymotrypsin and
anti-lgE (n=4)
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Fig 4.8 Effect of cAMP analogue dibutyiyl cyclic AMPon histamine
release from rat peritoneal mast cells induced by chymotrypsin and
anti-lgE (n=4)
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Fig 4.9 Effect of isoprenaline on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-lgE and 48/80 (n=4)
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Fig 4.10 Effect of TPCK on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-lgE and calcium
ionophore A23187 (n=4)
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Fig 4.11 Effect of TLCK on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-lgE and calcium
ionophore A23187 (n=4)
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Fig 4.12 Effect of phenylmethyl sulphonyl fluoride (PMSF) on histamine
release from rat peritoneal mast cells induced by chymotrypsin,anti-IgE
and A23187(n=4)
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Fig 4.13 Effect of isatoic anhydride on histamine release from rat
peritoneal mast cells induced by chymotrypsin,anti-IgE and
calcium ionophore A23187 (n=4).
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Fig 4.14 Effect of ATEE on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-IgE and A23187 (n=4)
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Fig 4.15 Effect of NCDC on histamine release from rat peritoneal
mast cells induced by chymotrypsin,anti-IgE and A23187 (n=4)
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Fig 4.16 Effect of chymostatin on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-IgE and compound 48/80 (n=4)
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Fig 4.17 Histamine release from rat peritoneal mast cells stimulated
with chymotrypsin,chymotrypsin(TLCK) and chymptrypsin (DFP)
(n=5)

9 0 -1

7 0 -

%
s

g
I

50 -

I 30  -. 2
Z

10 -

-10
1 0 0 10001 01

chymotrypsin

enzym e (^ig/ml)

♦ chymotrypsin(TLCK)

chym otrypsin(DFP)

145



Chapter 4

Fig 4.18 Effect of BDTA on histamine release from rat peritoneal
mast cells induced by chymotrypsin, anti-IgE and 48/80 (n=6)
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Fig 4.19 Effect of BDTA on histamine release from rat peritoneal
mast cells induced by compound 48/80 at zero incubation and
10 min incubation (n=4)
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Chapter 5

5.1 Introduction

Mast cells are widely distributed throughout the mammalian body. They are 

found essentially in those areas which come into frequent contact with foreign 

substances namely in the lung, nose, eye, skin and the gastrointestinal tract. In this 

way the mast cell is uniquely placed to participate in allergic responses.

In recent years, it has become apparent that the role of the mast cell is not 

confined to immediate hypersensitivity reactions and that the cell may also participate in 

a range of non IgE-mediated processes (354). It has also become clear that mast cells 

from different locations are functionally heterogeneous and may vary in their responses 

both to secretory stimuli and to anti-allergic drugs (355,356). As such, they may have 

specialised physiological and pathological functions according to their tissue 

environment. Most of our knowledge concerning mast cell heterogeneity comes from 

studies in rodents in which two distinct phenotypes, located respectively in the mucosa 

and the connective tissues, may be identified.

The initial observation by Maximow (264) and the series of classic experiments 

by Enerback (201,202) have provided evidence concerning the properties and 

distribution of mast cells in the gastrointestinal tract of the rat. The mast cells located in 

the lower layer of the intestinal wall resemble those found in other connective tissues 

and serosal cavities (CTMC), whereas the cells in the mucosa (MMC) show very 

different properties. They are generally smaller in size and more variable in shape than 

CTMC, have a lower content of histamine and serotonin, and possess fewer granules. 

Moreover, MMC also exhibit numerous biochemical, functional and histochemical 

characteristics which are distinct from their connective tissue counterparts (table 1 . 1 ). 

Recent studies indicate that both cells may originate from a common precursor and that 

they may interchange their phenotype according to the local environment in which they 

are located (357).

The extent of mast cell heterogeneity in man is, however, much less clearly 

defined. Two types of mast cell may be recognised according to their protease

149



Chapter 5

composition (358) and some evidence exists for the occurrence of a distinct MMC 

phenotype (359). However, the functional differences between mast cells from various 

locations are not as marked as in rodent, with the possible exception of the skin cell 

(360).

Serine proteases in mast cell granules may play important roles in the process of 

IgE-mediated degranulation and in pathological alterations in tissues. Two serine 

proteases have been identified in rat CTMC, and these have been named chymase (89) 

or mast cell protease I (90), and tryptase (91). A chymotrypsin-like protease has also 

been identified in rat MMC, and has been named mast cell protease II (92) or atypical 

chymase (102). Tryptase and chymase (96) have also been found in human CTMC, 

and tryptase has been identified in human MMC. These serine proteases are postulated 

to play important roles in the process of IgE-mediated degranulation and in 

pathobiological alterations in connective tissue around venules and in the bronchial and 

gastrointestinal mucosa (97,98). However, the actions of these proteases in allergic 

inflammation are not well understood. The chymotrypsin-like serine protease in rat 

CTMC, named chymase, was first detected in peritoneal mast cells by Benditt and 

Arase (107). Chymase is localized in the granules of connective tissue mast cells as 

shown by histochemical studies (361) and by immunofluorescence studies (112). It is 

localized in mast cell granules as a complex with heparin proteoglycan and is 

solubilized from the granule fraction only at high ionic strength (89).

In the earlier chapters, it was explained that interaction of antigen with IgE 

bound to the mast cell of the rat peritoneal cavity may activate a chymotrypsin-like 

serine esterase at an early stage in the release of histamine. The findings of chapter 

three clearly demonstrate that extracellular a-C T  causes histamine release from rat 

peritoneal mast cells and this was compared with other agents. To establish whether 

activation of a chymotryptic enzyme may be involved in histamine release in species 

other than the rat, we examined the response to a-C T  and other stimuli of different 

isolated tissue mast cells from a variety of species and human basophils.
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5 .2  Methods and Materials

All methods used in this study were as described in Chapter 2.

5 .3  Results

5.3.1 Basic Characteristics of  Rat Mast Cells

The enzyme collagenase was found to be effective in the dispersion of rat 

mesentery, lung and skin into free cell suspensions.

Cells obtained from the three locations were structurally intact as judged under 

light microscopy, and exhibited low spontaneous histamine release. Mast cells 

obtained from the rat lung were predominantly formalin sensitive and exhibited little or 

no staining with safranin. In contrast, mast cells from rat mesentery and, skin, together 

with peritoneal cells, were almost exclusively insensitive to formaldehyde fixation and 

stained positively with safranin O (table 5.1).

5.3.1.1 Histamine Release by Lectins

Concanavalin A, a lectin which cross-links IgE by binding to sugar moieties in 

the Fc region, produced a dose-dependent release of histamine from peritoneal, 

mesentery and lung mast cell preparations (Fig 5.1). The release was similar for both 

mesentery and the peritoneum and decreased for lung. The release was suppressed at 

higher concentrations of concanavalin A.

5.3.1.2 Anaphylactic Histamine Release

Mast cells obtained from different locations released histamine in a dose-
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dependent fashion in response to stimulation with anti-IgE (Fig 5.2). The peritoneal 

cells were the most responsive and the lung cells the least reactive.

5.3.1.3 Histamine Release by Polybasic Compounds

The polyamine compound 48/80 (Fig 5.3) was a potent releaser of histamine 

from rat peritoneal mast cells. This effect was dramatically reduced for cells from the 

mesentery and to an even greater extent for those from the lung, and the compound was 

totally ineffective against the skin cell.

5.3.1.4 Histamine Release by a-CT

a-CT induced a dose-dependent release of histamine from rat peritoneal mast 

cells (Fig 5.4). However, mast cells from other locations released significant amount of 

histamine only at high concentrations of the enzyme. Moreover, these concentrations 

were, at least in part, cytotoxic as judged by the effect of metabolic inhibitors. Fig 5.5 

graphically demonstrates the effect of metabolic inhibitors on histamine release from 

isolated rat lung mast cells. The release induced by high concentrations of the enzyme 

is seen to be only partially reduced by AA alone or in combination with DG. Lower 

concentrations of the enzyme were perhaps slightly more affected by these treatments 

but produced releases of histamine of less than 10 %. The release for compound 48/80 

was non-cytotoxic at the concentration tested (1 . 0  p-g/ml), and the effect was greatly 

reduced by preincubation of the cells with metabolic inhibitors AA and DG (Fig 5.5).

5.3.1.5 Histamine Release by Calcium lonophores

The calcium ionophore A23187 produced a dose-dependent secretion of 

histamine from rat peritoneal mast cells (Fig 5.6). The dose-response curves for the 

ionophore were characteristically bell-shaped with maximal release of histamine of 83.0
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± 2.0 % (n=5). This effect was reduced for cells from the mesentery and to an even 

greater extent for those from the lung. The response of the skin mast cells to the 

calcium ionophore was significantly weaker than either the lung or mesentery, with a 

maximum release of 15.0 ± 1.0 % (n=4).

5.3 .2  Basic Characteristics o f  G uinea Pig M ast Cells

Cell suspensions containing free mast cells were obtained following enzymic 

dispersion of tissue samples from guinea pig lung, and mesentery. The cells obtained 

were structurally intact as assessed by light microscopy, and exhibited low spontaneous 

histamine release 5.0 ± 0.5 % (n=4) (lung), and 4.5 ± 0.5 % (n=4) (mesentery).

5.3.2.1 Histamine Release by Polybasic Compounds

The classic histamine liberator, compound 48/80 (Fig 5.7) was ineffective in 

releasing histamine from guinea pig lung, with a maximal release of 4.0 ± 0.5 % (n=3). 

A similar result was obtained with guinea pig mesentery, with maximal release of 

histamine of 1.5 ± 0.5 % (n=3).

5.3.2.2 Histamine Release induced by a-CT

Guinea pig lung mast cells released histamine in a dose-related manner in the 

presence of exogenous a-CT (Fig 5.8). However, histamine secretion evoked by a -  

CT (200 jig/ml) was seen (Fig 5.9 (a)) to be totally unaffected by the presence of both 

AA and DG, whereas histamine release induced by a-C T (50 |ig/ml) was greatly 

reduced in the presence of the inhibitors. The effect on guinea pig mesenteric mast cells 

was much less (Fig 5.8), and histamine secretion evoked by a-C T  (200, 50 p-g/ml) 

from these cells was markedly reduced in the presence of the metabolic inhibitors (Fig 

5.9 (b)).
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5.3.3 Histamine Release from Mouse Mast Cells by Compound 48180

The synthetic polyamine compound 48/80 (Fig 5.10) induced a pronounced 

secretion of histamine from rat peritoneal mast cells, with a maximal release of 

histamine of 80.0 ± 3.0 % (n=4). Peritoneal mast cells of the mouse only released 

histamine at high drug concentrations, with a maximal histamine release of 48.0 ± 2.0 

% (n=4).

5.3.4 Histamine Release from Mouse Mast Cells by a -C T

Rat peritoneal mast cells actively released histamine in a dose-related manner, 

with a maximal histamine release of 81.0 ± 3.0 % (n=4). This effect was greatly 

reduced for peritoneal mast cells of the mouse and these cells only released histamine at 

the highest test concentrations of a-CT, with a maximal release of 18.0 ± 2.0 % (n=4) 

(Fig 5.11).

5.3.5 Basic Properties of Human Colonic, Lung and Skin Mast Cells

Using identical isolation procedures, free cell suspensions were obtained from 

both lung and colonic tissues. The enzymic dispersion yielded 0.6 ± 0 .1%  x 10^ 

(lung), 0.9 ±  0.1 X 10^ (colonic mucosa) and 0.5 ± 0.1 x 10^ (skin) cells per gram wet 

tissue (n = 5-6).

Cells obtained from these locations were structurally intact as judged under light 

microscopy, and exhibited low spontaneous histamine release, 4.5 ± 0.5 % (lung), 5.0 

± 1.0 % (colonic mucosa), and 6.5 ±1.0 % (skin) (n=5-6).
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5.3.5.1 Ejfect o f  Anti-Human IgE

The response of passively sensitized human mast cells to anti-human IgE is 

shown in Fig 5.12. The human lung mast cells were the most responsive, releasing up 

to 37.0 ± 2.0 % (n=5) of their total cellular histamine with a 1/100 dilution of anti-IgE. 

The skin cells displayed markedly less reactivity to this agent with top concentrations 

inducing a release of only 11.0 ± 3.0 % (n=4).

5.3.5.2 Ejfect o f Calcium lonophores

All three mast cell types exhibited a dose-dependent release of histamine with 

ionophore A23187 (Fig 5.13), but the response of the skin mast cells to the ionophore 

was significantly weaker than that of either lung or colonic mucosal cells.

5.3.53 Effects o f Polybasic Compounds

The synthetic polyamine compound 48/80 proved to a more effective histamine 

liberator from human skin mast cells than those from the human lung and colonic 

mucosa (Fig 5.14 (a)). However, at top concentrations this agent released only up to

7.5 ± 0.5 % (n=4) of the total histamine from the skin cell. The release for compound 

48/80 was a non-cytotoxic at the highest concentration tested (10 |ig/ml), and the effect 

was greatly reduced by pre-incubation of the cells with the metabolic inhibitors AA and 

DG (Fig 5.14 (b)). Isolated human basophils were totally unresponsive to compound 

48/80 (Fig 5.14 (a)).

The neuropeptide substance P (Fig 5.15 (a)) proved to be a stronger histamine 

liberator from human skin mast cells. At top concentrations, this agent released up to 

19.0 ± 3.0% (n=4) histamine from skin mast cells, whilst having only a weak effect at 

high concentrations on those cells from the human lung and basophils. The effect of 

substance P on the skin cells was non-cytotoxic as judged by the response to metabolic
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inhibitors, and the release was dramatically reduced by pre-incubation of the cells with 

AA and DG (Fig 5.15 (b)).

5.3.5.4 Effect o f a-Chymotrypsin

The effect of a -C T  on isolated human histaminocytes from a number of 

different locations was observed (Fig 5.16). Non-cytotoxic histamine release, as 

judged by the effect of metabolic inhibitors (table 5.2) is shown by solid lines while 

cytotoxic release is shown by broken lines. In contrast to the rat, human mast cells are 

seen to be resistant to the effect of a-CT, with the possible exception of the lung. They 

released significant amounts of histamine only at cytotoxic concentrations. Fig 5.17 

shows the effect of metabolic inhibitors on histamine release from isolated human lung 

mast cells. Histamine secretion evoked by a-C T  (200,100 pg/ml) was seen to be 

essentially unaffected by the presence of AA and DG, whereas histamine release 

induced by lower concentrations (50 |ig/ml) from the same cell type was greatly 

reduced in the presence of the inhibitors. Compound 48/80 (1.0 |LLg/ml) was also 

included in these experiments and, while it releases only very small amounts of 

histamine, this again appeared to be blocked by the inhibitors. Fig 5.18 shows the 

effect of metabolic inhibitors on histamine release from isolated human skin mast cells. 

A similar result to human lung was obtained: high concentrations of a-CT (400 |ig/ml) 

were totally unaffected by the presence of the inhibitors, whereas at lower 

concentrations ( 2 0 0  p-g/ml) the histamine release was greatly reduced in the presence of 

the inhibitors. The secretion induced by compound 48/80 was similarly inhibited.

5.3.5.5 Synergistic Effect o f a-CT and Anti-IgE on Histamine Release from  Human

Lung Mast Cells

Anti-human IgE (1/1000 dilution) produced a limited release (ca 10 %) of 

histamine from human lung mast cells. However, this release was strikingly
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potentiated by low concentrations of a-C T which themselves caused negligible or 

restricted secretion of the amine (Fig 5,19).

