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Abstract

Activation of non-receptor protein tyrosine kinases (PTK) and a chymotryptic serine 

esterase (SE) zymogen are among the earliest events in the FcgRI signalling process. 

The aim of this study was to clarify the individual roles of these enzymes in 

immunological signal transduction of human basophils and mast cells from different 

species.

Using a range of inhibitors, we confirmed that PTK activation is a step common to the 

immunological signal transduction of all histaminocytes. Of the test agents, ST638 was 

most selective in blocking IgE-mediated histamine release and was used, together with 

the protein phosphatase (PP) inhibitor okadaic acid, to examine the possibility that 

PTK is implicated in activating the SE zymogen.

Immunological activation of mast cells loaded with a fluorescent chymotryptic 

substrate led to a sharp rise in fluorescence, indicating activation of the zymogen and 

hydrolysis of substrate. The fluorescence changes were markedly reduced by 

pretreatment with inhibitors of chymotrypsin and PTK, indicating an interrelationship 

between the kinase and the esterase in the signalling process.

Ligands for the known protease activated receptors (PAR) failed to induce histamine 

release from mast cells and basophils. However, a range of proteases with differing 

substrate specificities, including a-chymotrypsin, were found to evoke a non-cytotoxic 

release of histamine from the former cells. The augmented histamine release was 

coupled to an increase in cytosolic calcium. It is therefore possible that mast cells 

possess a novel PAR which is activated by chymotryptic and other proteases. The 

histamine release induced by the proteases was reduced by inhibitors of SE, PTK and 

PP, suggesting that they trigger a signalling cascade which involves non-receptor PTK 

and chymotryptic SE.

Genistein and selected proteases were also found to cause relaxation of pre-contracted 

ileal smooth muscle, suggesting a role for these agents in stimulus-contraction as well 

as stimulus-secretion coupling.
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Chapter 1

1.1 Historical aspects

The first recorded description of the mast cell was made in 1877 by Paul Ehrlich^* ,̂ 

who identified them on the basis of their metachromatic staining properties with basic 

dyes such as methylene blue and toluidine blue. He named them “Mastzellen”, 

meaning well-fed cells in german, because of the prominent granules in their 

cytoplasm, which he wrongly assumed the cell had ingested. Ehrlich subsequently 

identified the peripheral blood basophil leukocyte, the circulating equivalent of the 

mast cell̂ ^̂ .

The first recognition of a link between the mast cell and a pathological condition was 

documented by Unna in 1894̂ ^̂ , while investigating the dermatological complaint 

urticaria pigmentosa. He observed that the cutaneous lesions consisted almost 

exclusively o f mast cells.

Portier and Richet were the first to demonstrate the central role o f mast cells in 

immediate hypersensitivity reactions in 1902̂ "̂  ̂ They noted that dogs injected with sea 

anemone toxin exhibited anaphylaxis on a second administration of the toxin. 

Similarly, Dalê ^̂  and Schultz^^  ̂ demonstrated that tissue sensitised to an antibody 

could also display an anaphylactic reaction. Histamine was found to be an important 

mediator of immediate hypersensitivity reactions by Dale and Laidlaw in 1919^^1 They 

demonstrated that the amine, when injected directly into laboratory animals or applied 

to isolated tissues, produced the symptoms of anaphylaxis. Later work by Web*̂ *̂  on rat 

peritoneal mast cells (RPMC) demonstrated that the cells reacted to foreign substances 

without prior sensitisation.

While investigating the anticoagulant properties of heparin, Jorpes and colleagues^^  ̂

discovered in the 1940s that there was a good correlation between the heparin content 

and mast cell numbers in a given tissue. These findings were confirmed by Rocha e 

Silva^’̂  ̂and Scroggie and Jaques*̂ ’ who demonstrated that, in perfused dog liver, both
14



heparin and histamine were released upon stimulation by agents which caused 

anaphylactic shock in sensitised animals. It was in 1953 that Riley and West identified 

the tissue mast cell as being the main storage site of histamine^*

Another important finding in this field was made in the 1960s by the Ishizakas^^^^’̂ ^̂  ̂

who identified a new serum antibody named immunoglobulin E (IgE). They later 

showed that mast cells and basophils expressed high affinity cell surface receptors for
IgE[16],[17]

1.2 Physiological and pathological significance of mast cells

Mast cells are widely distributed throughout connective tissues, and they may be 

especially numerous beneath the epithelial surfaces of the skin, in the respiratory 

system and in the gastrointestinal and genitourinary t r a c t s ^ T h e y  are also found 

adjacent to blood or lymphatic vesselŝ ^®̂  and near or within peripheral nerves^^^ ’̂̂ ^̂ .̂ 

This distribution places mast cells in the vicinity of parasites and other pathogens as 

well as environmental antigens that come into contact with the skin or mucosal 

surfaces and points towards a primary role for the mast cell in host defense. For 

example, infection with parasites is often associated with increased levels of parasite- 

specific (and non-specific) IgE, peripheral basophilia, or the infiltration of sites of 

infection with basophils and the proliferation and activation of mast cells^^^^

The mentioned events can be mobilised in some individuals in response to sensitisation 

with pollen, animal dander, or other intrinsically innocuous substances, resulting in 

allergic diseases. Mast cells and their products play a role in conditions such as 

asthma^^" \̂ allergic rhinitis^^^ ’̂̂ ^̂  ̂and conjuctivitis^^^ .̂

Mast cells have also been shown to participate in a number of non-allergic immune 

reactions, such as rheumatoid arthritis^^* ’̂̂ ^̂ ,̂ interstitial cystitiŝ ^®'̂ ^̂ , inflammatory 

bowel disease^^^ ,̂ pulmonary fibrosis^̂ '̂ ’̂̂ ^̂  ̂ coronary artery diseases^^^ ,̂ scar and callus 

tissue, osteoporosis-linked diseases and various neuropathies^^^^
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1.3 Development and differentiation of mast ceils

Mast cells and basophils originate from pluripotent hematopoietic stem cells in bone 

marrow, as demonstrated by Kitamura and co-workers^^*^’̂  in their studies involving 

mice with specific genetic characteristics. Three types of animal models were used:

(i) Mice with Chediak-Higashi syndrome. These mice have mast cells which 

contain easily recognizable giant granules.

(ii) Mice where a gene product on the mast cell precursor necessary for 

differentiation has been knocked out.

(iii) Mice lacking a gene product on the fibroblasts which participate in mast cell 

development.

In these studies, bone marrow from mice with Chediak-Higashi syndrome (C57BL/6 

bgVbg^), or from respectively normal littermates (W B B 6 fi-+/+), was transplanted to 

genetically mast cell deficient mutants (WBBbpi-W/W^). This lead to the development 

of mast cells in the recipient with characteristics of the donor, indicating that 

pluripotent stem cells in the bone marrow were the precursors for mast cells.

In contrast to basophils, erythrocytes, eosinophils, neutrophils and platelets, which 

differentiate within hematopoietic tissues, mast cells leave the bone marrow in 

undifferentiated form. They complete their differentiation after invading their final 

connective or mucosal tissue location̂ '*̂ ’̂̂ '̂ ^̂ . This may explain why mast cells from 

different species, and indeed mast cells from different tissues within the same species, 

have marked variations in their biochemical, histochemical and ftmctional properties, a 

phenomenon known as mast cell heterogeneity.

T lymphocytes and interleukin 4 (IL-4) are required for the differentiation o f mucosal 

mast cells (MMC). The differentiation of connective tissue mast cells (CTMC), 

however, is dependent on contact of the cells with a molecule expressed on the surface 

of fibroblasts '̂ '̂^l
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Although completely differentiated in their final location, phenotypic changes are 

observed when mast cells are removed and placed into a different environment^"^^ ’̂̂ "̂^̂. 

Thus, CTMC grown in suspension culture with IL-3 and IL-4, convert their phenotype 

into that of MMC. If  these MMC are then injected into the peritoneal cavity of mast 

cell deficient mice, they revert back to having properties characteristic of CTMC. 

Moreover, injection of CTMC into the stomach wall of mast cell deficient mice 

produces MMC in the mucosa and CTMC in the submucosa. These environment 

induced phenotypic changes between sub-populations of mast cells are possibly a result 

o f the extensive proliferative potential of differentiated mast cells. It is assumed, 

therefore, that the tissue microenvironment has a continuous effect in determining the 

phenotype o f mast cells.

1.4 Mast cell heterogeneity

1.4.1 Heterogeneity in rodents

Maximov et al.̂ "̂ ^̂  were the first to recognize that mast cells in the rat intestinal mucosa 

had different staining properties to those in the connective tissues. Enerback '̂^* ’̂̂ '*̂  ̂

extended this observation and defined conditions of fixation and histochemical staining 

that discriminated between such “atypical”, or MMC, and CTMC. The MMC were 

smaller, varied more widely in shape, were more sparsely granulated and had a much 

lower content of histamine and serotonin than CTMC. In addition, their granules 

stained red rather than violet with toluidine blue. Unlike CTMC, they did not stain red 

with safranin '̂̂ ^ .̂

The staining reflects binding of the dye to the proteoglycan of the granules, with those 

of the MMC being composed predominantly of chondroitin, which is relatively soluble, 

while those of the CTMC comprise the less soluble heparin. The result is an increased 

degree of sulfation of the matrix and hence increased affmity for safranin. Furthermore, 

CTMC also stain with the cationic dye berberine^^^^’̂ ^̂ l The dye forms a highly 

fluorescent complex with heparin and hence can be used in quantitative determination 

of the proteoglycan content of the cell.
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The phenotypic difference between CTMC and MMC demonstrated by the expression 

of different forms o f proteoglycan is also seen with the enzyme content of the granules. 

Both cells contain a chymotrypsin-like neutral protease, denoted rat mast cell protease I 

(RMCPI) in CTMC, and rat mast cell protease II (RMCPII) in MMC^^^\ These 

enzymes are very similar in action, but are immunologically distinct.

The phenotypic differences are also reflected in functional terms. Antigens, anti-IgE 

and concanavalin A, which mediate their effects via the cross-linking o f IgE molecules, 

and calcium ionophores, cause histamine release from both CTMC and MMC. 

However, MMC fail to release histamine in response to the basic polymer, compound 

48/80, whereas CTMC secrete histamine in response to this druĝ ^̂ ’̂̂ '̂̂ l CTMC, when 

stimulated, synthesize prostaglandin D2 (PGD2), whereas MMC synthesize 

leukotrienes C4 and B4 (LTC4 and LTB4) in addition to PGD2̂ ^̂ '̂ *̂ . In addition, the 

anti-allergic drug disodium cromoglycate (DSCG) is an important inhibitor of anti-IgE 

induced histamine release from CTMC but is essentially ineffective in MMC^^^ l̂

More recent studies have undermined the strict division of all rodent mast cells into 

two simple groups. Tainsh and Pearce*̂ ^̂  ̂ extensively studied CTMC from mesentery, 

lung, skin and peritoneum both functionally, using immunological ligands, calcium 

ionophores and various polybasic compounds, and histochemically. They observed a 

marked graduation in responsiveness to a wide range of compounds and on 

histochemical examination it became evident that cells from the lung, skin and 

mesentery contained both so-called CTMC and MMC.

1.4.2 Heterogeneity in humans

Mast cell heterogeneity exists in human mast cells, but it is not possible strictly to 

classify the mast cells into CTMC and MMC subtypes, as the location of the 

phenotypically different cells is not as clear-cut as in the rat. In humans, a spectrum of 

mast cell types based on proteoglycan composition is apparent; at one extreme, human 

skin mast cells contain heparin̂ ^®̂  whereas, at the other, human intestinal mucosal mast 

cells appear to synthesize chondroitin sulfate and not heparW^'\ Transitional
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populations are represented by mast cells from the human lung, which contain both 

heparin and chondroitin sulfate^^^ ’̂̂ ^̂ l It is not resolved whether both proteoglycans 

occur in a single cell.

Human mast cells are, however, conveniently classified by their enzymatic content^^^ l̂ 

The neutral proteases of human mast cell granules are chymase and tryptase, which are 

chymotrypsin-like and trypsin-like neutral proteases, respectively. In the intestinal 

mucosa and lung, the majority o f mast cells contain only tryptase and are thus 

designated M C t. In the skin, the majority of mast cells contain chymase and 

carboxypeptidase in addition to tryptase and are hence designated M C tc. The M C tc 

and M C t cells can be distinguished by immuno-histochemical staining and show 

marked differences in their ultrastructures. MCjc cell granules are generally larger and 

more numerous than MCj granules, which tend to be more variable in shape. M C tc 

cells have granules with grating and lattice structures, whilst M C t cells have granules 

that contain scrollŝ ^̂ '̂^̂ l̂

Regarding the mediators that are synthesised de novo following mast cell stimulation, 

mast cells from different tissues synthesise preferentially PGD2 or LTC4. Human 

intestinal, lung and uterine mast cells produce comparable amounts of PGD2 and LTC4 

when stimulated with anti-IgE^^^ ’̂̂ *̂̂ . Human skin mast cells, however, represent a 

divergent subpopulation in terms of eicosanoid processing, in that there is an extremely 

marked preference for PGD2 rather than LTC4 generation, with some reports of a 20- 

fold ratio of the two mediators in purified skin mast cellŝ ^̂ .̂

It is becoming apparent that there are major differences in the maturation processes for 

the above phenotypes and, moreover, that phenotype alone cannot explain many of the 

complexities o f mast cell heterogeneity, particulary in functional characteristics. For 

example, mast cells recovered from the airways by bronchoalveolar lavage (BAL) are 

phenotypically similar to those dispersed from lung tissue, but are smaller, contain less 

histamine, and are more sensitive to IgE-dependent stimuli and to modulation of 

histamine release by DSCG. To take another example, skin mast cells secrete histamine 

in response to substance P and compound 48/80, while those of the intestinal
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submucosa do not, although both are predominantly of the M Ctc phenotype^^^l These 

examples suggest that the environment is likely to superimpose functional differences 

on local mast cells, regardless of their major phenotypes.

Functional heterogeneity o f human mast cells has significant physiological and clinical 

implications. These implications are most evident in the response of mast cells to anti

allergic drugs. Thus, DSCG and nedocromil sodium demonstrate varying efficacies in 

inhibiting mediator release from human mast cells from different tissues. In mast cells 

dispersed from human lung, tonsillar and adenoidal tissue, DSCG and nedocromil 

inhibit histamine and PGD2 release^^^l However, these drugs are ineffective in human 

skin mast cells. Different responses to these compounds have been observed between 

different mast cell populations in human lung. Nedocromil is an order of magnitude 

more effective in supressing histamine release from BAL mast cells than from mast 

cells dispersed from lung tissue^^^l Additionally, tachyphylaxis to the inhibitory effects 

of nedocromil and DSCG occurs only in the dispersed lung mast cell population.

1.5 Activation of mast cells

1.5.1 Introduction to the immune system

The human body has a special system for combating different pathogenic invaders such 

as bacteria, viruses and fimgi^^^l The first lines of defence are physical barriers such as 

the protective barrier of the skin, the mucous membrane in the nasal passages and 

enzymes such as lysozyme in tears. If  the pathogens do penetrate the body, two main 

defensive operations, composed of blood leukocytes and tissue cells derived from the 

leukocytes, come into play bŷ '̂̂ :̂

(i) destroying invading agents by phagocytosis and

(ii) forming antibodies and sensitised lymphocytes, one or both of which may 

destroy or inactivate the invader.
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Phagocytes are not sufficient to combat various pathogenic agents and, as a 

consequence, the adaptable mechanism of the formation of specific antibodies against 

the invaders is crucial.

The first role of the immune system is the “sensitisation” or recognition of the invading 

pathogen and involves the action of several types of lymphocytes, the granular B and T 

lymphocytes, killer (cytotoxic) cells and natural killer cells. The T cells are involved in 

the regulation of many immune responses, whilst B cells synthesise antibody against 

antigen.

Antigens introduced into the body, during sensitisation, reach the local lymph nodes 

via the lymphatics. In the nodes, antigen is presented to lymphocytes on the surface of 

non-phagocytic cells termed antigen-presenting cells (AFC). Macrophages are also able 

to present antigens, by phagocytosing the material, breaking it into pieces and 

displaying the resulting fragments on the cell surface. T cells with specific receptors for 

that antigen are activated by the material presented on AFC and the IL-1 released by 

the AFC. These T cells then release a soluble factor, IL-2, which is a T cell growth 

factor and results in proliferation of T cells on which IL-2 receptors have been induced. 

Some of the T cells that are formed, called T helper cells and designated (T h)1 and 

(T h)2 , secrete more specific substances, IL-2, IL-3 and interferon y (IFNy), and IL-3, 

IL-4, IL-5 and IL-6, respectively. These are involved in further activation, proliferation 

and differentiation of the B lymphocytes that were already activated by the contact 

with antigen in the nodê ^̂ '̂̂ ^̂ l Those B lymphocytes specific for the antigen 

immediately enlarge and take on the appearance of lymphoblasts. They further 

differentiate to form plasmablasts, which are the precursors of the plasma cells. In 

these cells, the cytoplasm expands and the rough endoplasmic reticulum (ER) vastly 

proliferates. They then divide and produce a population of about 500 cells for each 

original plasmablast. The mature plasma cell then produces gammaglobulin antibodies 

at an extremely rapid rate: about 2,000 molecules per second for each plasma cell. The 

antibodies are secreted into the lymph and carried to the circulating blood.
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Some of the lymphoblasts do not form plasma cells, but instead the B cell population 

of the specifically activated clone becomes greatly enhanced and remains ‘silent’ until 

activated once again by a new quantity of the same antigen. These lymphocytes are 

called memory cells. Subsequent exposure to the same antigen will then cause a much 

more rapid and potent antibody response because there are many more memory cells 

than there were original B lymphocytes of the specific clone.

The effect of IL-4 and IFNy on IgE regulation has been clearly established^^^^’̂ *̂̂ with 

the former an essential mediator for IgE synthesis and the latter having a negative 

regulatory effect on the production of the immunoglobulin. IL-5, IL-6 and tumor 

necrosis factor alpha (TNFa) all enhance IL-4 induced IgE production, whilst IFNa 

and transforming growth factor beta (TGFp) inhibit synthesis of the antibody.

The proliferation o f B cells is limited by their interaction with suppressor T (Ts) cells 

which release soluble factors that are inhibitory to the above cascade of events. It has 

been proposed that T cells from allergic patients have an enhanced ability to augment 

IgE production relative to those of normal subjects^^^ ,̂ suggesting an imbalance in the 

numbers of Th and Ts cells.

1.5.2 The high affinity receptor for IgE (FCgRI)

The primary event in the initiation of an allergic response involves the binding of IgE 

to the high affmity receptor (FcgRI). Besides its expression on mast cells and basophils 

as an tetramer, FcgRI is also expressed, although to a lower extent, on human 

Langerhans cellŝ *®̂  eosinophils^*and platelets^*^ .̂ These cells, as well as 

lymphocytes and macrophages also express an IgE receptor of at least two orders of 

magnitude lower affinity than that on mast cells and this has been denoted FcgRIÎ *̂ .̂ 

Recent studies by Dombrowicz et al.̂ *"̂  ̂ have shown that a trimeric ay2 FcgRI is 

expressed on IgE stimulated rat eosinophils and macrophages. FcgRI was not detected 

on eosinophils and macrophages from unstimulated animals, suggesting that receptor 

expression in cells other than mast cells is very low or absent under resting conditions.

This could explain why the receptor was not detected in earlier work^*^l The numbers
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of FcgRI on human basophils, rat mast cells and rat basophilic leukaemia cells (RBL 

2H3 cells) have been estimated as being 30,000-100,000, 300,000 and 1,000,000 per 

cell, respectively.

The receptor is a glycoprotein ’with about 32 % carbohydrate. It consists of one a , one 

p and two y subunits with molecular weights of about 33, 30, and 7 kDa, 

respectively^^^l The binding site for IgE lies within the a  subunit, which therefore 

confers hgand recognition and constitutes the major extracellular component, whilst 

the p and y subunits insert the a  subunit into the membrane and are involved in 

downstream propagation of the signal, through the phosphorylation of their 

immunoreceptor tyrosine activation motifs (ITAM)^*^ .̂

1.5.3 Immunological activation

Sensitisation of mast cells involves the binding o f IgE antibodies to their receptors, but 

this is not sufficient for their activation. Hence, normal individuals without signs of 

disease have mast cells and basophils which bear receptor-bound IgE. It is the binding 

of the antigen, which caused IgE production in the first instance, to the fixed IgE 

antibodies during the second exposure that activates the cells. This second stage takes 

place rapidly, within seconds of coming into contact with the tissue. For an antigen to 

be able to activate mast cells, it has to be able to attach itself to two neighbouring IgE 

molecules, thereby cross-linking them^**\ This causes the aggregation FcgRI receptors, 

and the subsequent degranulation. Hence, bi- and poly-valent antigens will activate the 

cells, and monovalent antigens will not.

Immunological activation can be achieved independently by any agents which cross

link FcsRI receptors. The lectin, concanavalin A is a tetramer and it activates mast cells 

by binding to carbohydrate either on the IgE molecule or on the receptor itsetf^^l If 

dissociated into monomeric units, concanavalin A is unable to activate mast cells. The 

cross-linking of the receptors is possible even without the presence of IgE, when 

antibody IgG is prepared against determinants on the receptor itsetf In fact, the anti

receptor antibody cannot bind if the IgE molecule occupies the receptor, since it blocks
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the sites to which the anti-receptor would normally attach. Chemically produced 

dimers of IgE bind to the receptors and cause degranulation, which demonstrates that 

cross-linking just two receptors is a sufficient signal to the cell̂ *̂̂ .

In addition to provoked histamine release, mast cells spontaneously release some 

histamine and other mediators in the absence of a cross-linking ligand. This is caused 

by random collisions between receptors, which move freely in the fluid of the 

membranê ®̂̂ .

An important feature of the cross-linking model of mast cell activation is that there 

may be a threshold number of cross-links below which no cell activation is detected̂ ' '̂̂ .̂ 

Another fact is that trimers and oligomers of IgE are more effective at activating the 

cells than dimers. Also, there is evidence that the mechanism of histamine secretion 

induced by antigen cross-linking is different from that caused by anti-IgE. This 

information suggests that the signal transduction systems of the mast cell and basophil 

are sensitive to the pattern of cross-linking.

1.5.4 Non-immunological activation

Apart from the FcgRI directed ligands, there are a number of other substances that can 

provoke mediator release from mast cells. These can be broadly classified as cytotoxic 

and non-cytotoxic inducers. The cytotoxic inducers act by non-selectively disrupting 

the cell membrane and leaving it irreversibly damaged. This effect is caused by 

detergents such as Triton X-100 and Tween-20^^^^’*̂ ^̂ \ and is of no pharmacological 

significance. The non-cytotoxic inducers are selective in their action and cause release 

without disrupting cellular metabohsm and the loss of cytoplasmic markers. They 

include the following.

(i) Polybasic secretagogues such as compound 48/80^^^\ often described as the 

“classical mast cell degranulating agent” although it does not induce histamine 

release from all mast cell types, neuropeptides, such as substance 

mastoparan (a classical guanine nucleotide-binding regulatory protein (G
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protein) activating agent)^^^  ̂mast cell degranulating peptide (MCDP or peptide 

401)196] polybasic amino acids such as polylysine^^^l

(ii) High molecular weight dextrans. Dextran is a potent histamine liberator in the 

rat, although not in other animals. In vitro, it induces release from peritoneal 

mast cells, and only a limited release from mesenteric and skin mast cells^^^l

(iii) Calcium ionophores A23187^^^  ̂and ionomycin^’̂ ®̂.

(iv) Anaphylatoxins C3a, C4a and

(v) Nerve growth factor (NGF), a protein required for growth and maintenance of

the sensory and sympathetic nervous systems^^^^l

(vi) Phosphatidylserine (PS), which potentiates dextran, NGF and immunological 

release from RPMC^^^^l

(vii) Drugs, e.g. morphinê *®"̂ .̂

(viii) Enzymes, e.g. phospholipase A2 (PLAi)̂ *®̂ .̂

(ix) Cytokines, e.g. stem cell factor (SCF)^'°^\

(x) Adenosine 5’-triphosphate (ATP)̂ *®̂ .̂

The mechanisms of action of many o f the above secretagogues are outlined in chapter 

4, and have been reviewed by Lagunoff et al.̂ ^̂ *̂ .

1.6 Mast cell mediators

The chemical mediators secreted from mast cells upon stimulation are classified as (1) 

preformed and stored in granules and (2) synthesised de novo following cell activation.

1.6.1 Preformed mediators

1.6.1.1 Histamine

Mast cells and basophils synthesise histamine (P-imidazolylethylamine) from histidine, 

utilizing the enzyme histidine decarboxylase in the Golgi apparatus^^^^l The synthesis 

is accelerated following an inflammatory reaction, so that preformed and newly 

synthesised histamine represent distinct pools of this mediator in an inflammatory
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process. Once formed, histamine is then stored associated by ionic linkage with the 

carboxyl groups of proteins and proteoglycans of the secretory granules at acidic 

pRfiio] comprises between 5 and 10 % of the dry weight of the mast cell granule^*

During degranulation, histamine is released and dissociated from the proteoglycan- 

protein complex by cation exchange with extracellular sodium at neutral 

Within minutes of its release, the amine is catabolysed by the enzymes N- 

methyltransferase and diamine oxidase to N-methylhistamine and imidazole acetic 

acid, respectively^^ This rapid metabolism suggests that the amine acts at or near the 

site of its release.

Histamine mediates its biological effects via its interaction with cell specific Hi, H2 

and H3 receptors^* H| receptors are coupled to phosphatidylinosito 1 turnover and the 

mobilisation of intracellular calcium^*They are located in the ileum, uterus, bronchi 

and bronchioles where, upon stimulation, they cause contraction of smooth muscle^* 

This reaction in the airways is termed an immediate asthmatic response and is the 

primary cause of airflow limitation from exposure to airborne allergens^* Hi 

receptors are also located in the cardiovascular system, where they mediate relaxation 

of the arteries (resulting in vasodilatation and a fall in blood pressure), contraction of 

the veins and increased vascular permeability (which leads to fluid escape and 

swelling). The swelling that results is aided by the endotheUal cells becoming rounder 

in shape, hence leaving large gaps between them through which fluid can escape.

H2 receptors are coupled to adenylate cyclase and, once activated, increase 3’,5’-cyclic 

adenosine monophosphate (cAMP) formation^^*^ .̂ They are located on the parietal cells 

in the stomach where they act to increase gastric acid secretion^ '̂*^’̂ ^̂ ^̂ . They are also 

located in the heart where they regulate atrial floŵ ^̂ ®̂ .

H3 receptors are presynaptic receptors which regulate the release and synthesis of 

histamine in neurons^’̂ ’l  They are not confined to the brain, but also play a modulatory 

role in peripheral neurotransmission (e.g. in the gastrointestinal tract, the 

cardiovascular system and the airways)^*^^ ’̂̂ ^̂ ^̂  It has been suggested that H3 receptors
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might inhibit histamine release from pulmonary mast cells^^ '̂ l̂ H3 agonists could, 

therefore, have therapeutic effects in the treatment of allergen-induced 

bronchoconstriction.

In addition to the effects that histamine elicits directly, it also has some 

immunomodulatory activities. Thus, through H2 receptors, histamine can inhibit 

immunologically induced histamine release from basophils^^^^l Histamine is weakly 

chemotactic for eosinophils and n e u t r o p h i l s ^ I t  can also affect lymphocyte activity 

by suppressing B cell antibody production^^^^\

1.6.1.2 Serotonin

Serotonin (5-hydroxytryptamine) is found in rodent but not human mast cellŝ *̂ *̂ ’̂ *̂ l̂ 

The amine is generated by the decarboxylation of tryptophan and can produce 

numerous, species dependent, effects. It causes bronchoconstriction and microvascular 

leakage in rodent airways, but has little or no effect in human airways^ The amine 

also acts as a neurotransmitter in the central nervous systems of humans and 

rodentŝ '̂ ^̂ .

1.6.1.3 Proteoglycans

The proteoglycans, heparin and chondroitin sulfate, comprise the major structural units 

of the mast cell granule and are responsible for the characteristic metachromatic 

staining seen with basic dyeŝ ^̂ ^̂ ’̂ *̂ ^̂ . They are macro molecules which contain a long 

protein core of repeating serine and glycine units, to which highly sulfated 

glycosaminoglycan (GAG) side chains are attached by xylose-galactose-glucuronic 

acid linkŝ *̂ '̂  ̂ These links are unique to proteoglycans. It is the nature and degree of 

sulfation of the GAG side chains which characterise the molecular species of 

proteoglycan, i.e. heparin or chondroitin.

Proteoglycans act as extracellular mediators and as storage matrices for other 

preformed mediators, including histamine, neutral proteases and acid hydrolases, that
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might otherwise have deleterious effects on the mast cell itsetf^'^l Both heparin and 

chondroitin sulfate stabilize mast cell proteases and alter the biological activities of 

many enzymes. During mast cell activation, histamine and acid hydrolases rapidly 

dissociate from heparin by ionic exchange, while the neutral proteases remain 

associated with it at the cellular surface*̂ ^̂ ^̂ .

Extracellularly, heparin is a powerful anticoagulant^*although it has been suggested 

that it acts as a natural anti-inflammatory agent^*^^l Heparin has been shown to inhibit 

antigen-induced bronchoconstriction^*^*^ and to block the increased vascular 

permeability induced by many media tors^*Heparin  also inhibits lymphocyte 

activation̂ *"***̂  and delayed hypersensitivity reactionŝ *"**̂ . It additionally inhibits 

chymase activity whilst potentiating the tryptase response^* *̂ ,̂ inhibits the complement 

cascade^*and modulates growth factor activitŷ *"*̂ .̂

1.6.1.4 Neutral proteases

The neutral proteases, tryptase and chymase, catalyse cleavage of peptide bonds at 

neutral pH and are the dominant protein components of secretory granules in human 

and rodent mast cells^** l̂ Their abundance and specificity to mast cells make them 

ideal quantitative markers of mast cell degranulation^*'*'*  ̂ As stated previously, the 

distribution of these enzymes is used as a tool to classify mast cell phenotypes.

Tryptase, like all other rat and human mast cell proteases, resides fully active in 

secretory granules. It is uniquely stabilized in its active tetrameric form by heparin, to 

which it is ionically bound under physiological conditions, and is released as a 

complex with this proteoglycan^*"*^l The protease cleaves peptide substrates on the 

carboxyl side of arginine and lysine residueŝ *"*̂ .̂ Two iso formes of the enzyme have 

been separated by chromatography and they differ in specificity and rate of cleavage of 

various substrates.

Stimulation of bronchial muscle with tryptase causes contraction^*"*^ ,̂ pointing to a 

possible role of the enzyme in asthma and bronchial hyperresponsiveness. This action
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of the enzyme may be linked to its ability to break down vasoactive intestinal peptide 

(VIP), the main bronchodilator neurotransmitter of non-adrenergic non-cholinergic 

(NANC) nerves in the lunĝ "̂̂ *̂ .

Tryptase is also involved in complement activation by the formation of C3a, an 

anaphylatoxin and direct spasmogen, and C3b from In blood coagulation,

tryptase exhibits an anti-coagulant action by cleaving fibrinogen and inactivating it̂ ^̂ l̂ 

In the epidermis, tryptase releases and cleaves fibronectin and coUagenase type IV and 

thus may have a role in tissue remodelling and matrix degradation^*Tryptase 

stimulates deoxyribonucleic acid (DNA) synthesis in bronchial epithelial cells^*^ \̂ 

indicating a possible role in epithelial repair, and is a potent mitogen for fibroblasts in 

vitrô *̂ ^̂ , indicating a possible role in fibrosis.

Mast cell chymase is a monomer, existing as different isoforms with species specific, 

chymotrypsin-like activity. Within the mast cell granule, it is bound ionically to 

heparin, but not to chondroitin sulfate.

Human chymase catalyses conversion of angiotensin I to angiotensin ^  ^

process independent of the activity of angiotensin converting enzyme (ACE)̂ *̂ ^  ̂ and 

may thus play a role in blood pressure regulation. It hydrolytically inactivates 

brochoactive peptides such as bradykinin and kalidin^*^^\ as well as certain 

neuropeptides such as substance P and VIP^*^*l

Rat and human mast cells also contain carboxypeptidase, a monomer with unique 

substrate characteristics. The RPMC enzyme is similar to bovine carboxypeptidase 

whilst the human equivalent is fiinctionally similar to bovine carboxypeptidase 

A, but structurally resembles pancreatic carboxypeptidase The human isoform is 

found solely in M C tc cells, where it possibly complements the action of chymase^*^*l
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1.6.1.5 Other granule associated enzymes

Mast cells contain numerous other granule associated enzymes, including 

arylsulphatases, p-glucuronidase, exoglycosidases and hexosaminidase^^^^l They all 

have optimal activity at acidic pH.

1.6.1.6 Chemotactic factors

In addition to the release of potent mediators, mast cells from both rodents and humans 

can secrete factors which are chemotactic for eosinophils (eosinophil chemotactic 

factor of anaphylaxis, ECF-A) and neutrophils (neutrophil chemotactic factor of 

anaphylaxis, Thus, the mast cell degranulation in the immediate

phase allergic response can result in the activation and recruitment of 

polymorphonucleocytes to the inflammatory zone and thus induce the late phase 

response. NCF-A has been detected in increased concentrations in the serum following 

bronchial challenge with allergen in asthmatic subjects^^^^ .̂

1.6.2 Newly generated mediators

The activation of mast cells initiates de novo synthesis and release of two general 

categories of potent chemical mediators, the eicosanoids and cytokines. Eicosanoids 

are released within minutes of activation and synthesis may continue for up to 30 min. 

Cytokines are, however, synthesized much more slowly, sometimes hours after the 

activation occurs.

1.6.2.1 Eicosanoids

These chemical mediators consist of PG, LT and thromboxanes (TX), which are 

derived from arachidonic acid. Upon mast cell activation, PLA2 catalyses the 

generation of arachidonic acid from phospholipids in the cell membrane^*^^l 

Arachidonic acid is metabolized via two different pathways, namely the 

cyclooxygenase or Hpoxygenase pathways.
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Prostaglandin synthesis involves the action of membrane-bound cyclooxygenase 

enzymes vyhich initially oxidize arachidonate into the unstable hydroperoxy derivative 

PGG2. This is then reduced to PGH2, which is metabolized to the more stable 

prostanoids PGD2, PGE2, PGp2a and PGI2, as well as TXA2 and t x B 2“*’’'“**’. The 

major cyclooxygenase product formed in human and rodent mast cells is PGD2*'̂ '̂.

Leukotriene synthesis involves the action o f 5-lipoxygenase, which converts 

arachidonate into 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and LTA4 , which is 

unstable. LTA4  is then converted into LTB4 , by the addition of water, or by the 

addition of the tripeptide glutathione to LTC4 , LTD4 and LTE4 , which were formerly 

known as slow-reacting substance of anaphylaxis

PGD2 is the principle cyclooxygenase product generated through immunological, as 

well as calcium ionophore, activation of human and rat mast cellŝ ^̂ '̂ ’̂̂ ^̂ l̂ It has been 

detected in dispersed and purified human lung mast cells (HLMC) after IgE dependent 

a c t i v a t i o n ^ I t  plays a significant role in asthma, as well as PGp2a and TXA2, since it 

causes constriction of bronchial smooth muscle^^^^ ’̂̂ ‘̂ *l On the other hand, PGEi and 

PGE2 have bronchodilator activities^

PGD2 is a potent inhibitor of platelet aggregation, is chemotactic for human neutrophils 

and, in conjuction with LTD4, mediates accumulation of neutrophils in human skin^’^̂ .̂ 

High levels of PGD2 metabolites have been detected in the urine of mastocytosis 

patients, and PGD2 is believed to contribute to hypotension in such individuals^^

Leukotrienes have relatively short half-lives, but are biologically much more potent 

than the products of the cyclooxygenase pathway. They stimulate prolonged 

bronchoconstriction, and are 10-1,000 times more potent than histamine^^^^l They 

induce cutaneous wheal-and-flare responses^’ enhance venular permeability^* 

promote bronchial mucus secret ion^*and induce constriction of arterial, arteriolar 

and intestinal smooth muscle^*
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LTB4 has been shown to have potent chemotactic activity for neutrophils and 

eosinophils and may be the main cause of eosinophilia in the lungs of asthmatics^* 

LTC4 and LTD4 stimulate the production of platelet activating factor (PAF) from 

human endothelial cells, leading to neutrophil adherence^*

1.6.2.2 PAF

The synthesis o f PAF takes place in a variety o f inflammatory cells, including mast 

cells, platelets, neutrophils, basophils, macrophages and eosinophils^* The

synthesis is generally via a two-step enzymatic pathway involving first the activation 

of PLA2, which cleaves a free fatty acid from ether-linked phospholipids (termed 

plasmogens) to yield lyso-PAF^**^ .̂ Under appropriate conditions, lyso-PAF can be 

acetylated, to form the biologically active PAF, by the action of acetyl transferase, 

found in the cytoplasm of inflammatory cells.

PAF mediates its effects by binding to high affinity sites on many inflammatory cells. 

The former comprise G-protein coupled receptors (GPCR) with seven transmembrane 

domains. So far, PAF receptors from human platelets and leukocytes have been 

eloned̂ *̂ **̂ ’̂ *̂ *l The exact mechanism by which PAF induces mediator release is still 

uncertain, although activation of human basophils leads to a rapid transient rise in 

intracellular calcium^*^^  ̂ and PAF activation of mast cells has been shown to be 

inhibited by cAMP active drugs and phosphodiesterase inh ib i to rs^*The PAF 

response is also significantly reduced in the absence of neutrophils^*suggesting that 

priming by other inflammatory cells may be necessary for a maximum effect.

PAF has long been implicated in the pathophysiological mechanisms of asthma, 

because exogenous PAF, at low concentrations, causes bronchoconstriction and 

bronchial hyperresponsiveness^* '̂*^. Other biological actions include local 

vasodilatation, increased vascular permeability^* wheal formation^*plate let 

aggregation^*and accumulation of eosinophils^*The chemotaxis of eosinophils by 

PAF may explain why the mediator produces such a prolonged hyperresponsiveness in
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asthmatic patients, since eosinophils are thought to play an important role in epithelial 

damage.

1.6.2.3 Cytokines

Cytokines are extracellular signalling glycoproteins. They have an effect on closely 

adjacent cells and therefore function in a predominantly paracrine manner, although 

they may also act at a distance (endocrine) and may have effects on the cell o f origin 

(autocrine). Cytokines may have synergistic or antagonistic effects with other 

cytokines, with each as part of a complex interacting network. They may act as pro- 

inflammatory mediators, but also have a capacity to down-regulate inflammation. 

Cytokines are important in producing IgE, inducing mast cell and basophil 

development and differentiation, endothelial-leukocyte adhesion and many more 

manifestations of i n f l a m m a t i o n ^ * E v e r y  cell is capable of releasing cytokines 

under certain conditions, although each cell produces a characteristic spectrum of these 

agents. Mast cells synthesise interleukins IL-1, IL-3, IL-4, IL-5, IL-6 and tumor 

necrosis factors TNFa, TNFp and TNFy.

IL-1 is thought to be centrally involved in rheumatoid arthritiŝ *̂**̂ . IL-3 is produced by 

T lymphocytes, as well as by mast cells. In rodents, it is important for the development 

of mast cells and basophils and promotes eosinophil survival̂ *̂***̂  IL-4 is derived from 

(Tn)2-like lymphocytes and the mast cells o f asthmatic patientŝ *̂*̂ ’̂̂ *̂*̂  ̂ It plays a 

critical role in the switching of B lymphocytes to produce IgE, and may therefore be of 

crucial importance in the development of atopy. Contrarily, it may also have anti

inflammatory effects. For example, IL-4 inhibits the expression of cytokines in 

monocytes. IL-5 is associated with eosinophilic inflammation. IL-6 appears to be 

responsible for many of the effects which occur during the acute phase responsê *̂*"*l 

TNF are expressed in asthmatic airways, and IgE triggering in sensitised lungs leads to 

increased expression in epithelial cells in both rat and human lungŝ *̂*̂ ’̂̂ ®̂̂ l

The effects of mast cell mediators, summarized by Church and Caulfield̂ *̂*̂ ,̂ are 

presented in fig. 1.1.
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1.7 Signal transduction of mast cells and basophils

Activation of mast cells and basophils by various ligands triggers reactions that 

ultimately lead to degranulation and the release of inflammatory mediators. Although 

the exact sequence of events remains unresolved to date, several inter-linking 

biochemical processes are well established.

1.7.1 Calcium

A primary event following mast cell activation appears to be a rise in the intracellular 

concentration of free calcium ions. The cytosolic concentration of Ca^  ̂ is about 0.1 

pM, whereas that of the extracellular medium is considerably higher (1 This

gradient in the resting cell is maintained by a Ca^^ pump, which actively transports the 

ion either out of the cell or into cellular organelles. These organelles include the 

mitochondria, calciosomes and the

That an increase in free calcium is in itself a sufficient condition for secretion has been 

clearly demonstrated by experiments in which exocytosis and mediator release have 

been induced by direct introduction of the cation into the cell, either by micro injection, 

by means of calcium ionophores, by fusion with liposomes containing the cation, or by 

permeabilisation of the cell with ATP or Sendai virus^^^ '̂^^ l̂ Lanthanum, which 

competes for calcium binding sites in a number of biological systems and prevents 

calcium transport across membranes, inhibits histamine secretion induced by antigen 

stimulation^^

Mast cells also possess membrane-bound and intracellular stores of calcium, which 

may be utilised for coupling a stimulus to histamine secretion. Some ligands such as 

compound 48/80, peptide 401, poly lysine and polymyxin produce histamine secretion 

even in the absence of extracellular calcium, by mobilisation of the above mentioned 

stores^^*’̂ ’̂ ^̂"̂ .̂ The secretion is enhanced at acid pH and by brief pre-treatment (5 min) 

of the cells with the chelating agent ethylenediaminetetraacetic acid (EDTA)^^’"̂ .̂ This 

treatment is believed to remove calcium ions from superficial, regulatory sites in the
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cell membrane, leading to its destabilisation and thus facilitating the release of more 

internal stores of the cation. Furthermore, histamine secretion by these agents is not 

sensitive to inhibition by lanthanum, indicating that it is not the extemal-membrane 

bound source of calcium that is being utilised by these agents.

Accepting the evidence that intracellular calcium is associated with activation of 

secretion, and knowing that antigen-stimulated histamine secretion requires 

extracellular calcium, Fewtrell et al.̂ *̂̂  ̂ anticipated, and later demonstrated, that the 

antigen-antibody reaction on the mast cell membrane would increase the permeability 

of the membrane towards calcium, suggesting that calcium influx occurs through 

receptor mediated calcium channels. Further studies by Lindau et al.^ ’̂̂ ,̂ however, 

found that blocking calcium activated channels inhibited the consequent conductance 

change but did not affect degranulation. It has subsequently been suggested that the 

whole mechanism of calcium release and uptake by the stores is far more complicated 

than initially thought, with the calcium which enters the cell being pumped directly 

into the intracellular stores^^^^l Only when a particular store is full, can it be activated 

to release the calcium into the cytosol.

In the case of IgE receptor cross-linking by an antigen, the calcium signals are 

produced through the hydrolysis of membrane bound inositol phospholipids^^The 

cross-linking activates tyrosine kinase and a G protein which initiates the formation of 

inositol 1,4,5-triphosphate (IP3) and thence inositol 1,3,4,5-tetraphosphate (IP4) by 

activating the membrane enzyme phospholipase C IP3 releases calcium from

the stores in the ER into the cytosoF^^ '̂^^^^l It has also been proposed that IP4 induces 

influx o f external calcium through specific calcium permeable channels^^^^ .̂

The PLC mediated hydrolysis of inositol phospholipids also generates diacylglycerol 

(DAG) which remains in the membrane and there activates protein kinase C (PKC)^^^^l 

PKC is normally present in the cytosol, but associates with the membrane upon DAG 

generation. The activation of PKC provides a signal that acts synergistically with a 

calcium signal generated by calcium ionophores, hence the two mechanisms may have 

some overlap^^ "̂*l
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The mobilised calcium mediates its effects by binding to intracellular receptors 

(calcium binding proteins), with calmodulin being the most important^^^^^’̂ ^̂ ^̂ . 

Calmodulin is present in all eukaryotic cells. It binds up to four calcium ions in 

reversible fashion with high affinity and this process induces conformational changes 

in the protein. The activated calcium-calmodulin complex then interacts with various 

proteins including protein kinases and phosphatases, cyclic nucleotide 

phosphodiesterase and ATPases. Inhibitors of calmodulin bind to the calcium- 

calmodulin complex and prevent its interaction with target proteins, hence inhibiting 

histamine release jfrom mast cells^^^ l̂

1.7.2 G proteins

G proteins involved in receptor signalling are a heterogeneous family of trimeric 

proteins which share a common cyclical mechanism of activation^^^^ .̂ The three 

subunits are denoted a , p and y. The a  subunit contains the guanine nucleotide binding 

region and GTPase activity. In the resting state, the a  subunit is bound to guanosine 5’- 

diphosphate (GDP) and is associated with the p and y subunits. Following receptor 

stimulation, the GDP dissociates from the protein, allowing guanosine 5’-triphosphate 

(GTP) to bind. GTP binding to the a  subunit promotes dissociation of a-GTP from the 

py complex^^^^l It is the a-GTP subunit that is the active member of the trimer and the 

role of the Py subunit is unknown, although it has been proposed that it acts to attenuate 

the action of the a  subunit.

The a-GTP subunit acts on a variety of proteins, including adenylate cyclase, enzymes 

and ion channelŝ ^̂ ®̂ . It has been observed that the introduction of non-hydrolysable 

GTP analogues into the cytosol in the presence of extracellular calcium was sufficient 

to induce mast cell exocytosis even in the absence of a stimulus^^^^l

Deactivation of the protein is caused by hydrolysis of GTP to GDP by the a  subunit, 

whereupon a-GDP dissociates from the receptor and reassociates with Pŷ ^̂ l̂
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1.7.3 Cyclic nucleotides

The role of cyclic nucleotides in the modulation of histamine release, although 

extensively researched, remains unclear. IgE receptor aggregation activates the 

membrane bound enzyme adenylate cyclase^^^^  ̂via a GTP regulatory protein, resulting 

in dephosphorylation of ATP and formation of cAMP.

cAMP is known to be involved in many cellular processes and was the first secondary 

messenger to be measured in mast cellŝ ^̂ ^̂ . These processes mainly involve cAMP- 

dependent protein kinase which is ubiquitous and has many kinds of substrates. Most 

of these substrates are phosphorylated at serine or threonine residueŝ ^̂ "*̂ .

Guanylate cyclase transforms GTP to guanosine 3’, 5'-cyclic monophosphate (cGMP), 

another cyclic nucleotide. Like cAMP, cGMP mediates its effects through a cGMP- 

dependent protein kinase, which has similar actions to c AMP-dependent 

serine/threonine kinase, except for a more limited range of substrates^^^^l

The net effects of cAMP and cGMP on mediator release are conflicting. Both up- 

regulation^^^^  ̂ and down-regulation^^^^^ of signal transduction processes have been 

observed with both nucleotides. However, overall, cAMP appears more likely to have 

an inhibitory action, whereas cGMP is largely stimulatory, although the balance of 

both regulators may be important.

Intracellular concentrations of cyclic nucleotides are controlled by the action of 

phosphodiesterases, which can hydrolyse and hence inactivate both cAMP and 

cGMP^^^^l The phosphodiesterase inhibitor theophylline suppresses immunological 

histamine release Ifrom mast cells, by preventing the breakdown of cAMP and hence 

activating the cyclic nucleotide-dependent serine/threonine kinases, pointing towards a 

net down-regulating action of the cyclic nucleotide on histamine release^^^^l However, 

some studies have produced conflicting evidence and the precise role of the nucleotides 

is not entirely clear
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1.7.4 Serine esterase (SE)

Studies m the 1960s suggested that activation of a membrane-associated enzyme with a 

catalytic serine in its active site was a critical early component of mast cell 

activation^^"^*l Diisopropyl fluorophosphate (DFP), a potent irreversible inhibitor of 

serine proteases, was found to inhibit IgE-dependent increases in cyclic AMP, Ca^  ̂

influx and histamine release. DFP was required to be present during antigen activation 

and was not effective if added and washed out prior to stimulation. Therefore, it 

seemed likely that the critical target o f the inhibitor was an enzyme that became 

activated only as the result ofFcgRI stimulation. Histamine release was also blocked by 

substrates for and inhibitors o f a-chymotrypsin, and the activation of such a 

membrane-associated DFP-sensitive protease was suggested^ '̂^^^

Studies by Emadi-Khiav and Pearce, involving an internalised fluorescent 

chymotryptic substrate, clearly demonstrated that the serine protease activated as a 

consequence of IgE stimulation had chymotrypsin-like activitŷ '̂*̂ ’̂̂ '̂̂ ^̂ .

1.7.5 PKC

PKC is a cytosolic enzyme in resting cells, but upon cell stimulation the protein is 

translocated to the plasma membrane, where it becomes enzymatically active.

A number of investigators showed that direct activation of PKC with phorbol esters 

could lead to mast cell mediator release, though in most cases the process was 

inefficient and extended periods of incubation were required to produce relatively 

modest effectŝ '̂̂ '̂ ’̂̂ '̂̂ l̂ Antigen stimulation of cultured murine mast cells results in a 

rapid increase in membrane-associated PKC and a concomitant decrease in cytosol 

levels of this enzyme^ '̂^ l̂ Inhibitors that preferentially antagonise PKC reduce FcgRI- 

dependent exocytosis.

There is, however, experimental evidence that suggests that the role of PKC in 

mediator secretion is much more complicated. For example, higher concentrations of
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phorbol esters inhibit mast cell mediator release, and the ability of PKC inhibitors to 

block secretion has not been uniformly observed^^^^ l̂ It, therefore, seems likely that 

PKC may be an important, but not sufficient, component of FcgRI-dependent mast cell 

activation.

1.7.6 Membrane ion channels

Mast cells do not posses voltage operated ion channels and are thus termed “non- 

excitable” secretory cellŝ "̂̂ *̂ . Studies have indicated, however, that ion fluxes do occur 

in mast cells, but their relevance in stimulus-secretion coupling has yet to be 

clarified̂ '̂̂ l̂

During mast cell activation, Ca^^ influx is controlled by G proteins and It has

also been demonstrated that Ca^  ̂and cAMP activate chloride channels during mast cell 

degranulation^^'^^l The chloride current hyperpolarises the cell, providing a driving 

force for calcium influx. Blocking these chloride channels inhibits immunological 

activation of mast cells, suggesting that this process is necessary for exocytosis^^^® .̂

1.8 Protein tyrosine kinases (PTK) and protein phosphatases (PP)

1.8.1 Protein phosphorylation

The reversible phosphorylation o f proteins represents a major mechanism for the 

control of intracellular events in eukaryotic cellŝ ^̂ ^̂ ’̂ ^̂ ^̂ . Processes as diverse as 

metabolism, contractility, membrane transport and secretion, the transcription and 

translation of genes, cell division, fertilisation, and even memory, are all regulated by 

protein kinases and PP, which catalyse the opposing activities of protein 

phosphorylation and dephosphorylation, respectively^^^^'^^^l The genes encoding a 

large number of serine/threonine-specific, tyrosine-specific, or dual-specificity protein 

kinases have been cloned and compared, and it is estimated that hundreds of novel 

protein kinases are yet to be identified^^^^l On the basis o f sequence conservation at the 

catalytic domain, it is clear that both protein serine/threonine kinases and tyrosine
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kinases evolved from a common ancestor, then diverged to recognise distinct sets o f 

substrates, hence regulating distinct cellular responses^^^^l

Tyrosine phosphorylations play a major role in cell signalling by a number of receptor 

systems, e.g. those for growth factors and interleukins, for antigen in T cells and B 

cells, and for immunoglobulins such as FceRI^^^ l̂ PTK catalyze the transfer o f  the y- 

phosphate of ATP (or GTP) to the protein phenolic groups on tyrosine. PTK 

responsible for these phosphorylations are broadly classified into two groups; receptor 

PTK and non-receptor PTK, depending upon whether or not they possess extracellular 

ligand-binding domains. All receptor PTK have a large glycosylated, extracellular 

ligand-binding domain, a hydrophobic single transmembrane region, and a cytoplasmic 

region which incorporates the kinase catalytic domain^^^^l Non-receptor PTK have no 

extracellular domain, and are contained wholly within the cell, but some are associated 

with cell membranes and have been implicated in the signal transduction pathway as 

amplifiers of the signal from the receptor PTK^^^ l̂

1.8.2 Protein dephosphorylation

Protein phosphorylations are counteracted by the action o f PP, structurally and 

functionally diverse enzymes represented by two distinct families. Serine/threonine PP 

dephosphorylate phosphoserine and phosphothreonine residues^^^’\  whereas the protein 

tyrosine phosphatases (PTP) dephosphorylate phosphotyrosines^^^^\

The most abundant protein serine/threonine phosphatases of the eukaryotes are PPl, 

PP2A, PP2B, PP2C and the related mitochondrial pyruvate dehydrogenase phosphatase 

[263j,[264] PP2 PP2A are specifically and potently inhibited by a variety of naturally 

occuring toxins such as okadaic acid (OA), a shellfish poison and microcystin, a liver 

toxin produced by blue algae^^^^l However, PP2B is only poorly inhibited by these 

toxins. Protein serine/threonine phosphatases are métallo enzymes and two divalent 

metal ions (Mn^^ and Fe^^ in PPl, Zn^^ and Fe^^ in PP2B) at the centre of the catalytic 

site are coordinated by Asp64, Asp92, Asnl24, His66, Hisl73 and His248^^^^ .̂
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Despite extremely limited sequence similarity, all PTP share an active site motif 

consisting of a cysteine and an arginine residue^^^^ .̂ These phosphatases can be 

identified by their sensitivity to vanadate, insensitivity to OA, a lack of dependence on 

metal ions, an ability to hydrolyse p-nitrophenyl phosphate (pNPP) and total loss of 

activity upon mutation of the active site cysteine to serine.

1.8.3 Role of PTK in immunological signal transduction of mast cells

Activation of rat mast cells through the FcgRI requires a complex set of interactions 

involving transmembrane subunits o f the FcgRI and two classes of non-receptor PTK, 

the Src fajnily PTK p53/p56‘>'" (Lyn) and the Syk/ZAP family PTK (Syk)'“ *’.

The cytoplasmic domains o f the (5 and y subunits o f FcgRI contain a sequence 

consisting of two YXXL/I cassettes separated by 6-8 amino acids^^^^\ This sequence, 

called IT AM, is also found in the cytoplasmic domains of T and B cell receptors^^^^l 

The critical role o f IT AM in transducing signals was revealed by analysing the effect of 

aggregating chimeric proteins possessing an intracellular ITAM-containing polypeptide 

fused to transmembrane and extracellular domains of an unrelated protein. Aggregation 

o f such ITAM-containing fusion proteins was sufficient to induce both early and late 

signalling events normally observed upon clustering of oligomeric receptors^^^* .̂ In 

mast cells, clustering of FcgRI results in increased tyrosine phosphorylation and 

activation of numerous signalling molecules, including the p and y chains of FcgRÎ ^̂ ^̂ , 

PTK o f the Src family (p56/p53'y” and ppbO'""")^^^ ]̂, Syk PTK̂ '̂̂ '̂  ̂ PLC-y and 

mitogen activated protein (MAP) kinase^^̂ ^ .̂

The rapid tyrosine phosphorylation of FcgRI in the absence of any intrinsic kinase

activity o f the receptor suggested the presence o f closely associated tyrosine kinases.

Additional data indicated that FcgRI was associated with Lyn kinase prior to receptor

cross-linking and that Lyn initiated a cascade of phosphorylation events in antigen-

activated mast cells^^^^l These and other data led to the proposal of a model for FcgRI

function where the Lyn kinase is bound to the p subunit of FCgRI and after FcgRI

aggregation phosphorylates both p and y IT AM. The phosphorylated P IT AM serves to
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anchor more Lyn, probably via interaction o f Lyn SH2 (Src homology 2)-ITAM 

phosphotyrosine, in the membrane domains containing aggregated FcgRI, whereas 

phosphorylated y ITAM serves as the docking site for Syk kinase, which is then 

phosphorylated and activated by Lyn, leading to downstream signal 

propagation^^^^^’̂ ^̂ l̂ SH2 domains were first described on the basis o f  a strong 

homology between members of the Src tyrosine kinase family within their amino- 

terminal region, but have now been found in many proteins in signal transduction^^*®l 

They bind with high affinities to sequences that contain an upstream negative charge, 

followed within a few residues by a phosphorylated tyrosine^^*^ .̂

1.8.4 PTK and disease

As mentioned earlier, tyrosine kinases play a crucial role in many cell regulatory 

processes, and it is therefore not surprising that functional deviations of PTK and PTP 

result in many diseases. An extensive amount of work has been done on development 

o f potent and selective inhibitors for these two classes of enzymes^^*^’̂ *"̂ .̂

The first PTK, Rous sarcoma viral v-src oncoprotein, was discovered in 

Since then, a large number of viral and tumor oncogenes that encode PTK have been 

reported and many of them have been implicated in human cancer^^^^l There are two 

major mechanisms of oncogenesis by these enzymes: (1) overexpression or 

amplification of PTK as in the case o f the epidermal growth factor (EGF) receptor, Src 

and c-Yes and (2) expression of mutated PTK either by chromosomal translocation 

(e.g. Trk) or mutation (e.g. Ret, Met) resulting in constitutively activated PTK through 

dimérisation or altered substrate specificity. Highly potent and selective inhibitors of 

these PTK may have anti-cancer activity.

ZAP70 PTK is essential for T cell development and is activated downstream of the T 

cell receptor. Mutational inactivation of this enzyme causes severe combined 

immunodeficiency syndrom (SClD)^^**l Similarly, Btk non-receptor PTK is required 

for B cell development. Mutation in any SH3, SH2, or catalytic domain that leads to 

the inactivation of Btk function will result in the failure of mature B cells to develop.
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leading to agammaglobulinemia^^^^l In non-insulin-dependent diabetes, there is an 

inactivating mutation at one or both alleles of the insulin-receptor PTK.

Platelet derived growth factor (PDGF) and basic fibroblast growth factor (bFGF) and 

their receptors have been implicated in the formation of atherosclerotic plaques^^^^ .̂ 

Inhibitors o f these receptor PTK may be useful for the treatment o f restenosis. In 

psoriasis, the TGFa and /or amphiregulin genes are amplified, leading to the activation 

of EGF receptor PTK^^^'l A potent EGF receptor PTK inhibitor may therefore be 

therapeutic for this disease.

1.9 Serine proteases and PAR

Serine proteases comprise a large family of enzymes that are characterized by a 

uniquely reactive serine side chain^^^^\ Extensive evidence indicates that certain serine 

proteases, which have been traditionally considered to participate principally in the 

degradation of extracellular proteins, are also signalling molecules that regulate 

multiple cellular fiinctions by activating specific receptors. The emerging family of 

protease activated receptors (PAR) are GPCR that are activated by proteolysis^^^^^’̂ ^̂"̂ .̂ 

Four members of this family have been cloned, three of which are activated by 

thrombin (PARI, PAR3 and PAR4), while the fourth (PAR2) is activated by trypsin or 

mast cell tryptase^^^^ .̂

1.9.1 Activation of PAR

Serine proteases activate PAR by a process that involves recognition of the receptor by

the enzyme and cleavage of the receptor at a specific enzymatic site within the

extracellular NHz-terminus. This generates a polypeptide fragment that acts as a

tethered ligand, which binds to and activates the cleaved receptor molecule. Specific

residues within the tethered ligand domain, which usually comprise six or more amino

acids, interact with defined extracellular and transmembrane domains of the cleaved

receptor^^^^l The second step of GPCR activation is a change in the conformation o f

the receptor, although the nature of this change is not understood. Finally, receptors in
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an active conformation interact with heterotrimeric G proteins in the plasma 

membrane, which transduce the signaf^^^l

Short synthetic peptides based on the proteolytically revealed receptor sequences, 

PAR-activating peptides (PAR-AP), can also selectively activate known PAR (fig. 

I j)[298] Analogues of the tethered ligands are o f great importance, since they 

constitute specific receptor agonists that can be used to understand the function of 

PAR. Nonetheless, on a molecular basis, PAR-AP are relatively low potency agonists 

compared with proteases. These differences may be due to the non-efficient 

presentation of the PAR-AP to the binding domain o f the receptor or to their rapid 

degradation by proteolysis, especially when used in vivo.

Afler proteolytic activation, the receptor is internalised by a clathrin-mediated 

mechanism and then targeted to lysosomes^^^^^’̂ ^̂®̂. Recovery of cellular responses to 

proteases requires either the synthesis of new receptors or mobilisation o f intracellular 

receptors fi*om a presynthesised reservoir. Some of the cells expressing PAR 

(endothelial cells, fibroblasts, enterocytes) have a large intracellular pool of receptors 

in the Golgi aparatus and in vesicles. Rapid resensitisation, which requires mobilisation 

of these pools, has been observed in these cells.

1.9.2 Signal transduction by PAR

Among the four PAR, signal transduction by PARI has been most extensively studied. 

The receptor couples to a variety of G-proteins, effector enzymes, and different 

signalling pathways, depending on the type of cell̂ ®̂*̂ .

The principal mechanism of signalling is through Gaq proteins, resulting in activation 

of PLCp, phosphoinositide hydrolysis, and formation of IP3 and DAG, leading to Ca^  ̂

mobilisation and activation of Activation of PARI in CCL-39 fibroblasts

which naturally express the receptor, and in transfected cells, stimulates formation of 

IP3 in a manner that is mostly insensitive to pertussis toxW^^^ .̂
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Additionally, activation of PARI in CCL-39 fibroblasts inhibits cAMP generation in a 

pertussis toxin sensitive manner, suggesting involvement of a Gi-like protein̂ ^®"*̂ .

GPCR are also known to activate the MAP kinase pathway^^^^ .̂ Different GPCR 

frequently couple several different G proteins, each of which may activate different 

pathways that merge with the receptor tyrosine pathway at different levels. The Gi 

protein py complex activates non-receptor PTK, such as Src, which might interact 

either with the adaptor protein She molecule or some receptor PTK. Subsequently, 

MAP kinase is activated through p21'^“‘̂. The role of Gg in the regulation of the MAP 

kinase pathway is unclear and might result from two antagonist pathways: similarly to 

the Gj protein, the Py subunit of the Gg might activate p2T“̂ , whereas cAMP release by 

Gg activation of adenylyl cyclase may oppose this effect.

1.9.3 PAR and inflammation

Research into the functionality o f PAR has been driven by the belief that they 

contribute to disease states associated with chronic inflammation. All the classical 

symptoms of inflammation, i.e. pain, swelling, redness, heat and impaired function 

have been observed following activation of PAR in Numerous studies suggest

that PAR might exert a dual role in inflammation, having both anti-inflammatory and 

pro-inflammatory effects^^^^l

Thrombin, acting through a receptor other than PARI, was found to have an anti

inflammatory effect in the rat paw, causing a reduction of the edema response induced 

by injection of a PAR-AP. The nature of this effect of thrombin, however, remains to 

be determined^^®^ .̂ Cirino and colleagues showed that after myocardial ischemia- 

reperfusion injury, infusion of a PARl-AP significantly improved cardiac function and 

reduced tissue damage^^^^l Both PARl-AP and PAR2-AP can elicit relaxation of 

murine airway preparations through the release of PGE2, thus causing a powerful 

bronchodilatation^^^^l

Although PAR activation appears to play a protective role via the epithelium and

vascular endothelium, many studies have revealed pro-inflammatory effects of PAR
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agonists. Thrombin is considered the most potent activator of platelets, which play a 

crucial role in hematologic homeostasis, but can also participate in the amplification of 

inflammatory responses and the recruitment of inflammatory cellŝ *̂̂ .̂ The majority of 

the pro-inflammatory effects of thrombin are exerted through PARI, and these include 

vasodilatation, increased vascular permeability to plasma proteins and 

chemotaxis^^^^^’̂ ^̂ l̂ Thrombin, through the activation of PARI, stimulates various 

inflammatory cells (mast cells, lymphocytes and neutrophils) to release mediators such 

as histamine, eicosanoids and cytokines^^^^ ,̂ and can induce leukocyte rolling and 

adherence on post-capillary mesenteric venules^^^^l

Another event that characterizes inflammation is the tissue repair process. Thrombin is 

known to play a role in tissue repair by enhancing neovascularisation^^ collagen 

deposition^^*^  ̂ and wound healing^^ '̂ l̂ The effects of thrombin on healing are most 

likely mediated through PARI activation, as reproducible stimulatory effects were 

observed with PARl-AP. No effects of PAR2 activation on tissue repair have been 

reported to date.