5 .4  D iscussion

Histochemically, mast cells from the four connective tissue locations of the rat 

displayed a range of phenotypes following formalin fixation and staining with alcian 

blue/safranin O.

Mast cells from the lung were predominantly formaldehyde-sensitive like those 

of the intestinal mucosa (362). Since safranin O binds to the heparin proteoglycan in 

mast cell granules, the safranin positivity of cells is often taken as an indication of their 

CTMC phenotype (202). Thus, those from the lung which stained with alcian blue 

approximated more closely to the MMC phenotype (362). Mesenteric and skin mast 

cells exhibited intermediate staining characteristics. These findings may suggest the 

existence of both chondroitin sulphate and heparin proteoglycans in varying 

proportions in CTMC of the rat.

In view of this complexity, the designation of rat mast cell phenotypes 

according to their neutral protease content may be more useful. Thus, rat mast cells 

may contain different chymotryptic-like enzymes according to their anatomical location 

(89). Cells in the skin, and lung parenchyma contain the rat mast cell protease I 

(RMCPI), while those in the lamina propria of the intestine and bronchial epithelium 

contain the antigenically distinct RMCPII. Clearly, mast cell subsets may be 

conveniently distinguished in the rat according to their content of serine proteinases.

The present study showed that functional mast cells may be obtained by simple 

lavage of the peritoneal cavity and by enzymatic dispersion of mesentery, lung and 

skin. Mast cells obtained from the four locations release histamine in dose-dependent 

fashion in response to stimulation with anti-IgE. The peritoneal cells were the most 

responsive and the skin the least reactive. This difference in reactivity might reflect the
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number or nature of IgE-receptors present on the cell surface, and the existence of 

distinct IgE-receptor types in purified populations of rat intestinal and peritoneal mast 

cells has recently been demonstrated (363). These differences in receptor 

characteristics might be responsible for the fact that rat mast cells from different 

locations release different quantities of histamine in response to anti-IgE stimulation. 

Moreover, the above hypothesis might also be applied to con A, since the lectin is 

believed to cross-link IgE by binding to glucose and mannose residues in the 

carbohydrate portion o f the immunoglobulin (62). The marked gradation in 

responsiveness observed with rat mast cells to the ionophore A23187 may reflect 

variations in the membrane compositions of the target cell, leading to differences in the 

lipid solubility and rate of diffusion of the ionophore across the membrane. However, 

the histamine-releasing effect of the ionophores in these cells suggests that a rise in the 

concentration of intracellular calcium is a sufficient trigger for exocytosis, although this 

may be utilized to varying degrees in each mast cell type to initiate the secretory 

process.

The lectin from wheat germ was more specific in its mode of action. In the 

present study, and in agreement with results of Ennis et al. (363), the release was 

comparable for mast cells from the peritoneum and mesentery, and decreased slightly 

for those from lung. Moreover, the response in each case was suppressed at 

supramaximal concentrations of con A.

The effect of polybasic compounds in functional studies of mast cell 

heterogeneity has been well documented (269,364). Mast cells from the peritoneal 

cavity released a significant amount of their histamine in response to stimulation with 

the basic agent compound 48/80. In contrast, enzymically dispersed mast cells of the 

mesentery, lung and skin show a continuous gradation in reactivity towards these 

compounds. Moreover, it has been suggested (365) that the basic agents exert their 

effects through a common, non-specific receptor or binding site. Various 

investigations (366) have demonstrated that the essential structural features of 

histamine-releasing peptides are basic amino acids such as arginine and lysine at the N-
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terminus and hydrophobic amino acids at the C terminus. A hypothesis relating to the 

mechanism of action of basic peptides on mast cells has been put forward by Repke and 

Bienert (367). In brief, the C-terminal lipophilic end of the compound anchors in the 

membrane via formation of an a-helix. This alters the membrane conformation and 

exposes pockets of negative charge with which the N-terminal basic amino acids then 

interact to initiate secretion. Mastoparan, substance P and compound 48/80 have been 

reported to induce histamine release in rat mast cells by direct activation of a G-protein 

(233). Such evidence has resulted in a refined hypothesis regarding the mechanism of 

action of polybasic compounds, namely that G-proteins constitute the binding site for 

these compounds in much the same way as the intracellular loop of the activated 

neurokinin receptor interacts with the C-terminal domain of the G-protein a-subunit 

(233), and this interaction results in mast cell triggering.

Sialic acid residues may also play a role in the initial interaction of polybasic 

compounds with the membrane (233), which has interesting implications concerning 

the fundamental basis of mast cell heterogeneity. In brief, it has been proposed that 

polybasic compounds bind initially to the mast cell membrane by an ionic interaction 

with negatively charge sialic acid residues (233). Following this primary interaction, 

these agents intercalate in the membrane by virtue of their hydrophobicity and this 

allows the further interaction of the clusters of positive charge in the molecule with 

negative sites in the membrane, recently postulated in rat mast cells to be a G-protein 

(233), which triggers secretion.

The characteristics of non-immunological release differ from those of IgE- 

dependent stimuli in being more rapid (complete in < 2 0  sec) and only partially 

dependent on the presence of extracellular calcium (364).

Despite releasing histamine in response to a-CT, mast cells from guinea pig 

lung and mesentery fail to release significant amounts of histamine when stimulated 

with compound 48/80. In contrast, compound 48/80 released histamine from mouse 

peritoneal mast cells, while a-CT failed to activate these cells. The specificities of these 

agents are then clearly different.
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The enzymic dispersion of human mast cells in the present study resulted in the 

isolation of functionally active preparations. In accordance with Liu and Tainsh 

(personal communication), mast cells are found to be indistinguishable on the basis of 

their content of the biogenic amine, histamine. However, marked differences exist in 

the formaldehyde-sensitivity of the skin mast cells compared to the rest. The human 

skin mast cells, like the CTMC in the rat, are almost exclusively resistant to formalin 

fixation.

It has been suggested that formaldehyde may induce cross-linking of the protein 

shell around the mast cell proteoglycan, thus restricting dye binding (368). Since 

neutral proteases comprise a substantial proportion of the protein bound to the 

proteoglycan in human mast cells, it has been proposed that the differences in protease 

composition which have been observed in human mast cells (271) may contribute to 

differences in susceptibility to blockage of metachromatic staining following 

formaldehyde fixation (369). Indeed, cells from both the lung and intestinal mucosa, 

which are mainly tryptase-containing (M Cj), were almost exclusively formaldehyde- 

sensitive and hence there appears to be a good correlation between the presence of 

chymase in the mast cell and resistance to blockage by formalin, both of which are 

properties of the human skin mast cell.

Isolated human mast cells were functionally responsive as judged by their

ability to release histamine with anti-human IgE. It is of interest to note, however, that

the response of human skin mast cells, which were isolated predominantly from infants

and young children (chapter 2 ) was considerably lower than that of mast cells isolated

from locations in the adult. This is consistent with results from a number of other

studies (359) and may be due to a lower density of IgE-receptors present on these cells

compared with their adult counterparts. Indeed, the circulating level of serum IgE in

young children is much less than in adults and it would appear that, at least in the 

human basophils, there is a good correlation between Fcg RI numbers and the serum

IgE level (370).

160



Chapter 5

The profile of responsiveness of the human mast cells to the ionophore A23187 

was similar to that with anti-IgE. The human skin mast cell was considerably less 

responsive to these agents than those cells from the lung and colonic mucosa. This 

would again suggest that infant mast cells are generally less functionally mature than 

those isolated from other locations in the adult.

A23187 had distinctive release characteristics, with secretion falling 

dramatically at high ionophore concentrations. Concentrations of ionophore greater 

than 3.0 |iM  may be damaging to the cell or lead to sufficiently large increases in 

intracellular calcium so as to inhibit rather than evoke the secretory response.

In contrast to the strong response of human mast cells to anti-IgE, cross-linking 

of cell-fixed antibody with the plant lectin con A was an insufficient trigger for 

histamine release. The differences observed between the reactivity of human mast cells 

to these lectins, when compared with that observed in rat peritoneal mast cells, may 

reflect variation in the structure, degree of glycosylation and/or accessibility of 

carbohydrate moieties of the IgE molecules between the rodent and human systems.

Compound 48/80 is a mixed polymer o f p-methoxy-N-methyl phenyl- 

ethylamine cross-linked by formaldehyde (Appendix I). It was synthesized in 1948 

and characterized as a histamine releaser in 1951 (371). In the present study, the 

human skin mast cell was more reactive to this agent than mast cells from the lung and 

intestinal mucosa. This result was also observed in other studies (74,76). In addition, 

the human skin mast cell was unusual, compared to its counterparts in the lung and 

intestinal mucosa, in releasing histamine after challenge with substance P. In addition 

to the effects of compound 48/80 and substance P, a diversity of compounds including 

small and large peptides, alkaloids and antibiotics, were all selective in releasing 

histamine from the human skin mast cell but not those from lung or intestinal mucosa 

(372). Since these agents all share a predominantly basic nature, this would therefore 

suggest that non-immunological release is a non-specific, receptor independent event. 

Such a mechanism has been described in detail by Repke et a l . (367).
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This study clearly indicates that a-CT (5-500 }ig/ml) elicits histamine release 

from rat peritoneal mast cells, but was less active against isolated mesenteric, lung and 

skin cells. a-CT was effective in releasing histamine in a dose-related manner from 

isolated guinea-pig lung, but at higher concentrations of a-CT (>2(X) |ig/ml) the release 

was essentially cytotoxic. The effect of a-CT was greatly reduced with isolated 

guinea-pig mesenteric mast cells. a-CT was ineffective in releasing histamine from 

mouse peritoneal mast cells. Thus, the action of exogenous a-CT was tissue and 

species selective. At non-cytotoxic concentrations, the protease was a much weaker 

releaser of histamine from tissue mast cells from the human lung, intestine, skin and 

isolated basophils. To achieve a comparable release to that obtained from rat peritoneal 

mast cells, cytotoxic concentrations of a-CT (as determined by the persistence of much 

of the histamine release in the presence of AA and DG) were required in the human 

histaminocytes.

It was experimentally observed that low concentrations of a-C T potentiated 

anti-IgE mediated histamine release from human lung mast cells. These findings were 

similar to those obtained from rat peritoneal mast cells. Thus, a-C T in the human 

system appears to act on or with receptor-bound IgE molecules on the surface of the 

mast cell membrane.

In conclusion, the exogenous protease a-C T  is able to produce histamine 

release and potentiate immunological stimulation of rat peritoneal mast cells. This 

suggest that the enzyme may play a role in IgE-mediated signal transduction. In human 

histam inocytes, exogenous a -C T  was observed to be a less potent releaser of 

histamine. However, this does not exclude the involvement of protease in IgE- 

mediated events in the human cell. a-CT was observed to release a significant amount 

of the amine from all human cells tested. Moreover, it potentiated IgE-mediated 

stimulation of human lung mast cells. Together, the evidence points to the involvement 

of an endogenous serine esterase in human mast cell activation. However, much more 

research will be required to determine the importance of the protease involvement.
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Fig 5.1 Effect of concanavalin A on rat histaminocytes (n=4-5).
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Fig 5.2 Effect of rat anti-IgE on rat histaminocytes (n=4)
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Fig 5.3 Effect of 48/80 on rat histaminocytes (n=4-5).
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Fig 5.4 Effect of chymotrypsin on rat histaminocytes (n=4-6)
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Fig 5.6 Effect of calcium ionophore A23187 on rat histaminocytes (n=4-5).
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Fig 5.7 Effect of 48/80 on guinea pig histaminocytes (n=3).

5

4

3

I 

I
1

0

1 0.01 .1 1 
com pound 48/80 ()ig/ml)

Lung ME

Fig 5.8 Effect of chymotrypsin on guinea pig histaminocytes (n=4).

50  -

4 0  -

3 0  -

a  20 -

10 -

1 0 0 10001 1 0
chymotrypsin (pg/ml)

Lung ME

169



Chapter 5

Fig 5.9(a) The effect of metabolic inhibitors on histamine release
from guinea pig lung mast cells induced by chymotrypsin
(200,50 jUg/ml) (n=4).
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Fig 5.10 Effect of compound 48/80 on histamine release
from mouse and rat peritoneal mast cells (n=4).
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Fig 5.12 Effect of anti-human IgE on human histaminocytes (n=4-5)
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Fig 5.13 Effect of calcium ionophore A23187 on human histaminocytes (n=4)

s0

3
1
I

80-1

6 0 -

40 ■

20 -

I I I ' I -I I
1 (

TT I I I" I I I

1

T T

.01

-0 —  Lung

calcium ionophore A23187 (pM)

♦ ■ Colonic mucosa -a  Skin

173



Chapter 5

Fig 5.14(a) Effect of compound 48/80 on human histaminocytes (n=4-5)
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Fig 5.14(b) Effect of metabolic inhibitors on release induced by 
compound 48/80 (10 pg/ml) from islated human skin mast cells (n=3)
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Fig 5.15(a) Effect of substance P on human histaminocytes (n=4)
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Fig 5.16 Effect of chymotrypsin on human histaminocytes (n=5-6)
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Fig 5.17 Effect of metabolic inhibitors on histamine release induced by
chymotrypsin and 48/80 from isolated human lung mast cells (n=4)
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Fig 5.18 Effect of metabolic inhibitors on histamine release induced by
chymotrypsin and 48/80 from isolated human skin mast cells (n=3)

20  -1

%n
0 )
%

O)
g
s(Q

>4-1(A
X

15 -

10  -

CT(400 ^ g /m l)

E3 C T(200gg/m l)

48/80(10.0 g g /m l)

r>a-a-a
ft

-GLU GUU 2DG DG+AA



Fig 5.19 Effect of anti-human IgE on chymotrypsin mediated 
histamine release from isolated human lung mast cells (n=3)

B
%
X

45 -

35 -

£%
(AriO)Ü  25 -
0 )

a;
C

15 -

1 0 30

chymotrypsin (|ig/ml)

Anti-humanlgE(1/1000 dilution)

CT

CT + IgE

n

Ln



C hapter 5

Table 5.1 Some basic properties of rat mast cells derived 

from a variety of locations (n=3-5)

Peritoneal Mesentery Skin Lung

Histamine 
(pg/mast cell)

24.013.0 7.610.8 2.610.2 4.810.3

Spontaneous 
histamine 
release (%)

4.010.5 5.010.5 6.011.5 7.011.0

Formaldehyde 
sensitive (%)

0.410.2 19.014.0 16.014.0 7.510.7

Safranin 
positive (%)

99.710.1 82.011.3 38.011.0 19.510.6
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Table 5,2 Effect of a-CT on mast cells from human tissues in 

the presence and absence of the metabolic inhibitors antimycin 
A (1 pM) and 2-deoxyglucose (5 |iM)

Histamine release (%) induced bv a-CT at a concentration of:
50 ue/ml 200 ue/ml

(-) Inhibitors (+1 Inhibitors (’) Inhibitors; (+) Inhibitors

Lung 16.0±4.0 5.013.0 31.512.5 23.512.5

Colonic mucosa 3.0±1.0 1.510.5 10.015.0 7.512.5

Skin 1.0±0.5 0.811.0 9.014.0 6.013.5

Basophils 5.012.0 ND 5.012.0 ND

Cells were preincubated (10 min) with the inhibitors and then challenged. Secretion 
was allowed to proceed for further 10 min. Values are means±SEM for 4-5 
experiments.
ND denotes not determined.
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6.1 Introduction

This chapter is divided in two parts. Part one looks at a more direct means of 

m easuring cellular serine esterase activity. Part two looks at the effects of 

immunological stimulation on the chymotryptic activity recoverable from mast cells.