1.10 Aims of the present study

It is well established that one o f the earliest events in FcgRI signalling is the activation 

of non-receptor PTK, Lyn and Syk, which are associated with the receptor. 

Furthermore, it is now known that a chymotryptic SE zymogen is converted to the 

active enzyme immediately after the receptor cross-linking. This effect may be 

mimicked by the addition of the exogenous SE, bovine a-chymotrypsin.

The aim of this study was to clarify the individual roles o f these enzymes in the FcgRI

mediated activation of mast cells fi'om different locations and different species, as well

as to investigate the possibility that PTK is involved in the activation of the SE

zymogen. In order to carry out the latter studies, it was a prerogative to find a selective

non-receptor PTK inhibitor, which only blocked immunological histamine release and

was inactive against pharmacological secretagogues.
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Furthermore, the role of PAR in mast cell activation and their interaction with PTK and 

SE, was also examined, especially considering the possibility that endogenous and 

exogenous chymotryptic enzymes exhibit their effects through a common PAR on the 

mast cell membrane. The effects of proteases and inhibitors of PTK on ileal smooth 

muscle preparations were also investigated to determine whether analogies existed 

between stimulus-secretion and stimulus-contraction coupling.
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Table 1.1 Comparison between mast cells and basophils

Characteristic Mast cells Basophils
Natural history
Origin Hematopoietic stem 

cells
Hematopoietic stem 
cells

Site of maturation Connective or 
mucosal tissue

Bone marrow

Mature cell in the circulation No Yes
Proliferative ability Yes No
Life span Weeks to months Days
Morphology
Size Large Small
Nucleus Round or oval Segmented
Cytoplasmic granules Many and small Few and large
Cytoplasmic lipid bodies Common Rare
Surface receptors
FceRI rceptor Yes Yes
IL-3 receptor Yes (mouse) Yes

No (human)
SCF receptor (c-kit) Yes No
Function
Immediate hypersensitivity Involved Involved
Cutaneous basophil hypersensitivity No Involved
Augmentation of acute infection Involved No
Rejection of intestinal parasites Involved ?
Rejection of ticks Involved Involved

Adapted from reference 45.
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Fig. 1.1 The role of mast cell mediators in allergic

inflammation
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Adapted from reference 207.
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Fig. 1.2 Activation of PAR by proteases and PAR-AP

The figure illustrates the activation of PAR either by the proteolytic unmasking of the 

receptor’s N-terminal tethered ligand (left-hand) or by the addition of a PAR-AP based 

on the sequence of the revealed tethered ligand (right hand). PARI-4 are believed to 

couple both to Gq and G,, to elicit common cellular responses (e.g. platelet aggregation 

and cell growth). The tethered ligand peptide sequences for the human PAR are: PARI 

(SFLLRN), PAR2 (SLIGKV), PAR3 (TFRGAP) and PAR4 (GYPGQV).

Adapted from reference 298.
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Methods and Materials
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Chapter 2

2.1 Animals

Sprague Dawley male rats (180-350 g) and Duncan Hartley guinea pigs (250-400 g) 

were used for this study. The animals were obtained from closed, random colonies kept 

at the Biological Services Division of University College London or from commercial 

breeders (Harlan UK / Charles River).

2.2 Human subjects

Human lung tissue was obtained from the surgeons of St. George's Hospital, London, 

following surgical resection for bronchial carcinoma. Peripheral blood was obtained 

from healthy volunteers by venipuncture.

2.3 Physiological buffers

All buffers were made in glass distilled water.

2.3.1 Buffers used in the isolation of mast cells and in standard whole cell 

experiments

All experiments were carried out in a modified Tyrode's solution buffered with N-2- 

hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) as described below, 

unless otherwise stated. The pH of all buffer solutions was adjusted to 7.2-T.4, by the 

addition of NaOH (4 M) or HCl (3 M).
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2.3.2 Full HEPES buffered Tyrode’s (FHT)

CaClz 2H2O 1.0 mM (147 mg/1)

D-Glucose 5.6 mM (1.0 g/1)

HEPES 10.0 mM (2.86 g/1)

KCl 2.7 mM (201 mg/1)

NaCl 137 mM (8.0 g/1)

NaHP04 2H2O 0.4 mM (62.5 mg/1)

2.3.3 Calcium and magnesium free Tyrode’s (CMF)

The composition of this buffer was identical to that of FHT buffer, except that

CaCb 2H2O was omitted.

2.3.4 EDTA Tyrode’s (EDTA)

The composition of this buffer was identical to CMF, except for the addition of EDTA 

(0.2 mM, 75 mg/1).

2.3.5 Glucose free Tyrode’s (GFT)

This buffer consisted of FHT from which glucose had been omitted.

2.3.6 BSA Tyrode’s (BSA-FHT)

This buffer consisted of FHT to which bovine serum albumin (BSA, 1 mg/ml) had 

been added.

2.3.7 10 X Calcium free Tyrode’s (10 x CFT)

This buffer comprised all the reagents used in FHT at 10 times the concentration,

except for CaCb 2H2O.
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2.3.8 Magnesium buffer for cell permeabilisation (Mg-T)

This buffer comprised CMF to which anhydrous MgCh (20 mM, 4.62 g/1) had been 

added. The pH of the buffer was then adjusted to 7.8.

2.3.9 Buffer for chymotrypsin assay

A solution of CaCb^HiO (10.55 g) in tris(hydroxymethyl)aminomethane (250 ml, 0.2 

M) was adjusted to pH 7.8 with HCl (3 M) and diluted to 1 1. To this solution was 

added methanol (432 ml), making the final buffer 25.6% methanol (w/w) and 0.05 M 

in calcium.

2.3.10 Buffer for trypsin assay

A solution of CaCl2 2H20  (1.47 g) dissolved in tris(hydroxymethyl)aminomethane 

(200 ml, 0.2 M) was adjusted to pH 8.1 with HCl (3 M) and diluted to 1 1. The calcium 

concentration was then 0.01 M.

2.3.11 Krebs solution

Krebs solution of the following composition was used for smooth muscle preparations.

CaCl2 2H20 2.5 mM (368 mg/1)

D-Glucose 5.5 mM (0.99 g/1)

KCl 4.8 mM (358 mg/1)

KH2PO4 1.2 mM (163 mg/1)

MgS04 1.2 mM (144 mg/1)

NaCl 118mM(6.90 g/1)

NaHCOs 2.5 mM (210 mg/1)
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2.4 Isolation and purification of mast cells

2.4.1 Peritoneal mast cells (Isolation)

The animals were asphyxiated in an enclosed chamber with a rising concentration of 

carbon dioxide, followed by cervical dislocation. The abdominal skin was removed and 

heparinized (50 units/ml) FHT (15-20 ml) was injected into the peritoneal cavity 

through the exposed abdominal wall, while care was taken to avoid penetration of the 

gastrointestinal tract. The abdomen was then gently massaged for 2 min, in order to 

detach the cells stuck to the cavity walls. An incision was made along the midline and 

the peritoneal lavage fluid was recovered using a plastic liquipipette, and placed in 

polypropylene centrifuge tubes. It was important to avoid any introduction of air 

bubbles into the sample, as this would have affected the cells. Any samples that were 

heavily contaminated with blood were discarded at this point. The collected cells were 

kept at 4 °C until used. The cellular suspension was pelleted by centrifugation (100 g,

2.5 min, 4 °C) and washed twice in warm buffer before either being purified or re

suspended in the required volume of warm buffer for use directly in functional studies.

2.4.2 Peritoneal mast cells (Purification)

Mixed peritoneal mast cells (section 2.4.1) were purified using density gradient 

centrifugation in Percoll. Cells were suspended in BSA-FHT (1 ml) and mixed with a 

Percoll solution (4 ml, 9 parts Percoll : 1 part 10 x CFT). BSA-FHT (1 ml) was 

carefully layered on top of this preparation, so as to produce a clear interface. The 

sample was then centrifuged (150 g, 25 min, 4 °C) and the supernatant aspirated to 

leave a pure mast cell pellet at the bottom of the tube. The pellet was washed twice in 

BSA-FHT and twice in FHT before use in functional studies.

2.4.3 Mesenteric and lung mast cells

The animals were sacrificed in the same way as described previously. The mesentery 

was dissected from the small intestine and the attached lymph nodes were taken off.
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The lung was removed from the chest cavity and major airways and blood vessels were 

then cut away. The tissue was washed in FHT and cut into small fragments (< 1 mm^) 

using scissors. The tissue was then digested by incubation with constant stirring for 1 h 

at 37 in FHB-BSA (25 ml) containing collagenase (120 units/ml).

Following the enzymatic dispersion, the tissue was further disrupted by expression 

through a syringe (20 ml). The final suspension was filtered through moistened gauze 

to remove any remaining tissue material. The cells were recovered by centrifugation 

(100 g, 5 min, 4 °C), washed in warm FHT twice, and then re-suspended in the 

required volume of warm buffer.

2.4.4 Human basophil leukocytes

Peripheral blood was collected from healthy volunteers and placed in polypropylene 

centrifuge tubes (60 ml) containing isotonic saline (10 ml) with dextran (6 %), glucose 

(30 mg/ml) and heparin (50 units/ml), in the ratio 1 : 4 (solution : blood). The solution 

was inverted and left to stand for 90 min (RT). The top plasma layer, which was rich in 

platelets and leukocytes, was carefully aspirated with a liquipipette and centrifiiged 

(150 g, 5 min, 4 °C) to sediment the basophils. The platelet rich supernatant was 

discarded and the cell pellet washed twice in FHT before being used in functional 

studies.

2.4.5 HLMC

Macroscopically normal human lung parenchyma was dissected free of pleural tissue, 

major airways and blood vessels. The tissue was chopped into fragments (approx. 1 

cm^) using scissors and washed thoroughly with FHT. The tissue was then cut into 

much finer fragments (< 1 mm^) and washed again with FHT. The tissue fragments 

were enzymatically digested (37 °C, 90 min) in BSA-FHT (10 ml/g tissue) containing 

collagenase (160 units/ml) with constant stirring. The tissue was subsequently fiirther 

disrupted by extrusion (10 times) through a syringe (50 ml) and filtered through 

moistened Nytex gauze to remove tissue debris. The cells were then recovered by
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centrifugation (150 g, 5 min, 4 ®C) and re-suspended in BSA-FHT. AU the cell 

suspensions were combined, centrifuged (150 g, 5 min, 4 ®C) and re-suspended in 

BSA-FHT, in which they were kept untU required. The cells were washed twice in 

FHT before use in fimctional studies.

2.5 Mast cell number and purity

To determine mast cell number and purity, an aliquot of the cells (40 pi) was gently 

mixed with FHT (60 pi) and Kimura staining solution (100 pl)^^^ l̂

Kimura solution consisted of the following components:

(a) Toluidine blue solution (0.05 %)

toluidine blue (0.05 g), sodium hydroxide (1.8 %, 50 ml), ethanol (96

%, 22 ml), mixed together and made up to 100 ml with distilled water

(b) Saturated solution of saponm in ethanol (50 %)

(c) Sodium dihydrogen phosphate (0.666 M, 1.03 g/100 ml distUled water)

The three solutions were mixed together in a ratio 22:1:10 respectively, filtered and 

stored at 4 °C.

The total cell number was determined by counting using an improved Neubauer 

haemocytometer. Cell purity was determined by counting the number of stained cells 

with respect to the total number of cells present.

2.6 Histamine release from isolated mast cells and basophils

Aliquots of isolated mast cells (200 pi) were added to disposable polypropylene tubes 

containing FHT (250 pi) and allowed to equilibrate m a water bath (5 min, 37 °C). A 

solution of the secretory stimulus (50 pi) was then added and the reaction allowed to 

proceed for 10 min (15 min for passively sensitised cells and 20 min for basophils)
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before being terminated by the addition of ice cold buffer (1 ml). Tubes containing 

cells alone were set up in duplicate to determine spontaneous histamine release. Cells 

were pelleted by centrifugation (peritoneal mast cells 100 g, 2.5 min; basophils and 

human lung mast cells 150 g, 5 min; rat cutaneous, lung and mesenteric mast cells 100 

g, 5 min, all at 4 °C). The supernatant containing the secreted histamine was then 

decanted into correspondingly labeled tubes. The cell pellets were re-suspended in FHT 

(1.5 ml). Rat peritoneal mast cells were boiled for 10 min (manual assay). For the other 

cells, both supernatant and cell pellet tubes were treated with 70 % v/v perchloric acid 

(final concentration 0.4 M, automated assay).

The histamine contents of both supernatant and cell pellet tubes were measured, and 

the release expressed as a percentage of the total amount of histamine originally 

present in the cells.

Histamine release (%) = [Hs / (Hs + He)] x 100

where: Hs = amount of histamine in supernatant

He = amount of histamine in cell pellet

The releases were then corrected for the spontaneous release occurring in the absence 

of any stimulus.

2.6.1 Kinetics studies

Cells were incubated with one concentration of the releasing agent for a series of pre

selected times and the reaction terminated as before.

2.6.2 The effect of temperature

Mast cells (200 pi, FHT) were allowed to equilibrate (20 min) at the following 

temperatures 0, 25, 37 and 45 °C. The samples were then challenged with appropriate
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stimuli (10 min) after which the reaction was terminated and histamine content 

determined as above.

2.6.3 The effect of pH

Suspensions of mast cells (200 pi, FHT) at different pH values (6.0, 6.5, 7.0, 7.5 and 

8.0) were allowed to equilibrate (20 min, 37 ®C) before being challenged with 

appropriate stimuli (10 min). The reaction was terminated by the addition of ice cold 

FHT of the corresponding pH. The histamine was determined as before.

2.7 Inhibition of histamine release from mast cells and basophils

Isolated mast cells and basophils (200 pi) were incubated with an inhibitor solution 

(250 pi at 2x required concentration) for a defined period of time (0, 10, 20 or 30 min) 

before the addition of a stimulus (50 pi). The reaction was allowed to proceed as 

normal, before being terminated and the suspension centrifuged in the same manner as 

in the histamine release protocol.

Results were expressed as the percentage inhibition of the control release (the release 

in the absence of inhibitor).

Inhibition (%) = [(Rc - Ri) / Rc] x 100

where Rc = control release

Ri = release in the presence of inhibitor

2.7.1 The effect of metabolic inhibitors

Aliquots of isolated mast cells and basophils (200 pi, GFT) were incubated (20 min, 37 

°C) with the metabolic inhibitors antimycin A (AA, 1 pM, dissolved in GFT) and 2-
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deoxy-D-glucose (2-DG, 5 mM, GFT). The samples were then challenged with the 

secretagogue (50 pi, GFT, 10 min) after which the reaction was terminated by addition 

of ice cold GFT (1 ml) and histamine release determined as before.

2.8 Potentiation of histamine release

Aliquots of the cells (400 pi, FHT) were simultaneously treated with two stimuli (50 pi 

each, FHT, 10 min). The reaction was terminated in usual way and histamine release 

determined.

2.9 Permeabilisation of RPMC

Purified RPMC were reversibly permeabilised by treatment with ATP, according to the 

method of Bennett et a P ’̂ .̂ Briefly, ATP (30 pM, 50 pi), made stable and neutral by 

the addition of Trizma base (100 pM), was incubated (5 min, 37 °C) with aliquots of 

the purified cells re-suspended in CMF (150 pi) and any agent which is desired to enter 

this cell (e.g. inhibitor, 250 pi). The ATP is able to permeabilise the cell membrane and 

facilitate penetration of the compound into the cell. MgCb (50 pi, 20 mM) was then 

added and the reaction allowed to proceed for a further 3 min. The excess of 

magnesium ions combines with the ATP and terminates its action. Hence, all the 

created pores become resealed, leaving the test compound trapped in the cell cytosol. 

CMF (2 ml) was then added and the cells were washed twice in CMF and twice in 

FHT, before being stimulated with different secretagogues and then treated as before.

2.9.1 Characterisation of mast cell permeabilisation with ATP

To monitor the membrane permeabilisation, we have used a fluorescent dye (l-(4-

trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) which stains the

cytosolic surfaces of intracellular membranes following its entry into cells^^^ l̂ Aliquots

of purified mast cells (1.1 ml, 6x10^ cells/ml) and TMA-DPH (1.1 ml, 0.4 pM) were
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placed in a thermo stated (37 ®C) quartz cuvette (5 mm path length) of a Perkin Elmer 

LS 5B luminescence spectrometer fitted with an electronic stirrer (Model 1100, Rank 

Brothers, Cambridge). The wavelengths of excitation and emission were set at 340 and 

475 nm respectively. After stirring for 2 min, ATP (10 pi, 663 pM) was introduced 

followed by MgCb (10 pi, 444 mM). The fluorescence was monitored for 2 min, when 

EDTA (30 pi, 669 mM) was added and the resulting change in fluorescence was 

recorded. To check the reproducibility o f the results, the experiment was repeated 4 

times.

2.9.2 Introduction of SE substrates into RPMC and the measurement of 

fluorescence

The following procedure was used to incorporate into the cell the fluorescent 

chymotryptic substrate N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (S- 

Pep-MCA). Aliquots of purified mast cells (150 pi) were incubated (10 min, 37 ®C) 

with the substrate (100 pM) and any appropriate inhibitor (150 pi), permeabilised by 

the addition of ATP as described above, resealed and washed twice. To avoid any 

possible interference fi'om granule-associated neutral proteases, cells were then treated 

(20 min, 37 °C) with the metabolic blocker AA (1 pM) to prevent degranulation.

Cells (2 X  10^/ ml) preloaded with the substrate were incubated in a thermostated (37 

°C) quartz cuvette (5 mm path length) of a Perkin Elmer LS 5B luminescence 

spectrometer fitted with an electronic stirrer (Model 1100, Rank Brothers, Cambridge). 

The sample was illuminated at an excitation wavelength of 380 nm and emitted light 

was recorded at 460 nm. Secretagogues were added in a minimum volume at an 

appropriate concentration to give approximately 30 - 40 % control histamine release, 

and fluorescence monitored for around 4 min. To check the reproducibility of the data, 

the agents were tested on 3-4 separate occasions.
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2.10 Determination of enzyme activity

2.10.1 Assays for chymotrypsin and trypsin

A modified version̂ ^**̂  of the well-known Schwert and Takenaka method^^^^  ̂was used 

for the determination of chymotrypsin and trypsin. The method is based upon the 

changes that occur in ultraviolet absorbance during the hydrolysis of amino acid esters 

by these enzymes. N-Benzoyl-L-tyrosine ethyl ester (BTEE, 5x10^ M) was used as 

chymotrypsin substrate and N-a-p-tosyl-L-arginine methyl ester (TAME, 1.04x10'^ M) 

as trypsin substrate.

A Perkin Elmer spectrophotometer (Coleman 55) fitted with a water bath and 

maintained at 37 °C was used. Measurements were made using a quartz cuvette with a 

1 cm path length. Substrate (3 ml) was placed into each cuvette. To the control cuvette 

was added water (100 pi) and to the corresponding experimental cuvettes were added 

chymotrypsin (100 pi, 50 pg/ml), trypsin (100 pi, 0.15 pg/ml) or any other enzyme 

tested. After each addition the contents of the cuvettes were agitated for 5-10 s with a 

small spatula. Absorbance differences were measured at various time intervals and at 

the wavelengths of 254 nm (chymotrypsin-like enzymes) or 247 nm (trypsin-like 

enzymes).

The most common way of expressing enzyme activity is based on the rate of the 

reaction catalysed, for example in terms of pmol of substrate transformed /min or pmol 

of product formed/min. One unit of any enzyme is defined as that amount which will 

catalyse the transformation of 1 pmol of substrate per minute (1 pmol/min).

2.10.2 Enzymatic assay of protease using casein as a substrate

The Sigma-Aldrich Company developed this procedure based on the methods of 

Anson̂ ^̂ ®̂  and Folin and Ciocalteu^^^'l The method is suitable for the assay of a 

number of proteases, including the enzyme fi-om Strepomyces griseus (S. griseus). In
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short, casein is digested with a relevant protease under standard conditions. The 

undigested casein is precipitated with trichloroacetic acid (TCA) and the amount of 

unprecipitated split product, which is a measure of the amount of protease present, is 

determined with Folin & Ciocalteu’s phenol reagent which gives a blue colour with 

tyrosine.

Conditions: T = 37 ®C, pH = 7.5, A660nm, light path = 1 cm 

Method: Colourimetric

Reagents: A. Potassium phosphate buffer (50 mM, pH 7.5)

B. Casein solution (0.65% (w/v))

C. TCA reagent (110 mM)

D. Folin & Ciocalteu’s phenol reagent (25% v/v)

E. Sodium carbonate (500 mM)

F. Sodium acetate (10 mM) buffer with calcium acetate (5 mM, pH 

7.5)

G. L-tyrosine standard (1.1 mM)

H. Protease enzyme solution (0.1 -  0.2 unit/ml of cold reagent F)

Digestion

The following reagents were placed into suitable vials (ml):

Test Blank

Reagent B (casein) 5.00 5.00

Equilibrated at 37 °C, and then added:

Reagent H (enzyme solution) 1.00 -----

Mixed by swirling and incubated (10 min, 37 ®C). Then added:

Reagent C 5.00 5.00

Reagent H (enzyme solution)----------------------------- ----- 1.00

The tubes were mixed by swirling and incubated (30 min, 37 °C), followed by filtration 

through Whatman No. 50 filter paper. The solutions were later used in the colour 

development step.
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Colour development

The standard curve was prepared by pipetting the following reagents into suitable vials 

(ml):

S td l Std2 Std3 Std4 Std Blank

Reagent G 0.05 0.10 0.20 0.40 0.00

Deionised H2O 1.95 1.90 1.80 1.60 2.00

Reagent E 5.00 5.00 5.00 5.00 5.00

Reagent D 1.00 1.00 1.00 1.00 1.00

The sample tubes were prepared for the colour development by pipetting the following 

reagents into suitable vials (ml):

Test Blank

Test filtrate 2.00 -----

Blank filtrate ----- 2.00

Reagent E 5.00 5.00

Reagent D 1.00 1.00

The vials were vortexed and incubated (30 min, 37 ®C). After cooling (RT), the 

solutions were filtered through the Whatman No. 50 filter paper and the absorbance 

recorded immediately.

Calculations

Standard curve:

AA660 nm standard = A660 nm standard -  A660 nm standard blank 

AA660 nm standard vs pmol of tyrosine was then plotted.

Sample determination:

AA660 nm sample = A660 nm test -  A660 nm sample blank

pmol of tyrosine equivalents were determined using the standard curve.
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(^imol tyrosine equivalents released) x 11 

Units/ml enzyme = -----------------------------------------------------

Ix 10 X  2

where: 1 1 = total volume (ml) of assay

10 = time of assay (min) as per the unit definition

1 = volume of enzyme (ml) used

2 = volume (ml) used in colourimetric determination

Units/mg solid =

Units/mg protein =

units/ml enzyme

mg solid/ml enzyme

units/ml enzyme

mg protein/ml enzyme

2.11 Measurement of histamine

2.11.1 Manual assay

In experiments with RPMC, histamine was determined essentially according to the 

method of Shore et al̂ ^̂ ^̂  but with omission of the extraction steps. In this method, the 

fluorescence generated by the alkaline condensation product of histamine with o- 

phthaldialdehyde (OPT) is measured. The scheme o f the reaction is given in Fig. 2.1. 

The fluorescence was measured with a commercially available spectrometer (Perkin 

Elmer LS 5B), using excitation and emission wavelengths of 360 nm and 440 nm 

respectively. The fluorescence generated was proportional to the histamine content in 

the sample.
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Briefly, NaOH (200 |il, 1 M) was added to each sample, followed by OPT (1 % w/v in 

methanol, 75 pi). The tubes were allowed to incubate (4 min, RT) before quenching the 

reaction by the addition o f HCl (3 M, 100 pi). The tubes were vortexed following each 

addition to ensure adequate mixing. In this manner, histamine concentrations as low as 

5-10 ng/ml could be measured.

If  immunoglobulin was used as the secretagogue, particularly at high concentrations, 

protein precipitation often resulted on the addition of the acid. To counteract this, 

samples were centrifuged (200 g, 10 min, 4 °C) before being assayed.

2.11.2 Automated assay

Tissue mast cell preparations, human basophils and RPMC samples which contained 

drugs which interfered with the fluorescence obtained in the manual assay, were 

assayed using a commercial autoanalyser (Technicon Autoanalyser II). The final assay 

reaction is essentially the same as the manual method described above, but the 

automated process includes chemical extraction steps to purify the histamine samples 

prior to the reaction with OPT^^^^l

Samples were prepared for analysis by acidification with perchloric acid (72 %, 50 pi) 

to hberate residual histamine and induce protein precipitation. The tubes were vortexed 

and then centrifuged (200 g, 10 min RPMC or 20 min tissue mast cells and basophils, 4 

°C). The samples were then decanted into sample cups and assayed in automated 

sequence. Initially, the samples were made alkaline and the histamine extracted with 

salt saturated butan-l-ol. The organic phase was then separated and retained and 

washed once in a less alkaline medium. The solution was then made less polar by the 

addition of «-heptane and the histamine back extracted into dilute HCl. The sample 

was then made alkaline before being allowed to react with OPT. The fluorescent adduct 

was stabilised by acidification and quantified using a ftuorophotometer attached to a 

chart recorder. This process allowed measurement of histamine concentrations as low 

as 1 - 10 ng/ml.
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2.12 Measurement of cytosolic calcium

Intracellular calcium levels can be monitored using fluorescent indicators with green 

excitation wavelengths. Such an indicator, fluo-3, can easily be loaded into cells by 

incubating with the pentaacetoxymethyl (AM) ester of the compound itserf^^'^l The 

ester is hydrolysed intracellularly by endogenous enzymes to yield fluo-3, which can 

indicate changes in calcium levels induced by stimulation with agonists. The structure 

of fluo-3 is shown in Fig 2.2.

Aliquots of purified RPMC (10^ cells/ml, 900 pi) were incubated (30 min, 37 °C) with 

fluo-3 AM (4 pM, 100 pi) in BSA-FHT. A parallel portion of the cells containing no 

dye was also incubated and used to determine the auto fluorescence. The cells were 

recovered by centrifugation (140 g, 3 min, 4 ®C), washed twice and re-suspended in 

FHT (1900 pi). The loaded cells were placed in a quartz cuvette and maintained at 37 

with constant stirring. The fluorescence was measured in a luminescence 

spectrometer (excitation wavelength 506 nm, slit size 2.5 nm; emission wavelength 440 

nm, slit size 5 nm).

The cells were stimulated by addition of the test agonist (100 pi) and the resulting 

change in fluorescence recorded. Digitonin (30 pM, 100 pi) was added finally to lyse 

the cells and to determine their total fluo-3 content.

Intracellular calcium levels were determined as below:

(Ca'1 = ( Kd (F - Fmi. )) / ( - F )

where

Kd = the equilibrium constant for the dissociation of the fluo-Ca^^ complex 

and has a value o f400 nM at vertebrate ionic strength (37 ®C)

Fmin = fluorescence with no dye (autofluorescence)

Fmax = fluorescence of total fluo-3 in cells (found by adding digitonin)

F = fluorescence with test secretagogue
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2.13 Active sensitisation

2.13.1 Sensitisation of rats with the nematode Nippostrongylus brasiliensis

Rats (150-200 g) were sensitised by subcutaneous injection of the third stage larvae 

(L3, 2500) of Nippostrongylus brasiliensis in sterüe physiological saline (SPS). The 

larvae were obtained either from faecal cultures of previously infected rats (as 

described below) or provided by Mr S. Pickersgill, Department of Applied Biology, 

University of Leeds. This process induced immunological sensitisation of the animals. 

They became ready for experimentation 14 days post injection and remained sensitised 

for a further 3 weeks.

2.13.2 Preparation of L3 oiNippostrongylus brasiliensis

Faeces from the rats were collected on days 5-8 following injection of the L3 larvae. 

They were washed with tap water and then gently ground with an equal weight of 

activated granular charcoal until homogenous. The mixture was then transferred to 

moistened filter paper contained in covered petri dishes and incubated in the dark (14 

days, 27 °C). The mixture was checked regularly to ensure that it remained moist. The 

larvae were isolated by filtering the mixture through two layers of cotton gauze 

interleaved with a layer of lens tissue, which had been fitted into a glass funnel 

containing tap water (37 °C). The larvae sedimented (60-90 min) into graduated test 

tubes. They were then washed in warm sterile physiological saline (3-4 times) to 

remove any residual charcoal, before being re-suspended in an appropriate volume of 

saline to give a concentration of 10,000 worms/ml).

2.13.3 Preparation of secretory allergen

Nippostrongylus brasiliensis secretory allergen was prepared using the method of 

Keller̂ ^^̂ .̂ Briefly, rats were injected subcutaneously with a population of L3 larvae 

(4,000-6,000 larvae/rat) and sacrificed 6-8 days after infection. The abdomen was
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opened by a midline incision and the gut was removed, cut open and the contents were 

filtered through layers of moistened gauze into sterile saline. Worms were allowed to 

migrate downwards into the graduated glass tube (60-90 min). The worms were then 

washed 5 times and incubated (5 h, 37 °C) with saline (10 x volume of the worms) with 

gentle agitation. The resultant supernatant containing the allergen (1 worm 

equivalent/ml, as defined by Ogilvie^^^^ )̂ was aliquoted (500 pi) and stored at -20 °C 

until required.

2.14 Passive sensitisation

Cell suspensions from two rats were washed twice and re-suspended in warm BSA- 

FHT (1 ml). Cells were incubated (1 or 2 h, 37 °C) with mouse monoclonal anti- 

dinitrophenol antibody (anti-DNP, 1 pg/ml). Mouse anti-DNP is an IgE antibody 

shown to bind to rat mast cells and to facilitate mast cell degranulation upon antigen 

challenge^^^^ .̂ Following sensitisation, the cells were centrifuged (100 g, 5 min, 4 °C), 

washed twice and re-suspended in warm FHT. Cell aliquots were then incubated with 

test agonists and challenged simultaneously with human serum albumin dinitrophenol 

(HSA-DNP, 15 min). Cells were sedimented by centrifugation (100 g, 2.5 min, 4 °C).

2.15 Smooth muscle preparations of rat and guinea pig ileum

Animals were killed by cervical dislocation and the ileum dissected out by cutting at 

the end of the jejunum and at 2-3 cm above the ileo-caecal junction. Any connective 

tissue was then removed and the ileum washed thoroughly in Krebs solution. The 

tissues were mounted vertically in organ baths (5 ml), aerated with 95 % O2 / 5 % CO2 

and maintained at 35 A resting tension of 1 g was applied to the tissues and

isometric responses recorded with a transducer attached to a chart recorder. Tissues 

were equihbrated (45-60 min) before addition of drugs.
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The inhibitory responses to the test agonists were quantified by pre-contracting the 

tissue with carbachol (0.5 pM), NaF (10 mM), histamine (1 pM) or ovalbumin (100 

ng/ml) before challenging with the agonist. The relaxation was expressed as the 

percentage inhibition o f the contraction. The test agonists were added 15 min before 

challenge with the above contractants. For the antagonist studies, the tissues were 

incubated with the antagonist (15 min) before challenge with the agonist (15 min) prior 

to the addition of the contractant.