Rat mast cells present a special opportunity to measure cellular serine esterase 

activity more directly, since it is possible to permeabilize these cells by treatment with 

adensine 5 ’-triphospate (ATP) (and so to introduce exogenous solutes) and then 

reanneal the cells by addition of excess Mg '̂*’ (and therefore trap any solute which has 

penetrated into the cytosol).

ATP is a nucleotide consisting of a heterocyclic purine base (adenine), a 5- 

carbon sugar (D-ribose) and three phosphate groups (refer to structure in appendix 1, p 

237). ATP is a ubiquitous intracellular constituent and occurs not only in the cell 

cytosol, but also in mitochondria and the cell nucleus. The concentration of 

cytoplasmic ATP in mast cells is greater than 5 mM and, at physiological pH, ATP 

exists essentially as the tetrabasic acid ATP^”. However, in physiological salt solutions 

this is a minor component of the total ATP, most of which is complexed to the bivalent 

cations Mĝ "*" and Ca^'*' which are normal constituents of these solutions.

The intracellular role of ATP has been recognised for many years and is well 

documented. However, there is currently a widespread interest in the role of 

extracellular ATP in physiological processes. The ubiquity of intracellular ATP may 

suggest that any cell could potentially serve as a source of extracellular ATP. The 

presence of ATP in the extracellular fluid can result from cell lysis, selective 

permeabilization of the plasma membrane or exocytosis of secretory granules.

Extracellular ATP has also long been known to induce the exocytotic release of 

histamine from rat peritoneal mast cells (240,373). It is thought to act by inducing the 

formation of lesions in the cell membrane which permit the influx of extracellular 

calcium ions (374). The agonist form of ATP that interacts with receptors to allow 

Câ "*" movements and consequent secretion is the tetrabasic anion ATP"^" (162) which,
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as stated above, is a minor equilibrium component in solution containing and

Ca^"^ to which ATP is normally complexed. The optimal concentration of ATP"^" for 

inducing secretion is reported to be 2-3 }XM ATP in the presence of 1.8 mM Ca '̂*’ and 1 

mM Mg^"*” (375). Higher concentrations of ATP cause a depression of secretion and 

the nucleotide is found to promote leakage of water soluble metabolites from the mast 

cell cytosol. This correlates with the self-inhibition of secretion which occurs as the 

concentration of ATP is raised above its normal optimum. Thus, ATP when applied at 

a concentration optimal for secretion is, permissive of phosphate movement, whereas at 

inhibitory concentrations further leakage of nucleotide and other phosphorylated 

metabolites occurs (without the loss of protein) (376).

The extracellular application of ATP is not the only technique which may be 

employed for permeabilizing mast cells or other mammalian cells. A wide range of 

methods have been used that cause different degrees of damage to the plasma 

membrane, ranging from relatively small lesions generated by high voltage discharges

(377), to substantial damage caused by certain bacterial lysins such as streptolysin O

(378). With these techniques, the exocytotic site becomes accessible to normally 

impermeant solutes, while the cell retains sufficient structural integrity to undergo a 

normal secretory process.

Membrane permeabilization with extracellular ATP is a limited method, 

applicable only to those cells having appropriate receptors. However, a particular 

feature of the use of ATP as a permeabilizing agent lies in the possibility of resealing 

the induced lesions. This can be achieved within seconds by the addition of an excess 

of Mg^"*" to the system, which converts ATP"^‘ to its Mg^"*" salt (379). Thus, 

exogenous solutes can be loaded into and trapped within the cytosol of otherwise fully 

intact cells. It was by this strategy that the first indications of the involvement of a 

GTP-binding protein in the stimulus secretion sequence was obtained (380). All this 

can be monitored fluorimetrically by following the formation of the DNA adduct with 

ethidium bromide (379). Ethidium bromide is normally impermeant and of low 

intrinsic fluorescence. It becomes intensely fluorescent in contact with DNA, which is
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exclusively located intracellularly. In the present chapter, I have attempted to 

permeabilize rat peritoneal mast cells with ATP and thereby to introduce into the cytosol 

a fluoresecent chymotryptic substrate. Hydroylsis of the substrate was monitored 

following cell activation. In addition, the effect of immunological stimulation on the 

total chymotryptic activity recoverable from the cell was monitored.

6 .2  Methods and Materials

All methods used in this study are as outlined in chapter 2.

6 .3  Results

6 .3 .1  Characteristics o f  the A T P -Induced M em brane Lesions in M ast Cells

ATP (30-1000 |iM) evoked a characteristic release of histamine from rat 

peritoneal mast cells (Fig 6.1). The dose-response curve was bell-shaped with 

maximal release occurring at an ATP concentration of 250 }iM in the presence of ImM 

calcium and magnesium. However, in the absence of magnesium the dose-response 

curve for ATP was displaced to the left, with maximal secretion occurring at a fourfold 

lower ATP concentration of 65 |iM. Moreover, a secondary elevation of histamine 

release was observed at supramaximal concentrations of the nucleotide. In the absence 

of calcium, the release of histamine was minimal (Fig 6.1).

In an attempt to characterize the ATP-induced membrane lesions, mast cells 

were pre-treated with ATP, in the absence of calcium and magnesium, for increasing 

periods of time prior to the addition of calcium ions and the effect on the histamine 

release was examined (Fig 6.2). Under these conditions, the extent of secretion 

following the addition of the divalent cation was progressively reduced as the pre

incubation period with ATP was increased, until little or no release occurred after 20 

min. This reduction in secretion was found to be permanent, since a second ATP-
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challenge following addition of the cation, after 2 0  min pre-incubation time, did not 

lead to histamine release.

6 . 3 . 2  Inhibition o f  Histamine Release by Succinyl-Leu-Leu-Val-Tyr-MCA

Fig 6.3 indicates that succinyl-Leu-Leu-Val-Tyr-MCA (S-Pep-MCA) was a 

poor inhibitor of histamine release from rat peritoneal mast cells stimulated with anti- 

IgE, and inhibited release of histamine by a maximum of 29.0 ± 3.0 % at 100 |iM. S- 

Pep-MCA was ineffective in inhibiting histamine release induced by compound 48/80.

6 . 3 . 3  Inhibition o f  Histamine Release by S-Pep-MCA Following Various 

Incubation Periods

The effect on histamine release of pre-treated rat peritoneal mast cells with S- 

Pep-MCA (100 |iM) for increasing periods of time prior to the addition of stimuli was 

examined as shown in Fig 6.4. Inhibition increased very slightly for anti-IgE as the 

pre-incubation time with S-Pep-MCA was increased, reaching a maximum after a 20 

min incubation period. Pre-incubation with S-Pep-MCA again led to no inhibition of 

histamine release induced by compound 48/80.

6 . 3 . 4  Induction o f  Membrane Permeabilization by ATP and Use o f  the 

Nucleotide as a Tool fo r  Introducing Low Molecular Weight Substances 

into Mast Cells

In these experiments, mast cells were permeabilized with ATP (5 }iM) in the 

absence of divalent cations and at pH 7.8, so ensuring that all ATP was in the form 

ATP^". At this time they could be loaded with various substrates or inhibitors of serine 

esterase. Excess Mĝ "*" was then added, so causing the ATP^' induced lesions to close 

and trapping any added substances that had entered the cells during this time (Fig 6.5).
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6.3.4.1 Detection o f Membrane Permeabilization using Ethidium Bromide

Relatively large numbers of mast cells of high purity were required in these 

experiments. Thus, the study was carried out only on peritoneal cells of the rat, where 

a large population of highly purified mast cells was obtainable. This was difficult to 

achieve with mast cells derived from other species and locations.

To detect the ability of ATP to induce permeabilization of peritoneal mast cells 

of the rat, measurements of uptake of the fluorescent dye, ethidium bromide, were 

performed. Ethidium bromide is normally impermeant and of low intrinsic 

fluorescence. It becomes intensely fluorescent on contact with DNA, which is 

exclusively located intracellularly. Fig 6 . 6  illustrates a representative trace of ethidium 

bromide fluorescence (stock solution in water was diluted to a concentration of 100 |llM  

in CMF-Tyrodes (pH 7.8) containing EDTA (2 mM) and kept in the dark at 37 °C) in a 

mast cell suspension treated with ATP. Initially, divalent cations were excluded and 

residual amounts were suppressed with EDTA. Under these conditions, cells exhibit a 

stable basal level of fluorescence. On addition of ATP (5 |iM), the intensity of 

fluorescence increases due to uptake of ethidium bromide and formation of its adduct 

with DNA. Quite clearly, other compounds having the dimensional characteristics of 

ethidium bromide may enter into the cells under much the same conditions.

6.3.4.2 Effect o f Various Stimuli on Fluorescence Changes in Rat Peritoneal Mast Cells 

Loaded with S-Pep-MCA

Using a selective chymotryptic substrate S-Pep-MCA, which on hydrolysis 

yields a fluorescent product, and the unique properties of ATP permeabilization of rat 

peritoneal mast cells in reversible fashion, it was possible to load the mast cell with the 

substrate and measure immediate fluorescence changes occurring after cellular 

activation.
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Fig 6.7, which is a representative trace from four experiments, shows that 

permeabilized mast cells loaded with substrate exhibit a pronounced and immediate 

increase in fluorescence on stimulation with anti-IgE. In contrast, there was no 

observed increase in fluorescence on treatment with compound 48/80 (Fig 6 .8 , trace 

representative of four similar experiments).

6.3.4.3 Effect o f Anti-IgE on Fluorescence Changes in Rat Peritoneal Mast Cells Loaded with 

B-Arg-MCA

Fig 6.9, which is a representative trace from four similar experiments, shows the effect 

of anti-IgE on rat peritoneal mast cells loaded with N-a-benzoyl-L-arginine-7-amido-4-methyl 

coumarin (B-Arg-MCA), which is a substrate for trypsin-like enzymes. There is seen to be no 

pronounced or immediate increase in fluorescence upon stimulation of the cells.

63.4.4 Fluorescence Photomicroscopy

Rat peritoneal mast cells were permeabilized and loaded with S-Pep-MCA as 

described before (chapter 2). The mast cell suspension (450 |il containing 1.5-2.0 x 

lO^cells/ml) was placed in a 3 cm^ culture dish (with a grid). Viewing was performed 

with a Leitz Diavent fluorescence microscope at 340-380 nm excitation wave length and 

emission of 460 nm. The original magnification was x 100 and 400 ASA KODAK 

Tmax films were used for photography. Mast cells were stimulated with different 

agents (50 |il) and photographed under light field illumination with typical manual 

exposure times of 30 seconds.

Mast cells were stimulated with rat anti-IgE (1/200 dilution), compound 48/80 

(1.0 |ig/ml) and calcium ionophore A23187 (5 x 10"^ |iM). Cells were initially studied 

under dark field illumination, but failed to exhibit fluorescence under these conditions. 

However, under light field illumination, a distinct dense accumulation of fluorescence 

was evident in the membrane of permeabilized cells stimulated by anti-IgE (Fig 6.10).

188



Chapter 6

These localized regions of intense green colour presumably represent areas where the 

substrate has been hydrolysed. Strikingly, no such fluorescence was seen in mast cells 

stimulated with compound 48/80 (Fig 6.11) or the calcium ionophore A23187 (Fig 

6 . 12).

6 .3.4.5 Effect o f Various Serine Esterase Inhibitors and Substrates on Histamine Release 

from Normal and Permeabilized Mast Cells

The seryl enzyme inhibitor PMSF (Fig 6.13) and the suicide inhibitor isatoic 

anhydride (Fig 6.14) both produced a modest inhibition (to a maximum of 20.0 ± 3 .0  

% and 33.0 ± 4.0 %, respectively) of histamine release from normal rat mast cells 

stimulated with anti-IgE. However, the potency of the compounds were strikingly 

increased (maximum of 60.0 ± 4.0 % and 61.0 ± 5.0 %, respectively) when they were 

directly introduced into cells following permeabilization (Fig 6.13 and 6.14). In 

contrast, the two drugs were ineffective in both permeabilized and non-permeabilized 

cells stimulated with compound 48/80 (Fig 6.13 and 6.14).

A similar pattern of inhibition of histamine release was obtained with the 

chymotryptic substrates ATEE (Fig 6.15), NCDC (Fig 6.16) and S-Pep-MCA (Fig

6.17). All produced a modest inhibition (to maximum inhibition of 29.0 ± 3.0 %, 30.0 

± 5.0 % and 20.0 ± 2.0 %, respectively) of histamine release from rat mast cells 

stimulated with anti-IgE. However, the potency of the compounds were strikingly 

increased (maximum of 66.0 ± 5.0 %, 54.0 ± 6.0 % and 76.0 ± 5.0 %, respectively) 

when they were directly introduced into cells following permeabilization (Fig 6.15 -

6.17). In contrast, all of the agents were ineffective in both permeabilized and non- 

permeabilized cells stimulated with compound 48/80 (Fig 6.15-6.17).
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6.3.4.Ô Ejfect o f Various Serine Esterase Inhibitors and Substrates on Histamine Release from  

Purified and Non-Purified Mast Cells

Fig 6.18 (a-d) shows that the seryl enzyme inhibitor PMSF, the suicide 

inhibitor isatoic anhydride and chymotryptic substrates ATEE and NCDC have a similar 

pattern of inhibition of histamine release from mast cells induced by anti-IgE and 

compound 48/80, and this pattern does not seem to be affected by the use of purified or 

non-purified mast cells.

6 .3 .5  C hym otryp tic  A c tiv ity

Immunological activation of rat mast cells using anti-IgE (1/200 dilution), led to 

a marked increase in total recovery of chymotryptic activity from 0.36 ± 0.03 to 0.46 ± 

0.02 units of enzyme activity per million cells (n=4, P < 0.002) following extraction 

with high ionic strength buffer (Fig 6.19).

6 .4  D iscussion

The present study confirms the previous findings by Jaffar (373) that ATP 

produces a dose- and calcium-dependent release of histamine from rat peritoneal mast 

cells. The nucleotide is reported to act by inducing the formation of lesions in the cell 

membrane which permit the influx of extracellular calcium ions, thereby causing 

secretion (374). In an attempt to characterize further the ATP-induced membrane 

lesions, mast cells were pre-treated with ATP, in the absence of calcium and 

magnesium ions, and the effect on histamine release was examined under these 

conditions. The extent of secretion following the subsequent addition of calcium was 

progressively reduced as the pre-incubation period with ATP was increased, until little 

or no release occurred after 20 min. This suggests that the lesions generated by ATP
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are not permanent and reseal after some time. However, it is also possible that leakage 

of metabolites from the cytosol increases with prolonged exposure of the mast cells to 

extracellular ATP, and the cells become progressively less responsive to the added 

calcium until they can no longer be stimulated to secrete.

In addition to the transient nature of the lesions generated by ATP, the 

nucleotide does not bind irreversibly to the cell membrane and can be dissociated from 

its receptor or binding site by the process of washing. These are convenient 

characteristics in the use of ATP for the permeabliization of cells with the aim of 

introducing exogenous solutes (379).

To confirm that rat peritoneal mast cells were susceptible to permeabliization by 

ATP, measurements of the uptake of the normally impermeant fluorescent dye ethidium 

bromide were performed. ATP, in the presence of ethidium bromide, induced a 

pronounced increase in fluorescence of rat mast cells. This increase, which 

commenced within seconds of applying the ATP, is indicative of membrane 

permeabliization by the nucleotide and hence access of the dye to the nuclear DNA 

following entry into cells. ATP thus acts on rat peritoneal mast cells by forming 

permeability lesions or pores in the plasma membrane. These results confirms previous 

studies by Gomperts and his co-workers (379).

It has been argued that one of the earliest steps involved in immunologic 

stimulation of mast cells is the activation of serine protease. This concept is based 

entirely on the effects of selective enzyme inhibitors. Here we attempted to observe 

activation of the putative protease in a more direct way by using a specific chymotrypic 

substrate (S-Pep-MCA) which, on hydrolysis, yields a fluorescent product. S-Pep- 

MCA was found to be a poor inhibitor of histamine release from normal rat peritoneal 

mast cells stimulated with anti-IgE and compound 48/80. Increasing the time of pre

incubation prior to the addition of the stimuli did not increase the inhibition of histamine 

release, suggesting that the substrate was not able effectively to penetrate the cell 

membrane. Using ATP as explained above, it was possible to introduce the substrate
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into the cell and to measure immediate fluorescence changes occurring after cell 

activation.

Activation of a chymotryptic enzyme as evidenced by hydrolysis of the 

fluorescent substrate, was directly demonstrated following immunologic stimulation of 

permeabilized mast cells containing S-Pep-MCA. This effect could be visualized either 

by measurement of the fluorescence from cell suspensions or by photomicroscopy. 

Using the latter technique, a distinct dense accumulation of fluorescence was evident 

around the membrane of permeabilized cells stimulated by anti-IgE. These localised 

regions of intense green colour presumably represent areas where the substrate has 

been hydrolysed and suggest that the enzyme is localised within or near the plasma 

membrane. No such activation was observed with compound 48/80. Also no such 

activation was observed, following immunological stimulation, when a substrate for a 

trypsin-like enzyme was used.

The permeabilization technique was also used to examine further the effect on 

histamine release of a number of chymotrptic substrates and inhibitors. The seryl 

enzyme inhibitor PMSF, the suicide inactivator isatoic anhydride, and the chymotryptic 

substrates ATEE and NCDC all inhibited histamine release from rat peritoneal mast 

cells stimulated with anti-IgE but not compound 48/80. Their potency was strikingly 

increased in permeabilized cells, although still confined to immunologically directed 

ligands, indicating their effective incorporation into the cytosol. The activity of the 

inhibitors was similar in purified and non-purified mast cells, thereby excluding any 

possible indirect effect mediated through contaminating cells.

Membrane permeabilization with extracellular ATP is a limited method, 

applicable only to those cells having appropriate receptors. Hence it is not possible to 

permeabilize human lung mast cells using extracellular ATP, and another technique 

must be employed for this purpose. There are several well established methods of cell 

permeabilization, as explained earlier in the chapter, but due to lack of time and 

resources, such studies were not attempted. However, it would be of great interest to 

carry out such an investigation on human mast cells, as identification of the putative
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protease in the human should provide a new therapeutic target for the modulation of 

mast cell function.

Using high ionic strength buffer, the total chymotrypsin-like proteinase from 

purified mast cells was extracted and its activity was measured. Immunological 

stimulation of mast cells prior to extraction led to a significant increase in the total 

chymotryptic activity recoverable from the cells. This further demonstrated the 

involvement of serine esterase in immunological stimulation. In total, this study then 

provides the most direct evidence to date for the involvement of a serine esterase in 

immunologic but not polyamine-induced mast cell activation.
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Fig 6.1 Dose-response curves for the release of histamine from rat 
peritoneal mast cells stimulated with ATP in the presence of calcium and 
magnesium(lmM), absence of the calcium, and in the presence of calcium 
but in the absence of magnesium. (n=3)
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Fig 6.2 Time course of the decrease in histamine release from rat 
peritoneal mast cells stimulated with ATP for various time intervals 
before the addition of calcium (control release = 45±5%,stimulation 
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Fig 6.3 Effect of S-Pep-MCA on histamine release from rat peritoneal
mast cells stimulated with anti-IgE and compound 48/80 (n=4)
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Fig 6.4 Effect on histamine release from rat peritoneal mast cells incubated 
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Fig 6.5 Permeabilization of rat peritoneal mast cells using ATP
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Fig 6.6 Uptake of ethidium bromide by purified rat mast cells. Time 
course of the fluorescence emission from cells treated with ATP (5 pM) 
in the presence of ethidium bromide. The arrow denotes time of addition 
of ATP (n=3,2cm/min recorder speed)
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Fig 6.7 Time course of the fluorescence emission from purified rat 
peritoneal mast cells loaded with S-Pep-MCA and challenged with 
anti-IgE (100-fold dilution). The arrow denotes time of addition of 
anti-IgE (n=4, 2 cm/min recorder speed)
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Fig 6.8 Time course of the fluorescence emission from purified rat 
peritoneal mast cells loaded with S-Pep-MCA and challenged with 
compound 48/80 (1 pg/ml). The arrow denotes time of addition of 
compound 48/80 (n=4, 2 cm/min recorder speed)
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Fig 6.9 Time course of the fluorescence emission from purified rat 
peritoneal mast cells loaded with B-Aig-MCA and challenged with 
anti-IgE (100-fold dilution). The arrow denotes time of addition of 
anti-IgE (n=4,2 cm/min recorder speed)
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Fig 6.10 Fluorescence photomicroscopy of permeabilized rat 

peritoneal mast cells loaded with S-Pep-MCA and stimulated 

with anti-IgE (1/200 dilution). Original Magnification x 100
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Fig 6.11 Fluorescence photomicroscopy of permeabilized rat 

peritoneal mast cells loaded with S-Pep-MCA and stimulated 

with compound 48/80 (1.0 pg/ml). Original Magnification x 100
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Fig 6.12 Fluorescence photomicroscopy of permeabilized rat 

peritoneal mast cells loaded with S-Pep-MCA and stimulated 

with calcium ionophore A23187 (5.0 x 10"7 M). Original 

Magnification x 100
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Fig 6.13 Inhibition by PMSF of histamine release from
normal and permeabilized purified rat peritoneal mast
cells induced by anti-IgE and compound 48/80 (n=4)
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Fig 6.14 Inhibition by isatoic anhydride of histamine
release from normal and permebilized purified rat peritoneal
mast cells induced by anti-IgE and compound 48/80 (n=4)
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Fig 6.15 Inhibition by ATEE of histamine release from
normal and permeabilized purified rat peritoneal mast
cells induced by anti-IgE and compound 48/80 (n=4)
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Fig 6.16 Inhibition by NCDC of histamine release from
normal and permeabilized purified rat peritoneal mast
cells induced by anti-IgE and compound 48/80 (n=4)
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Fig 6.17 Inhibition by S-Pep-MCA of histamine release from
normal and permeabilized purified rat peritoneal mast cells
induced by anti-IgE and compound 48/80 (n=4)
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Fig 6.18(a-b) Effect of serine esterase inhibitors on histamine 
release from purified and non-purified rat peritoneal mast cells 
stimulated by anti-IgE and compound 48/80 (n=4)
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Fig 6.18(c-d) Effect of serine esterase substrates on histamine
release from purified and non-purified rat peritoneal mast cells
stimulated with anti-IgE and compound 48/80 (n=4)
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Fig 6.19 Effect of immunological activation on the total chymotrypic
activity recovered from rat peritoneal mast cells (n=4)

0 . 5 - (P<0.002)

-  P  0 . 2

- anti-IgE anti-IgE

209



General Conclusions



Chapter 7

Cross-linking of IgE-receptors on the membrane of mast cells initiates a 

sequence of biochemical events that ultimately leads to granule extrusion and histamine 

release. It has been argued that one of the earliest steps in this process is the activation 

of a serine protease. This effect may be mimicked by the addition of exogenous serine 

esterases. With this in mind, the present work involved an initial study of the effects of 

a-C T on mast cells from different sources.

This work showed that a -C T  (5-500 |ig/m l) induced a dose-dependent 

secretion of histamine (< 80%) from both purified and non-purified populations of rat 

peritoneal cells. The effect of the enzyme in the former case excludes the possibility 

that it is acting indirectly through contaminating the cells. a-CT pre-treated with TLCK 

was still able to produce a pronounced secretion of histamine from rat peritoneal mast 

cells. The inhibitor TLCK inactivates any trypsin impurities that may be present in the 

preparation without affecting the chymotryptic activity. This shows that the release was 

due to a-CT and not any tryptic contaminant present in the enzyme.

The failure of the inactive precursor of a-CT, chymotrypsinogen, to release 

histamine from mast cells establishes that the action of a-C T depends on its enzyme 

activity rather than on a non-enzymatic action. Further evidence for this mode of action 

comes from DPP treatment of a-CT, which completely ablates the histamine-releasing 

activity of the serine esterase.

The relatively slow rate of a-C T-induced secretion is rem iniscent of 

immunologically induced histamine release. The effect was strongly dependent on the 

pH of the incubation medium, being optimal at physiological pH (7-7.5). Moreover, 

a-C T exhibited a near maximal release under calcium-free conditions. The response 

was non-cytotoxic and was inhibited by extremes of temperature and by metabolic 

inhibitors.

a-C T (10-300 |ig/ml), in addition to stimulating the secretion of preformed

mediators, also induced the metabolism of arachidonic acid, resulting in the release of 

PGD 2  in a dose-related manner from purified rat peritoneal mast cells. Interestingly,

while maximal concentrations of a-C T and compound 48/80 induced comparable
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releases of histamine, the esterase evoked the production of significantly more of the 

prostaglandin. This suggests that a-C T is capable of activating cellular processes 

which lead to a more effective metabolism of arachidonic acid than compound 48/80.

a-C T significantly potentiated anti-IgE induced histamine release from rat 

peritoneal mast cells. As a-C T is believed to substitute for an endogenous proteolytic 

enzyme, whose activation is a necessary condition for the anaphylatic release of 

histamine at least in rat mast cells (326), it may be that the excess presence of the 

membrane serine esterase, seen in the a-CT treated cells, increases the efficiency of the 

IgE-mediated signal transduction mechanism. The up-regulated signal is hence a more 

effective secretory trigger.

Histamine release induced by a-CT from rat peritoneal mast cells was inhibited 

by the anti-allergic chromone DSCG. The rapid induction of tachyphylaxis to DSCG 

for a-CT-induced release is very similar to that of antigen-induced release of histamine. 

Inhibition by nedocromil sodium of histamine release from mast cells is thought to 

involve a similar mode of action to DSCG. However, this newer drug was much less 

active than DSCG against histamine release induced by a-CT, perhaps indicating subtle 

differences in their mechanism of action.

The p-agonist isoprenaline failed to elicit any appreciable inhibition of histamine 

release induced by a-CT, despite the existence of a large number of high affinity P2 -

receptor sites reportedly present on the mast cell membrane. Similar results were 

obtained when the more selective P2 -agonist salbutamol was used. Whether the lack of

p-agonist activity in the mast cell reflects a lack of coupling between the p-receptor and

downstream signal transduction processes is unclear.

Other anti-allergic compounds including phosphodiesterase inhibitors and 

cAMP analogues all inhibited both a-CT and anti-IgE induced histamine release to 

varying degrees. This again may indicate a link between the two secretory stimuli.

The present study has shown that TLCK, an active-site directed inhibitor of 

trypsin-like enzymes, exerts a very weak inhibitory action towards a-CT, anti-IgE and 

calcium ionophore A23187-induced histamine release from rat peritoneal mast cells. In
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contrast, the chymotrypsin inhibitor TPCK inhibited histamine release induced by 

calcium ionophores and, rather more effectively, a-C T and anti-IgE-mediated release 

from rat mast cells. The inhibitory effects of these closely related compounds strongly 

indicate that the putative mast cell serine esterase is a chymotryptic-like enzyme.

PMSF, which is a general inhibitor of active seryl enzymes, inhibited histamine 

release from rat peritoneal mast cells following stimulation by a-CT. However, it was 

much less active than TPCK at inhibiting histamine release induced by anti-IgE and 

calcium ionophore A23187. The suicide inactivator isatoic anhydride and the 

chymotryptic substrates ATEE, NCDC all effectively inhibited histamine release 

induced by a-CT. However, they were less active at inhibiting histamine release 

induced by anti-IgE, and exerted a very weak inhibitory action towards the ionophore 

A23187. A selection of these inhibitors were also ineffective at inhibiting compound 

48/80 induced histamine release. BDTA, a potent inhibitor of the polyamine binding 

site in mast cells, inhibited histamine release induced by compound 48/80, but not that 

elicited by either a-CT or anti-IgE. Together these results suggest that activation of 

serine esterase is rather more closely related to IgE-directed mast cell degranulation than 

to more direct cellular stimulation induced by calcium ionophores or compound 48/80.

Having defined the basic characteristics of the effect of a-CT on rat peritoneal 

mast cells, studies were extended to include mast cells isolated from other species and 

locations. These studies clearly demonstrated the existence of marked functional 

variations between isolated mast cells from different species, notably in their responses 

to a number of agents. a -C T  was most active as a histamine releaser from rat 

peritoneal mast cells. However, mouse peritoneal mast cells failed to respond to a-CT. 

In addition, enzymatically dispersed mast cells from the rat lung and mesentery, guinea 

pig lung and mesentery, and human lung were only weakly responsive to a-CT.

The phenomenon of mast cell heterogeneity is not only confined to different 

species but can also be demonstrated with different tissues of a given animal. 

Historically, this concept was first described by Maximow (264) and later by Enerback 

(201,202) from his work on the gastrointestinal tract of the rat. The present study has
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sought to extend such histochemical and functional investigations using mast cells from 

four connective tissue locations in the rat; the peritoneum, mesentery, lung and skin. 

From the results of this study, it appears that to classify rat mast cells into two distinct 

groups, CTMC and MMC, as proposed by Enerback, is somewhat o f an 

oversimplification. Histochemically, mast cells from the four connective tissue sites 

displayed a range of phenotypes following staining with alcian blue/safranin O and 

formalin fixation: those from the peritoneum were all safranin positive and resistant to 

the effects of formaldehyde whereas mast cells isolated from the lung were 

predominantly safranin negative and mainly formaldehyde sensitive. Mesenteric and 

skin mast cells, which were largely resistant to formaldehyde, exhibited intermediate 

staining characteristics. These findings suggest the existence of both chondroitin 

sulphate and heparin proteoglycans in varying proportions in connective tissue mast 

cells of the rat.

In the present investigation, variations in histochemistry were also augmented 

by differences in functional characteristics. Isolated mast cells from the rat skin were, 

in general, much less responsive than their connective tissue counterparts from the 

peritoneum, mesentery and lung to the histamine-releasing action of a variety of 

immunological and non-immunological secretagogues. These results therefore 

emphasise the danger in the simple classification of rat mast cells into MMC and 

CTMC. Clearly, mast cell heterogeneity in the rat is much more complex than this 

basic division.

The concept of human mast cell heterogeneity is much less clear-cut, compared 

to the rat. Despite their apparent histochemical differences, isolated mast cells, in 

general, are functionally similar in their responses to a variety of immunological and 

non-immunological stimuli. Thus, human basophils and cell preparations from 

intestine and lung released histamine upon challenge with IgE-directed ligands and 

calcium ionophores, but were essentially unresponsive to polybasic compounds. At 

non-cytotoxic concentrations, a-C T was a much weaker releaser of histamine from 

tissue mast cells from human lung, intestine, skin and isolated basophils. To achieve a
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comparable release to that obtained from rat peritoneal mast cells, cytotoxic 

concentrations of a-CT were required in the human histaminocytes. The fact that skin 

mast cells, which were obtained mainly from infant foreskin samples, appeared to be 

less functionally mature than mast cells obtained from other locations in the adult, as 

indicated by their comparatively weak response to immunological stimuli and calcium 

ionophores, renders their unique releasability on challenge with polybasic compounds 

even more striking.