2.16 Materials

2.16.1 Secretagogues

Anti-human IgE 

Allergen

Calcium ionophore A23187

Compound 48/80

Concanavalin A

Dextran 70 (110,000 MW)

Formyl-Met-Leu-Phe (FMLP)

HSA-DNP

lonomycin

Sheep anti-rat IgE

Substance P

PS

Dako Pharmaceuticals

Prepared in the laboratory

Sigma

Sigma

Sigma

Pharmacia Fine Chemicals

Sigma

Sigma

Sigma

ICN Biochemicals 

Neosystem Laboratoire 

Sigma

2.16.2 Inhibitors

AA

2-DG

DSCG

Nedocromil sodium

Sigma

Sigma

Fisons Pharmaceuticals 

Fisons Pharmaceuticals
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2.16.3 PTK and PP inhibitors

Genistein 

Lavendustin A 

OA

Piceatannol

ST638

Sigma 

Calbiochem 

LC Laboratories 

Sigma 

Calbiochem

2.16.4 SE substrates and inhibitors

BTEE Sigma

Isatoic anhydride (lA) Aldrich

Phenylmethylsulfonyl fluoride (PMSF) Sigma

S-Pep-MCA Sigma

TAME Sigma

N-Tosy 1-L-phenylalanine chloromethyl ketone (TPCK) Sigma

2.16.5 Proteolytic enzymes

Bromelain Sigma (Cat. No. B4882)

a-Chymotrypsin Sigma (Cat. No. C4129)

a-Chymotrypsin attached to agarose Sigma (Cat.No. C9134)

Chymopapain Sigma (Cat. No. C8526)

Elastase Sigma (Cat. No. E0258)

Ficin Sigma (Cat. No. F6008)

Papain Sigma (Cat. No. P4762)

Peptidase from porcine intestinal mucosa Sigma (Cat. No. P7500)

Protease from Aspergillus saitoi Sigma (Cat. No. P2143)

Protease from Bacillus licheniformis (B. licheniformis) Sigma (Cat. No. P5380) 

Protease from bovine pancreas Sigma (Cat. No. P4630)

Protease from Rhizopus species Sigma (Cat. No. P5027)
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Protease from Staphylococcus aureus strain V8 

{S. aureus V8)

Protease from S. griseus 

Proteinase K

Proteinase K from Tritirachium album (Trit. Alb.)

Thrombin

Trypsin

Sigma (Cat. No. P2922)

Sigma (Cat. No. P5147) 

Sigma (Cat. No. P8044) 

Sigma (Cat. No. P6556) 

Sigma (Cat. No. T4648) 

Sigma (Cat. No. T8003)

2.16.6 Materials for buffers

Calcium acetate

Calcium chloride 2-hydrate

D-(+)-Glucose

EDTA

Heparin

HEPES

Hydrochloric acid 

Magnesium sulphate 

pH Standards 

Potassium chloride 

Potassium phosphate 

Sodium acetate 

Sodium chloride

Sodium dihydrogen orthophosphate dihydrate 

Sodium hydrogen carbonate 

Sodium hydroxide 

Tris(hydroxymethyl)aminomethane 

Trizma base

Sigma

BDH Laboratory Supplies 

BDH Laboratory Supplies 

BDH Laboratory Supplies

C. P. Pharmaceuticals 

Sigma

BDH Laboratory Supplies 

BDH Laboratory Supplies 

BDH Laboratory Supplies 

BDH Laboratory Supplies 

Sigma 

Sigma

BDH Laboratory Supplies 

Fisons Ltd

BDH Laboratory Supplies 

BDH Chemicals 

Sigma 

Sigma
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2.16.7 Solvents

Butan-l-ol

Chloroform

Dimethylsulfoxide (DMSO)

«-Heptane

Methanol

Fisons Ltd

BDH Laboratory Supphes 

Hopkins & Williams 

BDH Laboratory Supplies 

BDH Laboratory Supplies

2.16.8 Miscellaneous

Absorbent gauze

Activated charcoal (particle size 0.85-1.70 mm)

Anti-DNP

ATP

BSA

Carbachol

Casein

Collagenase (Type 1 A)

Dextran (6%) 70 intravenous infusion BP in 0.9 % NaCl

Digitonin

Ethidium bromide

Filter paper

Fluo-3-acetoxymethyl ester (fluo-3-AM)

Folin & Ciocalteu’s phenol reagent 

Isotonic saline (0.9 % NaCl)

Histamine 

Lens tissue 

Nytex gauze 

OPT

Ovalbumin

Perchloric acid (Analar)

Percoll

Smith & Nephew

BDH Laboratory Supphes

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Baxter Healthcare Ltd

Fluka

Sigma

Whatman Ltd

Sigma

Sigma

Baxter Healthcare Ltd 

Sigma

Whatman Ltd 

R. Cadisch & Sons 

Sigma 

Sigma

BDH Laboratory Supplies 

Pharmacia Fine Chemicals
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Phosphate buffered saline (PBS) Sigma

Polystyrene tubes Sarstedt

Sodium carbonate Sigma

Sodium fluoride Sigma

Sodium nitroprusside (NaNP) Sigma

Syringes Sabre

Toluidine blue BDH Laboratory Supplies

TMA-DPH Sigma

TCA Sigma

Triton X-405 Sigma

L-Tyrosine standard Sigma

2.17 Stock solutions of drugs

2.17.1 Secretagogues

Anti-rat IgE was obtained in lyophilised form. It was dissolved in distilled water (2 ml) 

and the resultant solution was then aliquoted into microcentrifuge tubes and stored (-20 

®C) until required. Anti-human IgE was obtained in liquid form. It was kept in the 

refrigerator and diluted when needed. Compound 48/80 was dissolved in distilled water 

(1 mg/ml) and kept in the refrigerator for up to one week. Concanavalin A (1 mg/ml 

FHT) and dextran (200 mg/ml FHT) were made when needed. Stock solutions of 

substance P (5 mM) and DNP-HSA (10 mg/ml) were made by dissolution in distilled 

water. Anti-DNP (0.2 mg/ml) was diluted ten fold in PBS, calcium ionophore A23187 

stock (10 mM) was prepared by dissolving in DMSO. Allergen (1,000 worm 

equivalents/ml) was prepared in distilled water and PS (10 mg/ml) in 95 % chloroform, 

5 % methanol. FMLP (10‘̂  M) was prepared in DMSO.

All of these drugs, once aliquoted, were frozen (-20 °C) until needed. It was ensured 

that the final concentration of DMSO in each sample was less then 0.1 %, as 

concentrations greater than this could have affected histamine release.
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2.17.2 PTK and PP inhibitors

Genistein (0.2 M), OA (2x10'^ M), piceatannol (0.2 M), ST638 (0.02 M) and 

lavendustin A (0.02 M) were prepared in DMSO.

2.17.3 SE inhibitors and substrates

lA (0.01 M), PMSF (0.1 M), S-Pep-MCA (0.02 M) and TPCK (0.01 M) were dissolved 

in DMSO. BTEE (5x10"  ̂M) and TAME (1.04x10'^ M) were made when required by 

dissolving in the chymotrypsin and trypsin buffers, respectively.

2.17.4 Protolytic enzymes

All the proteases were made in distilled water at a concentration of 10 mg/ml, apart 

from the protease from S. aureus V8 (0.5 mg/ml).

2.18 Numerical analysis

All values given are mean ± standard error of that mean (SEM) for the number (n) of 

experiments undertaken. The points on the graphs are the means from the n of 

experiments and the vertical bars represent the SEM. All the values have been 

corrected for the spontaneous release of histamine.

Statistical analyses of differences between groups of data were performed using the 

Student’s t-test. Where appropriate, a paired t-test for related samples was performed. 

Analysis of variants (ANOVA) was used to determine the difference between the 

overall responses observed at different incubation times for the same drug. Significant 

difference values of p<0.05, p<0.01, p<0.001 are indicated by *, **, ***, respectively.
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Fig. 2.1 The reaction of histamine with OPT
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Fig. 2.2 Structure of fluo-3
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Chapter 3

The effect of protein tyrosine kinase and 

protein phosphatase inhibitors on histamine 

release from rat peritoneal mast cells, 

human lung mast cells and basophils
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Chapter 3

3.1 Introduction

In 1990 Ulrich and Schlessinger^^^^  ̂ reported that binding of EOF and PDGF to their 

receptors revealed the PTK activity of the receptors, which in turn activated PLC 

through tyrosine phosphorylation of the enzyme. These findings led to the testing of 

the possible participation of PTK in the antigen-induced activation of PLC in mast 

cells. Indeed, Benhamou et al.̂ ^̂ ^̂  reported that cross-linking of the FcgRI in RBL 2H3 

cells led to the phosphorylation of several proteins on tyrosine. Moreover, they 

concluded that the tyrosine phosphorylation coupled to FcgRI signalling was 

independent of the exocytotic process itself.

Eiseman and Bolen̂ ^̂ ^̂  were the first to provide evidence that the FcgRI receptor on 

mast cells is associated with src-like kinases, namely p53/56'^" in the RBL 2H3 mast 

cell line and p62‘̂*̂®® in the mouse PT18 mast cell line. They also demonstrated, using 

an in vitro kinase assay, that PTK activity increased following receptor aggregation. 

Yamashita et al.̂ ^̂ ’̂  found that 20-25 % of the FcgRI receptor in resting RBL 2H3 cells 

was associated with Lyn kinase, even though the total cellular Lyn exceeded the 

number of receptors. A possible explanation of this observation is that FcgRI must 

compete with other receptors for a limited amount of kinase. The above authors 

proposed that, if an individual cluster of aggregated receptors contains at least one 

molecule of p53/56*^", the later can transphosphorylate tyrosines on adjacent receptors 

and on associated proteins, resulting in essentially all o f the phosphorylated receptors 

being associated with p53/56*^. This is the initial event in the Src signalling pathway. 

It is believed that these phosphorylations lead to the recruitment of Syk / Zap 70 

kinases to the phosphorylated subunit of the receptor, as well as the activation of these 

kinases^^ '̂ l̂ This recruitment is most likely to be mediated through the interactions 

between the SH2 domains of Syk / Zap kinases and phosphorylated tyrosine residues 

on the receptor subunit^^^^l
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The actual mechanism by which PTK regulates PLC, as a result of FcgRI 

phosphorylations, has been the subject of intensive study. It has been shown that mast 

cells may contain more than one PLC isoenzyme^^^^  ̂ and that different PLC 

isoenzymes appear to be activated by different mechanisms. Thus, PLCyl is activated 

through phosphorylation at multiple tyrosine residues without the participation of a G 

protein̂ ^̂ "̂ ,̂ whereas PLCpi is selectively activated by a pertrusis toxin-insensitive G 

protein Park et al.̂ ^̂ ^̂  established that it was PLCyl which becomes

phosphorylated in response to FcgRl aggregation in RBL-2H3 cells. It was in 1997 that 

Han et al.̂ ^̂ ^̂  detected, by means of immunoprécipitation and coprecipitation 

experiments, tyrosine phosphorylation of PLCyl within one minute of IgE receptor 

stimulation. A number of proteins (72, 50, 40, and 33, kDa) were tyrosine 

phosphorylated and associated with PLCyl by its SH2 domains. PLCyl activation 

subsequently induces calcium mobilisation, PKC activation and degranulation in mast 

cells and basophils.

The phosphorylations induced by protein kinases are reversed by the action of PP, 

thereby balancing the effects of the kinases and regulating the cellular response. The 

consequent phosphorylation/dephosphorylation of the IgE receptor and other substrates 

may promote coupling/uncoupling to other components of the signalling cascade^^^^l 

The observation that an inhibitor of these phosphatases, OA, is capable of inhibiting 

histamine secretion from mast cells points to the role of dephosphorylations in the 

release process^^^^ ’̂̂ ^̂ l̂

It is well established that mast cells from different animals, or even different tissues of 

the same animal, are heterogeneous^ ̂ ̂ '̂̂ ^̂ ^̂ and this may lead to the expression of a 

different profile of PTK. Indeed, studies in a range of rodent mast cells have shown 

that the profile of PTK associated with FcsRI may be distinct in different cell types^^^^l 

Therefore, the identification of PTK in RBL 2H3 cells may not accurately predict those 

present in other rodent and human mast cells. The profiles of PP may also vary in 

different cells.
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The aim of this study was, therefore, to determine the involvement and the profiles of 

PTK and PP in the IgE mediated histamine release process in a range of mast cell 

types. Hence, we decided to examine the effects of various PTK inhibitors and OA on 

histamine release from RPMC, human basophils and HLMC following stimulation 

with FcgRI directed hgands, on the one hand, and G protein activators and calcium 

ionophores, on the other. The inhibitors employed were genistein (a non-specific PTK 

inhibitor), piceatannol (a selective Syk inhibitor), ST638 and lavendustin A (both EOF 

receptor tyrosine kinase inhibitors). OA, a potent PP inhibitor, was used as a tool to 

examine the role of dephosphorylations in regulating the exocytotic process in these 

cell types. Different preincubation times with the inhibitors were employed in order to 

account for any possible tachyphylactic effect̂ '̂̂ ®̂  and to assess the degree of their 

specificity.

3.2 Methods and materials

All the methods and materials employed in this study were described in chapter 2.

3.3 Results

Mast cells from rat peritoneum and human lung, and human basophils were 

preincubated (0, 10, 15, 30 min, 37 ®C) in the presence of PTK or PP inhibitors, and 

stimulated with various secretagogues. The spontaneous histamine release in all the 

experiments was lower than 10 %.

3.3.1 The effect of genistein on histamine release from RPMC

Genistein inhibited anti-IgE induced histamine release dose-dependently, without prior

preincubation with the cells (fig. 3.1). The maximum inhibition observed was 52.5 ±

4.5 %, at a drug concentration of 100 pM. The inhibitory effect of genistein was

reduced when the compound was preincubated with the cells before the addition of
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anti-IgE (10 min, 24.6 ± 6.9 %, 100 fxM). When preincubated for 30 min, the only 

inhibition observed was at the highest concentration of the drug (30 min, 15.8 ± 6.6 %, 

100 pM).

Concanavalin A induced histamine release was also inhibited by genistein, and the 

effect was again most pronounced when the compound was not preincubated with the 

cells (0 min, 66.1 ± 3.6 %, 100 pM, fig. 3.2).

Some ambiguous results were obtained when dextran and PS were used as stimuli (fig. 

3.3). The only consistent inhibition was observed at 0 min preincubation, and at the 

two highest concentrations of genistein (44.5 ± 9.0 %, 100 pM and 23.1 ± 6.2 %, 30 

pM).

Fig. 3.4 indicates that genistein produced dose-dependent inhibition of histamine 

release from RPMC following stimulation by allergen, with maximum inhibition again 

being observed with 0 min preincubation (46.0 ± 7.7 %, 100 pM).

For passive sensitisation, the cells were incubated with anti-DNP for either 1 or 2 h (37 

°C) in the presence of calcium (fig. 3.5). Antigen stimulation produced a dose- 

dependent histamine release, reaching maxima (50 ng/ml) of 35.8 ± 6.0 % and 23.8 ± 

4.1 % after passive sensitisation for 1 and 2 h respectively. In order to achieve control 

releases of approximately 30-40 %, cells were therefore sensitised for 1 h (8 ng/ml) in 

the following experiment.

Genistein, at all the preincubation times, proved extremely effective in inhibiting HSA- 

DNP induced histamine release from the passively sensitised cells (maximum 

inhibition 99.4 ±2.1 %, 0 min, 100 pM, fig. 3.6).

When the cells were challenged with substance P (fig. 3.7), genistein without 

preincubation (0 min) was slightly less effective in inhibiting the histamine release, 

particularly at lower concentrations of the drug. At the highest tested concentration
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(100 ^M), there was little difference between 0 (79.5 ± 4.6 % inhibition) and 10 min 

(77.4 ±3.9 %) preincubation.

Compound 48/80 induced histamine release was inhibited by genistein only at the 

highest concentrations (100 pM and 30 pM). The lower concentrations of the inhibitor, 

at all three preincubation times, failed to cause any significant effect (fig. 3.8).

Genistein was largely ineffective in inhibiting histamine release from RPMC 

stimulated with calcium ionophore A23187 (fig. 9) and ionomycin (fig. 10). The only 

inhibition observed was in the case of A23187, at the highest concentration of genistein 

(14.5 ± 5.1 %, 0 min, 100 pM).

3.3.2 The effect of genistein on histamine release from human basophils

Figs. 3.11, 3.12 and 3.13 show the effect of genistein on histamine release from human 

basophils stimulated with anti-IgE, A23187 and FMLP, respectively. Anti-IgE induced 

histamine release was effectively inhibited by genistein (0.1 -  100 pM). Slightly 

higher, but not significantly different, inhibition was observed at 15 min preincubation 

(77.7 ± 8.5 % at 30 pM and 88.3 ± 3.1 % at 100 pM), as opposed to the 0 min 

preincubation (62.0 ± 5.6 % at 30 pM and 83.7 ±1.5 % at 100 pM). Genistein (0.1 -  

10 pM) was largely ineffective in inhibiting the A23187 induced histamine release (< 

18.0 %). A sharp increase in inhibition occurred at the higher concentrations of 30 pM 

(36.0 ± 11.6 % for 0 min and 44.8 ± 10.3 % for 15 min preincubation) and 100 pM 

(92.8 ± 4.2 % for 0 min and 82.8 ±1.8 % for 15 min preincubation). A similar pattern 

was observed in the effect of genistein on FMLP stimulated cells, although the 

magnitude of inhibition at 30 pM (14.8 ± 1.9 % for 0 min and 22.8 ± 7.6 % for 15 min 

preincubation) and 100 pM (33.2 ± 3.4 % for 0 min and 39.2 ± 7.7 % for 15 min 

preincubation) was considerably smaller.
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3.3.3 The effect of genistein on histamine release from HLMC

Genistein (0.1 -  100 pM) potently and dose-dependently inhibited histamine release 

from HLMC stimulated with anti-IgE (fig. 3.14). The maximum inhibitions observed 

were 85.5 ± 3.9 % (0 min, 100 pM) and 83.9 ± 5.9 % (30 min, 100 pM). The extent of 

inhibition was independent of whether or not the cells were preincubated 'svith the drug 

prior to the challenge with anti-IgE.

Inhibition of histamine release from calcium ionophore A23187 stimulated cells (fig. 

3.15) was much less pronounced. In this case, the preincubation had no significant 

effect on the efficacy of genistein. The inhibition recorded at 100 pM was 33.5 ± 10.7 

% and 68.5 ± 10.8 % for 0 min and 30 min preincubated cells, respectively.

3.3.4 The effect of ST638 on histamine release from RPMC

Fig. 3.16 shows that ST638 (1 -  10 pM) with no preincubation caused a significant 

inhibition o f anti-IgE induced histamine release from RPMC (49.3 ± 11.9 % at 5 pM 

and 71.8 ± 9.7 % at 10 pM). The compound was not significantly less active following 

preincubation, and lower concentrations of the drug (0.1 and 0.5 pM) had no effect.

The same compound was even more potent in inhibiting the histamine release from 

dextran and PS stimulated cells (81.6 ± 3.2 %, 71.8 ± 10.8 % and 94.5 ± 10.6 % for 0, 

10 and 30 min preincubation, 10 pM, respectively, fig. 3.17). Preincubation did not 

seem to play a major role in the activity of ST638. Again, the two lowest 

concentrations of the drug caused no significant inhibition.

In sharp contrast to the above, ST638 had absolutely no effect on substance P induced 

histamine release from RPMC (fig. 3.18).

In the case of compound 48/80 (fig. 3.19), ST638 was only active at the highest 

concentration, where it caused a limited inhibition (10 pM, 19.4 ± 8.8 %, 13.3 ± 4.4 %,

21.9 ± 9.9 % for 0, 10, 30 min preincubation, respectively).
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A23187 induced histamine release was moderately inhibited by ST638 (fig. 3.20), 

particularly following preincubation (26.9 ± 10.7 %, 44.1 ± 2.9 % and 59.3 ± 10.7 % 

for 0, 10 and 30 min preincubation, 10 pM).

ST638 (0.1 - 5  pM) was weakly active in inhibiting histamine release from ionomycin 

stimulated cells (fig. 3.21, 10.8 ± 12.2 %, 16.5 ± 8.2 and 7.4 ± 8.4 % for 0, 10 and 30 

min preincubation, 10 pM).

3.3.5 The effect of ST638 on histamine release from human basophils

Figs. 3.22, 3.23 and 3.24 show the effect of ST638 on anti-IgE, A23187 and FMLP 

induced histamine release from human basophils. The compound (0.1 -  10 pM) had a 

very limited effect on anti-IgE induced histamine release except at the highest test 

concentration (33.8 ± 6.1 % and 52.7 ± 10.6 %, 0 and 15 min, respectively). Histamine 

release from the calcium ionophore A23187 and FMLP stimulated basophils was 

inhibited by ST638 only moderately at concentrations o f 5 pM (5.4 ± 3.4 %, 0 min,

20.2 ± 8.4 %, 15 min (A23187), 5.4 ± 2.8 %, 0 min, 13.8 ± 3.5 %, 15 min (FMLP)) and 

10 pM (15.5 ± 7.0 %, 0 min, 44.4 ± 4.3 %, 15 min (A23187), 15.3 ± 3.1, 0 min, 24.3 ±

5.4 %, 15 min (FMLP)). Lower concentrations o f the inhibitor had no effect.

3.3.6 The effect of ST638 on histamine release from HLMC

ST638 proved to be much more potent in inhibiting the anti-IgE induced histamine 

release from HLMC (fig.3.25) than from basophils. The inhibition was dose-dependent 

and was slightly increased when the inhibitor was preincubated with the cells for 30 

min prior to the addition of anti-IgE. The maximum inhibition recorded at 10 pM was

77.6 ± 6.4 % (0 min) and 95.9 ± 3.8 % (30 min). The effect of preincubation was more 

pronounced when the cells were stimulated with A23187 (fig. 3.26), although the 

efficacy of ST638 was significantly reduced (27.0 ± 10.5 %, 0 min and 46.4 ± 6.0 %, 

30 min, 10 pM).
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3.3.7 The effect of piceatannol on histamine release from RPMC

Fig. 3.27 indicates that piceatannol (0.1 -  100 pM) was an extremely effective inhibitor 

of anti-IgE induced histamine release from RPMC, producing an almost total inhibition 

at the highest test concentration (93.0 ± 13.0 %, 0 min; 102.9 ± 3.4 %, 10 min; 110.6 ±

2.7 %, 30 min).

A comparable effect was observed when dextran and PS were used as stimuli (fig. 

3.28). The maximum inhibition recorded was at 100 pM (103.0 ± 6.2 % (0 min), 109.5 

± 13.4 % (10 min) and 117.6 ± 13.3 % (30 min)).

Piceatannol was also very effective in inhibiting compound 48/80 induced histamine 

release (fig. 3.29). The inhibition at 100 pM was 104.8 ± 2.3 % (0 min), 88.6 ± 6.1 % 

(10 min) and 105.2 ± 9.3 % (30 min).

A23187 induced histamine release was effectively attenuated with the highest 

concentration (100 pM) of piceatannol (73.6 ± 11.3 % (0 min), 57.7 ± 9.1 % (10 min) 

and 9.8 ± 9.0 % (30 min), fig. 3.30)), but lower concentrations (0.1 -  30 pM) failed to 

cause any consistent inhibition.

3.3.8 The effect of piceatannol on histamine release from human basophils

Anti-IgE (fig. 3.31) and calcium ionophore A23187 (fig. 3.32) induced histamine 

releases from human basophils were potently and dose-dependently inhibited by 

piceatannol. Maximum inhibition observed was at 100 pM (92.1 ± 6.8 %, 0 min and

102.7 ± 3.5 %, 15 min, for anti-IgE stimulated cells and 81.1 ± 2.5 %, 0 min and 77.6 ±

5.1 %, 15 min, for A23187 stimulated cells). However, piceatannol (0 min) had no 

striking effect on histamine release from cells stimulated with FMLP (fig. 3.33), 

although a sharp increase in the activity of the inhibitor (100 pM) was observed at 15 

min preincubation (55.7 ± 2.2 %, 100 pM).
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3.3.9 The effect of piceatannol on histamine release from HLMC

Piceatannol was equally potent in inhibiting anti-IgE induced histamine release from 

HLMC (fig. 3.34) as from basophils. The maximum inhibitions at 100 pM were 92.3 ±

7.2 % (0 min) and 103.6 ± 7.2 % (30 min). However, the compound was now much 

more active against histamine release induced by A23187 than was the case with 

human basophils (fig. 3.35) and the effect was increased by preincubation (47.4 ± 11.3 

% for 0 min preincubation, as opposed to 77.3 ± 8.7 % for 30 min preincubation, 100 

pM).

3.3.10 The effect of lavendustin A on histamine release from RPMC

Lavendustin A (0.1 -  10 pM) had a limited or negligible effect on anti-IgE induced 

histamine release from RPMC (maximum inhibition at 10 pM = 19.2 ± 1.7 % (0 min),

3.8 ± 8.7 % (10 min) and 8.7 ± 9.8 % (30 min preincubation), fig. 3.36).

In contrast, histamine release from cells stimulated with compound 48/80 (fig. 3.37) 

was markedly inhibited when the cells were preincubated with lavendustin A for 30 

min prior to the challenge (88.1 ± 10.8 %, 10 pM). However, lavendustin only partially 

inhibited the histamine release when added at the same time as compound 48/80 (22.5 

±7.3%,  10 pM).

Fig. 3.38 represents the dose-dependent and preincubation-independent attenuation of 

A23187 induced histamine release by lavendustin A. Maximum inhibition was again 

observed at 10 pM (67.5 ± 11.1 %, 52.2 ± 9.9 and 59.0 ± 11.0 % for 0, 10 and 30 min 

preincubation).

3.3.11 The effect of lavendustin A on histamine release from human basophils

Lavendustin A had a very weak or negligible effect on anti-IgE (10.6 ± 4.0 %, 10 pM), 

A23187 (17.3 ± 7.6 %, 10 pM) and FMLP (17.0 ± 4.0 %, 10 pM) induced histamine 

release from human basophils (figs. 3.39, 3.40 and 3.41).
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3.3.12 The effect of lavendustin A on histamine release from HLMC

The effect of lavendustin A was rather more pronounced in HLMC than in the human 

basophils, but the responses to anti-IgE and A23187 were only partially inhibited (25.1 

± 5.7 % (0 min, 10 pM) for anti-IgE and 16.0 ± 9.7 % (0 min, 10 pM) for A23187, 

figs. 3.42 and 3.43)). The maximum inhibition recorded was 33.2 ± 4.8 % (30 min, 10 

pM) for anti-IgE and 37.3 ± 9.4 % (30 min, 10 pM) for A23187 induced histamine 

release.

3.3.13 The effect of OA on histamine release from RPMC

OA ( 1 - 1 0  pM) potently and dose-dependently inhibited histamine release from 

RPMC stimulated with anti-IgE (fig. 3.44). A significant increase in inhibition was 

observed when the inhibitor was added 10 min before the stimulation with anti-IgE 

(inhibitions at 3 pM and 6 pM were -5.3 ± 14.5 % and 35.8 ± 5.7 % (no 

preincubation) and 61.7 ± 9.4 % and 76.9 ± 10.9 % (10 min preincubation).

The effect of OA on histamine release induced by dextran and PS (fig. 3.45), substance 

P (fig. 3.46), compound 48/80 (fig. 3.47), calcium ionophore A23187 (fig. 3.48) and 

ionomycin (fig. 3.49) was similar with all of the inducers. The pattern observed was 

no or limited inhibition of histamine release at 0 min preincubation (17.7 ± 10.7 % 

(dextran + PS), 29.6 ± 8.5 % (substance P), 6.3 ± 6.6 % (compound 48/80), -1.3 ± 6.4 

% (A23187), -0.08 ± 2.3 % (ionomycin), 10 pM) and high or moderate inhibition at 10 

min preincubation (85.3 ± 5.3 % (dextran + PS), 77.5 ± 8.3 % (substance P), 29.8 ±

10.8 % (compound 48/80), 29.3 ± 7.7 % (A23187), 22.1 ± 12.1 % (ionomycin), 10 

pM).

3.3.14 The effect of OA on histamine release from human basophils

OA (0.001 -  10 pM, fig. 3.50) inhibited anti-IgE induced histamine release from 

human basophils in a dose-dependent manner. The maximum inhibition observed was 

at a concentration of 10 pM (96.1 ± 1.6 %, 0 min and 83.0 ± 9.3 %, 15 min). However,



the compound had no consistent inhibitory effect on histamine release from the 

basophils stimulated with A23187 (-51.9 ± 11.3 %, 0 min and -39.9 ± 10.8 %, 15 min, 

10 pM, fig. 3.51) and FMLP (-2.3 ± 8.5 %, 0 min and -10.4 ± 5.1 %, 15 min, 10 pM, 

fig. 3.52).

3.3.15 The effect of OA on histamine release from HLMC

The attenuation of anti-IgE induced histamine release from HLMC (fig. 3.53) was 

much less pronounced than in basophils. A sharp increase in the efficacy o f OA was 

apparent at 1 pM and 10 pM when cells were preincubated with the compound for 30 

min (56.8 ± 9.4 % and 51.0 ± 7.2 %, respectively) as opposed to 0 min preincubation 

(22.6 ± 11.0 % and 35.2 ± 8.9 %, respectively). OA without preincubation failed 

significantly to affect the histamine release from A23187 stimulated basophils (11.8 ±

3.1 pM, 10 pM). However, when preincubated with the basophils for 30 min prior to 

A23187 challenge, a significantly higher inhibition was observed (58.2 ± 8.5 %, 10 

pM).

3.4 DISCUSSION

The first compound investigated in the present work was genistein, an isoflavone, 

reported to be an EGF, ppbO ^'and ppllO®“« ‘̂ *PTK inhibitor'^"''. The rat RBL 2H3 

cell line has been extensively used as a model system for studies of FceRI mediated 

secretion of histamine and it was in these cells, stimulated with antigen, that genistein 

inhibited 72 kDa tyrosine phosphorylation and, subsequently, histamine releasê "̂̂ ^̂ . In 

further experiments, it was observed that, apart from anti-IgE induced histamine 

release, serotonin releasê '̂̂ '*̂  was also blocked by this PTK inhibitor. In the same 

cell line, genistein was also found to inhibit A23187 induced histamine release by 

inhibiting tyrosine phosphorylation o f a 110 kDa protein, downstream of the activation 

of 72 kDa protein, Ca^  ̂mobilisation and PKC activation^ '̂*^ .̂ In RPMC, genistein was 

reported potently to inhibit SCF induced histamine releasê "̂̂ ^̂ .
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We have now extended the described findings on RPMC, human basophils and HLMC. 

Secretagogues employed in the study had distinct modes of action. Anti-IgÊ "̂̂ ^̂ , 

concanavalin allergen and antigen all bind to IgE antibodies on the surface of the 

mast cell, inducing cross-linking and FcgRI receptor aggregation. High molecular 

weight dextrans initiate degranulation by cross-linking glucoreceptors on the cell 

surfacê "̂̂ *̂ . The ability of substance P and compound 48/80 to induce histamine release 

is due to their exposed positive charge linked to a hydrophobic moiety. It is unlikely 

that they act via a receptor, but it is instead postulated that they initially interact with 

sialic acid residues on the cell membrane, and then directly activate a pertussis toxin 

sensitive G protein to allow an increase in PLC a c t i v i t y C a l c i u m  ionophore 

A231 and ionomycin̂ "̂̂ ^̂  are ion carrier molecules that bind calcium specifically 

and with high affinity. They are lipo-soluble, which allows the transport of calcium 

ions firom the extracellular fluid into the cytosol, hence increasing intracellular levels of 

the cation [Ca^^]i independently of any other secretory or gating mechanism.

In the study involving RPMC, we found that genistein significantly inhibited histamine 

release induced by anti-IgE and concanavalin A. Tachyphylaxis was apparent and the 

compound was less active when preincubated with cells for 10 or 30 min. Higher 

concentrations (30 pM and 100 pM) of genistein also inhibited histamine release from 

cells stimulated with dextran, which is thought to resemble IgE-directed ligands in 

many respects, but this effect was only clearly apparent in the absence of 

preincubation. The compound was also active against secretion induced by allergen and 

specific antigen following passive sensitisation but tachyphylaxis was perhaps less 

marked in these systems. The reasons for these differences are not clear.

In the absence of preincubation, genistein (100 pM) also inhibited histamine release 

from cells stimulated with compound 48/80. This is in contrast to the findings of van 

Haster et al. who did not observe any inhibition by genistein (100 pM) in RPMC, 

having preincubated the cells for 45 min prior to the challenge with compound 48/80. 

This is in agreement with our results at 30 min preincubation. Surprisingly, histamine 

release induced by substance P, which is thought to act by the same mechanism as 

48/80, was potently inhibited. Together, these results indicate that genistein not only
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acts on FceRI receptor associated PTK but also exerts effects on kinases downstream of 

PLC activation.

In contrast to previous findings in RBL 2H3 cellŝ "̂̂ ^̂ , genistein caused no significant 

inhibition of histamine release when A23187 and ionomycin were employed as stimuli, 

indicating the likely absence of the phosphorylation of any protein with molecular 

weight of 110 kDa in RPMC stimulated with these secretagogues. Indeed, some 

potentiation of release was observed on preincubation with the compound although the 

mechanism of this effect is unknown.

Expanding the study to look at the effect of genistein on human basophils, we found 

that the isoflavone significantly inhibited anti-IgE induced histamine release. Our 

findings agree with those reported by Warner et al.^^^ \̂ and we both observed greater 

than 80 % inhibition at a drug concentration of 100 pM. However, high doses (30 pM 

and 100 pM) of genistein were also able to inhibit histamine release induced by 

calcium ionophore A23187 and FMLP, suggesting that the specificity of the drug in 

basophils may be compromised under these conditions. These data would suggest that 

high doses of genistein are capable of acting on the events downstream of Ca^  ̂

mobilisation in addition to those steps earlier in the signal transduction process of 

human basophils. In general, no tachyphylaxis was observed with these cells.

Genistein showed a similar potency in inhibiting anti-IgE induced histamine release 

from HLMC as observed in basophils. These results are consistent with previous 

studies performed on human cultured mast cells generated from cord blood^^^^  ̂which 

are thought to be similar to HLMC and which consist mainly of tryptase-positive mast 

cells. In contrast, Warner et al.̂ ^̂ ^̂  reported that genistein failed significantly to inhibit 

anti-IgE induced histamine release from HLMC. These discrepancies may be due to the 

fact that the method employed by Warner et al.̂ ^̂ ^̂  differs from that used in our 

laboratory. The former group cultured the mast cells overnight, and their challenge 

time was 45 min, as opposed to the 10 min in our laboratory. It may, therefore, be 

possible that during this prolonged incubation time genistein becomes less able to 

attenuate the range of phosphorylations that take place in HLMC, or that additional
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tyrosine kinases become involved over this period. Genistein also inhibited A23187 

induced histamine release from HLMC, particularly after 30 min of preincubation, 

indicating that the compound becomes less specific in its action under these conditions.

The second PTK inhibitor studied, ST638, was developed on the basis of its ability to 

inhibit EGF receptor kinase activity^^^^l It has been reported previously that ST638 

dose-dependently inhibited histamine release from RBL 2H3 cells stimulated with 

antigen and produced no significant effect when the cells were stimulated with 

A231 ST638 also attenuated phospholipase D (PLD) activation elicited by 

antigen in RBL 2H3 celŴ ^^ .̂ Matsui et al/̂ "̂ ^̂  found that ST638 induced a significant 

reduction of histamine release from RBL 2H3 cells stimulated with antigen, as a result 

of inhibition of tyrosine phosphorylation of 78 and 92 kDa proteins. It has been 

suggested that these phosphorylations are located upstream of PKC and PI3 kinase 

activation, or regulated independently of the PKC and PI3 kinase signalling pathways.

Our findings in RPMC are in agreement with those obtained in RBL 2H3 cells. ST638 

showed a high degree of specificity in inhibiting FcgRI receptor mediated histamine 

release. It potently inhibited anti-IgE and dextran induced histamine release and, 

particularly in the absence of preincubation, had a very limited effect on cells 

stimulated with substance P, compound 48/80, calcium ionophore A23187 and 

ionomycin. The restricted effect of ST638 on histamine release induced by these 

stimuli suggests that the compound does not act on tyrosine kinases associated with G 

protein signalling pathways and that it affects a process necessary for or prior to the 

induction of a rise in [Ca^^i.

The situation with human basophils and HLMC was rather different. ST638 was found 

to be much more effective against anti-IgE induced histamine release from HLMC than 

from human basophils. The secretion induced by A23187 from both cell types, and by 

FMLP from basophils, was also moderately inhibited by the drug particularly after 

preincubation. These observations are in agreement with Lavens-Phillips et al̂ ^̂ ^̂ , and 

point to a likely involvement of different tyrosine kinases in these types of mast cells 

and RPMC.
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The next PTK inhibitor examined was piceatannol, a naturally occurring stilbene first 

reported to be a specific inhibitor of and later of Zap-70 which has

been found in T cells and human basophils. In RBL 2H3 cells, low concentrations of 

piceatannol have little or no effect on Lyn activation and receptor subunit 

phosphorylation, but abolish Syk activation and tyrosine phosphorylation of essentially 

all other proteins and all downstream responses^^^^ .̂

As expected from a Syk selective inhibitor, piceatannol completely abolished histamine 

release from all three cell types stimulated with anti-IgE. Our results in basophils are in 

agreement with the finding of Kepley et who reported that piceatannol inhibited

IgE induced Syk and Zap-70 activation, as well as overall protein tyrosine 

phosphorylation and histamine secretion in human basophils. These results imply that 

the activation of Syk family members by phosphorylation may be required to initiate 

IgE mediated secretion from human basophils. However, histamine release from 

RPMC stimulated with dextran and compound 48/80 was also completely inhibited and 

ionophore induced secretion from all three cell types was largely attenuated. The 

compound was less active against FMLP induced histamine release from human 

basophils but significant inhibition was observed after 15 min preincubation. Leavens- 

Phillips et al.̂ ^̂ ^̂  also reported the inhibition of phorbol myristate acetate (PMA) 

induced histamine release from human basophils.

A possible explanation for these non-specific effects is that piceatannol is acting on 

other kinases downstream of Syk activation or that there is a Syk PTK downstream of 

the activation of PLC and PKC. As established before, ionophore mediated secretion in 

RPMC is accompanied by the tyrosine phosphorylation of a 110 kDa protein and is 

inhibited by PTK inhibitors^ '̂^^l Therefore, the inhibition of A23187 induced secretion 

by piceatannol may also result from the inhibition of this PTK. Alternatively, the 

compound may have actions independent of protein phosphorylation.

The final PTK inhibitor tested, lavendustin A, had a limited or negligible effect on anti- 

IgE induced histamine release from RPMC, human basophils and HLMC. Warner et 

al.̂ ^̂ ^̂  also observed no effect on human basophils and HLMC. Lavendustin A has

been reported to inhibit p60^'^^ PTK, and this kinase may then not participate in the
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IgE-mediated signal transduction pathway. However, Tadeschi et reported 30 - 

40 % inhibition of histamine release from human basophils at 10 |iM of lavendustin A. 

The reason for this difference may be the fact that this group employed a 60 min period 

of incubation and, over this time, lavendustin A may become effective in inhibiting a 

further PTK involved in the release process. When preincubated with the cells for 30 

min, lavendustin A attenuated the 48/80 induced histamine release from RPMC and 

A23187 induced release from HLMC and was also effective against ionophore induced 

secretion from the former cells without preincubation. This observation also points to 

the possible activation of other downstream PTK that lavendustin A is effective in 

inhibiting.

The final compound employed in this study was the PP inhibitor, OA. OA, isolated 

from the marine sponges Halichondria okadaii (from which it gets name) and 

Halichondria melanodocia, is reported to be a selective PPl and PP2A 

inhibitor^^^‘̂ ’̂ ^̂ 1̂ At nanomolar concentrations, OA is known to inhibit PP2A 

phosphatase, while at micromolar concentrations it inhibits PPl phosphatase.

In our study performed on RPMC, OA in nanomolar concentrations failed to show any 

inhibitory effect on histamine release (data not shown). This observation suggested that 

RPMC either do not contain PP2A, that PP2A is not engaged in their signalling 

pathways, or simply that OA is not effective in inhibiting PP2A in this type of cell. For 

instance, it has recently been reported that OA had very little effect on PPl activity in 

RBL 2H3 cells^^^ l̂ We therefore increased the concentration of the drug to 1-10 pM, 

and it was over this range that OA proved capable of inhibiting histamine release 

induced by various secretagogues. The same concentration range was used in the study 

by Estevez et al.̂ ^̂ "̂  ̂of the effect of OA on albumin induced histamine release from rat 

peritoneal and pleural mast cells. However, Takei et al.̂ ^̂ ^̂  have reported the inhibition 

of histamine release from RPMC at nanomolar concentrations and took this to indicate 

the involvement of PP2A in signal transduction in this cell type. However, Takei’s 

group used purified mast cells and it is possible that the effectiveness of OA in 

preventing histamine release from RPMC by inhibiting PP2A is compromised in 

unpurified cell suspensions containing a large number of non-mast cells.
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OA was found to exhibit a more potent inhibition of histamine release from RPMC 

when preincubated for 10 min with the cells prior to the addition of the secretory 

stimulus. This may indicate that the compound is not particularly permeable in this 

type of cell, although this is not generally considered to be the case. Under these 

conditions, the effects of OA were not restricted to immunological stimuli and 

histamine release induced by substance P and to a lesser extent compound 48/80, 

calcium ionophore A23187 and ionomycin was also inhibited. Similar findings were 

observed in the work of Takei et al.̂ ^̂ ^̂ . The fact that OA, after preincubation with the 

cells for 10 min, attenuated IgE dependent, polyamine and ionophore induced release 

of histamine from RPMC suggests that OA under these conditions may act on targets 

involved in signalling pathways common to all three stimuli, and that these may lie 

downstream of the activation of PLC and increase in intracellular Ca^ .̂ This 

proposition is further supported with the observation that Ca^Vcalmodulin-dependent 

PP2B is also partially sensitive to the effects o f OA^^^ l̂ Importantly, when added at the 

same time as the stimulus, OA selectively inhibited anti-IgE induced histamine release.

In human basophils, OA potently inhibited anti-IgE induced histamine release. It failed 

to attenuate, or even potentiated, the histamine release from cells stimulated with 

A23187 and FMLP. Kitani et al. observed statistically insignificant inhibition (<30 

%) of A23187 induced histamine release. Our result with FMLP as the inducer is in 

agreement with Botana et al.̂ ^̂ ^̂ , who recorded no increase in cytosolic Ca^  ̂ in 

basophils following stimulation with this ligand.

In human lung, OA dose-dependently inhibited anti-IgE induced histamine release and 

the effect increased sharply when the cells were preincubated with the compound for 

30 min. The same pattern of activity was observed by Peachell & Munday^^^* ,̂ who 

observed a maximum inhibition following a 2 h preincubation with the inhibitor. When 

preincubated, OA was also effective in inhibiting A23187 induced histamine release, 

and this gives an indication that in HLMC OA may act at a site common to the signal 

transduction pathways initiated by both anti-IgE and A23187.
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In total, the present results are in the agreement with the hypothesis that PTK are 

associated with IgE receptor activation in RPMC, human basophils and HLMC. Our 

studies indicate the possibility of the involvement of different profiles of PTK, with 

distinct inhibitory characters, in the various cell types. The results we obtained using 

piceatannol to prevent histamine release are different from those previously reported in 

RBL 2H3 cells. The specificity of piceatannol seemed to be compromised in RPMC, 

human basophils and lung mast cells and we can not consider piceatannol as being “a 

selective Syk inhibitor”. On the other hand, when used without preincubation, ST638 

was highly specific in blocking immunological histamine release from RPMC.

This study has also confirmed that PP modulate or directly mediate secretory responses 

from RPMC, human basophils and lung mast cells. Just as in the case of PTK, the 

effects of OA were dependent on the cell type and this may point to the possible 

involvement of different PP under these conditions.

Overall, genistein, ST638 and OA (used without prior preincubation) exhibited the 

highest degree of selectivity in inhibiting only immunological histamine release from 

RPMC and these compounds were thus used as tools in further studies involving these 

cells.
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Fig. 3.1 The effect of genistein on histamine release from RPMC stimulated
with anti-IgE (n = 6-7, control releases (%); 0 min = 33.9 ± 4.1,
10 min = 41.6 ± 7.3, 30 min = 40.1 ± 6.4)
(Asterisks denote those releases that were significantly different from that obtained 
at 0 min. * p < 0.05, ** p < 0.01)
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Fig. 3.2 The effect of genistein on histamine release from RPMC stimulated 
with concanavalin A (n = 6-8, control releases (%); 0 min = 37.0 ± 
2.9,10 min = 39.7 ± 4.7, 30 min = 36.6 ± 4.1)
(Asterisks denote those releases that were significantly different from that obtained 

at 0 min. * p < 0.05)
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Fig. 3.3 The effect of genistein on histamine release from RPMC stimulated
with dextran + PS (15 jag/ml) (n = 4-5, control releases (%);
0 min = 44.4 ± 9.2,10 min = 44.2 ± 7.1, 30 min = 32.7 ± 6.8)
(Asterisks denote those releases that were significantly different from that obtained 
at 0 min. * p < 0.05, ** p < 0.01)
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Fig. 3.4 The effect of genistein on histamine release from RPMC stimulated 
with allergen (n = 6-8, control releases (%); 0 min = 43.2 ± 8.0,
10 min = 45.9 ± 6.7, 30 min = 44.7 ± 5.4)

(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.079 and p = 0.074 respectively))
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Fig. 3.5 Histamine release from RPMC following passive sensitisation with 
anti-DNP and stimulation with HSA-DNP (n = 4)

(Using t-test, in no cases were the releases at 1 and 2 h significantly different. Using 
ANOVA, the lines at 1 and 2 h were not significantly different (p = 0.051))
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Fig. 3.6 The effect of genistein on histamine release from RPMC stimulated 
with HSA-DNP (n = 5-7, control releases (%); 0 min = 41.0 ± 6.9,
10 min = 32.6 ± 5.1, 30 min = 35.1 ± 7.1)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.184 and p = 0.181 respectively))
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Fig. 3.7 The effect of genistein on histamine release from RPMC stimulated 
with substance P (n = 6, control release (%); 0 min = 26.6 ± 2.8,
10 min = 23.6 ± 2.1, 30 min = 22.2 ± 1.7)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.268 and p = 0.105))
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Fig. 3.8 The effect of genistein on histamine release from RPMC stimulated 
with compound 48/80 (n = 7-10, control releases (%); 0 min = 63.5 
± 2.6,10 min = 39.2 ± 3.9, 30 min = 33.0 ± 3.0)

(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the line at 30 min was significantly 

different from that at 0 min (p = 0.025), while the line at 10 min was not (p = 0.235))
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Fig. 3.9. The effect of genistein on histamine release from RPMC
stimulated with A23187 (n = 5, control releases (%); 0 min =
43.8 ± 4.9,10 min = 26.6 ± 1.4, 30 min = 48.6 ± 8.7)
(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05, ** p < 0.01)
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Fig. 3.10 The effect of genistein on histamine release from RPMC
stimulated with ionomycin (n = 7, control releases (%); 0 min = 
64.7 ± 5.0, 10 min = 43.9 ± 4.6,30 min = 50.1 ± 4.7)
(Asterisks denote the releases that were significantly different from those 
obtained at 0 min. * p < 0.05, ** p<0.01)
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Fig. 3.11 The effect of genistein on histamine release from human basophils
stimulated with anti-IgE (n = 4, control releases (%); 0 min =
41.1 ±  4.9,15 min = 28.2 ± 8.8)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.498))
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Fig. 3.12 The effect of genistein on histamine release from human basophils 
stimulated with A23187 (n = 4, control releases (%); 0 min =
63.0 ±  6.0, 15 min = 30.9 ± 6.0)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.502))
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Fig. 3.13 The effect of genistein on histamine release from human basophils
stimulated with FMLP (n = 4, control releases (%); 0 min =
49.1 ± 4.7,15 min = 32.9 ± 3.9)
(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 

Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.588))
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Fig. 3.14 The effect of genistein on histamine release from HLMC
stimulated with anti-IgE (n = 4, control releases (%); 0 min =
17.9 ± 2.3, 30 min = 10.3 ± 1.7)
(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 

Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.963))
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Fig. 3.15 The effect of genistein on histamine release from HLMC
stimulated with A23187 (n = 4, control releases (%); 0 min =
50.7 ± 10.7, 30 min = 45.0 ± 5.3)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.280))
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Fig. 3.16 The effect of ST638 on histamine release from RPMC stimulated 
with anti-IgE (n = 4-5, control releases (%); 0 min = 19.2 ± 6.9,
10 min = 42.9 ± 6.8, 30 min = 35.2 ± 7.7)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.283 and p = 0.423 respectively))
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Fig. 3.17 The effect of ST638 on histamine release from RPMC stimulated 
with dextran + PS (n = 4, control releases (%); 0 min = 24.3 ± 6.3, 
10 min = 25.8 ± 6.2, 30 min = 19.7 ± 3.9)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.428 and p = 0.482 respectively)
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Fig. 3.18 The effect of ST638 on histamine release from RPMC stimulated 
with substance P (n = 4, control releases (%); 0 min = 30.4 ± 6.3, 
10 min = 28.0 ± 1.9, 30 min = 30.6 ± 1.1)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.253 and p = 0.365 respectively)
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Fig. 3.19 The effect of ST638 on histamine release from RPMC stimulated 
with compound 48/80 (n = 5-7, control releases (%); 0 min = 46.7 
± 8.2,10 min = 37.4 ± 5.2, 30 min = 24.2 ± 3.4)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.248 and p = 0.358 respectively))
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Fig. 3.20 The effect of ST638 on histamine release from RPMC stimulated 
with A23187 (n = 5, control releases (%); 0 min = 36.7 ± 9.5,
10 min = 30.3 ± 3.6, 30 min = 34.0 ± 4.8)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.198 and p = 0.238 respectively))
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Fig. 3.21 The effect of ST638 on histamine release from RPMC stimulated 
with ionomycin (n = 4-6, control releases (%); 0 min = 46.3 ± 12.2, 
10 min = 47.4 ± 3.1, 30 min = 41.6 ± 4.2)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.258 and p =0.296 respectively))
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Fig. 3.22 The effect of ST638 on histamine release from human basophils
stimulated with anti-IgE (n = 4, control releases (%); 0 min = 46.3 
± 1.5,15 min = 20.1 ± 5.0)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.939))
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Fig. 3.23 The effect of ST638 on histamine release from human basophils 
stimulated with A23187 (n = 4, control releases (%); 0 min = 51.3 
± 2.6,15 min = 20.5 ± 3.5)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.349))
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Fig. 3.24 The effect of ST638 on histamine release from human basophils 
stimulated with FMLP (n = 4, control releases (%); 0 min = 48.7 
± 4.6, 15 min = 35.3 ± 3.4)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.416))
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Fig. 3.25 The effect of ST638 on histamine release from HLMC stimulated
with anti-IgE (n = 4, control releases (%); 0 min = 17.9 ± 2.3,
30 min = 10.3 ± 1.7)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.336))
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Fig. 3.26 The effect of ST638 on histamine release from HLMC stimulated 
with A23187 (n = 4, control releases (%); 0 min = 50.7 ± 10.7,
30 min = 45.0 ± 5.3)
(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were significantly different (p = 0.015)
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Fig. 3.27 The effect of piceatannol on histamine release from RPMC
stimulated with anti-IgE (n = 4-5, control releases (%);
0 min = 25.5 ± 7.1,10 min = 21.6 ± 3.4, 30 min = 26.0 ± 5.1)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.185 and p = 0.198 respectively)
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Fig.3.28 The effect of piceatannol on histamine release from RPMC 
stimulated with dextran + PS (n = 4, control releases (%);
0 min = 24.3 ± 6.3, 10 min = 25.8 ± 6.2, 30 min = 19.7 ± 3.9)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.248 and p = 0.297 respectively))
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Fig. 3.29 The effect of piceatannol on histamine release from RPMC
stimulated with compound 48/80 (n = 4, control releases (%);
0 min = 54.4 ± 4.0,10 min = 35.1 ±  6.2, 30 min = 26.4 ± 5.5)

(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.620 and p = 0.592 respectively))
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Fig. 3.30 The effect of piceatannol on histamine release from RPMC
stimulated with A23187 (n = 6-7, control releases (%); 0 min = 
27.7 ± 6.4, 10 min = 31.7 ± 2.3, 30 min = 36.1 ± 5.6)
(Asterisks denote the releases that were significantly different from those obtained 
at 0 min * p < 0.05)
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Fig. 3.31 The effect of piceatannol on histamine release from human
basophils stimulated with anti-IgE (n = 4, control releases (%);
0 min = 39.4 ±  3.8,15 min = 25.2 ±  6.3)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05, ** p< 0.01)
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Fig. 3.32 The effect of piceatannol on histamine release from human
basophils stimulated with A23187 (n = 4, control releases (%);
0 min = 73.4 ±  3.3, 15 min = 20.6 ± 6.6)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.345))
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Fig. 3.33 The effect of piceatannol on histamine release from human
basophils stimulated with FMLP (n = 4, control releases (%);
0 min = 50.1 ±  4.7,15 min = 32.6 ± 3.7)
(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. ** p < 0.01)
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Fig. 3.34 The effect of piceatannol on histamine release from HLMC
stimulated with anti-IgE (n = 4, control releases (%); 0 min = 17.9 
± 2.3, 30 min = 10.3 ± 1.7)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.462))
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Fig. 3.35 The effect of piceatannol on histamine release from HLMC
stimulated with A23187 (n = 4, control releases (%); 0 min = 50.7 
±  10.7,30 min = 45.0 ±  5.3)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.200))
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Fig. 3.36 The effect of lavendustin A on histamine release from RPMC
stimulated with anti-IgE (n = 4-5, control releases (%); 0 min = 
25.2 ±  6.2,10 min = 35.1 ± 6.0, 30 min = 36.1 ± 5.8)
(Using t-test the releases at 10 and 30 min were not significantly different from 
those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different from that at 0 min (p = 0.281 and p = 0.348))
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Fig. 3.37 The effect of lavendustin A on histamine release from RPMC
stimulated with compound 48/80 (n = 4-5, control releases (%);
0 min = 47.2 ±  8.0,10 min = 37.1 ± 4.2,30 min = 20.2 ±  3.4)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05)
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Fig. 3.38 The effect of lavendustin A on histamine release from RPMC 
stimulated with A23187 (n = 4-5, control releases (%); 0 min = 
34.7 ± 7.4,10 min = 33.4 ± 3.3,30 min = 35.4 ± 3.5)
(Using t-test, in no cases were the releases at 10 and 30 min significantly different 
from those obtained at 0 min. Using ANOVA, the lines at 10 and 30 min were not 
significantly different (p = 0.358 and p = 0.425 respectively))
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Fig. 3.39 The effect of lavendustin A on histamine release from human
basophils stimulated with anti-IgE (n = 4, control releases (%);
0 min = 46.3 ±  1.5,15 min = 26.1 ±  9.6)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.281))
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Fig. 3.40 The effect of lavendustin A on histamine release from human 
basophils stimulated with A23187 (n = 4, control releases (%);
0 min = 71.3 ± 2.6,15 min = 24.9 ± 6.8)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.347))
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Fig. 3.41 The effect of lavendustin A on histamine release from human
basophils stimulated with FMLP (n = 4, control releases (%);
0 min = 49.8 ±  4.6,15 min = 34.3 ±  4.3)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.403))
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Fig. 3.42 The effect of lavendustin A on histamine release from HLMC
stimulated with anti-IgE (n = 4, control releases (%); 0 min = 17.9 
± 2.3, 30 min = 10.3 ± 1.7)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.087))
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Fig. 3.43 The effect of lavendustin A on histamine release from HLMC
stimulated with A23187 (n = 4, control releases (%); 0 min = 50.7 
± 10.7,30 min = 45.0 ±  5.3)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.324))
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Fig. 3.44 The effect of OA on histamine release from RPMC stimulated 
with anti-IgE (n = 4, control releases (%); 0 min = 13.1 ± 2.1,
10 min = 30.2 ± 7.0)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05)
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Fig. 3.45 The effect of OA on histamine release from RPMC stimulated 
with dextran + PS (n = 4-5, control releases (%); 0 min = 31.1 ± 
4.2,10 min = 25.8 ±  6.2)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. ** p < 0.01, *** p < 0.001)
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Fig. 3.46 The effect of OA on histamine release from RPMC stimulated
with substance P (n = 4-5, control releases (%); 0 min = 40.8 ± 6.8, 
10 min = 29.1 ±  3.4)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05, ** p < 0.01)
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Fig. 3.47 The effect of OA on histamine release from RPMC stimulated
with compound 48/80 (n = 4-6, control releases (%); 0 min = 54.6 ± 
6.0,10 min = 41.3 ±  2.8)
(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05)
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Fig. 3.48 The effect of OA on histamine release from RPMC stimulated 
with A23187 (n = 6-7, control releases (%); 0 min = 40.3 ± 5.6,
10 min = 29.0 ± 1.6)

(Using t-test, in no cases were the releases at 0 and 10 min significantly different. 
Using ANOVA, the lines at 0 and 10 min were not significantly different (p = 0.248))
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Fig. 3.49 The effect of OA on histamine release from RPMC stimulated
with ionomycin (n = 4, control releases (%); 0 min = 70.4 ± 6.4,
10 min = 49.1 ±  5.7)

(Asterisks denote the releases that were significantly different from those obtained 
at 0 min. * p < 0.05)
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Fig. 3.50 The effect of OA on histamine release from human basophils 
stimulated with anti-IgE (n = 4, control releases (%);
0 min = 45.5 ± 5.8,15 min = 27.4 ± 3.4)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.287))
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Fig. 3.51 The effect of OA on histamine release from human basophils
stimulated with A23187 (n = 4, control releases (%);
0 min = 59.7 ±  7.0,15 min = 21.4 ±  4.5)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.358))
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Fig. 3.52 The effect of OA on histamine release from human basophils 
stimulated with FMLP (n = 4, control releases (%);
0 min = 47.6 ± 5.6, 15 min = 34.3 ± 4.3)

(Using t-test, in no cases were the releases at 0 and 15 min significantly different. 
Using ANOVA, the lines at 0 and 15 min were not significantly different (p = 0.478))
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Fig. 3.53 The effect of OA on histamine release from HLMC stimulated
with anti-IgE (n = 4, control releases (%); 0 min = 17.9 ± 2.3,
30 min = 10.3 ±  1.7)

(Using t-test, in no cases were the releases at 0 and 30 min significantly different. 
Using ANOVA, the lines at 0 and 30 min were not significantly different (p = 0.723))
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Fig. 3.54 The effect of OA on histamine release from HLMC stimulated 
with A23187 (n = 4, control releases (%); 0 min = 50.7 ±  10.7,
30 min = 45.0 ±  5.3)
(Asterisks denote the releases that were significantly different from those obtained 
0 min. * p < 0.05)
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Chapter 4

4.1 Introduction

One of the earliest events in immunological stimulus-secretion coupling in mast cells 

involves the activation of an endogenous SE. This hypothesis was first proposed by 

Austen et al., who demonstrated that histamine release from fragments of guinea pig 

lung could be blocked by a range of protease inhibitors and substrateŝ "̂̂ ^̂ ’̂ ^̂ *̂ . Similar 

findings were observed in RPMC, human lung and basophils^^^ '̂^^^l The use of defined 

inhibitors suggested that the enzyme had chymotryptic specificity. Each inhibitor was 

only effective if present at the time of cell stimulation, suggesting that the enzyme 

normally existed as a zymogen, which was converted to the active state following IgE 

receptor linking. It is well established that this effect may be mimicked by the addition 

of exogenous SE and, indeed, the digestive enzyme bovine a-chymotrypsin is known 

to induce histamine release from rat mast cellŝ ^̂ ^̂ ’̂ ^̂ ^̂ .

As described earlier, a group of serine proteases exhibit their effects through the 

proteolytic activation of GPCR. There are four known members of these so-called 

PAR: PARI, PAR3 and PAR4, which are cleaved and activated by thrombin, and 

PAR2, a receptor for trypsine-like enzymes^^^^l

Trypsin and mast cell tryptase were the first proteases identified as being able to 

activate PAR2. Large quantities of tryptase are stored in the secretory granules of mast 

cells. On activation, high concentrations of the enzyme may be found in the vicinity of 

degranulating mast cells, where it has the capacity to bring about further mediator 

release. This secretion can easily produce local concentrations (micromolar range) of 

protease that could influence PAR̂ ^̂ ^̂ l This may provide the basis for a positive 

feedback and amplify the responses of mast cells to immunological stimuli. The exact 

nature of tryptase induced activation is not clear. There is a possibility that PAR2 is 

involved, but this depends on the extent to which the receptor is expressed on mast 

cells, which has still to be determined.
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Thrombin is known to act on its receptors in human platelets^^^^ ,̂ hamster lung 

fibroblasts^^^^  ̂ and rat aortic smooth-muscle cells^^^^  ̂ Razin and Marx̂ ^̂ ^̂  have also 

observed a dose-dependent release of histamine and P-hexosaminidase j&om cultured 

bone marrow derived mast cells treated with thrombin.

In this study, we considered the possibility that endogenous and exogenous 

chymotrypsin and a range of other serine proteases may exercise their effects through 

the activation of unknown PAR on mast cells.

We studied the effects of a-chymotrypsin and a variety of proteases on mast cells from 

different species and different locations of the same species. Most of the study is 

concentrated, apart from a-chymotrypsin, on the proteases isolated from S. griseus and 

S. aureus V8, which are here found to be potent inducers of histamine release from rat 

mast cells. Protease from S. griseus is a protease of wide specificity, comprised of at 

least three caseinolytic activities and one aminopeptidase activity^^^^l It is used 

extensively for DNA isolation and protein hydrolysis. Protease from S. aureus V8 is a 

selective serine endoproteinase which cleaves peptide bonds at the carboxyl side of 

glutamate and aspartate and is used for selective cleavage of proteins for amino acid 

sequence determination or peptide mapping^^^^^

4.2 Methods and materials

All the methods and materials employed in this study are described in chapter 2.

4.3 Results

4.3.1 Histamine release from RPMC stimulated with various proteases

a-Chymotrypsin (5 - 500 pg/ml) and the proteases from S. griseus (0.05 -  500 pg/ml) 

and S. aureus V8 (0.5 - 50 pg/ml) produced a pronounced dose-dependent histamine

release from RPMC, with maximum secretions of 75.6 ± 5.6 %, 66.8 ± 3.0 % and 79.3
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± 1.4 %, respectively (fig. 4.1). Ficin, chymopapain, bromelain, papain, protease from 

B. licheniformis, protease from bovine pancreas, crude protease K and protease K from 

Trit. alb. caused from moderate (papain, 15.5 ±2.2 %) to pronounced (protease from 

bovine pancreas, 57.4 ± 3.8 % and ficin, 53.5 ± 2.6 %) histamine release from RPMC 

at the maximum test concentrations of 500 pg/ml (fig. 4.2). Over the same 

concentration range (5 -  500 pg/ml) trypsin, thrombin, elastase and proteases from 

intestinal mucosa, Aspergillus saitoi and Rhizopus species all failed significantly to 

induce histamine release from RPMC (fig. 4.3).

4.3.2 The effect of metabolic inhibitors on histamine release from RPMC 

stimulated with various proteases

The metabolic inhibitor AA (1 pM) alone, and in combination with 2-DG (5 mM), 

virtually abolished submaximal histamine releases from RPMC stimulated with a- 

chymotrypsin (fig. 4.4) and proteases from S. griseus (fig. 4.5) and S. aureus V8 (fig. 

4.6). However, the highest test concentrations of the former two proteases were not 

significantly affected by the inhibitors. This pattern of abolished secretion by metabolic 

blockade was also seen with compound 48/80 (0.1 pg/ml and 1 pg/ml) which was used 

as a positive control (fig. 4.7). The histamine release induced by other active proteases 

was largely unaffected by the same inhibitors (figs. 4.8 and 4.9) suggesting that the 

effect may be cytotoxic in nature. Further study of the release process in RPMC was 

therefore confined to a-chymotrypsin and the proteases from S. griseus and S. aureus 

F».

4.3.3 Calcium ion dependency of histamine release from RPMC stimulated with 

a-chymotrypsin and proteases from S. griseus and & aureus VS

Maximum releases by a-chymotrypsin (31.9 ± 5.7 %, 100 pg/ml, fig. 4.10) and 

proteases from S. griseus (43.2 ± 10.6 %, 50 pg/ml, fig. 4.11) and S. aureus (51.1 ±

6.1 %, 50 pg/ml, fig. 4.12) were observed in the presence of physiological 

concentrations of calcium. Substantial releases persisted in the absence of the cation 

(9.4 ± 1.8 %, 21.2 ± 1.3 % and 36.3 ± 5.2 %, respectively) and this was further
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enhanced by a brief pretreatment (10 min) with EDTA (0.1 mM, 20.7 ± 1.8 %, 40.4 ±

1.8 and 48.1 ± 2.4 %, respectively). The same pattern was observed in the case of 

compound 48/80 (0.025 -  1 pg/ml) as a stimulus (fig. 4.13).

4.3.4 The effect of temperature on histamine release from RPMC stimulated with 

a-chymotrypsin and proteases from S. griseus and S. aureus V8

The histamine releases induced by a-chymotrypsin (10 -  500 pg/ml, fig. 4.14) and 

proteases fi"om& griseus (0.5 -  500 pg/ml, fig. 4.15) and S. aureus V8 (5 pg/ml and 10 

pg/ml, fig. 4.16) were optimal at an incubation temperature of 37 ®C. The releases were 

markedly reduced when the reactions were performed at 0 °C and 45 °C. This pattern 

was similar to that observed when the cells were stimulated with compound 48/80 (0.1 

-1 pg/ml, fig. 4.17).