It was experimentally observed that low concentration of a-CT potentiated anti- 

IgE mediated histamine release from human lung mast cells. Thus, a-CT in the human 

system appears to act on or with receptor-bound IgE molecules on the surface of the 

mast cell membrane.

Taken as a whole, the results of the present study show that a-C T exhibited a 

marked tissue and species selectivity in its action. Moreover, the concept of functional 

and to a lesser extent histochemical heterogeneity within mast cell populations from 

different species, and from different tissues within a given animal, has been expanded. 

The precise mechanisms that account for this phenomenon, however, have still to be 

clarified. The most reasonable explanation to date concerns the regulation by 

'microenvironmental' factors. Thus, mast cell precursors leave the bone marrow, are 

circulated in the blood, and then invade target tissues where they commence their 

differentiation/maturation processes. The biochemical, functional and morphological 

characteristics of any given mast cell population are then determined by factors, likely 

to be cytokines, which are present in the local tissue microenvironment. Thus far, 

these experiments have demonstrated, albeit in a relatively indirect manner, that a 

chymotrypsin-like enzyme is involved in the immulogical transduction mechanism of 

both rodent and human mast cells.

A more direct means of assessing the importance of the putative serine esterase 

was sought. Using ATP as a tool for permeabilizing the rat mast cells, we were able to 

investigate this model further by looking at the effect of inhibitors of and substrates for 

a-CT in normal and permeabilized rat mast cells.
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The seryl enzyme inhibitor PMSF, the suicide inactivator isatoic anhydride and 

the chymotryptic substrates ATEE, NCDC and S-Pep-MCA, as described earlier, all 

inhibit, to some degree histamine release from rat peritoneal mast cells stimulated with 

anti-IgE and a-C T. The potency of these inhibitors was strikingly increased in 

permeabilized cells, however, indicating their more effective incorporation into the 

cytosol under these conditions. However, this elevation was only observed in cells 

stimulated with anti-IgE and not compound 48/80.

The direct activation of a chymotryptic enzyme was observed, following 

immunological stimulation of permeabilized mast cells containing the selective substrate 

S-Pep-MCA, which on hydrolysis yield a fluorescent product. No such activation was 

observed with compound 48/80. Moreover, immunological stimulation of purified rat 

peritoneal mast cells also led to a significant increase in total chymotryptic activity 

recoverable from the cells. In total, these data provide the most direct evidence to date 

for the involvement of a serine esterase in immunological, but not polyamine-induced 

mast cell activation. It would be interesting to expand this further, by extending the 

above investigation to human mast cells. Recently, evidence has arisen suggesting that 

tyrosine kinase is rapidly activated following IgE-cross linkage (381). It would be very 

interesting to discover whether this activation occurs prior or distal to the activation of 

serine esterase. The methodology described above and development of selective 

tyrosine kinase inhibitors should allow this investigation to be carried out. Further 

exploitations of this technique may further enhance our understanding of the 

mechanism of anti-allergic drugs, which remains uncertain.

The main questions that still remain to be answered are how the serine esterase 

is activated by receptor bridging and what kind of biologically active protease is 

produced. Identification of this enzyme may then provide a new therapeutic target for 

the modulation of the mast cell function.

215



Bihliographv

1. P. Ehrlich: Doctoral thesis, University of Leipzig, Leipzig, East Germany, (1879).

2. H. Seyle: "The Mast Cells", Butterworths, Washington D.C., (1965).

3. P.O. Unna: "Miliaria Syphilide", Leopold Voss, Hamburg, (1894).

4. P. Portier and C. Richet: C.R. Seances Soc. Biol. (Paris), 54, 170, (1902).

5. H.H. Dale and P.P. Laidlaw: J. Physiol., (London), 52, 355, (1919).

6 . R.L. Webb: Am. J. Anat., 49, 283, (1931).

7. O. Wilander: Scand. Arch. Physiol., 81 (suppl. 15), 1, (1938).

8 . J.C. Jorpes: In "Heparin , its Chemistry, Physiology and Application in Medicine", 

(Ed. J.E. Jorpes) Oxford University Press, Oxford, (1939).

9. M. Rocha e Silva: Br. Med. J., 1, 779, (1952).

10. J.E. Riley and G.B. West: J. Physiol. (London), 120, 528, (1953).

11. J.E. Riley and G.B. West: Arch. Dermatol., 74, 471, (1956).

12. P.A. Shore, A. Burkhalter and V.H. Cohn: J. Pharmacol. Exp. Ther., 127, 182, 

(1959).

13. K. Ishizaka, T. Ishizaka and M.M. Hornbrook: J. Immunol., 97, 840, (1966).

14. K. Ishizaka and T. Ishizaka: J. Immunol., 99, 1187, (1967).

15. T. Ishizaka, K. Ishizaka, D.H. Conrad and A. Eroese: J. Allergy Clin. Immunol., 61,

320, (1978).

16. K. Ishizaka and T. Ishizaka: In "Cellular, Molecular and Clinical Aspects o f Allergic 

Disorders" (Eds. S. Gupta and A Good), p 153, Plenum Press, New York, (1979).

17. E.L. Pearce: Asthma Reviews, 1, 94, (Ed. J. Morley), Academic Press, London,

(1987).

18. R.A. Lewis and K.E. Austen: Nature, 293, 103, (1981).

19. A.B. Kay: J. Allergy Clin. Immunol., 64, 90, (1979).

20. S.R. Hisch and J.H. Kalbfleisch: J. Allergy Clin. Immunol., 65, 274, (1980).

21. M. Tomioka, S. Ida, Y. Shindoh, T. Ishizaka and T. Takishima: Am. Rev. Respir. 

Dis., 129, 1000, (1987).



B i b l i o g r a p h y

22. A.P. Kaplan. Z. Horakova and S.J. Katz: J. Allergy Clin. Immunol., 6, 350, (1978).

23. C.A. Fin: Biol. Rev., 61, 313, (1986).

24. R. Cocchiara, G.A. Albggiani, G. Ditrapan, A. Azzolina, N. Lampiasi, G. Cervello 

and D. Deraci: J. Reprod. Immunol., 14, 191, (1988).

25. E.P. Benditt and D. Lagunoff: Prog. Allergy., 8 , 195, (1964).

26. A.M Dvorak, H.F. Dvorak and S.J. G alii: Am. Rev. Respir. Dis., 128, 549, (1983).

27. D.D. Metcalfe, M. Kaliner and M.A. Donlon: C.R.C. Rev. Immunol., 3, 23, (1981).

28. K.F. Austen, S.I. Wasserman and E.J. Goetzl: In "Molecular and Biological Aspects 

o f the Acute Allergic Reaction" (Eds. S.G.O. Johansson, K. Strand berg and B. 

Uvnas), p 293, Plenium Press, New York and London, (1976).

29. B. Samuelsson: Science, 220, 568, (1083).

30. R.A. Lewis, J.M. Drazen, J. Figueiredo, E.J. Coney and K.F. Austen: Int. J. 

ImmunopharmacoL, 4, 85, (1982).

31. R.A. Lewis and K.F. Austen: Nature, 293, 103, (1981).

32. P.D. Buisseret: Sci. Am., 247, 82, (1982).

33. J. Gerglex and G.A. Medgyesi: In "Antibody Structure and Molecular Immunology", p 

170, 36, North Holland, Amsterdam, (1975).

34. A.J. Cunningham: In "The Generation o f Antibody Diversity A New Look", Academic 

Press, London, (1976).

35. A. Froese: Prog. Allergy, 34, 142, (1984).

36. C.W. Pierce and J.A. Kapp: Fed. Proc., 37, 8 6 , (1978).

37. K.E. Barrett and F.L. Pearce: In "Histamine and Histamine Antagonists', (Ed. B.

Uvnas), Handbook of Exp. Pharmacol, 97, (1991).

38. H. Tomioka and K. Ishizaka: J. Immunol, 107, 971, (1971).

39. T. Ishizaka, C.S. Soto and K. Ishizaka: J. Imm unol, 111, 500, (1973).

40. A. Kulczycki, C. Isersky and H. Metzger: J. Exp. Med., 139, 600, (1974).

41. H. Metzger, G. Alcarez, R. Hohman, J-P. Kinet, V. Pribluda and R. Quarto: Ann.

Rev. Im m unol, 4, 419, (1986).

42. K. Landsteiner: J. Exp. Med., 39, 631, (1924).

217



B i b l i o g r a p h y

43. R.P. Siraganian, W.A. Hook and B.B. Levine: Immunochem., 12, 149, (1975).

44. W. Kazimierczak and B. Diamant: Prog. Allergy., 24, 295, (1978).

45. T. Ishizaka and K. Ishizaka: J. Immunol., 120, 800, (1978).

46. D.M. Segal, T.D. Taurong and H. Metzger: Proc. Natl. Acad. Sci., USA, 74, 2993, 

(1977).

47. W. Feldberg and C.H. Kellaway: J. Physiol., 94, 187, (1938).

48. F.L. Pearce and J. Clements: Biochem. Pharmacol., 31, 2247, (1982).

49. A.R. Johnson and N.C. Moran: Am. J. Physiol., 216, 455, (1969).

50. M. Ennis, G. Atkinson and F.L. Pearce: Agents Actions, 10, 222, (1980).

51. M. Ennis, F.L. Pearce and P.M. Weston: Br. J. Pharmacol., 70, 329, (1980).

52. P.T. Peachell and F.L. Pearce: Agents Actions, 14, 379, (1984).

53. A.R. Johnson, E.T. Hugli and H.J. Miiller-Eberhard: Immunology, 28, 1067,

(1975).

54. J.H. Baxter: Proc. Soc. Exp. Biol. Med., 141, 576, (1972).

55. J.P. Bennett, S. Cockcroft and B.D. Gomperts: Nature, 282, 851, (1979).

56. J.C. Foreman, J.L. Mongar and B.D. Gomperts: Nature, 254, 249, (1973).

57. F.L. Pearce, K.E. Barrett and J.R. White: Agents Actions, 13, 117, (1983).

58. B. Diamant and P.G. Kruger: Acta Physiol. Scand., 77, 291, (1967).

59. K. Sugiyama: Jap. J. Pharmacol., 21, 209, (1971).

60. B. Emadi-Khiav and F.L. Pearce: Agents Actions, Special Conference Issue, 272, 

(1992).

61. D. Lagunoff and P. Pritzl: Arch. Biochem. Biophys., 173, 554, (1976).

62. D. Lagunoff, T.W. Martin and G. Read: Ann. Rev. Pharmacol. Toxicol., 23, 331,

(1983).

63. I. Hammel, A.M. Dvorak, S.P. Peters, E.S. Schulman, H.F. Dvorak, L.M. 

Lichtenstein and S.J. Galli: J. Cell Biol., 100, 1488, (1985).

64. A.M. Dvorak, E.S. Schulman, S.P. Peters, D.W. MacGlashan, Jr., H.H. Newball, 

R.P. Schleimer and L.M. Lichtenstein: Lab. Invest., 53, 45, (1985).

218



B i b l i o g r a p h y

65. C.C. Fox, A.M. Dvorak, S.P. Peters, A. Kagey-Sobotka and L.M. Lichtenstein: J. 

Immunol., 135, 483, (1985).

6 6 . P. Anderson, S.A. Slorach and B. Uvnas: Acta Physiol. Scand., 8 8 , 359, (1973).

67. I.R. Tizard and W.L. Homes: Int. Arch. Allergy Appl. Immunol., 46, 867, (1974).

6 8 . A.M. Dvorak, R.P. Schleimer, E.S. Schulman and L.M. Lichtenstein: Lab. Invest., 

54, 663, (1986).

69. A.M. Dvorak: J. Immunol. ImmunopharmacoL, 8 , 1, (1990).

70. M.V. White: J. Allergy Clin. Immunol., 8 6 , 599, (1990).

71. R.W. Schayer: Ann. N.Y. Acad. Sci., 103, 164, (1963).

72. L.B. Schwartz and K.F. Austen: Prog. Allergy, 34, 271, (1984).

73. A.D. Befus, F.L. Pearce, J. Gauldie, P. Horsewood and J. Bienenstock: J.

Immunol., 128, 2475, (1982).

74. W.L. Liu, L. Bosman, P.B. Boulus, H.Y.A. Lau and F.L. Pearce: Agents Actions, 

30, 70, (1990).

75. C.C. Fox, A.M. Dvorak, S.P. Peters, A. Kagey-Sobotka and L.M. Lichtenstein: J. 

Immunol., 135, 483, (1985).

76. A.D. Befus, N. Dyck, R. Good acre and J. Bienenstock: J. Immunol., 138, 2604,

(1987).

77. D.W. MacGlashan Jr and L.M. Lichtenstein: J. Immunol., 124, 2519, (1980).

78. F.L. Pearce: Agents Actions, 33, 4, (1991).

78. R.A.F. Clak, J.I. Gallin and A.P. Kaplan: J. Exp. Med., 142, 1462, (1975).

79. K.L. Melmon, R.E. Rocklin and R.P. Rosenkranz: Am. J. Med., 71, 100, (1981).

80. M.V. White and M.A. Kaliner: In "the Lung" (Eds P.J. Barnes, N.S. Cherniack and 

E.R. Weibel) Scientific Foundations, N.Y. Raven Press.

81. M.M. Rapport: J. Biol. Chem., 180, 961, (1949).

82. N.C. Moran, B. Uvnas and B. Westerholm: Acta Physiol. Scand., 56, 26, (1962).

83. A. Capron, J.P. Dessant and M. Capron: Immunology Today, 7, 15, (1986).

84. L.B. Schwartz and K.F. Austen: Prog. Allergy, 34, 271, (1984).

85. H.C. Robinson, A. Teslser and A. Dorfman: Proc. Natl. Sci. USA, 56, 1856, (1966).

219



B i b l i o g r a p h y

8 6 . M. Hook, U. Lindahl, A. Hallen and G. Backstorm: J. Biol. Chem., 250, 6065, 

(1975).

87. J. Jacobsen and U. Lindahl: J. Biol. Chem., 255, 5094, (1980).

8 8 . B. Uvnas, C.H. Aborg and A. Bergendorff: Acta. Physiol. Scand, 78 (Suppl. 336),

3, (1970).

89. R. Yurt and K.F. Austen: J. Exp. Med., 146, 1405, (1977).

90. R.G. Woodbury and H. Neurath: Biochemistry, 17, 4298, (1978).

91. H. Kido, N. Fukusen and N. Katunuma: Arch. Biochem. Biophys., 239, 436,

(1985).

92. R.G. W oodbury, N. Katunuma, K. Kobayashi, K. Titani and H. Neurath: 

Biochemistry, 17, 811, (1978).

93. Y. Kato, H. Kido, N. Fukusen and N. Katunuma: J. Biochem. (Tokyo), 103, 820,

(1988).

94. L.B. Schwartz, R.A. Lewis and K.F. Austen: J. Biol. Chem., 256, 11939, (1981).

95. T.J. Smith, N.W. Hougland and D A. Johnson: J. Biol. Chem., 259, 11046, (1984).

96. N.M. Schechter, J.E. Franki, G.C. Geesin and G.S. Lazarus: J. Biol. Chem., 258, 

2973, (1983).