4.3.5 Kinetics of histamine release from RPMC stimulated with a-chymotrypsin 

and proteases from S, griseus and S, aureus V8

The rates of the histamine releases induced by the three proteases are shown in fig. 

4.18. The responses to the proteases fi*om S. griseus and S. aureus VS followed the 

same pattern, with 18s and maximum releases obtained after approximately 40 s. 

The effect of a-chymotrypsin was slightly slower, with Xm = 20 s and a maximal 

release after 7.5 min. The kinetics of anti-IgE induced histamine release were also slow 

(ti/2= 30 s, maximum release obtained after approximately 5 min, fig. 4.19).

4.3.6 The effect of pH on histamine release from RPMC stimulated with 

a-chymotrypsin and proteases from S, griseus and S, aureus V8

Histamine releases from RPMC stimulated by a-chymotrypsin (50 pg/ml) and 

proteases from S. griseus (50 pg/ml) and S. aureus VS (10 pg/ml) were found to be 

maximal at pH 7.0 and depressed under more acidic and alkaline conditions (fig. 4.20). 

The releases evoked by anti-IgE (1/300 dilution) and compound 48/80 (0.5 pg/ml)
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were similarly optimal at the physiological pH 7.0, but were less markedly depressed at 

the acidic and alkaline extremes of pH (fig. 4.21).

4.3.7 Histamine release from RPMC stimulated with a-chymotrypsin attached to 

agarose beads

Insoluble a-chymotrypsin attached to beaded agarose (0 .1 8 -3 .7  units/ml) felled to 

induce histamine release from RPMC (fig. 4.22). Over the same concentration range, 

soluble a-chymotrypsin, used as a control, produced a pronounced dose-dependent 

release.

4.3.8 Histamine release from RPMC stimulated with boiled protease from 

iS. griseus

Protease from 5". griseus (0.05 -  500 pg/ml), boiled for 20 min prior to the RPMC 

stimulation, produced no histamine release from this cell type. A considerable, dose- 

dependent release was observed when the cells were treated with non-boiled protease 

(0.05 -  500 pg/ml), which was used as a positive control (fig.4.23).

4.3.9 The effects of DSCG and nedocromil sodium on histamine release from 

RPMC stimulated by a-chymotrypsin and the proteases from S, griseus 

and S, aureus V8

DSCG (0.1 -  100 pM, no preincubation, fig. 4.24) and nedocromil sodium (0.1 -  100 

pM, no preincubation, fig. 4.25) produced equally potent dose-dependent inhibitions of 

histamine release from RPMC stimulated with a-chymotrypsin and proteases from S. 

griseus and S. aureus V8. Maximum inhibitions observed with DSCG were 98.6 ± 9.7 

%, 91.2 ± 5.6 % and 71.1 ± 6.9 % for the three enzymes, respectively. In the case of 

nedocromil sodium, the maximum inhibitions were 102.3 ± 7.3 %, 95.5 ± 7.5 % and 

70.0 ± 5.8 %, respectively. The effects of both inhibitors were even more pronounced 

than those found when the cells were stimulated with anti-IgE (maximum inhibitions

80.6 ± 3.9 % (DSCG) and 76.7 ± 4.2 % (nedocromil sodium), fig. 4.26).
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4.3.10 Histamine release from rat mesentery and lung mast cells stimulated with 

various proteases

Dose-dependent releases of histamine were induced by a-chymotrypsin (38.9 ± 5.8 %, 

500 pg/ml) and the proteases from S. griseus (35.0 ± 5.8 %, 500 pg/ml) and S. aureus 

V8 (42.3 ±6.1 %, 50 pg/ml) from rat mesentery mast cells (fig. 4.27). On the other 

hand, trypsin, thrombin and elastase failed to cause appreciable secretion from this 

mast cell type (fig. 4.28).

The responses to the three releasing proteases were tested for cytotoxicity by 

examining the effects of metabolic blockers. AA (1 pM) alone or in combination with 

2-DG (5 mM) completely abolished the histamine release from the cells treated with a- 

chymotrypsin (50 -  100 pg/ml, fig. 4.29), S. griseus (50 -  100 pg/ml, fig. 4.30) and S. 

aureus V8 (5 - 50 pg/ml, fig. 4.31). Some cytotoxic release persisted when the cells 

were stimulated with a-chymotrypsin and S. griseus at the maximum concentration of 

500 pg/ml.

The same proteases were tested on rat lung mast cells and produced a very small 

histamine release only at the top concentrations tested (figs. 4.32 and 4.33).

4.3.11 Histamine release from guinea pig mesentery and lung mast cells 

stimulated with selected proteases

Figures 4.34 and 4.35 show that negligible histamine release was produced from 

guinea pig mesentery mast cells stimulated with a-chymotrypsin (5 -  500 pg/ml), 

proteases from S. griseus (5 -  500 pg/ml) and S. aureus V8 (0.5 -  50 pg/ml), thrombin 

(5 -  500 pg/ml), trypsin (5 -  500 pg/ml) and elastase (5 -500 pg/ml), although a more 

marked response was obtained with the highest test concentration of the two latter 

enzymes.

The same proteases produced no effect on guinea pig lung mast cells (figs. 4.36 and 

4.37), except that a considerable secretion took place at the top concentration (500
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|xg/ml) of a-chymotrypsin (36.0 ±7.1 %), S. griseus (41.4 ± 2.5 %) and trypsin (65.4 ±

13.7 %). These releases were largely unaffected by AA alone, and only slightly 

inhibited by the combination of AA and 2-DG (fig. 4.38), and were hence considered 

to be cytotoxic.

4.3.12 Histamine release from human basophils stimulated with selected proteases

The selected proteases (0.5 - 500 pg/ml) were largely ineffective in releasing histamine 

from human basophils (figs. 4.39 and 4.40). Maximum releases were 6.7 ± 1.8 % (a- 

chymotrypsin), 4.7 ± 1.1 % {S. griseus), 0.04 ± 0.7 % {S. aureus F8), 14.8 ± 3.5 

(trypsin), 4.7 ± 3.5 % (thrombin) and 15.3 ± 4.7 % (elastase).

4.3.13 Histamine release from HLMC stimulated with selected proteases

HLMC were even less affected by the proteases (figs. 4.41 and 4.42) and the maximum 

secretions observed were 6.2 ±3.1 % (a-chymotrypsin), 1.5 ± 0.9 % (S. griseus), -0.85 

± 0.9 % («S', aureus V8), 3.0 ± 0.4 % (trypsin), -2.6 ± 0.7 % (thrombin) and 1.4 ± 1.0 % 

(elastase).

4.3.14 Determination of enzymatic activities of a-chymotrypsin and the proteases 

from S. griseus and S. aureus V8

The enzymatic activities of a-chymotrypsin and the proteases from S. griseus and S. 

aureus V8 were examined against a number of substrates. Chymotryptic and tryptic 

activities o f the enzymes were determined using BTEE and TAME, respectively. These 

substrates are highly specific for the named enzymes and are very resistant to 

hydrolysis by other proteases.

Casein was used to determine the general proteolytic activity of the above enzymes. 

This milk protein is degraded to a mixture of peptides and free amino acids by a wide 

range of enzymes and is widely employed to determine non-specific protease activity.
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The enzymatic activities of the enzymes against the different substrates are recorded in 

table 4.1. All three enzymes showed considerable caseino lytic activity (S. aureus V8 

900 ± 4.3 units/mg, S. griseus 325.0 ± 3.9 units/mg and a-chymotrypsin 192.8 ± 3.5 

units/mg). However, the bacterial proteases displayed very little chymotryptic activity 

{S. aureus 0.14 ± 0.03 units/mg and S. griseus 0.5 ± 0.02 units/mg), compared to a- 

chymotrypsin itself (39.8 ± 1.3 unots/mg), when BTEE was used as substrate. 

Similarly, the enzymes showed little tryptic activity against TAME (S. aureus 0.09 ± 

0.02 units/mg, S. griseus 0.9 ± 0.01 units/mg, trypsin 860.0 ± 2.3 units/mg).

DSCG (10'^ M) marginally inhibited (by 8.6 ± 0.6 %) the enzymatic activity of a- 

chymotrypsin but had a greater effect (50.0 ± 2.7 % inhibition) on the tryptic activity of 

the protease from S. griseus.

The enzymatic activity of a-chymotrypsin attached to agarose beads (16.1 ± 1.2 

units/mg solid) was less than that of the free enzyme (39.8 ±1.3 units/mg solid) but the 

protease was clearly still highly effective in this form.

4. 3.15 The measurement of intracellular calcium levels in RPMC following 

stimulation with anti-IgE, a-chymotrypsin and the proteases 

from S, griseus and S. aureus V8

RPMC loaded with fluo-3 dye showed an immediate and pronounced increase in 

fluorescence (calcium concentration) following stimulation with anti-IgE (1/200 

dilution), from a base line of 0.17 ± 0.02 pM to 0.28 ± 0.04 pM (fig. 4.43 ). a- 

Chymotrypsin (100 pg/ml, fig. 4.44) and the protease from 5". aureus V8 (25 pg/ml, fig. 

4.45) produced a similar but possibly slightly smaller change in fluorescence, from a 

base line of 0.17 ± 0.01 pM to 0.26 ± 0.01 pM for a-chymotrypsin and from 0.14 ± 0.0 

pM to 0.23 ± 0.04 pM for protease from S. aureus V8. The protease from S. griseus (50 

pg/ml, fig. 4.46) produced a larger fluorescence change to (0.76 ± 0.25 pM) but the 

baseline (0.40 ±(118 pM) was higher in these experiments. In all four systems, lysis 

of the cells with digitonin (30 pM) caused a further large increase in fluorescence.
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4.4 Discussion

The results from this study provide conclusive evidence that a-chymotrypsin and the 

proteases from S. griseus and S. aureus V8 can stimulate significant histamine release 

from RPMC and rat mesentery mast cell.

Direct evidence that this involves a non-cytotoxic release mechanism comes from 

studies employing metabohc inhibitors 2-DG and AA. For active secretion to take 

place, the utilisation of glucose and the production of ATP must be involved. The two 

inhibitors block glycolysis and oxidative phosphorylation, respectively^^^^^’̂ ^̂ l̂ The 

histamine releases induced by the proteases in the presence of the two inhibitors were 

strikingly diminished, indicating that these are non-cytotoxic processes. Similar results 

were obtained when compound 48/80 was used as a control.

Studies conducted in the presence and absence of external calcium also yielded 

important results. Most agonists are capable of inducing a residual, sub-maximal 

release of histamine in the absence of added calcium, a phenomenon usually attributed 

to the mobilisation of intracellular stores of the cation^^*’ ’̂̂ *̂'̂  ̂ Ligands such as 

compound 48/80 generally exhibit near maximal release in calcium-free conditions, a- 

Chymotrypsin and the proteases from S. griseus and S. aureus V8 demonstrated close 

parallels to compound 48/80 in their requirement for external calcium. Brief 

pretreatment with EDTA is thought to enhance mobilisation of intracellular calcium 

stores, by chelation of surface bound calcium, and generally to increase histamine 

secretion under conditions of calcium deprivation^^*^ .̂ This effect enhanced the release 

induced by the three proteases and compound 48/80 under these conditions. The 

maximum release induced by these ligands after pretreatment with EDTA is, however, 

less than that obtained in the presence of calcium. It is, therefore, likely that some 

influx o f external calcium into the cytosol is essential for the maximum release of 

histamine.

Further evidence that the histamine secretion induced by the proteases is mediated by a 

non-cytotoxic mechanism comes from the studies where the incubation temperature is 

varied. An incubation temperature of 37 °C is optimal for a true secretory process to
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occur. At temperatures of 0 ®C and 45 °C, the internal processes required for active 

secretion are not able to function efdciently^^^^  ̂ and, thus, the active secretion of 

histamine is diminished. Furthermore, at low temperature, the fluidity of biological 

membranes is decreased whereas at high temperature, it is increased. If release of 

histamine takes place at these extreme temperatures, then the process probably does not 

require an intact cell metaboUsm and is likely to be cytotoxic. The histamine release 

induced by compound 48/80 was completely abolished at temperatures of 0 °C and 45 

°C, and reduced at 25 °C. This meant that the process involved active secretion, which 

requires full functionality of the vital cell processes involved in degranulation. The 

same pattern was observed when the cells were treated with a-chymotrypsin and the 

proteases from S. griseus and S. aureus V8, indicating that these were again non- 

cytotoxic processes.

The histamine release induced by a-chymotrypsin and the proteases from S. griseus 

and S. aureus V8 was a slow process, which is reminescent of that induced by 

immunological ligands. The kinetics of histamine release induced by compound 48/80 

were not determined here but are reported to be much faster̂ *̂"̂ .̂ Indeed, such rapid 

secretion is a characteristic effect of polyamines.

Secretion evoked by a-chymotrypsin and the proteases from S. griseus and S. aureus 

V8 was strongly dependent on the pH of the incubation medium, with the response 

being optimal under physiological conditions (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 and alkaline conditions 

than a-chymotrypsin and the proteases.

The enzymatic activity of protease from S. griseus is known to be abolished by heating 

above 80 °C for 10-15 minutes (Sigma Co. information). Similarly, the boiled protease 

failed to stimulate secretion from RPMC. This observation points to a relationship 

between enzymatic activity and the ability to induce mediator release.

DSCG has been widely used for the treatment of allergic and inflammatory diseases

since its introduction into clinical practice in 1968. However, its mechanism o f action
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still remains unclear. It has been shown to inhibit both immunological and non- 

immunological mediator release from rat mast cellŝ *̂̂ ’̂̂ *̂̂  ̂ and also to block antigen 

induced degranulation in Four major proteins of molecular masses 67-68

kDa, 56-59 kDa, 42 kDa and 78 kDa were shown to be phosphorylated on stimulation 

of RPMC with anti-IgE and compound 48/80^^**l It was suggested that the 

phosphorylation of the 78 kDa protein was an endogenous mechanism for the 

termination o f exocytosis, while the other three phosphorylations were involved in the 

initiation of secretion. It is thought that DSCG acts by phosphorylation of the same 78 

kDa protein^^*^ ’̂̂ ^̂ ®\ i.e. it acts by utilising the cell’s natural switch-off mechanism.

DSCG proved to be an effective and potent inhibitor of histamine release from RPMC 

stimulated with a-chymotrypsin and the proteases. This is in agreement with Niais et 

al., who reported similar inhibition in the case of a-chymotrypsin. In contrast, Cox 

et al.̂ ^̂ ^̂  claimed that DSCG (10 pg/ml) caused less than 30 % inhibition of a- 

chymotrypsin induced histamine release from rat subcutaneous tissue. This discrepancy 

may be due to the fact that they preincubated the tissue with DSCG for 10 min before 

challenge, a process which is known to reduce the inhibitory effects of the druĝ ^̂ ^̂ ' 

Inhibition of histamine release from mast cells by nedocromil sodium is thought to 

involve a similar mechanism to DSCG, and the newer drug was comparably active to 

DSCG in the present study.

A considerable amount of cytotoxic secretion was associated with the stimulation of 

mediator release with ficin, chymopapain, bromelain, papain, proteases from B. 

licheniformis and bovine pancreas, proteinase K (crude) and proteinase K {Trit. Alb.). 

A group of proteases that showed no effect on RPMC included the enzymes from 

intestinal mucosa, Aspergillus saitoi, Rhizopus species, elastase, the PARI,3 activator 

thrombin and the PAR2 activator, trypsin.

Having defined the basic characteristics of the effects of a-chymotrypsin and the 

proteases from S. griseus and S. aureus V8 on RPMC, studies were extended to include 

mast cells from other locations and species. These investigations clearly demonstrated 

the existence of marked functional variations between isolated mast cells from different
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species. The proteases were most active as histamine releasers from RPMC. 

Enzymatically dispersed mast cells from the rat mesentery were also responsive, while 

rat lung and guinea pig mesentery mast cells remained largely unaffected by the 

proteases. In addition, guinea pig lung mast cells produced largely cytotoxic histamine 

release. Human basophils and lung mast cells also failed to respond to the enzymes. All 

together, the results of the present study show that the proteases exhibited a marked 

tissue and species selectivity in their action. These data expand the concept of 

functional mast cell heterogeneity, but the precise mechanisms that account for this 

phenomenon still have to be clarified.

The negative results obtained with trypsin and thrombin against a range of rodent and 

human mast cells and human basophils exclude the possibility of a trypsin or thrombin 

activated PAR on these cell types.

As discussed earher, and reported elsewhere for a-chymotrypsin^^^^^, the actions of a- 

chymotrypsin and the proteases from S. griseus and S. aureus V8 were comparably 

influenced by the same factors which modulate the responses to compound 48/80 and 

antigen, e.g. Ca^\ pH, temperature and metabolic inhibitors. The kinetics and the 

sensitivity to DSCG and nedocromil sodium were, however, much more like those of 

anti-IgE. These findings indicate that the degranulation evoked by the proteases is 

more like that induced by an immune stimulus than by a polyamine.

The questions that then arose were whether these actions of the proteases related to 

their enzymatic activities, and whether the proteases from S. griseus and S. aureus V8 

also expressed chymotryptic activity.

The well known Schwert and Takenaka method^^^^  ̂ has been widely used to assay 

enzymes for their chymotryptic and tryptic activities. The method is based upon the 

change that occurs in ultraviolet absorbance during the hydrolysis of amino acid esters 

to the corresponding free acids by these enzymes. The substrate N-acetyl-L-tyrosine 

ethyl ester (ATEE) was originally used to determine chymotryptic activity and a- 

benzoyl-L-arginine ethyl ester (BAEE) was used for tryptic activity. We have
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employed a modified version of this method^^**  ̂ and used BTEE and TAME as 

chymotryptic and tryptic substrates, respectively. BTEE is more susceptible to 

chymotryptic hydrolysis than ATEE and is completely resistant to tryptic hydrolysis. 

TAME also offers two advantages over BAEE in that it is more rapidly hydrolysed by 

trypsin and is not hydrolysed by chymotrypsin. These two substrates are, therefore, 

suitable for determination of traces of the specific enzyme in the presence of large 

amounts of other, non-specific enzymes. In contrast, the milk protein casein is widely 

used as a substrate to determine non-specific proteolytic activity.

a-Chymotrypsin coupled to agarose beads was used in an attempt to determine whether 

the enzyme acted intracellularly or through a site or receptor on the external plasma 

membrane. Agonists rendered insoluble in this way are too large to penetrate into cells 

and activity under these conditions is generally taken to indicate an extracellular site of 

action. The insoluble enzyme retained 40 % of the proteolytic activity of the native 

protein but was ineffective in inducing histamine release. This finding is inconclusive 

and may suggest that the protease acts intracellularly or, more likely, that the bulky 

aggregate was hindered in its interaction with the target molecule on the cell surface.

a-Chymotrypsin induced histamine release from RPMC was almost completely 

inhibited by DSCG and nedocromil sodium. However, the proteolytic activity of the 

enzyme was only reduced by 8.6 % by DSCG. These results indicate that DSCG does 

not act by directly inhibiting the proteolytic activity of a-chymotrypsin, but rather on 

the secretory process itself. In line with this, it has been proposed by Sasakî ^̂ ^̂  that the 

histamine release process induced by a-chymotrypsin could be separated into two 

stages quite different from each other in Ca^  ̂requirement, i.e. chymotrypsin dependent 

/ Ca^  ̂ independent and chymotrypsin independent / Ca^  ̂ dependent. Although this 

result did not provide direct evidence for a relationship between the enzymatic activity 

of a-chymotrypsin and its mediator releasing ability, the findings of Emadi-Khiav and 

Pearce^^^^  ̂suggested such a correlation. Thus, they observed no histamine release from 

RPMC stimulated with a-chymotrypsin which had been pretreated with DFP, an 

irreversible inhibitor of SE.
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The protease from S. griseus is a non-specific mixture, containing at least ten 

proteases, including five serine type proteases, two zinc endopeptidases, two zinc 

leucine aminopeptidases and one zinc carboxypeptidase^^^^l It was shown to be very 

effective in the digestion of casein, which is in agreement with Nomoto et al^^^ \̂ who 

reported its caseinolytic activity to be much more pronounced than that of trypsin, 

chymotrypsin and several other proteases. In our hands, the protease expressed only 

limited tryptic and chymotryptic activity. Its tryptic activity was greatly reduced by 

treatment with DSCG, as was its histamine releasing ability. The enzymatic activity of 

this protease is known to be abolished by heat. Such denatured protease failed to 

induce histamine release from RPMC, which would therefore suggest that its histamine 

releasing activity is related to its enzymatic activity. This could be true, but this activity 

is certainly not due to trypsin, as we have determined earher that mast ceUs do not 

respond to this protease. The chymotryptic activity of the protease was negligible, 

around a quarter of the tryptic activity, and it is therefore likely that some other enzyme 

in this nonspecific mixture stimulates mast cells to release histamine.

The protease from S. aureus V8, a serine endopeptidase first isolated by Drapeu and 

widely used for fragmentation of proteins^^^^ ,̂ exhibited only limited chymotryptic and 

tryptic activity, although it was very active when casein was used as a substrate. It was 

the most potent of the three proteases in initiating histamine release from RPMC and 

rat mesentery, and its action was completely inhibited by DSCG and nedocromil 

sodium. Its chymotryptic activity was lower than that of the protease from S. griseus. It 

is, therefore, unlikely that its histamine releasing effect is related to this particular 

enzymatic activity. Indeed, the protease is highly specific in cleaving only the peptide 

bonds on the carboxyl side of glutamate and aspartate residues.

Having considered the link between the histamine release and the enzymatic activities 

of the proteases, we went on to determine whether their actions subsequently result in 

an increase in intracellular calcium.

Immunological activation initiates a series of biochemical events that lead to mast cell 

degranulation. Cross linking of receptors by a hgand induces activation of a G-protein,
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which then stimulates PLC to hydrolyse phosphatidylinositol-4,5-bisphosphate (PIP2) 

to form IP3 and IP3 then liberates calcium ions from intracellular

stores*̂ ^̂ ^̂ ’̂ ^̂ *\ whilst DAG activates Calcium mediates its effects by

activating specific calcium binding proteins, of which calmodulin is the most 

important^'^^l All eukaryotic cells contain calmodulin, which can activate numerous 

protein kinases, phosphatases, cyclic nucleotide phosphodiesterases and 

ATPases[^^^ '̂[^^ \̂

It has been reviewed by Grand et al.̂ ^̂ ^̂  that thrombin, acting on PARI, activates cells 

through a PLCp / IP3 pathway, leading to a strong Ca^  ̂response. Furthermore, Bohm 

et al.̂ ^̂ ®̂ observed that PAR2 activation leads to an increase in [Ca^^]i in the epithelial 

cell line KNRK transfected with human PAR2, due to the release of Ca^  ̂ from 

intracellular stores. Kératinocytes, containing PAR2, also demonstrated significant 

Ca^  ̂mobilisation following treatment with trypsin and mast cell tryptase^"*^ l̂

The present studies with fluo-3 show that anti-IgE stimulation of RPMC leads to a 

transient increase in intracellular calcium levels. a-Chymotrypsin and the protease 

from S. griseus induced a similar increase in cytosolic calcium, while the protease from

S. aureus V8 was perhaps even more effective. These data strongly suggest that the 

proteases may evoke secretion by mobilizing calcium ions, possibly through the 

activation of PLC.

In total, the present findings show that mast cells from various species and locations 

and human basophils are unlikely to express any of the known PAR, particularly 

PARI-3. However, the non-cytotoxic and enzymatically dependent action of a- 

chymotrypsin on the former cells from rat peritoneum and mesentery suggests the 

existence of a possible novel receptor, which is activated by a chymotryptic protease. 

That said, the potent histamine releasing effect of the bacterial proteases, which have 

negligible chymotryptic activity, may indicate that any such receptor may be activated 

in more than one way or that the proteases act by a receptor-independent mechanism.
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Fig. 4.1 Histamine release from RPMC stimulated with various proteases
(n = 4)
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Fig. 4.2 Histamine release from RPMC stimulated with various proteases 
(n = 4)
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Fig. 4.3 Histamine release from RPMC stimulated with various proteases
(n = 4)

%CQ

Im
as
S
5

£

40

35

30

25

20

15

10
5

0

-5

— - Intestinal m ucosa 
— Aspergi l lus saitoi 

Rhizopus species 
-^ (—Trypsin 

Throm bin 
■' E lastase

.

i1

.... ■ ' ■ -1---------------------1---------------------1---------------------1--------------------

10 50

Protease (pg/ml)

100 500

Fig. 4.4 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with a-chymotrypsin (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. * p < 0.05, ** p < 0.01)
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Fig. 4.5 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with protease from S. griseus (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. ** p < 0.01)
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Fig. 4.6 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with protease from 5. aureus V8 (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. *** p < 0.001)
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Fig. 4.7 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with compound 48/80 (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. ** p < 0.01, *** < 0.001)
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Fig. 4.8 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with various proteases (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. ** p < 0.01, *** p < 0.001)
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Fig. 4.9 The effect of metabolic inhibitors on histamine release from 
RPMC stimulated with various proteases (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. * p < 0.005, ** p < 0.01)
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Fig. 4.10 Calcium ion dependency of histamine release from RPMC 
stimulated with a-chymotrypsin (n = 4)
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Fig. 4.11 Calcium ion dependency of histamine release from RPMC
stimulated with protease from S. g r is e u s  (n = 4)

FHT
CFT
EDTA

\ 80 — 
C  70 -

8 60 j
I  50 — 

40 - -

0.05 0.5 5 50 500

Protease from S. g riseus  (pg/ml)

Fig. 4.12 Calcium ion dependency of histamine release from RPMC 
stimulated with protease from 5. aureus V8 (n = 4)
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Fig. 4.13 Calcium ion dependency of histamine release from RPMC
stimulated with compound 48/80 (n = 4)
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Fig. 4.14 Temperature dependency of histamine release from RPMC 
stimulated with a-chymotrypsin (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained at 37 °C. * p < 0.05, ** p < 0.01, *** p< 0.001)
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Fig. 4.15 Temperature dependency of histamine release from RPMC 
stimulated with protease from S. griseus (n = 4)
(Asterisks denote those releases that were signifieantly different from that 
obtained at 37 °C. * p< 0.05, ** p< 0.01, *** p < 0.001)
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Fig. 4.16 Temperature dependency of histamine release from RPMC 
stimulated with protease from S, aureus V8 (n = 4)
(Asterisks denote those releases that were significantly different from that 
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Fig. 4.17 Temperature dependency of histamine release from RPMC 
stimulated with compound 48/80 (n = 4)
(Asterisks denote those releases that were significantly different from that 
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Fig. 4.18 Kinetics of histamine release from RPMC stimulated with 
selected proteases (n = 4)
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Fig. 4.19 Kinetics of histamine release from RPMC stimulated with
anti-IgE (1/300 dilution, n = 4)
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Fig. 4.20 pH dependency of histamine release from RPMC stimulated 
with selected proteases (n = 4)
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Fig. 4.21 pH dependency of histamine release from RPMC stimulated
with anti-IgE and compound 48/80 (n = 4)
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Fig. 4.22 Histamine release from RPMC stimulated with a-chymotrypsin 
attached to agarose beads (n = 4)
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Fig. 4.23 Histamine release from RPMC stimulated with boiled protease
from S. g r is e  us (n = 4)
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stimulated with a-chymotrypsin and the proteases from 
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Fig. 4.25 The effect of nedocromil sodium on histamine release from 
RPMC stimulated with a-chymotrypsin and proteases from 
S, griseus  and 5. aureus V8 (n = 4, control releases (%);
19.7 ± 3.7,17.2 ±  2.1 and 28.9 ± 5.0)
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Fig. 4.26 The effect of DSCG and nedocromil sodium on histamine
release from RPMC stimulated with anti-lgE ( n = 4 - 5, 0 min 
preincubation, control release (%) = 30.9 ±  5.6)

£

fi

90
80
70
60
50
40
30
20
10
0

^ D S C G

• —Nedocromil sodium

3 10 100 300 1 0 0 0

Inhibitor (pM)
152



Fig. 4.27 Histamine release from rat mesentery mast cells stimulated with
selected proteases (n = 4)
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Fig. 4.29 The effect of metabolic inhibitors on histamine release from rat
mesentery mast cells stimulated with a-chymotrypsin (n = 4)
(Asterisks denote those releases that were significantly different from that 
obtained when using FHT. * p < 0.05, ** p < 0.01, *** p < 0.001)
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Fig. 4.30 The effect of metabolic inhibitors on histamine release from rat 
mesentery mast cells stimulated with protease from S. griseus  
(n = 4)
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obtained when using FHT. * p < 0.05, ** p , 0.01, *** p < 0.001)

80

%«
*"05u
G

s
s

X
- 1 0

□  FHT
□  GFT
□  2-DG
□  AA

*** **

50 100 500

Protease from S. griseus (p,g/ml)

154



Fig. 4.31 The effect of metabolic inhibitors on histamine release from rat 
mesentery mast cells stimulated with protease from S. aureus V8 
(n = 4)
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Fig. 4.33 Histamine release from rat lung mast cells stimulated with
selected proteases (n = 4)
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Fig. 4.34 Histamine release from guinea pig mesentery mast ceils 
stimulated with selected proteases (n = 4)
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Fig. 4.35 Histamine release from guinea pig mesentery mast cells
stimulated with selected proteases (n = 4)
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Fig. 4.36 Histamine release from guinea pig lung mast cells stimulated 
with selected proteases (n = 4)
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Fig. 4.37 Histamine release from guinea pig lung mast cells stimulated
with selected proteases (n = 4)
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Fig. 4.38 The effect of metabolic inhibitors on histamine release from 
guinea pig lung mast cells stimulated with selected proteases 
(n = 4)
(In no case were the releases significantly different from that obtained when 
using FHT)
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Fig. 4.39 Histamine release from human basophils stimulated with
selected proteases (n = 4)
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Fig. 4.40 Histamine release from human basophils stimulated with 
various proteases (n = 4)
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Fig. 4.41 Histamine release from HLMC stimulated with various
proteases (n = 4)
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Fig. 4.42 Histamine release from HLMC stimulated with various 
proteases (n = 4)
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Table 4.1 Enzymatic activities of a-chymotrypsin and the proteases from
S. g riseu s  and S, au reu s  V8
(The values are means ± range for 2 experiments)

Enzymatic activity

BTEE 
(units/mg solid)

TAME 
(units/mg solid)

Inhibition
(%)

Casein 
(units/mg solid)

trypsin - 860.0 ± 2.3 - -

a-chymotrypsin 39.8 ± 1.3 - - 192.8 ± 3.5

a-chymotrypsin 
+ DSCG (10 ® M)

36.4 ± 2.4 - 8.6 ± 0.6 -

a-chymotrypsin 
+ agarose beads

16.1 ± 1.2 - - -

S. griseus 0.5 ± 0.02 1.8 ± 0.01 - 325.0 ± 3.9

S. griseus 
+ DSCG (10 ® M)

- 0.9 ± 0.01 50.0 ± 2.7 -

S, aureus V8 0.14 ± 0.03 0.09 ± 0.02 - 900.0 ± 4.3

Table 4.2 The changes in intracellular calcium levels induced by anti-IgE 
and the proteases from S. griseus and S. aureus V8
(The values are the means of 3 experiments)

Intracellular calcium levels (pM)

Anti-lgE
(1/200)

a-Chymotrypsin 
(100 pg/ml)

S, griseus 
(50 pg/ml)

S. aureus VS 
(25 pg/ml)

[Câ Ĵi resting 0.17 ±0.02 0.17 ± 0.01 0.40 ± 0.18 0.14 ± 0.01

[Ca^ l̂i activated 0.28 ± 0.04 0.26 ±0.01 0.76 ± 0.25 0.23 ± 0.04

change in [Câ ]̂; 0.11 ±0.02 0.09 ± 0.01 0.36 ± 0.09 0.09 ± 0.03
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Fig. 4.43 Measurement of intracellular calcium in RPMC containing
fluo-3 stimulated with anti-IgE (1/200 dilution)

(Traces are representatives of at least 3 similar readings)
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Fig. 4.44 Measurement of intracellular calcium in RPMC containing
fluo-3 stimulated with a-chymotrypsin (100 pg/ml)

(Traces are representatives of at least 3 similar readings)
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Fig. 4.45 Measurement of intracellular calcium in RPMC containing
fluo-3 stimulated with protease from S. a u reu s  V8 (25 pg/ml)

(Traces are representatives of at least 3 similar readings)

100-1

8 0 -

cnh-

<  BO-

Œ 4 0 -

ui

digitonin

S aureus V82 0 -

aulofluorescence

0 0.4 0.8 3.63.21.6 2.0 2.4 2.81.2

EM 526
EX 506

TIME (MIN)

164



Fig. 4.46 Measurement of intracellular calcium in RPMC containing
fluo-3 stimulated with protease from S, g r is e u s  (50 pg/ml)

(Traces are representatives of at least 3 similar readings)
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Chapter 5

The relationship between protein tyrosine 

kinase, serine esterase and the proteases 

from Streptomyces griseus and 

Staphylococcus aureus V8 in mast cells 

signal transduction
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Chapter 5

5.1 Introduction

It has been established in the previous chapters that PTK, chymotryptic SE and 

selected proteases all have roles in mast cell activation. The aim of this study is to 

examine the connection between these processes.