97. T. Ishizaka: J. Allergy Clin. Immunol., 67, 90, (1981).

98. N. Kakunuma, N. Fukusen and H. Kido: In "Advances in Enzyme Regulation",(Ed. 

G. Weber), p 241, Pergamon Press, Oxford, (1986).

99. T. Ishizaka, F. Hirata, A.R. Sterk, K. Ishizaka and J.A. Axelrod: Proc. Natl. Acad. 

Sci. USA, 78, 6812, (1981).

100. H. Kido, N. Fukusen and N. Katunuma: Biochem. Int., 10, 863, (1983).

101. H. Kido, N. Fukusen and N. Katunuma: Biol. Chem. Hoppe-Seyler, 369, 95,

(1988).

102. H. Kido, Y. Yokogoshi and N. Katunuma: J. Biol. Chem., 268, 11042, (1988).

103. S. Sayamu, R. Lozzo, G.S. Lazarus and N.M. Schechter: J. Biol. Chem., 262, 

6808, (1987).

220



B i b l i o g r a p h y

104. S. Okuno-Kaneda, J. Saito, Y. Kawasaki, A. Ichikuwu and K. Tomita: Biochem. 

Pharmacol., 29, 1715, (1980).

105. N. Fukusen, H. Kido and N. Katunuma: Arch. Biochem. Biophys., 237, 118,

(1985).

106. H. Kido, N. Fukusen and N, Katunuma: Arch. Biochem. Biophys., 230, 610,

(1984).

107. E.P. Benditt and M. Arase: J. Exp. Med., 110, 451, (1959).

108. N. Katunuma, E. Kominami, K. Kobayashi, Y. Banno, K. Suzuki, K. Chichibu, Y.

Humagachi and T. Katsunuma: Eur. J. Biochem., 52, 37, (1975).

109. Y. Sandu, N. Yasogawa and N. Katunuma: Biochem. Biophys. Res. Commun., 82, 

108, (1978).

110. Y. Banno, H.P. Morris and N. Katunuma: Eur. J. Biochem., 97, 11, (1979).

111. H.E. Sepp : J. Invest. Dermatol., 71, 311, (1978).

112. L.B. Schwartz, C. Rieded, J.P. Caulfield, S.I. Wasserman and K.F. Austen: J.

Immunol., 126, 2071, (1981).

113. B. Schick and K.F. Austen: J. Immunol., 136, 3812, (1986).

114. T. Vartio, H. Sepp and A. Vahri: J. Biol. Chem., 256, 471, (1981).

115. C.F. Reilly, D A. Feuksbury, N.M. Schechter and J. Travis: J. Biol. Chem., 257, 

8619, (1982).

116. M.K. Bach, K.J. Bloch and K.F. Austen: J. Exp. Med., 133, 752, (1971).

117. D. Lagunoff, E.Y. Chi and H. Wan: Biochem. Pharmacol, 24, 1573, (1975).

118. R.G. Woodbury, G.M. Gruzenski and D. Lagunoff: Proc. Natl. Acad. Sci. USA, 78, 

2785, (1978).

119. D C. Seldin, S. Adelman, K.F. Austen, R.L. Stevens, A. Hein, J.P. Caulfield and 

R.G. Woodbury: Proc. Natl. Acad. Sci. USA, 82, 3871, (1985).

120. H. Kido, K. Izumi, H. Otsuka, Y. Kato, N. Fukusen and N. Kakunuma: J.

Immunol., 136, 1061, (1986).

121. T. Nakano, T. Sohoda, C. Hayashi, A. Yamatodani, Y. Kanagama, T. Yamamura, H. 

Asai, T. Yonezawa, Y. Kitamura and S.J. Galli: J. Exp. Med., 162, 1025, (1985).

221



B i b l i o g r a p h y

122. R.G. Woodbury, H.R.P. Miller, J.F. Huntly, G.F.J. Newlands, A.C. Palliser and D. 

Wakelin: Nature, 312, 450, (1984).

123. S.J. King and H.R.P. Miller: Immunology, 51, 653, (1984).

124. H.R.P. Miller and W.F.H. Jarrett: Immunology, 20, 277, (1971).

125. P.N. Benfey, F.H.Yin and P. Leder: J. Biol. Chem., 262, 5377, (1987).

126. R. Vogel and E. Werle: In "Bradykinin, Kallidin and Kallikrein", (Eds. S.E. Erd and

A.E. Wilde), Hand book Exp. Pharmacol, p 213, Springer-Verlag, Berlin, (1970).

127. H. Fritz, J. Kruck, I. Rhsse, H.G. Liebich: Hoppe-Seylers Z. Physiol. Chem., 360, 

437, (1979).

128. L.B. Schwartz and T.R. Bradford: J. Biol. Chem., 261, 7372, (1986).

129. L.B. Schwartz, M.S. Kawahara, T.E. Hugli, D. Vik, D.T. Fearon and K.F. Austen:

J. Immunol., 130, 1891, (1983).

130. B.L. Gruber, L.B. Schwartz, N.S. Ramamurthy, A.M.A. Irani and J. Marc he se: J.

Immunol., 140, 3936, (1988).

131. B.L. Gruber and L.B. Schwartz: Biochem. Biophys. Res. Commun., 171, 1272,

(1990).

132. K.N. Dileepan, K.M. Simpson and D.J. Stechschulte: J. Lab. Clin. Med., 113, 577,

(1989).

133. W.R. Heavey, P.B. Ernst, R.L. Stevens, A.D. Befus, J. Bienenstock and K.F. 

Austen: J. Immunol., 140, 1953, (1988).

134. S.I. Wasserman: J. Allergy Clin. Immunol., 72, 101, (1983).

135. K.E. Barrett, H. Ali and F.L Pearce: J. Invest. Dermatol., 84, 222, (1985).

136. L.H. Roberts, B.J. Sweetman, R.A. Lewis, K.F. Austen and J.A. Oates: N. Engl. J. 

Med., 303, 1400, (1980).

137. A.W. Ford-Hutchinson: Trends Pharmacol. Sci.,12, 6 8 , (1991).

138. R.A.F. Dixon: Nature, 343, 282,(1990).

139. N.C. Barnes, P.J. Piper and J.F. Costello: Thorax, 39, 500, (1984).

140. M. O'Donnel and A. Welton: In "Therapetutic Approaches to Inflammatory Dieases " 

(Eds. A.J. Lewis, N.S. Doherty and N.R. Ackerman), p 169, Elsevier, (1989).

222



B i b l i o g r a p h y

141. R.D.R. Camp: Prostaglandins, 26, 431, (1983).

142. L.M. Lichtenstein, A. Kagey-Sobotka, F.L. Malveaux and E. Gillespie: Int. Arch. 

Allergy Appl. Immunol. , 56, 473, (1978).

143. P.J. Hughes, S.T. Holgate, S.T. Roath and M.K. Church: Biochem. Pharmacol., 32, 

2557, (1983).

144. R.P. Schleimer, D.W. MacGlashan Jr, S.P. Peters, R.N. Pinckard, N.F. Adkinson 

and L.M. Lichtenstein: Am. Rev. Respir. Dis., 133, 614, (1986).

145. M. Triggiani, W.C. Hubbard and F.H. Chilton: J. Immunol., 144, 4773, (1986).

146. A.J. Wardlaw, R. Moqbel, D. Cromwell and A.B. Kay: J. Clin. Invest., 78, 1701, 

(1986).

147. C.B. Archer, C.P. Page, J. Morley and S.M. MacDonald: Br. J. Dermatol., 122, 

285, (1985).

148. H.L. Dertel and M. Kaliner: J. Immunol., 127, 1398, (1981).

149. S.L. Johnston and S.T. Holgate: Curr. Opinion Immunol., 2, 513, (1990).

150. J. Young, C.C. Liu, G. Butler, Z.A. Cohn and S.J. Galli: Proc. Natl. Acad. Sci. 

USA, 84, 9175, (1987).

151. A.L. Richards, T. Okuno, Y. Takagaki and J.Y. Dyeu: J. Immunol., 141, 3061,

(1988).

152. M. Steffen, M. Abboud, G.K. Potter, Y.P. Yung and M.A.S. Moore: Immunology, 

6 6 , 445, (1989).

153. E. Farram and D.S. Nelson: Cell. Immunol., 55, 294, (1980).

154. M.J. Mckenna and B. Frame: Clin. Orthop., 200, 226, (1985).

155. F.M. Atkins, M.M. Friedman, P.V. Subba Rao and D.D. Metcalfe: Int. Arch. Allergy 

Appl. Immunol., 77, 96, (1985).

156. B. Beutler and A. Cerami: Ann. Rev. Immunol., 7, 625, (1989).

157. A. Wodnar-Filipowicz, C.H. Heusser and C. Moranic: Nature, 337, 150, (1989).

223



B i b l i o g r a p h y

158. P.R. Burd, H.W. Rogers, J.R. Gordon, C.A. Martin, S. Jayanaman, S.D. Wilson, 

A.M. Dvorak, S.J. Galli and N.E. Dorf: J. Exp. Med., 170, 245, (1989).

159. J.L. Mongar and H.O. Schild: J. Physiol. (London), 140, 272, (1958).

160. T. Kanno, D.E. Cochrane and W.W. Douglas: Can. J. Physiol. Pharmacol., 51, 

1001, (1973).

161. J.C. Foreman, M.B. Hallet and J.L. Mongar: J. Physiol. (London), 271, 193, 

(1977).

162. S. Cockcroft and B.D. Gomperts: J. Physiol. (London), 296, 229, (1979).

163. F.L. Pearce, M. Ennis, A. Truneh, J.R. White: Agents Actions, 11, 51, (1981).

164. J.R. White, T. Ishizaka, K. Ishizaka and R.L Sha'afi: Proc. Natl. Acad. Sci. USA, 

81, 3978, (1984).

165. F. Hoffman, W. Nastaincyzk, A. Rohrkasten, T. Schneider and M. Sieber: Trends 

Pharmacol. Sci., 8 , 393, (1987).

166. M. Spedding: Trends Pharmacol. Sci., 8 , 115, (1987).

167. J.C. Foreman, L.G. Garland and J.L. Mongar: In "Calcium in Biological Systems " 

(Ed. C.J. Duncan), p 193,.Cambridge University Press, Cambridge, (1976).

168. F.L. Pearce and J.R. White: Agents Actions, 14, 392, (1984).

169. F.L. Pearce: Prog. Med. Chem., 19, 59, (1982).

170. A.R. Johnson and N.C. Moran: Fed. Proc., 28, 2117, (1969).

171. R. Penner, G. Matthews and E. Neher: Nature, 334, 499, (1988).

172. M. Lindau and J.M. Fernandez: Nature, 319, 150, (1986).

173. V. Von Tscharner, B. Prod’hom, M. Baggiolini and H. Reuter: Nature, 324, 369, 

(1986).

174. F.C. Mohr and C. Fewtrell: J. Cell. Biol., 104, 783, (1987).

175. A. Fedeschi, A. Miadonna, A. Lorini, M. Arquati and C. Zanussi: Int. Arch. Allergy 

Appl. Immunol., 90, 109, (1989).

176. P. Rafferty, J.G. Varley, J.S. Edwards and S.T. Holgate: Br. J. Clin. Pharmacol., 

24, 479, (1987).

177. C.B. Klee, T.H. Crouch and P.G. Richma: Ann. Rev. Biochem., 49, 489, (1980).

224



B i b l i o g r a p h y

178. A.R. Means, J.S. Tash and J.G. Chafouleas: Physiol. Rev., 62, 1, (1982).

179. G. Marone, M. Columbo, S. Poro, D. Bianco, G. Teorella and M. Gondorelli: 

Allergy, 18, 290, (1983).

180. T. Suzuki, K. Ohishi and M. Ukhida: Gen. Pharmacol., 14, 43, (1983).

181. P.T. Peachell and F.L. Pearce: Agents Actions, 16, 43, (1986).

182. W. Sieghart, J.C. Theoharides, S.L. Alper, W.W. Douglas and P. Greengard:

Nature, 275, 329, (1978).

183. R.R. Schellenberg: Immunology, 41, 123, (1980).

184. D.A. Kennerly, T.J. Sullivan and C.W. Parker: J. Immunol., 122, 152, (1979).

185. S. Cockcroft and B.D. Gomperts: Biochem. J., 178, 681, (1979).

186. T. Ishizaka, D.H. Conrad, T.F. Huff, D.D. Metcalfe, R.L. Stevens and R. Lewis:

Int. Arch. Allergy Appl. Immunol., 77, 137, (1985).

187. C. Downes and R.H. Mitchell: Cell Calcium, 3, 467, (1982).

188. S.G. Rhee, P.G. Such, S.H. Ryu and S.Y. Lee: Science, 244, 546, (1989).

189. S.T. Crooke and C.F. Bennett: Cell Calcium, 10, 309, (1989).

190. R. Kriz, L. Lin, L. Sultzman, C. Eliss, C. Heldin, T. Pawson and J. Knopt: In

"Proto-oncogenes in Cell Development", p 112, Ciba Foundation Symposium, 150,

(1990).

191. S.G. Rhee: Trends Biochem. Sci., 16, 297, (1991).

192. A.V. Smrcka, J.R. Hepler, K.O. Brown and P C. Sternweis: Science, 25, 804,

(1991).

193. S.J. Taylor, J.A. Smith and J.H. Exton: J. Biol. Chem., 265, 17150, (1991).

194. G.L. Waldo, L. Boyer, A.J. Morris and T.K. Harden: J. Biol. Chem., 266, 14217,

(1991).

195. P C. Sternweis and A.V. Smrcka: In "The GTFase Super Family", Ciba Foundation 

Symposium, 176, (1993).

196. P C. Sternweis and A.V. Smrcka: Trends Biochem. Sci., 17, 502, (1992).

197. R.F. Irvine, A.J. Letcher, J.P. Heslop and M.J. Berridge: Nature, 320, 631, (1986).

225



B i b l i o g r a p h y

198. R.M. Connolly, V.S. Bansal, T.E, Bross, R.F. Irvine and P.W. Majerus: J. Biol. 

Chem. 262, 2146, (1987).

199. E. Wells, S.T. Harper, C.G. Jackson, J. Mann and R.P. Eady: J. Immunol., 132, 

1972, (1986).

200. J.F. Kuo, R.C.G. Andersson, B.C. Wise, L. Mackerlova, I. Salomonsson, N.L. 

Brackett, N. Katon, M. Shoji and R.W. Wrenn: Proc. Natl. Acad. Sci. USA, 77, 

7039, (1980).

201. L. Enerback: Acta Pathol. Microbiol. Scand., 6 6 , 289, (1966).

202. L. Enerback: Acta Pathol. Microbiol. Scand., 6 6 , 303, (1966).

203. J.W. Putney: Cell Calcium, 7, 11, (1986).

204. Y. Nishizuka: Nature, 334, 661, (1988).

205. J.R. White, D.H. Pluznik, K. Ishizaka and T. Ishizaka: Proc. Nat. Acad. Sci. USA, 

82, 8193, (1985).

206. J.R. White, D. Zembryki, N. Hanna and S. Mong: Biochem. Pharmacol., 40, 447,

(1989).

207. R.L Ludowyke, I. Peleg, M.A. Beaven and R.S. Adelstein: J. Biol. Chem., 264, 

12492, (1989).