G proteins and PTK are two major cellular transducers. Although activation o f GPCR 

can elicit rapid stimulation of cellular protein tyrosine phosphorylation^"^®^ ’̂̂ "*̂^̂, the 

mechanism by which G proteins activate PTK is not completely understood. Despite 

reports suggesting a possible direct association of Src PTK with G proteinŝ '̂ ®'̂ '̂ ®̂  ̂

evidence for such a regulatory mechanism has only recently been provided. Thus, Ma 

et observed that Gas and Gai proteins directly stimulate the kinase activity of Src

and Hck, two members of the Src-family o f tyrosine kinaseŝ '̂ ®*̂ . The proposed 

mechanism of activation involves the release of Tyr527 from the SH2 domain 

following G protein stimulation, thus making it available for interaction with other 

proteins.

A member of the group of GPCR, the thrombin receptor found on a variety of cells, 

can also activate non-receptor PTK. Thus, thrombin stimulation induces the tyrosine- 

specific phosphorylation of a large number of proteins as determined by Western 

blotting using tyrosine phosphate-specific antibodieŝ "̂ ®*̂ ’̂ "̂®̂̂ . In the initial 15 s 

following thrombin stimulation, Src is dephosphorylated on Tyr527 and is 

subsequently phosphorylated at Tyr416, both residues which are thought to be critical 

in controlling a c t i v i t y T h r o m b i n  has been shown to stimulate MAP kinases 

p42'""^  ̂ and p44*^^ as well, although it differentially stimulates p44'”'*̂  ̂ in Go-phase- 

arrested CCL39 cellŝ '̂ ^̂ .̂ These enzymes, which possess serine, threonine and tyrosine 

kinase activity, are important in mediating responses to both PTK receptors and GPCR. 

It has also been reported that the PTK inhibitors genistein and herbimycin A fully 

blocked thrombin induced cell death in astrocytes^"*'^ .̂ This PTK activity was either
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independent of pertussis sensitive G protein, or independent of G proteins in general, as 

pertussis toxin did not block thrombin induced cell death.

In comparison with the thrombin receptor, less is known about the signalling molecules 

involved in the PAR2 mediated pathway. Yu et have shown that both PAR2

activating peptide, SLIGRL, and trypsin induced a rapid and transient tyrosine 

phosphorylation of at least four major proteins whose molecular masses were 

approximately 30, 70, 120 and 200 kDa in the 293 cell line. These tyrosine 

phosphorylations were coupled to PAR2 through a pertussis toxin sensitive G protein. 

Furthermore, Kawabata et have recently reported the inhibition by genistein of 

mucin secretion from the sublingual gland of the rat, mediated through the activation of 

PAR2 by SLIGRL.

To ascertain a possible relationship between the actions of proteases and PTK, we have 

therefore examined the effects of the PTK inhibitors on histamine release from a 

variety of mast cell types stimulated with the three non-cytotoxic proteases previously 

identified in this study.

As mentioned in the previous chapter, an endogenous SE with chymotryptic activity in 

a zymogen form is converted to its active state following IgE receptor linking in mast 

cells. To confirm the previous findings, we examined the effects of SE inhibitors, I A, 

PMSF and TPCK, on anti-IgE induced histamine release.

We were also interested to investigate whether a non-receptor PTK has a part in the 

activation of the zymogen and have therefore looked at the effects of non-receptor PTK 

inhibitors, genistein and ST638, and a protein phosphatase inhibitor, OA, on histamine 

release from mast cells stimulated with a-chymotrypsin. In addition, the effects of PTK 

inhibitors on the hydrolysis of an entrapped chymotryptic substrate following 

immunological stimulation of permeabilised RPMC were monitored.
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5.2 Methods and materials

All the methods and materials employed in this study were described in chapter 2.

5.3 Results

5.3.1 The effect of SE inhibitors on histamine release from RPMC stimulated with 

anti-IgE and compound 48/80

I A, PMSF and TPCK in the concentration range of 1 -  100 pM dose-dependently 

inhibited histamine release from RPMC stimulated with anti-IgE. The maximum 

inhibitions observed were 42.2 ± 4.2 %, 46.9 ± 5.1 % and 67.6 ± 2.2 %, respectively 

(fig. 5.1).

PMSF had hardly any effect on 48/80 induced histamine release, with a maximum 

inhibition of 7.4 ± 6.5 % at 100 pM. Similarly, lA and TPCK were only effective at the 

top concentration, with maximum inhibitions of 60.9 ± 3.0 % and 23.8 ± 1.5 %, 

respectively (fig. 5.2).

5.3.2 The effect of SE inhibitors on histamine release from RPMC stimulated with 

a-chymotrypsin and proteases from S, griseus and S, aureus V8

a-Chymotrypsin induced histamine release from RPMC was almost completely 

blocked by the selected SE inhibitors (fig. 5.3). The maximum inhibitions observed 

were 95.9 ± 1.7 % (lA), 99.9 ± 0.3 % (PMSF) and 100.9 ± 5.9 % (TPCK).

Slightly lower dose-dependent inhibition was apparent in the case of the protease from 

S. griseus as stimulus (fig. 5.4). The maximum inhibitions were again at the top 

concentration of 100 pM (88.7 ±2.1 %, 80.4 ± 4.1 % and 85.5 ± 2.6 % for I A, PMSF 

and TPCK, respectively).
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lA and TPCK, in the concentration range of 1 -  100 jiM, effectively and dose- 

dependently inhibited histamine release from RPMC stimulated with protease from S. 

aureus V8 (91.1 ± 4.0 % and 61.0 ± 4.3 %, 100 pM). However, PMSF was only 

effective in inhibiting the protease induced release at the highest test concentration 

(32.9 ± 8.7 %, 100 pM, fig. 5.5).

5.3.3 The effect of PTK and PP inhibitors on histamine release from RPMC 

stimulated with a-chymotrypsin and proteases from S, griseus and

S, aureus V8

Genistein (0.1 -  100 pM), ST638 (0.1 -  100 pM) and OA (1 -  100 pM) dose- 

dependently inhibited histamine release from RPMC stimulated with a-chymotrypsin. 

The maximum inhibitions observed were 55.3 ± 8.2 %, 87.3 ± 6.6 % and 35.2 ± 7.0 %, 

respectively (fig. 5.6).

Histamine release from the cells stimulated with protease from S. griseus was 

moderately and dose-dependently inhibited by genistein and OA. The maximum 

inhibitions observed were 37.4 ± 3.3 % and 19.6 ± 5.9 %, respectively. ST638 was, 

however, only effective at the top concentration (25.6 ±1.3 %, fig. 5.7).

In the cells stimulated with protease from S. aureus V8, OA failed to cause any 

inhibition of histamine release (-2.4 ± 5.7 %, 100 pM). Genistein and ST638 exhibited 

a similar effect, apart from the inhibition produced at the top concentration (100 pM) 

of the drugs (49.6 ± 3.3 % and 52.3 ±1.3 %, respectively, fig. 5.8).

5.3.4 The effect of SE inhibitors on histamine release from permeabilised and non

perm eabilised RPMC stimulated with anti-IgE

lA (1 -  100 pM) produced a dose-dependent inhibition of anti-IgE induced histamine 

release from purified RPMC (66.1 ± 6.5%, 100 pM). The effect was more pronounced, 

although not significantly different, in cells permeabilised with ATP prior to the 

addition of the stimulus (83.5 ± 1.5 %, 100 pM, fig. 5.9).
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In the case of PMSF (fig. 5.10) and TPCK (fig. 5.11), the inhibition of histamine 

release in permeabilised RPMC (81.8 ± 4.6 % and 96.3 ± 0.6 % respectively, 100 pM) 

was considerably higher and significantly greater than that observed in only purified 

cells (49.5 ± 7.4 % and 51.8 ± 6.8 %, respectively, 100 pM).

5.3.5 The effect of PTK and PP inhibitors on histamine release from 

permeabilised and non-perm eabilised RPMC stimulated with anti-IgE

Genistein ( 1 - 1 0 0  pM, fig. 5.12) and ST638 (0.1 -  10 pM, fig. 5.13) caused a limited 

inhibition of histamine release from purified RPMC with maximal effects of 14.7 ± 7.9 

% and 14.0 ± 7.3 %, respectively. The response was more pronounced, although not 

significantly so, when the cells were permeabilised and incubated with the inhibitor 

prior to the addition of anti-IgE (maxima of 34.0 ± 6. % and 23.8 ± 1.7 %, 

respectively).

OA ( 1 - 1 0  pM, fig. 5.14), on the other hand, produced a considerable inhibition from 

the purified cells (61.0 ± 3.7 %, 10 pM), which was significantly increased in 

permeabilised cells (94.7 ± 0.4 %).

5.3.6 Characterisation, using TMA-DPH, of permeabilisation of RPMC with ATP

Purified RPMC were incubated in CFT containing TMA-DPH (0.4 pM). Addition of 

ATP (3 pM) led to an immediate increase in fluorescence due to permeabilisation of 

the cells, entry of TMA-DPH into the cytosol and binding of the dye to intracellular 

membranes (fig. 5.15). The rise in fluorescence was halted by the addition of Mg^^ (1 

mM) which removes the effective agonist form of the nucleotide (ATP" ’̂) and seals the 

cellular lesions. The latter were reopened, with further dye uptake and increase in 

fluorescence, by complexation of the Mg^^ with excess EDTA.
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5.3.7 The effect of anti-IgE, PTK, PP and SE inhibitors on fluorescence changes in 

RPMC loaded with S-Pep-MCA

The selective chymotryptic substrate S-Pep-MCA yields a fluorescent product on 

hydrolysis. It may be introduced into mast cells following reversible permeabilisation 

with ATP and used to measure fluorescence changes occurring after cellular activation.

Fig. 5.16 shows that permeabihsed RPMC loaded with substrate exhibit a pronounced 

and immediate increase in fluorescence on stimulation with anti-IgE. This increase was 

attenuated when cells were preincubated with inhibitors of PTK, PP and SE (table 5.1). 

Genistein (10^ M) was the most active inhibitor and reduced the fluorescence change 

by 45.9 ± 3.5 %. The effects of all the inhibitors used are sumarised in table 5.1.

5.3.8 The effect of a-chymotrypsin, proteases from S, griseus and S, aureus V8 and 

compound 48/80 on histamine release from RPMC stimulated with anti-IgE

RPMC, which had previously been sensitised to the nematode Nippostrongylus 

brasiliensis, were challenged simultaneously with anti-IgE and the relevant stimuli.

a-Chymotrypsin ( 7 - 1 5  pg/ml, fig.5.17), proteases from S. griseus ( 1 - 4  pg/ml, fig. 

5.18) and S. aureus V8 (0.5 -  4 pg/ml, fig. 5.19) and compound 48/80 (25 -  50 pg/ml, 

fig. 5.20) used as a control, significantly potentiated histamine release from RPMC 

stimulated with anti-IgE.

5.3.9 The effect of a-chymotrypsin and proteases from S, griseus and 5. aureus V8 

on histamine release from human basophils stimulated with anti-IgE

In human basophils, a-chymotrypsin slightly potentiated histamine release at 

concentrations of 10 and 50 pg/ml, although the effect was not statistically significant 

(fig. 5.21). The response at a concentration of 100 pg/ml was close to additive, with 

slight inhibition being observed.
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Protease from S. griseus (10 -  100 jig/ml) acted in an inhibitory manner, and the 

release due to anti-IgE and the protease (50 }ig/ml) combined was 9.5 ± 1 .4  %, as 

opposed to the calculated additive value of 15.1 ± 0.6 %. This difference was, however, 

statistically insignificant (fig. 5.22). A similar effect, although less pronounced, was 

observed with protease from S. aureus VS (fig. 5.23).

5.3.10 The effect of a-chymotrypsin and proteases from S. griseus and 5. aureus 

V8 on histamine release from HLMC stimulated with anti-IgE

The effects of a-chymotrypsin and the proteases from S. griseus and S. aureus VS at 

concentrations of 10 and 50 pg/ml were mainly additive (figs. 5.24 -  5.26).

5.4 Discussion

The activities of the range of chymotryptic inhibitors, lA (a suicide inhibitor), PMSF (a 

general SE inhibitor) and TPCK (an active site directed ligand), against anti-IgE 

induced histamine release provide conclusive evidence for the involvement of a 

chymotryptic SE in the immunological release process in RPMC.

In contrast to their activities against secretion induced by anti-IgE, none of the tested 

compounds was effective in cells stimulated with compound 48/80. Compound 48/80, 

as discussed earher, is thought to bypass many of the biochemical events following IgE 

receptor cross-linking, and directly to activate a G protein involved in the secretory 

process^^^l As such, it may therefore circumvent the step which involves the serine 

protease.

Having confirmed the role of a chymotryptic SE in IgE mediated mast cell signalling,

we went on to examine the effects of the above inhibitors on histamine release from

RPMC stimulated with a-chymotrypsin and the proteases from S. griseus and S. aureus

VS. As expected, the histamine release from the cells treated with a-chymotrypsin was
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completely abolished and this may simply reflect a direct inactivation o f the enzyme. 

However, the proteases from S. griseus and S. aureus V8 were also effectively 

inhibited, although PMSF was only weakly active in the latter case. This result is, at 

first, sight, unexpected since neither protease possesses significant chymotryptic 

activity and both lA and TPKC are considered specific for this enzyme. This result 

may then imply that the proteases activate an endogenous chymotryptic enzyme, as in 

the case of IgE-directed ligands, and that this esterase is susceptible to the inhibitors.

Somewhat different results were obtained when PTK inhibitors were employed in 

RPMC stimulated with a-chymotrypsin and the proteases from iS. griseus and S. aureus 

V8. Genistein, ST638 and OA all inhibited a-chymotrypsin induced histamine release, 

with the non-receptor PTK inhibitor, ST638, being most effective. This result directly 

supports our hypothesis that a non-receptor PTK may be involved in the activation of 

the endogenous SE. Inhibition o f a smaller magnitude was observed against the 

protease from S. griseus. Had this protease expressed a greater amount of chymotryptic 

activity and acted extracellularly through a receptor, it would have strengthened the 

assumption that PTK may represent the bridge between endogenous and exogenous SE 

signalling. Protease from S. aureus V8, which also expressed only a limited 

chymotryptic activity, was largely unaffected by the PTK inhibitors.

To examine further the nature of the effects of the PTK, PP and SE inhibitors on 

histamine release induced by anti-IgE, RPMC were first purified and then 

permeabilised with ATP. Mast cell purification is often carried out to rule out possible 

interfering effects from contaminating cells. Membrane permeabilisation with ATP is a 

limited method, applicable only to those cells having appropriate receptors. Besides 

mast cellŝ "*'̂ ,̂ cells susceptible to permeabilisation by ATP include certain transformed 

epithelial cell lines '̂^* \̂ m a c r o p h a g e s a n d  lymphocytes^"^A particular feature of 

the use of ATP as a permeabilising agent hes in the possibility of resealing the induced 

lesions. This can be achieved within seconds by the addition of excess Mg to system, 

which converts the effective agonist, ATP" '̂, to its Mĝ "̂  salt̂ ^̂ ^̂ ’
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It was found that the activities of the SE inhibitors PMSF and TPCK were strikingly 

increased when they were directly introduced into the RPMC by permeabilisation with 

ATP. lA also produced a higher inhibition of histamine release in permeabilised cells, 

although the effect was not statistically significant. The increased activity seen in the 

present study indicates the importance of the effective incorporation of the test 

compounds into the cell cytosol.

Similar findings were observed with genistein, ST638 and OA, although the effects of 

genistein and ST638 were greatly reduced in purified RPMC in comparison with their 

non-purified counterparts. This may reflect a reduced partitioning of the drugs into the 

cells in concentrated suspensions.

To confirm practically that RPMC were susceptible to permeabilisation with ATP, 

measurements of the uptake of the normally impermeant fluorescent dye TMA-DPH 

were performed. TMA-DPH was originally devised for fluorescence anisotropy 

studieŝ "̂ *̂̂ . It is an amphipathic cation, possessing very low fluorescence efficiency in 

the aqueous phase, but emitting strongly when bound to a membrane. The existence of 

the cationic centre prevents penetration of the dye into cells and confines it to the outer 

leaflet of the plasma membrane. Upon permeabilisation, the dye is able to enter cells 

and stain additional material, including the inner leaflets of the organelle membranes.

ATP, in the presence of TMA-DPH, induced a pronounced increase in fluorescence of 

RPMC. This increase, which commenced within seconds of applying the ATP, is 

indicative of membrane permeabilisation by the nucleotide and hence access of the dye 

to the internal membranes. The rise in fluorescence was halted by the addition of 

MgCb, which converts ATP"̂ ‘ to its Mg^^ salt, indicating resealing of the membrane. A 

further increase in fluorescence was observed by addition of EDTA, which removes 

Mg^^ to restore the ATP" '̂. These observations are in agreement with the previous 

studies of Tatham et al.̂ ^̂ ^̂  and confirm the validity of our permeabilisation procedure.

Further direct evidence for the involvement of a chymotrypsin-like enzyme in 

immunological activation of RPMC was provided with the fluorescent substrate S-Pep-
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MCA. This compound was entrapped in cells permeabilised with ATP. Stimulation 

with anti-IgE led to a pronounced and rapid increase in fluorescence, indicating 

activation of the enzyme and hydrolysis o f the substrate. Consistent with the given 

hypothesis, the fluorescence changes were attenuated by chymotryptic inhibitors 

previously shown to block histamine release. These findings are in agreement with the 

previous reports of Emadi-Khiav and Pearcê '̂̂ '̂ ’̂̂ '̂̂ l̂

To extend these observations, we tested the effects of PTK inhibitors on the above 

changes. Even higher reductions in the fluorescence changes were observed with the 

PTK inhibitors, genistein and ST638. This result directly indicates the role of PTK in 

immunological activation of the SE zymogen. The fact that the effects were more 

pronounced than those observed with chymotryptic inhibitors may imply that the 

inhibition of hydrolysis of the substrate is more effective when the zymogen activation 

is blocked in the first instance, than when one attempts to inhibit already active 

chymotryptic enzyme.

a-Chymotrypsin and the proteases from S. griseus and S. aureus V8 potentiated anti- 

IgE induced histamine release from RPMC. The effects were synergistic, as opposed to 

being simply additive, and thus would indicate that anti-IgE and the relevant protease 

initially act via separate pathways, which converge to a common mechanism. Our first 

thought was that a-chymotrypsin, believed to substitute for an endogenous proteolytic 

enzyme whose activation is a necessary condition for the immunological release of 

histamine at least in RPMC, might provide an excess presence of membrane SE, and 

therefore increase the efficiency of the IgE mediated signal transduction mechanism. 

The up-regulated signal would hence be a more effective secretory trigger. The fact 

that similar results were observed with the proteases from S. griseus and S. aureus V8, 

which expressed limited or no chymotryptic activity, indicates that the effect is not 

confined to this particular enzymatic activity.

The same proteases do not directly cause secretion from human basophils and HLMC. 

However, we were interested to determine whether these enzymes affected anti-IgE
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induced histamine release in these systems. The negative results testify yet again to the 

heterogeneous nature of mast cells from different species.

In total, this study has indicated that non-receptor PTK is involved in the activation of 

the SE zymogen. In addition, the effective reduction of histamine release by SE 

inhibitors and the partial reduction by PTK and PP inhibitors from cells stimulated with 

the proteases from S. griseus and S. aureus V8 suggest that these enzymes trigger a 

signalling cascade which involves non-receptor PTK and chymotryptic SE. The fact 

that the proteases also potentiated the release o f histamine from RPMC induced by 

anti-IgE, indicates that they may have a general role in the amplification of 

inflammatory responses.
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Fig. 5.1 The effect of SE inhibitors on histamine release from RPMC
stimulated with anti-IgE (n = 4, control release = 29.3 ±1.1 %)
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Fig. 5.2 The effect of SE inhibitors on histamine release from RPMC
stimulated with compound 48/80 (n = 4, control release = 42.4 ± 
4.1 %)
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Fig. 5.3 The effect of SE inhibitors on histamine release from RPMC
stimulated with a-chymotrypsin (n = 4, control release = 41.8 ±
4.1 %)
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Fig. 5.4 The effect of SE inhibitors on histamine release from RPMC 
stimulated with protease from S. griseus (n = 4, control release 
= 31.7 ±2.7 %)
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Fig. 5.5 The effect of SE inhibitors on histamine release from RPMC
stimulated with protease from 5. a u reu s  V8 (n = 4, control release
= 48.6 ±  5.3 %)
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Fig. 5.6 The effect of PTK and PP inhibitors on histamine release from 
RPMC stimulated with a-chymotrypsin (n = 4, control release = 
42.6 ±  8.3 %)
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Fig. 5.7 The effect of PTK and PP inhibitors on histamine release from
RPMC stimulated with protease from S. g r is e u s  (n = 4, control
release = 72.1 ± 4.4 %)
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Fig. 5.8 The effect of PTK and PP inhibitors on histamine release from
RPMC stimulated with protease from 5. aureus V8 (n = 4, control 
release = 48.6 ±  2.4 %)
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Fig. 5.9 The effect of lA on histamine release from permeabilised and 
non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 21.6 ±  4.5 and 32.4 ±  5.4, respectively)

(In no cases were the releases obtained when using permeabilised RPMC 
significantly different from those obtained when using non-permeabilised RPMC)
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Fig. 5.10 The effect of PMSF on histamine release from permeabilised
and non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 21.6 ± 4.5 and 32.4 ± 5.4, respectively)
(Asterisks denote those releases that were significantly different from those 
obtained when using non-permeabilised RPMC. * p < 0.05)
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Fig. 5.11 The effect of TPCK on histamine release from permeabilised
and non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 21.6 ± 4.5 and 32.4 ±  5.4, respectively)
(A ste risk s  d e n o te  th o se  re le a se s  th a t w e re  s ig n ifican tly  d if fe re n t fro m  th o se  
o b ta in ed  w h en  u s in g  n o n -p e rm e a b ilise d  R P M C . * p  <  0 .0 5 , * * p <  0 .01)
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Fig. 5.12 The effect of genistein on histamine release from permeabilised 
and non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 68.7 ± 5.9 and = 45.1 ±  1.7, respectively)

(In  no cases  w ere  th e  re lea se s  o b ta in e d  w h e n  u sin g  p e rm e a b ilise d  R P M C  
sig n ifican tly  d iffe ren t fro m  th o se  o b ta in ed  w h e n  u s in g  n o n -p e rm e a b ilise d  R P M C )
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Fig. 5.13 The effect of ST638 on histamine release from permeabilised
and non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 68.7 ± 5.7 and 45.1 ±  1.7, respectively)

(In no cases were the releases obtained when using permeabilised RPMC 
significantly different from those obtained when using non-permeabilised RPMC)
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Fig. 5.14 The effect of OA on histamine release from permeabilised and 
non-permeabilised RPMC stimulated with anti-IgE (n = 4, 
control releases (%); 25.1 ±  6.7 and 45.1 ±  1.7)
(Asterisks denote those releases that were significantly different from those 
obtained when using non-permeabilised RPMC. ** p < 0.01, *** p < 0.001)
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Fig. 5.15 Measurement of fluorescence in RPMC treated with ATP 
(3 p̂ M) in the presence of TMA-DPH (0.4 pM)

(The traces are representatives of at least three similar recordings)
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Fig. 5.16 Measurement of fluorescence in RPMC loaded with S-Pep-MCA 

(100 pM) and treated with anti-IgE (1/200 dilution)
(The traces are representatives of at least three similar recordings)
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Table 5.1 The effect of PTK, PP and SE inhibitors on the fluorescence 
changes in RPMC loaded with S-Pep-MCA (n = 3)

Inhibitor (10^ M) Inhibition (%)

Genistein 45.9 ± 3.5
ST638 34.4 ± 9.8
OA 9.5 ± 4.8

lA 26.0 ± 3.6
PMSF 19.2 ±4.4
TPCK 14.0 ± 3.9

Fig. 5.17 The effect of a-chymotrypsin on histamine release from RPMC 
stimulated with anti-IgE (1/250 dilution) (n = 4)

(Asterisks denote the releases obtained by a-chymotrypsin and anti-IgE together 
that were significantly different from the sum of the releases obtained by a- 
chymotrypsin and anti-IgE separately. * p < 0.05, ** p < 0.01)
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Fig. 5.18 The effect of protease from S, griseus  on histamine release from 
RPMC stimulated with anti-IgE (1/250 dilution) (n = 4)
(Asterisks denote the releases obtained by protease from S. griseus and anti-IgE 
together that were significantly different from the sum o f the releases obtained 
by protease from S. griseus and anti-IgE separately. * * p < 0 . 0 1 , * * * p <  0.001)
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Fig. 5.19 The effect of protease from 5. aureus V8 on histamine release 
from RPMC stimulated with anti-IgE (1/250 dilution) (n = 4)
(Asterisks denote the releases obtained by protease from S. aureus V8 and anti- 
IgE together that were significantly different from the sum of the releases 
obtained by protease from S. aureus V8 and anti-IgE separately. * p < 0.05,
*** p <  0.001)
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Fig. 5.20 The effect of compound 48/80 on histamine release from RPMC 
stimulated with anti-IgE (1/250 dilution) (n = 4)
(Asterisks denote the releases obtained by compound 48/80 and anti-IgE 
together that were significantly different from the sum o f the releases obtained 
by compound 48/80 and anti-IgE separately. ** p < 0.01, *** p < 0.001)
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Fig. 5.21 The effect of a-chymotrypsin on histamine release from human 
basophils stimulated with anti-IgE (1/250 dilution) (n = 4)
(In no cases were the releases induced by a-chymotrypsin and anti-IgE 
together statistically different from the sum of the releases induced by 
a-chymotrypsin and anti-IgE separately)

CQ
"ôSk
(U
c

'W%

30 

25 4 

20 4 

15

10

5

0

□  Anti-IgE alone
□  Chymotrypsin alone
□  Anti-IgE + Chymotrypsin (calc.)
□  Anti-IgE + Chymotrypsin (exp.)

10 50

Chymotrypsin (lig/ml)

1 0 0

189



Fig. 5.22 The effect of protease from S, g r ise u s  on histamine release from
human basophils stimulated with anti-IgE (1/250 dilution)
(n = 4)
(In no cases were the releases induced by protease from S. griseus and anti-IgE 
together significantly different from the sum of the releases induced by 
protease from S. griseus and anti-IgE separately)
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Fig. 5.23 The effect of protease from S, aureus V8 on histamine release
from human basophils stimulated with anti-IgE (1/250 dilution) 
(n = 4)
(In no cases were the releases induced by protease from S. aureus V8 and anti- 
IgE together significantly different from the sum o f the releases induced by 
protease from S. aureus V8 and anti-IgE separately)
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Fig. 5.24 The effect of a-chymotrypsin on histamine release from HLMC 
stimulated with anti-IgE (1/250 dilution) (n = 4)
(In no cases were the releases induced by a-chymotrypsin and anti-IgE 
together significantly different from the sum of the releases induced by 
a-chymotrypsin and anti-IgE separately)
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Fig. 5.25 The effect of protease from S, griseus  on histamine release from 
HLMC stimulated with anti-IgE (1/250 dilution) (n = 4)

(In no cases were the releases induced by protease from S. griseus and anti-IgE 
together significantly different from the sum of the releases induced by protease 
from S. griseus and anti-IgE separately)
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Fig. 5.26 The effect of protease from S, aureus V8 on histamine release 
from HLMC stimulated with anti-IgE (1/250 dilution) (n = 4)
(In no cases were the releases induced by protease from S. aureus V8 and anti- 
IgE together statistically different from the sum of the releases induced by 
protease from S. aureus V8 and anti-IgE separately)
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Chapter 6

The effects of genistein and serine 

proteases on ileal smooth muscle 

contraction
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Chapter 6

6.1 Introduction

Smooth muscle contractility is primarily regulated by alterations in the intracellular 

free Câ "̂  concentration. An increase in Câ "̂  levels promotes contraction, whereas a 

decrease causes relaxation o f smooth muscle.

It has been reported that there is a high activity o f PTK in smooth muscle cellŝ "̂ ^̂ l 

Demonstration that pharmacological agents which inhibit the activity of the enzyme 

also attenuate smooth muscle contraction has invoked a role for protein tyrosine 

phosphorylation in the signalling mechanism o f smooth muscle contraction '̂^^^l 

Sodium orthovanadate, commonly known as vanadate, has been shown to induce 

smooth muscle contraction. Vanadate inhibits the activity of FTP and thereby causes a 

net increase in the level o f protein tyrosine phosphorylation '̂^ '̂^^ In this line, Di Salvo et 

al.̂ '̂ ^̂  ̂ investigated the effect of vanadate on guinea pig ileal smooth muscle and 

confirmed that vanadate mimicked the effect of vasoactive peptides and growth factors 

on contractility. Vanadate induced contraction was associated with increased tyrosyl 

phosphorylation of three major proteins having apparent molecular sizes of 86, 116 and 

205 kDa. In these experiments, genistein not only attenuated vanadate induced 

contraction, but also significantly reduced the vanadate induced increase in protein 

phosphorylation.

Initially, it was thought that PLCy might be a potential substrate for the action of PTK 

in smooth muscle, with the enzyme becoming phosphorylated at tyrosine and activated 

in response to EGF and PDGF^^^^l However, activated PLCy increases cellular calcium 

much more slowly than required to account for the rapidity of smooth muscle 

contraction. Thus, additional substrates remain to be characterised to link protein 

tyrosine phosphorylation with smooth muscle contraction.
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It was Ohta et who first proposed that PTK modulate the calcium influx

pathways in rat ileal muscle. Indeed, apart from its ability to inhibit PTK, genistein has 

been shown to inhibit a variety of membrane ion channels, including Ca^  ̂ channels in 

isolated vascular smooth muscle cellŝ "̂ ^̂ .̂ Likewise, genistein has been reported to 

inhibit smooth muscle contractions via capacative Ca^^ entry in mesenteric arteries '̂*^^  ̂

We were interested to clarify the nature of the effects of PTK on ileal smooth muscle in 

vivo, and used genistein as a tool to achieve this.

So far, there has been evidence of multiple actions of PAR on smooth muscle tissues 

from different locations and different animals. A considerable amount of work has 

been done on vascular and airway smooth muscle. PARI activation was found directly 

to contract rat vascular smooth muscle and indirectly to relax it via release of nitric 

oxide (NO) from the endothelium^'^^^l PAR2 activation induces only endothehal NO 

dependent relaxation of rat vascular tissueŝ "*̂ ^̂ , although there is exceptional evidence 

that PAR2 directly contracts mouse renal artheries '̂̂ ^®  ̂ In airway tissues, PARI and 

PAR2 stimulated relaxations are inhibited by indomethacin, suggesting that they are 

mediated via the generation of cyclooxygenase, rather than a NO synthase, 

products^"*^ l̂

Given the wide distribution o f PAR in the gastrointestinal tract and their demonstrated 

ftmctions^^^* ,̂ it is hypothesised that PAR might play key roles throughout the digestive 

system, especially during inflammation where thrombin and mast cell tryptase could 

become available as endogenous agonists. Activation of PARI and PAR2 results in 

contraction of gastric longitudinal smooth muscle isolated from rats and guinea 

pigŝ ^̂ ^̂ \ The PARI mediated gastric contraction occurs through activation of L-type 

calcium channels, cyclooxygenase, PKC and whereas the PAR2

mediated response is independent of PKĈ '^̂ ' l̂ Thus, the signal transduction pathways 

in smooth muscle appear to be distinct depending on the tissue.