208. D.A. Kennerly: J. Immunol., 144, 3912, (1990).

209. R.S. Gruchalla, T.T. Dinchand and D.A. Kennerly: J. Immunol., 144, 2334, (1990).

210. T. Dink and D.A. Kennerly: Cell Regulation, 2, 299, (1991).

211. P. Lin, G.A. Wiggan and A.M. Gilfillan: J. Gen. Pharmacol., 8 8 , 349, (1991).

212. S. Nakashima, H. Fujimya, H. Miyata and Y. Nozawa: Biochem. Biophys. Res.

Commun., 178, 336, (1991).

213. K. Yamada, Y. Kanaho, K. Miura and N. Yoshinori: Biochem. Biophys. Res. 

Commun., 175, 159, (1991).

214. F. Hirata and J. Axelrod: Science, 209, 1082, (1980).

215. W.J. Strittmatter, F. Hirata and J. Axelrod: Biochem. Biophys. Commun., 8 8 , 

147,(1979).

216. W. Chakravarty: Acta Pharmacol. Toxicol., 47, 223, (1980).

226



B i b l i o g r a p h y

217. T. Ishizaka and K. Ishizaka: Prog. Allergy, 34, 189, (1984).

218. F. Hirata, J. Axelrod and F. Crews: Proc. Natl. Acad. Sci. USA, 76, 4813, (1979).

219. T. Ishizaka and D.H. Conrad: Monog. Allergy, 18, 14, (1983).

220. F.T. Crews, Y. Morita, A. McGivney, F. Hirata, R.P. Siraganian and J. Axelrod:

Arch. Biochem. Biophys., 212, 561, (1981).

221. T. Ishizaka, F. Hirata, K. Ishizaka and J. Axelrod: Proc. Natl. Acad. Sci. USA, 77, 

1903, (1980).

222. F.T. Crews, Y. Morita, F. Hirata, J. Axelrod and R. P. Siraganian: Biochem. 

Biophys. Res. Commun., 93, 42, (1980).

223. A. McGivney, F.T. Crews, F. Hirata, J. Axelrod and R.P. Siraganian: Proc. Natl.

Acad. Sci. USA, 78, 6176, (1981).

224. J.P. Moore, A. Johannsson, T.R. Hesketh, G.A. Smith and J.C. Metcalf: Biochem. 

J., 221, 675, (1984).

225. W.S.D. Boam, D R. Stanworth, S.G. Spanner and G.B. Ansell: Biochem. Soc.

Trans., 12, 782, (1984).

226. R.C. Benyon, M.K. Church and S.T. Holgate: Biochem. Pharmacol., 35, 2535,

(1986).

227. P. Grazano and A.G. Gilman: Trends. Pharmacol. Sci., 8 , 478, (1986).

228. A.C. Dolphin: Trends. Neurosci., 10, 53, (1987).

229. M. Mousli, J.L. Bueb, C. Bronner, B. Rovot and Y. Landry: Trends Pharmacol. Sci.,

11, 358, (1990).

230. C.W. Taylor: Biochem. J., 272, 1, (1990).

231. B.D. Gomperts: J. Exp. Path., 71, 423, (1990).

232. B.D. Gomperts: Nature, 306, 64, (1983).

233. Y. Landry, C. Bronner, M. Mousli, T. Fisher and A. Vail: Bull. Inst. Pasteur, 90, 

83, (1992).

234. J.L. Blueb, M. Mousli, C. Bronner, B. Rouot and Y. Landry: Mol. Pharmacol., 38, 

816, (1990).

235. C. Bronner, V. Cothenet, M. Joseph and Y. Landry: Agents Actions, 30, 95, (1990).

227



B i b l i o g r a p h y

236. B.S. Wilson, G.C. Deanin and J.M. Oliver: Biochem. Biophys. Res. Commun., 79, 

1064, (1991).

237. A.M. Dvorak, M.C. Mihm, J.E. Osage, T.H. Kwan, K.F. Austen and B.U. 

Wintroub: J. Invest. Dermatol., 78, 91, (1982).

238. A.M. Dvorak, I. Hammel, E.S. Schulman, S.P. Peters, D.W. MacGlashan, R.P. 

Schleimer, H.H. Newball, K. Pynek, H.F. Dvorak, L.M. Lichtenstein and S.J. Galli: 

J. Cell. Biol., 99, 1678, (1984).

239. L. Juhlin: Acta. Haematol., 29, 89, (1963).

240. R. Keller: In t is s u e  Mast Cells in Immune Reactions", (Eds. S. Karger and D. Basel),

p 38, (1966).

241. B. Schick, K.F. Austen and L.B. Schwartz: J. Immunol., 132, 2571, (1984).

242. G.W. Schwert and Y. Takenaka: Biochem. Biophys. Acta, 16, 570, (1955).

243. H O. Schild: Q.J. Exp. Physiol., 26, 165, (1936).

244. M. Plant, G. Marone, L.L. Thomas and L.M. Lichtenstein: Adv. Cyclic Nuc. Res., 

12, 161, (1980).

245. M.K. Church, S.T. Holgate and P.J. Hughes: Br. J. Pharmacol, 80, 719, (1983).

246. M. Kaliner, R.P. Orange and K.F. Austen: J. Exp. Med., 136, 556, (1972).

247. E.S. Schulman, D.W. MacGlashan Jr, S.P. Peters, R.P. Schleimer, H.H. Newball 

and L.M. Lichtenstein: J. Immunol., 129, 2662, (1982).

248. M.K. Church and J. Hirori: Br. J. Pharmacol., 90, 421, (1987).

249. A.R. Johnson and N.C. Moran: J. Pharmacol. Exp. Ther., 175, 632, (1970).

250. A.R. Johnson, N.C. Moran and S.E. Mager: J. Immunol., 112, 511, (1974).

251. D.L. Marquardt and S.I. Wassermann: J. Immunol., 129, 2122, (1982).

252. N. Lavin, G.S. Rachelefsky and S.A. Kaplan: J. Allergy. Clin. Immunol., 57, 80, 

(1976).

253. A. Sydbom and P.B. Fredholm: Acta. Physiol. Scand., 114, 243, (1982).

254. S.T. Holgate, R.A. Lewis, J.F. Maguire, L.J. Roberts, J.A. Oates and K.F. Austen:

J. Immunol., 125, 1367, (1980).

255. C.M. Winslow and K.F. Austen: Fed. Proc., 41, 22, (1982).

228



B i b l i o g r a p h y

256. R.A. Lewis, S.T. Holgate, L.J. Robert, J.F. Maguire, J.A. Oates and K.F. Austen: J. 

Immunol., 157, 1663, (1979).

257. D.A. Kennerly, C.J. Secosan, C.W. Parker and T.J. Sullivan: J. Immunol., 123, 

1519, (1979).

258. R.C. Benyon, S.T. Holgate and M.K. Church: Br. J. Pharmacol., 8 6 , (Proceedings 

Suppl), 407, (1985).

259. P.J. Hughes, R.C. Benyon and M.K. Church: J. Pharmacol. Exp. Ther., 242, 1064,

(1987).

260. J.S. Schanche, D. Ogreid, S O. Doskelaid, M. Refsnes, T.E. Sand, P.M. Veland and 

T. Christoffersen: FEBS Lett., 138, 167, (1982).

261. M.J. Berridge: Adv. Cyclic Nuc. Res., 6 , 1, (1975).

262. P.T. Peachell, D.W. MacGlashan Jr, L.M. Lichtenstein and R.P. Schleimer: Fed.

Proc., 46, 4153, (Abstr), (1987).

263. A. Leoutsakos, A. Truneh and F.L Pearce: Agents Actions, 16, 126, (1984).

264. A. Maximow: Arch. Microsk. Anat., 67, 680, (1906).

265. N.B. Hardy and F.F. Westbrook: J. Physiol.(London), 18, 490, (1895).

266. L. Enerback: Acta Pathol. Microbiol. Scand., 6 6 , 313, (1966).

267. M. Ennis: Agents Actions, 12, 60, (1982).

268. R.C. Benyon, M. Lowman and M.K. Church: J. Immunol., 138, 861, (1987).

269. F.L. Pearce, H. Ali, K.E. Barrett and A.D. Befus: Int. Arch. Allergy Appl.

Immunol., 77, 274, (1985).

270. H. Ali and F.L. Pearce: Agents Actions, 16, 138, (1985).

271. A-M.A. Irani, N.M. Schechter, S.S. Craig, G. De Blois and L.B. Schwartz: Proc.

Natl. Acad. Sci. USA, 83, 4464, (1986).

272. E. Razin, R.L. Stevens, F. Akiyama, K. Schmidt and K.F. Austen: J. Biol. Chem., 

257, 7229, (1982).

273. A.M. Dvorak: In 'Advances in Anatomy, Embryology and Cell Biology', (Eds. F. 

Beck, W. Hild, W.Kriz, R. Ortmann, J.E. Pauly and T.H. Schiebler), p 114,

Springer-Verlag, (1989).

229



B i b l i o g r a p h y

274. A.D.Befus, R. Goodacre, N. Dyck and J. Bienenstock: Int. Arch. Allergy Appl. 

Immunol., 76, 232, (1985).

275. V.L. Cohan, W.A. Massey, S.D. Gittlen, E.N. Charlesworth and L.M. Lichtenstein: 

In "Mast Cell and Basophil Differentiation and Function in Health and Disease" (Eds. 

S. Galli and K.F. Austen), p 149, Raven Press, New York, (1989).

276. Y. Kitamura, T. Sonoda, T. Nakano, C. Hayashi and H. Asai: Int. Arch. Allergy 

Appl. Immunol., 77, 144, (1985).

277. Y. Kitamura and S. Go: Blood, 53, 494, (1979).

278. Y. Kitamura, S. Go and S. Hatanka: Blood, 52, 447, (1978).

279. H.P. Hartung, M.J. Darnham, J. Winkleman, W. Engleberger and U. Hadding: Int. 

J. Immunopharmacol., 5, 115, (1983).

280. T. Yasaka, L.A. Boxer and R.L. Baehner: J. Immunol., 128, 1939, (1982).

281. C.B. Archer, C.P. Page, W. Paul, J. Morley and S.M. MacDonald: Br. J.

Pharmacol., 110, 45, (1984).

282. J. Morley, C.P. Page and W. Paul: Br. J. Pharmacol., 80, 50, (1983).

283. Y. Kitamura, Y. Kanakura, S. Sonoda, H. Asai and T. Nakano: Int. Arch. Allergy 

Appl. Immunol., 82, 244, (1987).

284. J. Bjork and G. Smederdard: Eur. J. Pharmacol., 96, 87, (1983).

285. M.A. Beaven, D.L. Aiken, E. Woldemussie and A.H. Soli: J. Pharmacol. Exp. Ther., 

224, 620, (1983).

286. E.S. Schulman, A. Kagey-Sobotka, D.W. MacGlashan, N.F. Adkinson, S.P. Peters,

R.P. Schleimer and L.M. Lichtenstein: J. Immunol., 131, 1936, (1983).

287. E.S. Schulman, T.J. Post and R.J. Vigderman: J. Allergy Clin. Immunol., 82, 78, 

(1988).

288. G. Nabel, S.J. Galli, A.M. Dvorak, H.F. Dvorak and H. Cantor: Nature, 291, 332, 

(1981).

289. E. Razin, C. Carbon-Cardo and R.A. Good: Proc. Natl. Acad. Sci. USA, 78, 2559, 

(1981).

290. J.W. Schrader: J. Immunol., 126, 452, (1981).

230



B i b l i o g r a p h y

291. T.R. Mosmann, M.W. Bond, R.L. Coffman, J. Ohara and W.E. Paul: Proc. Natl. 

Acad. Sci. USA, 83, 5654, (1986).

292. D.H. Broide, D.D. Metcalfe and S.I. Wasserman: J. Immunol., 141, 4298, (1988).

293. T. Nakahata, T. Kobayashi, I. Akira, K. Tsuji, K. Naganuma, O. Ando, Y. Yagi, K. 

Tadakoro and T. Akabane: Nature, 324, 65, (1986).

294. H. Saito, F. Okajima, T.F.P. Molski and M. Vi: Proc. Natl. Acad. Sci. USA, 85, 

2504, (1988).

295. H.R. Katz, A.C. Benson and K.F. Austen: J. Immunol., 142, 919, (1989).

296. D C. Seldin, J.P. Caulfield, A. Hein, R. Osthanodh, G. Nabel, S.F. Schlossman, 

R.L. Stevens and K.F. Austen: J. Immunol., 136, 2222, (1986).

297. E. Razin, A.B. Rifkind, C. Cordon-Cardo and R.A. Good: Proc. Natl. Acad. Sci. 

USA, 78, 5793, (1981).

298. A.S. Kirshenbanum, J.P. Goff, S.C. Dreskin, A-M. Irani, L.B. Schwartz and D.D. 

Metcalfe: J. Immunol., 142, 2424, (1989).

299. T. Furitsu, H. Saito, A.M. Dvorak, L.B. Schwartz, A-M. Irani, J.F. Burdick, K. 

Ishizaka and T. Ishizaka: Proc. Natl. Acad. Sci. USA, 8 6 , 10039, (1989).

300. H. Saito, K. Hatake, A.M. Dvorak, K.M. Leiferman, A.D. Donnenberg, N. Arai, K. 

Ishizaka, T. Ishizaka: Proc. Natl. Acad. Sci. USA, 85, 2288, (1988).

301. J.M. Mencia-Huerta, R. Roubin and J. Benveniste: Agents Actions, 11, 556, (1981).

302. S. Strobel, H.P.R. Miller and A. Ferguson: J. Clin. Pathol., 34, 851, (1981).

303. N.C. Moran, B. Uvnas and B. Westerholm: Acta. Physiol. Scand., 56, 26, (1962).

304. W.M. Purcell, D.L. Cohen and T.H.P. Hanahoe: Int. Arch. Allergy Appl. Immunol., 

90, 382, (1989).

305. E.J. Ruitenberg and A. Elgersma: Nature, 264, 258, (1976).

306. G. Tertian, Y.P. Yung, D. Guy-Grand and M.A.S. Moore: J. Immunol., 127, 788, 

(1981).

307. H. Chap, G. Maaco, M.F. Siomon, J. Benveniste and L. Pouste-Blazy: Nature, 289, 

312, (1981).

231



B i b l i o g r a p h y

308. E. Pirotzky, E. Ninio, J. Bidault, A. Pfister and J. Benveniste: Lab. Invest., 51, 567, 

(1984).

309. F. Snyder: In "New Horizons in Platelet Activating Factor Research", (Eds. C.M.

Winslow and M.L. Lee), p 13, John Wiley Publishers, New York, (1987).

310. L.B. Schwartz, T.R. Bradford, A.A. Irani, G. Deblois and S.S. Craig: Am. Rev.

Respir. Dis., 135, 1186, (1987).

311. T. Ishizaka, F. Hirata, K. Ishizaka and J. Axelrod: Proc. Natl. Acad. Sci. USA, 77, 

1903, (1980).

312. A.R. Johnson and N.C. Moran: Am. J. Physiol., 216, 632, (1969).

313. M. Halonen, J.D. Palmer, C. Lohman, L.M. MacManus and R.N. Pinckard: Am.

Rev. Respir. Dis., 122, 915, (1980).

314. F.M. Cuss, C M S. Dixon and P.J. Barnes: Lancet, 2, 189, (1986).

315. A.E. Rubin, L.J. Smith and R. Patterson: Am. Rev. Respir. Dis., 136, 1145, (1987).

316. O. Gateau, B. Arnoux, H. Deniaz, P. Viars and J. Benveniste: Am. Rev. Respir. 

Dis., 133, 129, (1984).