With this is mind, we aimed in the present study to determine the effects of the PAR 

agonists, thrombin and trypsin, as well as a-chymotrypsin and the protease from S. 

griseus, on rat and guinea pig ileal smooth muscle responses.
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6.2 Methods and Materials

The methods and materials employed in this study are described in chapter 2. All the 

guinea pigs used had previously been sensitised by subcutaneous injection of Bacillus 

pertussis organism (20,000/ml, 0.5 ml) and antigen ovalbumin (5 mg/ml). Changes in 

muscle contraction (%) above the basal level were noted (1 g load was calibrated as 20 

% contraction).

6.3 Results

6.3.1 The effect of genistein and selected pro teases on NaF and carbachol 
induced contraction of the rat ileum

Genistein (0 .1 -1 0  pM) reduced the contraction of rat ileal muscle pretreated with NaF 

(10 mM) and carbachol (0.5 pM), (fig. 6.1). The maximum reductions were 54.6.3 ±

3.1 %, 10 mM (NaF) and 26.7 ± 3.0 %, 0.5 pM (carbachol).

a-Chymotrypsin, the protease from S. griseus, trypsin and thrombin, at concentrations 

of 10 -  40 pg/ml, also reduced the contractions of the rat ileum. The maximum 

reductions of the contractions induced by NaF (fig. 6.2) and carbachol (fig. 6.3), 

respectively, at the top concentrations of the proteases were 73.2 ± 9.4 % and 26.7 ± 

6.0 % (a-chymotrypsin), 75.0 ± 4.0 % and 70.5 ± 9.7 % (& griseus), 57.2 ± 3.4 % and

62.7 ± 2.8 % (trypsin), 54.0 ± 6.4 % and 56.2 ± 5.9 % (thrombin).

Under conditions of resting tone, genistein and the selected proteases failed to exhibit a 

significant effect and caused only a limited and transient contraction of rat and guinea 

pig ileum (data not shown).
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6.3.2 The effect of calcium ionophore A23187 and NaNP on the reduction of NaF 
induced contraction of the rat ileum induced by genistein, a-chymotrypsin 
and the protease from S. griseus

Calcium ionophore A23187 (10 pM) and the nitric oxide donor, NaNP (100 pM), 

partially reversed the relaxing effect of genistein (1 pM), although the change was not 

statistically significant (fig. 6.4). The reduction of the NaF (10 mM) induced 

contraction observed with genistein (54.6 ±3 .1  %) was decreased to 42.6 ± 5.2 % 

(A23187) and 32.3 ± 4.3 % (NaNP), respectively.

The effects of A23187 and NaNP were more pronounced in the cases of a- 

chymotrypsin (20 pg/ml) and the protease fi*om S. griseus (20 pg/ml) as relaxants. 

Addition of A23187 to the smooth muscle preparation significantly reduced the 

relaxing effects of a-chymotrypsin (fi-om 51.2 ± 6.4 % to 14.7 ± 3 . 2  %) and the 

protease fi’om S. griseus (fi*om 63.3 ± 8.6 % to 37.0 ± 4.4 %) (fig. 6.5). NaNP markedly 

and significantly reduced the relaxation observed with the protease fi*om S. griseus 

(fi’om 63.3 ± 8.6 % to 20.7 ± 4.9 %) (fig. 6.6). The effect on a-chymotrypsin was also 

significant, although less pronounced (reduction fi-om 51.2 ± 6.4 % to 33.5 ± 3.2 %) 

(fig. 6.6).

6.3.3 The effect of genistein and selected proteases on contraction of guinea pig 
ileum induced by histamine, ovalbumin, NaF and carbachol

Genistein (1 pM) moderately attenuated the contraction of guinea pig ileum treated 

with histamine (1 pM), ovalbumin (100 ng/ml) and NaF (10 mM) with respective 

reductions of 36.1 ± 6.4 %, 32.4 ± 7.0 % and 32.0 ± 4.7 % (fig. 6.7). However, it 

produced only a limited effect when the muscle was precontracted with carbachol (0.5 

pM, 6.5 ± 2.7 % reduction of contraction) (fig. 6.7).

The PAR agonists trypsin and thrombin, and a-chymotrypsin, each at a concentration 

of 20 pg/ml produced only a moderate reduction in the contraction of the histamine (1 

pM) pretreated guinea pig ileum. The reductions of contractions observed were 18.5 ±
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3.8 %, 13.0 ± 2.8 % and 20.9 ± 2.6 %, respectively (fig. 6.8). Protease from S. griseus, 

at the same concentration, proved to be much more effective, with a reduction of 

contraction of 50.8 ± 4.0 % (fig. 6.8).

The same proteases were generally much more effective in inhibiting the contraction 

induced by ovalbumin (100 ng/ml). The inhibitions observed were 47.3 ± 5.7 % (a- 

chymotrypsin), 44.5 ± 8.9 % {S. griseus), 35.0 ±5.1  % (trypsin) and 26.8 ± 5.9 % 

(thrombin) (fig. 6.9).

NaF (10 mM) induced contraction of guinea pig ileum was moderately reduced by 

trypsin (41.6 ± 1 6.7 %), the protease from S. griseus (35.2 ± 3.9 %), a-chymotrypsin 

(24.7 ± 3.7 %) and thrombin (18.5 ± 4.7 %) (fig. 6.10).

The contraction of the carbachol (0.5 pM) pretreated muscle was only negligibly 

reduced by a-chymotrypsin (7.7 ± 0.9 %) and thrombin (6.6 ± 2.9 %) (fig. 6.11). The 

protease from S. griseus and trypsin produced moderate reductions of the contraction 

with inhibitions of 24.6 ± 5.8 % and 15.5 ± 2.3 %, respectively (fig. 6.11).

6.4 Discussion

The results from this study provide evidence that PTK and proteases can significantly 

regulate the activity of precontracted rat and guinea pig ileal smooth muscles by 

exerting contractile and relaxant effects, respectively.

The effects of genistein were examined in carbachol and NaF pretreated rat ileal 

smooth muscle. This tissue failed to respond to histamine, which was not the case with 

the guinea pig analogue. The studies in guinea pig ileum involved histamine and 

ovalbumin, as well as carbachol and NaF as contractile agents.

Carbachol, a muscarinic receptor agonist, is extensively used to contract smooth

muscle due to its ability to mobilise internal calcium stores. This depletion is followed
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by capacative Ca^  ̂entry, which causes the contraction of the smooth musclê "̂ ^̂ .̂ When 

tested on carbachol pretreated rat and guinea pig ileum, genistein modestly reduced the 

muscle contraction. The effect was more pronounced in rat ileum than in guinea pig 

ileum. Our findings are in agreement with those o f Di Salvo et al̂ "̂ ^̂ ,̂ who observed a 

significant reduction by genistein o f the contractile effect of carbachol in guinea pig 

gastric smooth muscle. Ohta et al.̂ "̂ ^̂  ̂ reported similar findings in rat ileal smooth 

muscle. Having further examined the effects of genistein on the responses to Ca^  ̂

released from stores by carbachol and to capacative Ca^  ̂entry after transient depletion 

of the intracellular Ca^  ̂stores by this agonist, they found that the inhibitor was much 

more effective in blocking the latter process. Yang et al.̂ "̂ ^̂ ,̂ however, did not detect 

any inhibitory effect of genistein on carbachol induced contraction of guinea pig 

gastric longitudinal and circular muscles. It may be possible that in this preparation, 

and our preparation of the guinea pig ileum, the main effect of carbachol was exerted 

through its depletion of intracellular Ca^  ̂stores.

The second contracting agent used, NaF, is a classical phosphatase inhibitor̂ '^̂ * .̂ It 

produces strong contractions of smooth muscle in blood vessel preparations '̂^^^^ NaF 

has also been reported to induce endothelium dependent relaxations in rat mesenteric 

arterŷ '̂ '̂ ®̂  In this system, it seems most likely that NaF releases endothelium derived 

hyperpolarazing factor (EDHF), together with NO from endothelial cells, which results 

in endothelium dependent hyperpolarization, thereby leading to smooth muscle 

relaxation.

In our experiments on rat and guinea pig ileum smooth muscle preparations, genistein 

effectively inhibited the contraction due to the action of NaF, the effect once again 

being more pronounced in the rat tissue. Application of the calcium iopnophore, 

A23187, 15 min prior to the addition of genistein reversed the effect of the inhibitor 

slightly but not significantly. This provides further evidence for the action o f genistein 

on Ca^^ influx pathways.

Extending the findings in the guinea pig to include histamine and ovalbumin 

precontracted preparations, we observed moderate and equal inhibitions of contraction.
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Histamine is believed to act on smooth muscle by increasing the intracellular Ca^  ̂

concentration. Antigen ovalbumin induces the same effect by its histamine releasing 

action. The fact that genistein considerably reduced the contraction produced by 

ovalbumin further confirms the prominent role of PTK in the immunological histamine 

release process. Similar findings were observed by Iwagoe et al.̂ '̂ '̂ *̂  in guinea pig 

trachea treated with ovalbumin. However, the same authors observed no reduction of 

contraction in the preparation directly treated with histamine. Additionally, they found 

that genistein significantly inhibited antigen induced histamine release from the 

tracheal tissue. They, therefore, postulated that the inhibition of antigen induced 

tracheal contraction is due to inhibition of release of histamine and probably other 

chemical mediators, e.g. leukotrienes or PGD2, from mast cells in tracheal tissue. Thus, 

genistein does not directly inhibit tracheal smooth muscle contractility in this system.

Although there are many reports demonstrating that PTK have a prominent role in 

capacative Ca^  ̂ entry, we were interested to determine whether genistein might exert 

its relaxant effect through the production of NO in the rat ileum. In this case, we 

assumed that the NO donor, NaNP, would further increase the relaxation observed on 

treatment of the preparation with genistein. NaNP not only failed further to relax the 

smooth muscle, but slightly reversed the effect of genistein, although the effect was not 

statistically significant. It is therefore unlikely that genistein acts by modulating NO 

production. Likewise, it would have also been useful to use the NO synthase inhibitor, 

N^-nitro-L-arginine (L-NOARG), directly to exclude the role of the oxide in the 

relaxation.

The relaxant effects of the PARI and PAR2 agonists, thrombin and trypsin, in rat and 

guinea pig ileum were comparable to those of genistein. a-Chymotrypsin and the 

protease from S. griseus were even more effective in relaxing NaF treated rat ileum. 

The effects in carbachol precontracted muscle were comparable to those of genistein, 

except that a-chymotrypsin induced a somewhat smaller reduction of contraction. 

Similarly, Moffatt and Cockŝ "̂ ®̂̂  observed that trypsin caused relaxation of mouse 

renal arteries precontracted with the thromboxane A2 mimetic U46619, a response that 

was reversed to contraction when endothelial NO synthesis was inhibited with L-
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NOARG as well as when the endothelium was removed. These findings show that 

PARs are located on both the endothelium (mediating NO synthesis) and smooth 

muscle (causing direct contraction) of mouse renal arteries. An interesting result was 

obtained when we treated NaF precontracted rat ileum with NaNP, prior to the 

application of a-chymotrypsin and the protease from S. griseus, and observed that the 

NO donor significantly reduced the relaxing effect of the two proteases. It is difficult to 

explain why NaNP would antagonize the effect of the proteases if the relaxation is due 

to the induction of NO synthesis. This indicates that, unlike the situation with PAR in 

mouse renal artery, the relaxant effect of proteases in rat ileum may be independent of 

NO production. Recent findings complementary to this hypothesis are those of Cicala 

et who demonstrated a relaxation of histamine precontracted guinea pig airways

which was independent of the release of NO, as well as of prostaglandins. Furthermore, 

NaNP applied directly has been reported to induce contraction of the longitudinal 

muscle of the rat small intestine '̂ '̂^ l̂

A23187 also significantly reversed the relaxing effects of a-chymotrypsin and the 

protease from S. griseus. This is in agreement with Kawabata et al.,̂ "̂̂  ̂ who reported 

that the contractile responses to PARI and PAR2 agonists were reduced, to a certain 

extent, by the L-type calcium channel blocker, nifedipine, suggesting some 

involvement of these channels in PARI and PAR2 mediated duodenal contraction.

The results obtained in guinea pig ileum precontracted with histamine and ovalbumin 

point to an anti-inflammatory effects of PARI and PAR2 agonists, as well as of a- 

chymotrypsin and the protease from S. griseus, in this tissue type. Our findings are in 

agreement with the above mentioned observations of Cicala et in the guinea pig

airways, as well as with the observation that activation of PAR2 causes an epithelium 

dependent relaxation of mouse isolated bronchi that correlates with PAR2 

immunoreactivity in cytoplasmic regions of airway epithelial cellŝ ^®̂  ̂ and of mouse 

tracheal rings '̂^^ l̂

In total, this study has demonstrated relaxant and anti-inflammatory roles of PARI and 

PAR2 agonists, thrombin and trypsin, and possibly some other serine proteases, in rat
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and guinea pig ileum. Taken together with their other roles in the gastrointestinal tract, 

PAR play a key role in the digestive system, and may provide scope for novel drug 

development. In addition, protein tyrosine phosphorylation, in so far as this reflects the 

effects of genistein, was found to have a role in ileal smooth muscle responses.
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Fig. 6.1 The effect of genistein on NaF (10 mM) and carbachol
(0.5 p̂ M) induced contraction of rat ileum (n = 4)
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Fig. 6.2 The effect of selected proteases on NaF (10 mM) induced 
contraction of rat ileum (n = 4-5)
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Fig. 6.3 The effect of selected proteases on carbachol (0.5 pM) induced
contraction of rat ileum (n = 4-5)
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Fig. 6.4 The effect of A23187 (10 pM) and NaNP (100 pM) on the 
reduction by genistein (1 pM) of NaF (10 mM) induced 
contraction of rat ileum (n = 5)
(The reductions in NaF induced contraction induced by genistein and 
A23187 and genistein and NaNP were not significantly different from that 
induced by genistein alone)
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Fig. 6.5 The effect of A23187 (10 ^M) on the reduction by selected
proteases (20 pg/ml) of NaF (10 mM) induced contraction of 
rat ileum (n = 5)
(Asterisks denote the reductions in NaF induced contraction induced by 
proteases and A23187 that were significantly different from those obtained 
when using only the proteases (* p < 0.05)
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Fig. 6.6 The effect of NaNP (100 pM) on the reduction by selected
proteases (20 pg/ml) of NaF (10 mM) induced contraction of 
rat ileum (n = 5)
(Asterisks denote the reductions in NaF induced contraction induced by 
proteases and NaNP that were significantly different from those obtained 
when using only the proteases (* p < 0.05, ** p < 0.01)
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Fig. 6.7 The effect of genistein (1 \iM ) on contraction of guinea pig 
ileum induced by histamine (1 pM), ovalbumin (100 ng/ml), 
carbachol (0.5 pM) and NaF (10 mM) (n = 5)
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Fig. 6.8 The effect of selected proteases (20 pg/ml) on histamine 
(1 pM) induced contraction of guinea pig ileum (n = 4-7)
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Fig. 6.9 The effect of selected proteases (20 pg/ml) on ovalbumin
(100 ng/ml) induced contraction of guinea pig ileum (n = 4)
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Fig. 6.10 The effect of selected proteases (20 pg/ml) on NaF (10 mM) 
induced contraction of guinea pig ileum (n = 4)
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Fig. 6.11 The effect of selected proteases (20 pg/ml) on carbachol
(0.5 pM) induced contraction of guinea pig ileum (n = 4)
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Chapter 7

General synopsis and overview
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Chapter 7

Immunological stimuli act on the mast cell by cross-linking IgE receptors on the 

plasma membrane. This initiates a sequence of biochemical events that eventually lead 

to the release of histamine, arachidonic acid metabolites and cytokines. Immediately 

after the receptors have been aggregated, they and other proteins are phosphorylated on 

specific tyrosine residues. The PTK responsible for these phosphorylations, Lyn and 

Syk kinases, are not part of the receptor, but are associated with it̂ ^^ l̂ Their signal 

transduction mechanism involves activation of PLCy and the effects are balanced by 

PP, which dephosphorylate the above proteins.

One of the aims o f the present study was to determine the involvement of PTK and PP 

in the IgE mediated signal transduction of a range of rodent and human mast cells and 

human basophils. In addition, we sought to define selective PTK inhibitor(s), which 

block only histamine release fi'om mast cells stimulated with immunological ligands 

and not non-immuno logical inducers.

A range of PTK inhibitors with different specificities and OA, a PP inhibitor, exhibited 

distinct effects, and the same inhibitor acted differently on mast cells from various 

species or from different locations of the same species. This indicates the possible 

involvement of different profiles of PTK in the various cell types. Piceatannol, 

previously reported to be a selective Syk inhibitor, largely affected the histamine 

release due to polybasic substances and calcium ionophores. We, therefore, do not 

regard this inhibitor as being selective for Syk PTK. Instead, ST638 proved most 

specific in blocking the immunological histamine release from a spectrum of mast 

cells. Genistein exhibited a range of actions, but could be considered as a selective 

inhibitor of immunological histamine release from RPMC at submaximal 

concentrations and when added at the same time as the immunological inducer. The 

specific actions of the mentioned inhibitors were of most importance in the studies that 

followed. The results obtained with OA confirmed that PP directly mediate secretory 

responses from RPMC, human basophils and HLMC and that their profiles are 

different in the various cell types.
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There are reports of a high level of activity of PTK in smooth muscle cellŝ "̂ ^̂ l Ohta et 

proposed, in their studies involving rat ileal smooth muscle, that PTK modulate 

Ca^  ̂influx pathways. We were interested to clarify the nature of the effects of PTK on 

rat and guinea pig ileal smooth muscle, and used genistein as a tool to achieve this.

Genistein relaxed smooth muscle preparations precontracted with carbachol and NaF, 

with the effect being more pronounced in the rat than in the guinea pig. The claim that 

genistein acts by affecting Ca^  ̂ influx pathwayŝ "̂ *̂̂  was fiirther supported by the 

failure of A23187, added 15 min prior to the application of the inhibitor, to undermine 

its effects in the rat ileum. In the guinea pig ileum, genistein significantly inhibited the 

contraction induced by ovalbumin and histamine, indicating the role of PTK in the 

signal transduction of smooth muscle cells.

In the 1960s Austen et al.̂ '̂*̂  ̂hypothesised that another early step in FcgRI signalling 

involved the activation of an endogenous SE. The enzyme is present as an inactive 

precursor and becomes activated only as a result of FceRI cross-linking. The same 

effect may be mimicked by the addition of exogenous a-chymotrypsin. It is also 

known that certain proteases exhibit their actions though GPCR present on various 

cells, termed PAR. PARI, PARS and PAR4 are cleaved and activated by thrombin and 

PAR2 is a receptor for trypsin-like enzymes^^^^^

Apart from the desire to characterize further the mentioned serine protease, and to 

determine whether PAR exist on rodent and human mast cells and basophils, we were 

interested to explore the possibility o f endogenous and exogenous chymotryptic serine 

proteases both acting through a common receptor in or on the mast cell membrane.

The effectiveness of chymotryptic inhibitors lA, PMSF and TPCK in abolishing anti- 

IgE induced histamine release confirmed the involvement of a chymotryptic SE in the 

immunological release process in RPMC. Furthermore, fluorescence studies using S- 

Pep-MCA as a chymotryptic substrate gave the most direct evidence for the activation 

of a SE following anti-IgE stimulation of RPMC. Treatment with the inducer led to a 

pronounced and rapid increase in fluorescence, indicating the activation of the enzyme
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and the hydrolysis of its substrate. The above changes were attenuated by chymotryptic 

inhibitors, which reinforces the above hypothesis.

The inability o f thrombin and trypsin to induce significant histamine release from any 

of the types of mast cell studied points to the absence of the known PAR on the surface 

of these cells. However, a-chymotrypsin and the proteases from S. griseus and S. 

aureus V8 stimulated considerable non-cytotoxic histamine release from RPMC. The 

observed slow rate of secretion, and its inhibition by DSCG and nedocromil sodium, is 

reminiscent of the release evoked by immunological ligands. Another type of CTMC, 

rat mesentery mast cells, were also responsive, while rat lung and guinea pig mesentery 

mast cells remained largely unaffected by the proteases. Guinea pig lung mast cells 

produced a largely cytotoxic histamine release, while human basophils and lung mast 

cells failed to respond. The present study then clearly indicates a marked tissue and 

species selectivity in the actions of these enzymes.

Having examined the nature of the actions of the proteases, we were interested to 

determine whether their histamine releasing ability was related to their enzymatic 

activities, and whether the proteases from S. griseus and S. aureus VS also expressed 

some chymotryptic activity.

The protease from S. griseus had only a limited chymotryptic, and slightly higher 

tryptic activity, while the protease from S. aureus VS exhibited negligible activity of 

either type. The protease from S. griseus failed to induce histamine release from RPMC 

following its inactivation by heating, suggesting that its histamine releasing ability is 

related to its enzymatic activity. However, this activity is certainly not due to 

chymotrypsin or trypsin, and it is therefore likely that some other protease from this 

nonspecific mixture stimulates mast cells to cause mediator secretion.

The protease from S. aureus VS, which is known to cleave the peptide bonds on the 

carboxyl side of glutamate and aspartate vdth high specificity, was the most potent of 

the enzymes in initiating histamine release from RPMC and rat mesentery, and its 

action was completely abolished by DSCG and nedocromil sodium. It is possible that
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its histamine releasing activity is not related to its enzymatic activity, or that it cleaves 

a novel receptor containing the above amino acids in its NH2 terminus.

a-Chymotrypsin induced histamine release was almost completely inhibited by DSCG 

and nedocromil sodium, while its proteolytic activity was not significantly affected. 

Although this result is inconclusive to determine the relationship between the 

enzymatic activity of a-chymotrypsin and its mediator releasing ability, independent 

findings of Emadi-Khiav and Pearce^^^^  ̂ suggested a direct link between these two 

parameters. These authors observed no histamine release from RPMC stimulated with 

a-chymotrypsin which had been inactivated with the irreversible inhibitor DFP. a- 

Chymotrypsin, rendered insoluble by attachment to agarose beads, was ineffective in 

inducing histamine release from RPMC, although it retained nearly 60 % of the 

proteolytic activity o f the native protein. This finding may suggest that the protease 

acts intracellularly, or that the bulky aggregate was hindered in its interaction with its 

target molecule on the cell surface.

In total, the above findings neither directly prove nor disprove the existence of a 

chymotryptic receptor on the mast cell membrane. To clarify this issue, further studies 

including ligand binding need to be carried out.

To determine whether the proteases caused histamine release by augmenting 

intracellular calcium levels, cytosohc concentrations of the cation were measured using 

the fluorescent indicator fiuo-3. Indeed, stimulation of mast cells with a-chymotrypsin 

and the proteases from S. griseus and S. aureus V8, as well as with anti-IgE, led to a 

transient elevation in intracellular calcium prior to histamine release.

Additionally, a series of experiments was performed on rat and guinea pig ileal smooth 

muscle preparations to determine the effects of the proteases in these systems. Known 

PARs are widely distributed throughout the gastrointestinal tract and have important 

roles, especially during inflammation^^^^l
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The selected proteases produced no significant contraction or relaxation on their own 

but were found to be effective relaxants in muscles precontracted with various agonists. 

The relaxations did not seem to be due to the production of NO as NaNP, a donor of 

the oxide, not only failed to enhance the relaxation but had a contractile effect. 

Although the mechanism o f relaxation merits further studies, possibly involving 

cyclooxygenase inhibitors to test the possibility that the process involves the 

production of prostaglandins, the ability of A23187 to reverse the relaxation indicates 

the importance of calcium ions in the response. This is supported by the findings of 

Kawabata et who observed a reduction of the contractile responses to PARI and

PAR2 agonists in rat duodenum treated with nifedipine, an L-type calcium channel 

blocker.

Having determined the roles of PTK and serine proteases in immunological mast cell 

signalling, we were interested to examine whether non-receptor PTK have a role in the 

serine protease zymogen activation. To achieve this, ST638 and genistein were used as 

PTK inhibitors and OA was employed as a phosphatase inhibitor. All three inhibitors 

inhibited a-chymotrypsin induced histamine release, with ST638 being most effective. 

These results provide strong evidence for the involvement of a non-receptor PTK in the 

activation of the endogenous SE. Even more direct evidence for this hypothesis was 

obtained by the fluorescence studies using S-Pep-MCA as a chymotryptic substrate. 

ST638, genistein and OA reduced the fluorescence changes due to the hydrolysis of the 

substrate as a result of anti-IgE stimulation. The effects were even more pronounced 

than those observed with chymotryptic inhibitors, indicating that the inhibition of 

hydrolysis of the substrate is more effective when the zymogen activation is blocked in 

the first instance, than following inhibition of an already active chymotryptic enzyme. 

In addition, the inhibition of histamine release by PTK and SE inhibitors from cells 

stimulated with the proteases from S. griseus and S. aureus V8 suggests the 

participation of these proteases in a signalling cascade common to that which involves 

non-receptor PTK and chymotryptic SE.

In conclusion, the present study has indicated a fundamental role for PTK and serine 

proteases in immunological mast cell activation and smooth muscle regulation, the
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control of which may be therapeutically useful in the treatment of inflammatory 

disease. The fact that proteases also potentiated the release of histamine from RPMC 

induced by anti-IgE indicates that they may have a general role in the amplification of 

the inflamatory response. Furthermore, a non-receptor PTK is likely to be responsible 

for the activation o f the SE zymogen in immunologically stimulated RPMC. To prove 

the existence of a chymotryptic receptor on mast cells, fiirther binding studies need to 

be performed.
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OH

H3C OH

CH3OH

Okadaic acid (OA)
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Serine esterase substrates and inhibitors

HO
\  f  i

CH2 ÇHCOOC2 H 5  

NHCOC6H5

N-Benzoyl-L-tyrosine ethyl ester (BTEE)

Isatoic anhydride (lA)

\  / ■CH2— SO2F

Phenyl methyl sulfonyl fluoride (PMSF)
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CH,

r i

0= S = = 0

NH

H2N  C HNCH2CH2CH2.

O

OCH:

N-a-/7-Tosyl-L-arginine methyl ester (TAME)

CH.— CH —

O

Tosyl-L-phenylalanine chloromethyl ketone (TPCK)
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Abbreviations
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Abbreviations

AA

ACE

AM

ANOVA

Anti-DNP

Anti-IgE

APC

ATEE

ATP

BAEE

BAL

bFGF

BMMC

BSA

BSA-FHT

BTEE

cAMP

lOxCFT

cGMP

CMF

CTMC

AA

DAG

DFP

2-DG

DMSO

DNA

DSCG

8

Antimycin A

Angiotensin converting enzyme 

Pentaacetoxymethyl 

Analysis of variants 

Anti-dinitrophenol

Immunoglobulin G raised against IgE 

Antigen presenting cell(s) 

N-acetyl-L-tyrosine ethyl ester 

Adenosine 5’-triphosphate 

N-a-Benzoyl-L-arginine ethyl ester 

Bronchoalveolar lavage 

Basic fibroblast growth factor 

Bone marrow derived mast cell(s)

Bovine serum albumin

Bovine serum albumin full HEPES Tyrode’s

N-benzoyl-L-tyro sine ethyl ester

Cyclic 3’,5’-adenosine monophosphate

10 X Calcium free Tyrode’s

Cyclic 3’,5’-guanosine monophosphate

Calcium and magnesium free Tyrode’s

Connective tissue mast cell(s)

Change in absorbance

Diacylglycerol

Diisopropyl fluorophosphate

2-Deoxy-D-glucose

Dimethylsulfoxide

Deoxyribonucleic acid

Disodium cromoglycate

Molar absorbance (extinction) coefficient

2 4 8



ECF-A

EDHF

EDTA

EGF

ER

FCeRI

FCeRII

FHT

Fluo-3-AM

FMLP

GAG

G protein

GDP

GFT

GPCR

GTP

h

HEPES

HLMC

HSA-DNP

5 HT

IgE

IgG

lA

IFN

XL

IP3

IP4

ITAM

L-NOARG

LT

MAP

Eosinophil chemotactic factor of anaphylaxis

Endothelium derived hyperpolarising factor

Ethylenediaminetetraacetic acid

Epidermal growth factor

Endoplasmic reticulum

High affinity receptor for anti-IgE

Low affinity receptor for anti-IgE

Full HEPES buffered Tyrode’s buffer

Pentaacetoxymethylester of fluo-3

Formyl-Met-Leu-Phe

Glycosaminoglycan

Guanine nucleotide binding protein

Guano sine 5’-diphosphate

Glucose free Tyrode’s

G protein coupled receptor(s)

Guanosine 5’-triphosphate 

Hour

N-2-hydroxyethyl piperazine N ’-2-ethanesulphonic acid 

Human lung mast cell(s)

Human serum albumin dinitrophenol

5-Hydroxytryptamine

Immunoglobulin E

Immunoglobulin G

Isatoic anhydride

Interferon

Interleukin

Inositol 1,4,5-triphosphate

Inositol 1,3,4,5-tetraphosphate

Immunoreceptor tyrosine activating motif(s)

N^-nitro-L-arginine

Leukotriene

Mitogen activated protein
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MCDP

M C t

M C tc

Mg-T

min

MMC

n

NANC

NCF-A

NGF

NO

OA

OPT

PAF

PAR

PAR-AP

PBS

PC

PDGF

PG

PI

PIP2

PKC

PLA

PLC

PLD

PMA

PMSF

pNPP

PP

PPl

PP2A

Mast cell degranulating peptide 

Tryptase only mast cell 

Tryptase and chymase mast cell 

Magnesium buffer 

Minute

Mucosal mast cell(s)

Number of experiments

Non-adrenergic non-cholinergic

Neutrophil chemotactic factor of anaphylaxis

Nerve growth factor

Nitric oxide

Okadaic acid

o-Phthaldialdehyde

Platelet activating factor

Protease activated receptor(s)

Protease activated receptor activating peptide(s)

Phosphate buffered saline

Phosphatidylcholine

Platelet derived growth factor

Prostaglandin

Phosphatidylinositol

Phosphatidylinosito 1-4,5-biphosphate

Protein kinase C

Phospholipase A

Phospholipase C

Phospholipase D

Phorbol myristate acetate

Phenyl methyl sulfonyl fluoride

/7-nitrophenyl phosphate

Protein phosphatase(s)

Protein phosphatase 1 

Protein phosphatase 2A
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PP2B

PS

PTK

PTP

RBL 2H3

RPMC

RMCPI

RMCPII

RT

s

S. aureus V8

SCF

SCID

SE

SEM

S. griseus

SH2

S-Pep-MCA

SPS

SRS-A

TAME

TCA

TGF

Th

TMA-DPH 

TNF 

TPCK 

Trit. Alb.

Ts

XX

VIP

Protein phosphatase 2B 

Pho sphatidy Iserine 

Protein tyrosine kinase(s)

Protein tyrosine phosphatase(s)

Rat basophilic leukaemia cell(s)

Rat peritoneal mast cell(s)

Rat mast cell protease I 

Rat mast cell protease II 

Room temperature 

Second

Protease from Staphylococcus aureus strain V8 

Stem cell factor

Severe combined immunodeficiency syndrom 

Serine esterase(s)

Standard error of the mean 

Protease from Streptomyces griseus 

Src homology 2

N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin

Sterile physiological saline

Slow-reacting substance of anaphylaxis

N-a-p-tosyl-L-arginine methyl ester

Trichloroacetic acid

Tranforming growth factor

T-Helper

1 -(4-Trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene 

Tumor necrosis factor

N-Tosyl-L-phenylalanine chloromethyl ketone 

Proteinase K from Tritirachium album 

T-Supresser 

Thromboxane

Vasoactive intestinal peptide
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Three- and one-letter code representations

of amino acids

252



Three- and one-letter code representations of amino acids

Alanine (Ala) A

Arginine (Arg) R

Asparagine (Asn) N

Aspartate (Asp) D

Cysteine (Cys) C

Glutamate (Glu) E

Glutamine (Gin) Q
Glycine (Gly) G

Histidine (His) H

Isoleucine (He) I

Leucine (Leu) L

Lysine (Lys) K

Methionine (Met) M

Phenylalanine (Phe) F

Pro line (Pro) P

Serine (Ser) S

Threonine (Thr) T

Tryptophan (Trp) W

Tyrosine (Tyr) Y

Valine (Val) V
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