317. J.E. Fraki and V.K. Hopsu-Havu: Arch. Dermatol. Forsch., 242, 311, (1972).

318. B. Diamant and P.G. Kriiger: Acta Physiol.Scand., 77, 291, (1967).

319. E.P. Benditt and M. Arase: J. Histochem. Cytochem., 6 , 431, (1958).

320. D. Lagunoff and E. P. Benditt: Nature, 192, 1198, (1961).

321. D. Lagunoff and E. P. Benditt: Annals N.Y. Acad. Sci., 186, (1966).

322. B.Kassell and J. Kay: Science, 180, 1022, (1973).

323. F.L. Pearce: Prog. Med. Chem., 19, 59, (1982).

324. L.Hurwitz, S.von Hagen and P.D.Joiner: J.Gen.Physiol., 50, 1157, (1967).

325. G.A. Mackay and F.L. Pearce: Agents Actions , Special Conference Issue, 315,

(1992).

326. A.T. Niais, C.J. Vardey and l.F. Skidmore: Int. Arch Allergy Appl. Immunol., 70, 

83, (1983).

327. M.K. Church: In "Mast Cells, Mediators and Diseases "(Ed. S.T. Holgate), p 259, 

Kluwer Academic Publishers, Lancaster, (1988).

232



B i b l i o g r a p h y

328. A.C. Roy and B.T. Warren: Biochem. Pharmacol., 23, 917, (1974).

329. N. Mazurek, H. Schindler, T. Schiirholz and I. Pecht: Proc. Natl. Acad. Sci. USA,

81, 6841, (1984).

330. J.C. Foreman: J. Allergy Clin. Immunol., 6 , 769, (1984).

331. C.M.S. Fewtrell and B.D. Gomperts: Nature., 265, 635, (1979).

332. M.K. Church and K.D. Young: Br. J. Pharmacol., 78, 631, (1983).

333. A.L. Lehninger: In "Biochemistry ", p 183, Worth Publishers, Inc., New York,

(1981).

334. B. Samuelsson: Science., 220, 568, (1983).

335. K.F. Austen and W.E. Brocklehurst: J. Exp. Med., 113, 521, (1961).

336. E.L. Becker and K.F. Austen: J. Exp. Med., 124, 379, (1966).

337. T. Ishizaka: J. Allergy Clin. Immunol., 67, 90, (1981).

338. S. Hemmerich and I. Pecht: Biochemistry, 27, 7488, (1988).

339. A. Corcia, I. Pecht, S. Hemmerich, S. Ran and B. Rivany: Biochemistry, 27, 7499,

(1988).

340. F.L. Pearce: Trends Pharmacol. Sci., 4, 165, (1983).

341. E.J. Kusner, B. Dubnick and D.J. Herzig: J. Pharmacol., 184, 41, (1973).

342. T.C. Theoharides, W. Sieghart, P. Greengard and W.W. Douglas: Science, 207, 80, 

(1980).

343. D.L. Marquardt and S.I. Wasserman: J. Immunol., 129, 2122, (1982).

344. A.R. Johnson, N.C. Moran and S.E. Mager: J. Immunol., 112, 511, (1974).

345. K.F. Austen and W.E. Brocklehurst: J. Exp. Med., 113, 521, (1960).

346. C.M.S. Fewtrell and B.D. Gomperts: Nature., 265, 635, (1977).

347. F. Levi Schaffer, E.T. Dayton, K.F. Austen, A. Hein, J.P. Gravallese, F.T. Liu and 

R.L. Stevens: J. Immunol., 139, 3431, (1987).

348. A.C. Roy and B.T. Warren: Biochem. Pharmacol., 23, 917, (1974).

349. M. Ennis, T. Hultsh and H.H. Heidtrann: Agents Actions, 23, 198, (1988).

350. H. Kido, N. Fukusen and N. Katunuma: Biochem. Int., 6 , 863, (1985).

233



B i b l i o g r a p h y

351. G.W. Read, S.M. Hong and E.F. Keifer: J. Pharmacol. Exp. Ther., 222, 652,

(1982).

352. G.W. Read and E.F. Keifer: J. Pharmacol. Exp. Ther., 211, 711, (1986).

353. S.J. Galli and Y. Kitamura: Am. J. Pathol., 127, 191, (1987).

354. F.L. Pearce: Pharmacology, 32, 61, (1986).

355. F.L. Pearce: Klin. Wochenschr., 60, 954, (1982).

356 S J Galli: Lab. Invet., 62, 5, (1990).

357. L.B. Schwartz: Annal. Allergy, 58, 226, (1987).

358. L. Enerback: Int. Arch. Allergy Appl. Immunol., 82, 249, (1987).

359. I.D. Lawrence, J.A. Warner, V.L. Chanetal: J. Immunol., 139, 3062, (1987).

360. H.E. Seppa: Acta. Univ. Oulu. Med., 44, 112, (1979).

361. L. Stevens, G. Lee, C. Seldin, F. Austen, D. Befus and J. Bienenstock: J. Immunol., 

137, 291, (1986).

362. M. Swieter, B.M.C. Chan, T.D.G. Lee, C.J. Rimmer, A. Froese and D. Befus: Int.

Arch. Allergy Appl. Immunol., 8 8 , 200, (1989).

363 M. Ennis, A. Truneh and F.L. Pearce: Biochem. Pharmacol., 30, 2179, (1981).

364. F.L. Pearce, A. Kassessinoff and W.L. Liu: Int. Arch. Allergy Appl. Immunol., 8 8 , 

129, (1989).

365. B. Gruber, M. Poznansky, E. Boss, J. Partain, P. Gorevic and A.P. Kaplin: Arth.

Rheum., 29, 944, (1986).

366. C.M.S. Fewtrell, J.C. Foreman, C.C. Jordan, P. Gehme, H. Renner and J.M. 

Stewart: J. Physiol. (London), 330, 393, (1982).

367. H. Repke and M. Bienert: FEBS Lett., 221, 236, (1987).

368. L. Enerback and U. Wingren: Histochem. J., 15, 571, (1983).

369. K.F. Walls, J.A. Roberts, R.C. Godfrey, M.K. Church and S.T. Holgate: Int. Arch.

Allergy Appl. Immunol., 92, 233, (1990).

370. N.M. Kjellman, S.G.O. Johansson and A. Roth: Clin. Allergy, 6 , 51, (1976).

371. W.D.M. Paton: Br. J. Pharmacol., 6 , 499, (1951).

234



B i b l i o g r a p h y

372. M.A. Lowman, P.H. Rees, R.C. Benyon and M.K. Church: J. Allergy Clin.

Immunol., 81, 590, (1988).

373 Z. Jaffar and F.L. Pearce: Agents Actions, 30, 63, (1990).

374. J.P. Bennett, S. Cockcroft and B.D. Gomperts: J. Physiol., 317, 335, (1981).

375. S. Cockcroft and B.D. Gomperts: Biochem. J., 188, 789, (1980).

376. S. Cockcroft and B.D. Gomperts: Nature, 279, 541, (1979).

377. D.E Knight and P.P. Baker: J. Membrane Biol., 6 8 , 107, (1982).

378. T.W. Howard and B.D. Gomperts: Biochem. Biophys. Acta, 927, 177, (1987).

379. B.D. Gomperts and J.M. Fernandez: Trends Biochem. Sci., 10, 414, (1985).

380. B.D. Gomperts: Nature, 306, 64, (1983).

381. M. Benhamou and R.P. Siraganian: Immunology Today, 13, 195, (1992).

235



Appendix  1 Structures

0 CH3 OCH3 OCH

V V
ÇH, CH-,j CH ;

CH, CH. ÇH;

© N H ,
j

© N H , © N H ;

CH; CH; CH;
J  n

Compound 48/80

Arg- Pro- Lys- Pro- Gin-Gin- P he- Phe- Gly- Leu- Met- NH 2  

Substance P

CH

H:C' — CH NHCH

COCH

CH

Anribiotic A 2 3 1 S 7



Structures

NH-

P—OCHHO—

OH OH OH

OH OH

Adenosine 5 ’-triphosphate (ATP)
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S t r u c t u r e s

Anti-Allergic Compounds

OCHoCTOHCHoO

Disodium cromoglycate (DSCG)

NaO N X Û 2 Na 

C3H7  C2 H5

Ncdocromil sodium
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Structures

Phosphodiesterase inhibitors and agents 
which raise cAMP levels

O

HN
C— (CH2 )2 CH3

OH
O—C — (Œ2)2CH3

Dibutyryi cyclic AMP (Buj cAMP)

N H

8 -Bromo cAMP (Br-cAMP)
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Siructures

CH.

Theophylline

CH(CH3)2 

Isobutylmethylxanthinc (IBMX)
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S i r u c t u r e s

P Agonists

HO

H2 COH

^ 3
H(OH)—CH 2-N H —C— CH3 

CH;

Salbutamol

H

HO

ÇH3

(OH)—CHj-NH—CH 

CH3

Isoprcnalinc bitartrate
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S t r u c t u r e s

Flavonoids

OH

Querceün
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S t r u c i u r e s

Serine Esterase Substrates and Inhibitors

CHCOOC2 H

NHCOCH

N-Acetyl-L-tyrosine ethyl ester (ATEE) 
(substrate for assay of chymotrypsin)

H2N|:NH(CH2)3(j:HCOOC2H5 

NH NHCOC6H5

a-N-Bcnzoyl-L-arginine ethyl ester (BAEE) 
(substrate for assay of tiypsin)

2CHCOOC2H5 
NHCOC^Hj

N-Bcnzoyl-L-tyrosinc ethyl ester (BTEE)
(substrate for chymotrypsin, completely resistant to trypsin)

CHj^ F  CH 3

CH—O— P—O—CH 
/  II \

C H / O CH3

Diisopropyl-phospho-fluoridate (DFP)
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S i r u c t u r e s

HOOC—C H -N H —C O -N H —ÇH—CO—NH—<j:H—C O -N H —ÇH—CHO

CH;

' N X

?
CH,

NH

N ^ N H  CH3

CH,

?H—CH,

Chymostaün
(inhibits chymotr>"psm strongly, inactive on iiypsin)

NOo

HO2 C

2-Nitro-4-carboxyphcnyl NJ^-diphcnyl carbamate (NCDC)

f V c H . -2- S O 2 F

Phenyl methyl sulphonyl fluoride (PMSF) 
(specific ch>Tnotr>T)sin and trypsin inhibitor)



S t r u c t u r e s

O

H2 N—CH2 -C H 2-C H 2 -C H 2-C H —c —CH.Cl

'H,C- -SO2 — NH

Tosyl-L-lysinc chloromethyl ketone (TLCK) 
(inactivates trypsin but not chymotrypsin)

,-C H —C —C H .Cl

Tosyl-L-phcnylalanine chloromethyl ketone (TPCK) 
(specific inhibition of chymtrypsin but not trypsin, 

alkylates active centre histidine)

Isatoic anhydride 
(suicide inhibitor o f chymotrypsin)
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Appendix 2 List of Abbreviations

+/+

AA

ASP

ATEE

ATP

BAEE

BDTA

BSA

Bu2 cAMP

Br-cAMP

BTEE

B-Arg-MCA

BAG

C3/C3a

CaM

cAMP

CBP

a-CT

CMF

48/80

Con A

CTMC

DAG

2-DG

3-DZA 

DFP 

DMSO

Wild type mice 

Antimycin A 

Aspartic acid

N-Acetyl-L-tyrosine ethyl ester 

Adenosine 5’-triphosphate 

N-a-Benzoyl-L-arginine ethyl ester 

Benzyl dimethyl tetradecyl ammonium chloride

Bovine serum albumin 

Dibutyryi cAMP

8 -Bromo cAMP

N-Benzoyl-L-tyrosine ethyl ester 

N-a-Benzyol-L-arginine-7-amido-7-methyl coumarin 

Benzalkonium chlorides 

Complement fragment 3/3a 

Calmodulin

Adenosine 3'-5'-(cyclic) monophosphate 

Cromolyn binding protein 

a-Chymotrypsin 

Calcium-magnesium-free 

Compound 48/80 

Concanavalin A

Connective tissue type mast cell 

Diacylglycerol

2-Deoxy-D-glucose

3-Deazaadenosine 

Diisopropylfluorophosphate 

Dimethyl sulphoxide



A bb re v i a t io ns

DSCG

ECF-A

EDTA

EGF

Fc

FcgRI

FcgRII

FHB

Fab'

GAG

GM-CSF

GTPyS

GTP

5HETE/5HPETE

5HT

HEPES

IBMX

lie

IP2

IP4

His

IF-A

IFNy

IgE/G

IL3/4

IP3

LPR

Disodium cromoglycate 

Eosinophil chemotactic factor of anaphylaxis 

Ethylenediaminetetraacetic acid 

Epidermal growth factor

Papain digested membrane binding (c) immunoglobulin fragment (F), c

= crystallizable

High affinity IgE receptor

Low affinity IgE receptor 

Full HEPES Tyrode's

Papain digested antigen binding (ab') immunoglobulin fragment (F) 

Glycosaminoglycan

Granulocyte/macrophage-colony stimulating factor 

Guanylyl-5'- [p,y-imido] triphosphate

Guanosine-5'-[y-thio] triphosphate 

Guanosine triphosphate

5-Hydroxy-/5-hydroperoxy-eicosatetraenoic acid 

5-Hydroxytryptamine or Serotonin 

N-2-hydroxyethyl-piperazine-N'-2-ethane sulphonic acid 

Isobutylmethylxanthinc 

Isoleucine

Inositol-1,4-bisphosphate 

Inositol-(l,3,4,5)-tetrakisphosphate

Histidine

Inflammatory factor of anaphylaxis 

Interferon 7  

Immunoglobulin E/G 

Interleukin 3/4 

Inositol (3,4,5) triphosphate

Late phase reaction
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Abbrev ia t io ns

LT Leukotriene

Leu Leucine

mABMMC Mouse/rat bone marrow-derived mast cells

MMC Mucosal type mast cell

MOrC Human mast cells containing both tryptase and chymase

MCt Human mast cells containing tryptase alone

NCDC 2-Nitro-4-carboxyphenyl N,N-diphenyl carbamate

OPT o-Phthaldialdehyde

FAF Platelet activating factor

PC Phosphatidylcholine

PCA Passive cutaneous anaphylaxis

PE Phosphatidylethanolamine

PG Prostaglandin

PHA Phytohaemagglutinin

PI Phosphatidylinositol

PIP2 Phosphatidylinositol-4,5-bisphosphate

PKC Protein kinase C

PLA2 /C/D Phospholipase A2 /C/D

PMSF Phenyl methyl sulphonyl fluoride

PIP Phosphatidylinositol-4-phosphate

PDGF Platelet-derived growth factor

PA Phosphatidic acid

PIPLC Phosphatidylinositol specific phospholipase C

PS Phosphatidylserine

PTX Pertussis toxin

RBL 2H3 cell Rat basophilic leukemia cell line 2H3

RMCPIAI Rat mast cell protease I/II

RPMC Rat peritoneal rnast cell

PMA Phorbol myri state acetate
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A bb rev ia t i ons

S-AM S-Adenosyl-L-methione

SEM Standard error of the mean

S-Pep-MCA Succinyl-leu-leu-val-tyr-methyl coumarin

Ser Serine

Tyr Tyrosine

TLCK N-a-p-Tosyl-L-lysine choromethyl ketone

TPCK N-Tosyl-L-phenylalanine choromethyl ketone

TN F-a Tumor necrosis factor-a or cachetin

TX Thromboxane

Val Valine

W /W ^ WBB6 F^-WAV^ mice, with mutations at the white spotting (W) locus
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